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An investigation is presented of a quasi-stationary convdive system (QSCS) which
occurred over the UK Southwest Peninsula on 21 July 2010. Thisystem was remarkably
similar in its location and structure to one which caused desstating flash flooding in the
coastal village of Boscastle, Cornwall on 16 August 2004. kever, in the 2010 case rainfall
accumulations were around four times smaller and no floodingvas recorded. The more
extreme nature of the Boscastle case is shown to be relatedttoee factors: (1) higher rain
rates, associated with a warmer and moister tropospheric dumn and deeper convective
clouds; (2) a more stationary system, due to slower evolutioof the large-scale flow; and
(3) distribution of the heaviest precipitation over fewer river catchments. Overall, however,
the synoptic setting of the two events was broadly similar,iggesting that such conditions
favour the development of QSCSs over the Southwest Peninsul

A numerical simulation of the July 2010 event was performed ging a 1.5-km grid length
configuration of the Met Office Unified Model. This reveals tha convection was repeatedly
initiated through lifting of low-level air parcels along a quasi-stationary coastal convergence
line. Sensitivity tests are used to show that this convergee line was a sea breeze front
which temporarily stalled along the coastline due to the rearding influence of an offshore-
directed background wind component. Several deficiencies@noted in the 1.5-km model’s
representation of the storm system, including delayed comctive initiation; however,
significant improvements are observed when the grid lengthsi reduced to 500 m. These
result in part from an improved representation of the convergence line, which enhances
the associated low-level ascent allowing air parcels to merreadily reach their level of
free convection. The implications of this finding for forecating convective precipitation are
discussed.
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1. Introduction L\WileiJ
: 100 km '

Bristol Channel

The so-called First Law of Quantitative Precipitation t

Forecasting, attributed to C. F. Chappell, states that ‘th{ - geq

heaviest precipitation occurs where the rainfall rate & th Crackington
Haven

highest for the longest time’ (Doswelt al. 1996). Ordinary

single-cell thunderstorms may produce heavy rainfall, bu

they rarely last long enough to give significant localised

accumulations. On the other hand, if multiple convective 4Cambome

St. Austell
Bay
cells repeatedly pass over the same area in rapid successi

Land’s End

extreme rainfall totals can occur. This process may Peninsula English Channel

be associated with ‘back-building’ mesoscale convectiv\T | | I E—
systems (MCSs) in which the upstream development d¥ 100 200 300 400 500

new cells matches the system’s downstream translatiggure 1. Map of the UK Southwest Peninsula showing orography height
metres, shadingAz = 500 m) and locations mentioned in the text. Thick

speed (Chappell 1986; Schumacher and Johnson ZOé(ﬁrours mark county borders with county names shown innugpase. See
Figure 7 for location within the UK.

It may also be associated with repeated topographically

forced initiation of cells over the same location (e.g.

Maddox et al. 1978). Both situations result in a quasi-

stationary convective system (QSCS) which can locaflyixes of heat and water vapour, and/or synoptic-scale

produce extreme rainfall accumulationdepending on circulations which can be readily identified in relatively

the intensity of the rain produced, the duration of theparse observational and model analyses (Madetoal.

system, the distribution of rainfall over different dragiga 1979). In contrast, the mechanisms for storm initiation

basins, and the characteristics of these drainage ba$iequently occur at the mesoscale or storm-scale (Doswell

(e.g. antecedent moisture, slope, soil porosity, vegetatil987). These mechanisms include buoyancy-driven circu-

cover) flash flooding may occur (Davis 2001). Worldwidéations (thermals, horizontal convective rolls), boundar

many severe flash floods have been attributed to QST&8gr convergence zones (associated with fronts, drylines

(e.g. Maddoxet al. 1978; Shepherd and Colquhoun 198%onvective outflow boundaries, roughness gradients,reliffe

Peterseret al. 1999; Romercet al. 2000; Goldinget al. ential surface heating, and flow blocking and deflection by

2005; Ducroceet al. 2008; Zhang and Zhang 2012). topography), forced topographic ascent, gravity waves, an
For a storm system to become quasi-stationary, loSgcondary circulations associated with upper-tropospher
conditions must remain conducive to the developmentI§t Streaks. In addition to providing an initiation meclzami
deep, moist convection (DMC) for an extended period tese lifting processes can also act to locally enhance
time. Thus, there must be a continuous supply of moist(i@vective available potential energy (CAPE) and reduce
and instability, and a persistent mechanism to lift parc@@nvective inhibition (CIN). Thus, understanding the mech
of air to their level of free convection (LFC). Typically,anism by which a particular QSCS forms requires datasets

moisture and instability are provided by the local surfa¥dth high spatial and temporal resolution. Investigations

of these events have therefore typically relied on remotely

*Heavy localised precipitation may also be associated watirstationary .

linear MCSs where cell motion is approximately parallelte tonvective Sensed observations (from ground-based radar and satel-
line (the ‘training line, adjoining stratiform’ classifitan of Schumacher

and Johnson 2005). lites) and numerical simulations.
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The existing body of work on QSCSs is dominated land Hand (2005) both noted the tendency for lines of
case studies of extreme flash flood—producing eventsconvective cloud, co-located with a well-defined zone of
the USA (e.g. Maddoxt al. 1978; Peterseet al. 1999; near-surface convergence, to develop along and downwind
Schumacher and Johnson 2008) and the Mediterranefthe Southwest Peninsula in southwesterly flow. These
region (e.g. Romerceet al. 2000; Ducrocget al. 2008; features occur most frequently during the Spring and
Miglietta and Regano 2008). Comparatively few studi€&ummer from around midday to early evening (i.e.
have investigated these systems in the UK. One oft-citetien the land is warmer than the sea), suggesting that
piece of work is that of Goldingt al. (2005; hereinafter sea breeze circulations play an important role in their
GCMO05), which examined the ‘Boscastle storm’ of lfrmation. However, other factors, such as differential
August 2004. This QSCS formed along and just inlarsdirface roughness may also be significant, as suggested by
of the west coast of the UK Southwest Peninsula (FiguagCMO05.

1), and remained stationary for several hours, resulting inin this paper, we present an analysis of a QSCS which
rainfall totals which exceeded 200 mm over a narrow swaglas remarkably similar to the Boscastle storm in terms of
of land (Burt 2005). The steep and rocky local catchmens location and structure, though significantly less sever
rapidly channelled this water downstream, leading 8 terms of its impact. The storm occurred on 21 July
devastating flooding in the coastal settlements of Boseasth10 and produced around 50 mm of rain in 3 hours,
and Crackington Haven (see Figure 1 for locations).  with no reports of flooding. This case provides an excellent

GCMO5 investigated the Boscastle case using availablgportunity to investigate the factors which distinguish
observations and numerical simulations with a higl- severe (i.e. flash flood—producing) QSCS from a non-
resolution Az = 1 km) version of the Met Office Unified severe QSCS, without the complications associated with
Model (UM). They found that deep convection was initiatecbmparing events in different geographical locations. It
and maintained by a persistent, narrow convergence laigso allows us to build on the work of GCM05 and Monk
which developed along the coastline during the day. Bagd®87) by examining a range of factors (differential sugfac
on the results of sensitivity tests, the authors concludeeating, differential surface roughness, orography, and
that this convergence line was ‘a sea-breeze front whasmvective outflow) which might influence the formation
position was determined by a subtle balance between #mel maintenance of convective lines in the Southwest
gradient wind direction, retardation and backing of thedvirPeninsula. The latter objective is achieved through a serie
over land, and differential heating’. They also suggesteflsimulations using the operational UK Variable-resalnti
that the modest instability in this case favoured ‘close(yKV) configuration of the UM. Although the horizontal
packed storms with weak downdraughts that did not distoesolution of this model4z = 1.5 km over the UK) is
the coastal convergence line'. The intensity of the rainfaslightly coarser than that employed by GCMO05, the two are
which was estimated to have exceeded 500 mm fur sufficiently similar to allow for a meaningful comparison of
brief periods (Burt 2005), appeared to be the result sults. The accuracy of the model simulations is assessed
high tropospheric humidity, sustained by large-scalerascehrough detailed comparisons with radar-derived surface
which promoted unusually high precipitation efficiencies.rainfall data. Furthermore, we investigate the impact of

While the Boscastle storm was a rare and extrerfereased horizontal resolution on forecast accuracy via a
event, the development of persistent convergence lirsé®ulation with 500-m grid spacing.
and associated convective showers over the UK Southwesthe rest of this paper is organised as follows. Section

Peninsula is a relatively common occurrence. Monk (198%)describes the synoptic setting on 21 July 2010, the
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evolution of the quasi-stationary storm, and the resultingder any favourable regions for ascent associated with
precipitation distribution. The differences between thigoper-level jet streaks (not shown). As the day progressed,
event and the Boscastle case are then discussed. Sectittre Zyclone and associated cut-off low aloft moved very
describes the UM and the UKV configuration, along witBlowly northeastward. This resulted in veering winds with
the experimental design for our numerical investigation. time over the Southwest Peninsula such that by 1800 UTC
Section 4, a control simulation is presented and compa(&tjure 2b), the surface flow over the west coast was
to observations. Results from a series of sensitivigpproximately zonal.
experiments are then used to demonstrate the mechanisithe radiosonde ascent from Camborne, Cornwall (see
by which convective cells repeatedly developed in the safffigure 1 for location) at 1200 UTC on 21 July 2010 is shown
location. Following this, results from the 500-m grid lelngtas a tephigram in Figure 3a. The atmosphere at this time
simulation are discussed. Finally, Section 5 presentswvas characterised by an absolutely unstable surface layer,
summary and discussion of our findings. moist, conditionally unstable air below a weak temperature

inversion at 700 hPa, and drier, absolutely stable air .aloft
2. Case study: 21 July 2010 o ) )

In this situation we would expect surface-based convection
We first examine the 21 July 2010 QSCS event in territs readily develop, with strong updraughts in the lower
the evolution of the large-scale flow, the life-cycle dfoposphere but rapid loss of buoyancy above 700 hPa.
the convective system, and the resulting precipitati¥e would also expect downdraughts to be relatively weak
distribution. We then compare each of these aspects wdte to the high humidity (RH> 80 %) below 700 hPa
the Boscastle storm of 16 August 2004. which will have limited the potential for evaporation of

hydrometeors. Using an undilute pseudo-adiabatic parcel

2.1. Synoptic settin Y . .
ynop g ascent initialised with the average properties of the lawes

The synoptic situation over the British Isles at 0600 UTE00 m, we find CAPE (calculated using virtual potential
(0700 British Summer Time, BST) on 21 July 2010 wd§mperature) of 122 J kgand no CIN, with the lifting
characterised by a slow-moving low-pressure system cgdensation level (LCL) and LFC at 929 hPa (670 m), and
the surface and a cut-off low at upper-levels (Figufge level of neutral buoyancy (LNB) at 576 hPa (4.5 km).
2a). The centre of the surface low was located over thi@wever, surface-based parcels would be able to attain a
northeast coast of England, while a secondary, weakegximum altitude of around 450 hPa (6.3 km). The wind
circulation centre was present over southeast Ireland. Tgfile in Figure 3a shows southwesterly flow over the depth
Met Office surface analysis for this time (available onlin@f the troposphere, with a density-weighted cloud layer—
at http:/www.wetter3.de/Archiv/archickmet.html) shows mean wind speed of 11 nt’s The slight unidirectional
a cold front over the east coast of England, a warm fro¥tear in the cloud layer may have reduced the potential for
running northeast from the main low centre to Norwa§owndraughts to suppress the convective updraughts.
and a trough line extending south from the secondary

2.2. Storm evolution and rainfall accumulations
circulation centre. Over the Southwest Peninsula, the
surface flow was from the southwest; i.e. roughly parallel the moist, conditionally unstable flow over southwest
to the western coastline (Figure 2a). Quasi-geostropkigland, convection readily developed during the morning
forcing in the region was minimal, due to weak coldf 21 July. High resolution visible images from Meteosat
air advection and cyclonic vorticity advection aloft (noBecond Generation (not shown) reveal the development

shown). Furthermore, the peninsula was not positionefishallow cumuli over much of the Southwest Peninsula
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(a) 21/07/2010, 0600 UTC

©CoO~NOUTA,WNPE

h

(d) 16/08/2004, 1800 UTC
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a7 Figure 2. Unified Model 12-km grid length analyses for 0600 and 1800 WrC21 July 2010 (a, b) and 16 August 2004 (c, d) showing 500-hPa
48 geopotential height (decametres, shading), mean selgpi@ssure (hPa, contours) and 10-m wind vectors. Data fduB12010 is from the operational
49 North Atlantic and European (NAE) model of 2010; data for 1gAst 2004 is from the operational Mesoscale Model of 2004.

52 between 0700 and 0800 UTC. These clouds rapidigiculated cloud layer-mean wind. Over the next two hours,
53 deepened and organised into bands (cloud streets) parétielcells increased in size and coverage, forming an almost
55 to the prevailing southwesterly flow. Rainfall radar imageicontinuous line of precipitation along the coastline (Feu
from the Met Office Nimrod System (Golding 1998) show4b). The rainfall intensity also increased: around 1049 UTC
58 that between 0830 and 1000 UTC, numerous precipitatithg tipping bucket rain gauge at Boscastle briefly recorded
60 cells formed over the peninsula, in particular along antl jusin rates exceeding 150 mnthr

inland of the west coast (Figure 4a). These cells tracked

northeast at a speed of around 117 sonsistent with the ~ Following this, the line remained quasi-stationary for two

hours, showing only slight inland movement between 1200
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(a) Camborne, 21/07/2010, 1200 UTC (b) Camborne, 16/08/2004, 1200 UTC
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Figure 3. Tephigrams showing the 1200 UTC radiosonde ascents fronb@ara on (a) 21 July 2010 and (b) 16 August 2004. Wind barb& sipeed
in knots with half barbs, full barbs, and pennants indi@atin 10, and 50 knots respectively.

and 1300 UTC. At 1400 UTC (Figure 4c), the storm systefn5 and 6 km at the northeast end of the line, consistent with
was composed of two distinct areas. The first was the méie parcel analysis in Section 2.1.

convective line, with heavy precipitation extending from o
After 1400 UTC, the convective line began to move

Bodmin Moor into Exmoor. The second, to the southwest of ) ) ,
inland, starting at its southwest end with the movement

the first, consisted of slightly weaker, isolated cells teda ) ,
gradually spreading northeast (Figure 4d). The model

closer to the coastline. Animations of the rainfall field. ) ) ) o )
simulations to be presented in Section 4 indicate that this

show that, in general, the southern cells did not merge with ) ) )
movement was due to veering low-level winds associated

the main line but drifted to the west of it and dissipated.. )
with the gradual eastward progression of the surface cgclon

Meanwhile, the cells that made up the main line appear . )
(Figure 2). By 1700 UTC (Figure 4e), the line had moved

to have initiated farther east, along the centre-line of the )
away from the west coast, and extended in an arc from

peninsula. These cells rapidly intensified as they joined wi
St. Austell Bay to Exmoor. Over the next hour, the system

the main line over Bodmin Moor, then continued northeast, . ) o

rapidly weakened (Figure 4f), eventually dissipating awbu
weakening as they approached Exmoor and the Bristol

1900 UTC.
Channel. Several of the more intense cells showed a sudden
eastward progression as they approached the northeast efiégure 5a shows gauge and radar-derived rainfall
of the convective line (two such cells can be seen protrudidgcumulations between 1200 and 1500 UTC (i.e. the
from the main line in Figure 4b). This movement was likelperiod for which the most intense portion of the line
related to the development and propagation of cold po#{aS stationary) over part of the Southwest Peninsula’s
under the convective cells, with new initiation occurringyest coast. Typical for a quasi-stationary storm, the
along the gust front. Maximum cloud top heights (derived€cipitation area forms an elongated streak along the

from Meteosat Second Generation imagery) were betwglfection of cell motion, with sharp rainfall gradients

either side (particularly, in this case, on the east side).

Peak accumulations of around 50 mm occurred on the

Copyright(© 0000 Royal Meteorological Society Q. J. R. Meteorol. So@0: 2—25 (0000)

Prepared usingjjrms4.cls



Page 7 of 25 Quarterly Journal of the Royal Meteorological Society

©CoO~NOUTA,WNPE

A ‘Boscastle-type’ quasi-stationary convective system 7

(a) 21/07/2010, 1000 UTC (b) 21/07/2010, 1200 UTC

lrif,f 8 .

(9) 16/08/2004, 1100 UTC (h) 16/08/2004, 1200 UTC (i) 16/08/2004, 1400 UTC

1 3 10 30 100

Figure 4. Radar-derived surface rain rates (mm'hrAz = 1 km) over the Southwest Peninsula at various times on 212019 (a—f) and 16 August
2004 (g-).

northwest slopes of Bodmin Moor; not an insignificawas ‘unremarkable’ (Maggie Summerfield, Environment
amount of rainfall for a 3-hour period, particularly oveAgency, personal communication). There was a rapid rise in

such fast-response catchments. However, there werethmlevel of the River Otter shortly after 1500 UTC noted at

reports of flooding and the effect of the rain on river levethe Canworthy Water flood warning station (indicated with
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(a) 21/07/2010, 1200-1500 UTC (b) 16/08/2004, 1200-1600 UTC

20 km

Crackington

Crackington
Haven

Haven

Boscastle

1 3 10 30 100

Figure 5. Radar-derived rainfall accumulations (mm, shadidg; = 1 km) over a portion of the Southwest Peninsula for (a) 126081UTC on
21 July 2010 and (b) 1200-1600 UTC on 16 August 2004. Trianigldicate the maximum radar accumulation. Circles indieacumulations from
Environment Agency tipping-bucket rain gauges. The highesumulation in each event is shown in bold. Note that theevéor the Lesnewth gauge
(maximum accumulation in (b)) was determined using theembed data from Burt (2005). The diamond in (a) indicatesatteeimulation from the Met
Office day (0900—-0900 UTC) recording gauge at Lower Moor. 3tae in (a) shows the location of the Environment Agency'sv@athy Water flood
warning station. Thin contours show rivers from the Ordo®Burvey GR dataset (http://sharegeo.ac.uk/handle?218%)/

a star in Figure 5a), but the level attained happens mahis case, the system was positioned farther west, over the
times a year. The lack of a significant hydrological respongastern Atlantic (Figure 2c—d). As was the case on 21 July
can be explained by the distribution of the heaviest ra?®10, southwesterly flow was present over the depth of
across river catchments. Figure 5a reveals that the higlthstfree troposphere at 1200 UTC (Figure 3b), with weak
accumulations occurred close to the headwaters of severatirectional shear. However, the large-scale evolution
rivers, thereby spreading the runoff across multiple drgén 16 August 2004 did not act to significantly turn the wind
basins. In contrast, in the Boscastle case, the heaviest veith time; thus, deep, southwesterly flow was maintained
fell to the west of the high ground, over just a handful dhroughout the day. Furthermore, winds were slightly
small coastal catchments (Figure 5b). weaker than on 21 July 2010. The 1200 UTC Camborne
ascent (Figure 3b) shows that in contrast to the 2010 case,
2.3. Comparison to Boscastle case very little conditional instability was present on this day

Instead, the temperature profile was approximately moist-
Figures 2—6 provide a comparison of the 21 July 2010 case

neutral over almost the entire depth of the free troposphere
and the Boscastle case, in terms of the large scale sityation

It was also up to 4 K warmer below 450 hPa than on 21
the evolution of the convective systems, and the resulting

July 2010. Furthermore, high humidity was not constrained
precipitation. A detailed discussion of the Boscastle case

to below 700 hPa, but extended over the entire column
is outside the scope of this paper, but can be found in Burt

(50 < RH < 95 % up to 400 hPa). GCMO05 suggested that
(2005), GCMO05, and Golding (2005). Here, we focus on the

this deep moist layer was the result of large-scale ascent
main similarities and differences between the two cases.

associated with an upper-level jet streak (not shown). 8ase

On 16 August 2004, a slow-moving weakly baroclinic

on the observed thermodynamic environment, we would

low pressure system was again affecting the UK, but in
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expect convection to be characterised by weak updraughts residence time of rising air parcels, giving longer for
and downdraughts, high liquid water content, and high  precipitation growth (Davis 2001).

precipitation efficiencies. Repeating the parcel analysis

from Section 2.1, we find no CIN, CAPE of 378 J&gan Despite moist sub-cloud layer air, the intense rain rates
LFC (and LCL) pressure of 929 hPa (760 m) and an LNB the Boscastle case appear to have resulted in rapid
pressure of 314 hPa (8.9 km). However, GCMO05 noted thliwndraught formation, giving rise to bowing segments
some mature cells in the Boscastle convective line reachedhe convective line to the northeast of Bodmin Moor
the tropopause at around 250 hPa (10.5 km). (visible in Figure 4i, j, and k). The final important

Figure 4 provides a comparison of the evolution (qifference between the two cases was that the Boscastle

the 21 July 2010 QSCS and the Boscastle QSCS. T§tgrm remained stationary for a longer period of time. As

similarity in the location and structure of the two systenfy€viously noted, in the 2010 case the convective line began

is striking; however, there are several important diffeem to move inland after 1400 UTC. In contrast, the Boscastle

First, in the Boscastle case, convection initiated latee: tS0rM remained in place until 1630 UTC when it was swept

first precipitating cells along the west coast of the Perins(1Ortheastby a separate area of convection (visible sosthwe

did not appear until around 1100 UTC. This suggests t1afthe main line in Figure 4k). This difference appears to be

initially CIN was too high and/or lifting was too weak forelated to the persistence of deep southwesterly flow in the

parcels to reach their LFC. Second, the rain rates in {Rascastle case, compared to veering flow in the 2010 case.
convective cores of the Boscastle system were considerablyhe result of these differences was a far more extreme
higher. Comparing Figures 3a and b, we note severainfall eventon 16 August 2004. While radar-derived ®tal
features of the environment which may have favoured mdoe the Boscastle storm reached just over 110 mm between
intense precipitation on 16 August 2004: 1200 and 1600 UTC, corrected data from the Environment
Agency’s tipping-bucket rain gauge at Lesnewth (Burt
(i) Higher specific humidities throughout the tropo2005) shows an accumulation of 170 mm for this period
sphere. This indicates the presence of more wafeigure 5b). This underestimation by the radar does not
vapour available for condensation and precipitati@ppear to have occurred on 21 July 2010: the total for the
formation (26 mm of precipitable water comparedinfall day (0900 UTC, 21 July—0900 UTC, 22 July) at
with 20 mm in the 2010 case). the Met Office Lower Moor gauge (indicated by a diamond
(i) Higher relative humidities at mid-levels. This willin Figure 5a) agrees well with the nearby radar maximum.
have reduced the detrimental effects of entrainmeBésed on this fact, we present Figure 6 which compares
on cloud liquid water content (and buoyancyjain rate and accumulation time series for the radar grid
favouring higher precipitation efficiencies. point with highest accumulation on 21 July 2010 with
(iii) Deeper warm and cold cloud layers (below anthose for the Lesnewth gauge on 16 August 2004. This
above the freezing level respectively). This may haustrates the relative impact of higher rain rates andjkm
simultaneously increased both warm-rain and iceain duration in the Boscastle case. Extrapolation of the
phase precipitation formation allowing for a mor@010 data suggests that had the storm persisted as long
efficient collection of cloud droplets. as the Boscastle QSCS, peak accumulations would have
(iv) Weaker updraughts associated with a ‘skinny’ CAPEached around 90 mm. This equates to roughly 30 % of the
profile (small buoyancy excess throughout thdifference between the two events. Meanwhile, rain rates

cloud layer). This will have increased the in-clouth the Boscastle case were around 30 mrt higher than
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Figure 6. Time series of rain rate (bars) and rain accumulation (Jifiesthe point of maximum radar-derived rainfall accumigdaton 21 July 2010
(dark grey) and for the Environment Agency'’s tipping buogatige at Lesnewth, Cornwall on 16 August 2004 (light greyhedristic correction has
been applied to the Lesnewth data to account for undersrgatliring periods of intense rainfall (see Burt (2005) forads). Crosses on thg-axis
show the average of rain rates0.2 mm (the resolution of the tipping bucket gauge) for eadec

in the 2010 case (47 mm tircompared to 16 mm hf). 3. Numerical model and experiment design
Of course, we can not know how intense the convective

In order to investigate the mechanisms controlling

system on 21 July 2010 would have become had it remained . )
the continued redevelopment of convection along the

stationary for longer. In the Boscastle case, the hea\aast r ) ]
Southwest Peninsula west coast on 21 July 2010, a series of

occurred after 1430 UTC, with over half the total (around ) ) ) )
simulations were carried out using Version 7.3 of the Met

100 mm)falling in the 50 minutes from 1455 to 1345 UTCOffice Unified Model. This section describes the model and
In summary, we note that while the 21 July 2010 QSGfe design of the simulations.
showed clear similarities to the Boscastle QSCS of 16
August 2004, differences in the intensity, duration, ar?dl' The Ufgkylodel
distribution of precipitation gave rise to very differenThe Unified Model (UM) is a suite of numerical modelling
impacts, with no recorded flooding in the former casoftware developed by the UK Met Office for simulating
and a devastating flash flood in the latter. However, ttiee atmosphere and other Earth-system components on
synoptic-scale conditions in both events were broadly range of space and time scales. The UM solves
similar, characterised by a slow-moving, weakly baroclinthe non-hydrostatic, deep atmosphere dynamic equations
low-pressure system to the west of the UK, withsinga semi-implicit, semi-Lagrangian, predictor—cotoe
deep southwesterly flow and marginal instability ovescheme (Daviest al. 2005). In the horizontal, the model
the Southwest Peninsula. In agreement with previouses a regular latitude—longitude grid with Arakawa-C
studies (Monk 1987; Hand 2005), this suggests that thesaggering. For limited area configurations, the pole of the
conditions favour the development of QSCSs over tlgeid is rotated such that the domain is approximately centre
Southwest Peninsula. However, it is also clear that subtiethe equator, in order to minimise variations in grid léngt
differences in the characteristics and evolution of thgdar across the domain. In the vertical, the model uses a terrain-
scale flow can dramatically alter the severity of convectifellowing, hybrid height coordinate with Charney—Philips

systems which develop. staggering. The vertical grid spacing is smallest closéeo t
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surface, in order to better resolve boundary layer prosessq .z

and decreases approximately quadratically with heigh

Parametrization schemes are used to represent a varig
of sub-gridscale processes, including cloud condensatic::::
(Smith 1990), cloud and precipitation microphysics (Wilso
and Ballard 1999), radiation (Edwards and Slingo 1996)
surface exchange (Essest al. 2003), boundary layer
dynamics (Locket al. 2000), and convection (Gregory and
Rowntree 1990).

Among its many applications, the UM is the Met
Office’s operational numerical weather prediction (NWP)

model and is used to produce global and regiong

deterministic and ensemble forecasts up to six days aheg

At Version 7.3, the deterministic nested suite consiste

of four different configurations—Global, North Atlantic

. I [
and European (NAE), UK 4-km (UK4), and UK Variable- 200 200 600 800

resolution (UKV)—each producing four forecasts per dal¥i'gure 7. UKV model domain and orography height (metres). Inner and

er solid boxes show the limits of the constant resolutiberior domain

the variable resolution transition zone respecti@ished box shows
the domain used for our simulations. Dotted lines show tatieutles and
longitudes.

The UKV model was used for the present investigation ag

is discussed further in the next section.

3:2. The UKV configuration A key feature of the UKV model is that it treats con-

The UKV model is a limited-area, variable-resolutiodection explicitly, i.e. without the use of a parametripati

configuration of the UM. It was developed to improve thecheme. Since numerical models can only accurately repre-
resolution of forecasts over the UK without the need fGENt Processes larger than several grid lengths, individua
an intermediate-resolution model to properly treat boapd&°nvective cells (and in particular, their updraughts and

condition data from the 12-km grid length NAE moddiowndraughts) are still significantly under-resolved with

(Tanget al. 2012). The UKV horizontal domain consistd-5-Km grid spacing. To truly capture the turbulent nature

of three sections: a coarse resolutia{= 4 km) outer ©f PMC, one mustapply large-eddy simulation (LES) tech-

frame, a fine resolutionXz = 1.5 km) inner domain, nigues and use grid lengths of 100 m or less (Brgaal.

and a variable-resolution transition area in-between(feig 2003) Despite thiso(1-km) grid length configurations of

7). In the vertical, the model has 70 levels with a top the UM have been shown to provide substantial benefit in
40 km. At UM Version 7.3, the operational UKV was rurguantitative precipitation forecasting (QPF) for coniext
at 0300, 0900, 1500 and 2100 UTC each day, with iniiSituations in the UK compared to lower-resolution configu-

and boundary conditions provided by an NAE run initialisé@tions with parametrized convection (e.g. Roberts andLea

3 hours earlier. A data assimilation cycle operated frofi?08; Learet al.2008).
T —2toT + 1 (whereT is the forecast run time) which ) ]
3.3. Simulation strategy
included assimilation of surface- and satellite-derivéx 3
cloud fractions (Renshaw and Francis 2011) and rad&imulations of the 21 July 2010 QSCS have been carried

derived surface rain rates (Jones and Macpherson 1997)out using the operational UKV configuration of the UM
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at Version 7.3. Note that at the time of the event, the Matea configurations of the UM. Where a direct comparison
Office was actually running a slightly newer version (7.6petween model and radar data is required, the latter are
however, this was not available for the present investgati bilinearly interpolated to the model grid.

All runs were initialised from the 0400 UTC operational

, 4.1. Control simulation
UKV analysis (the output of the model’s 3-hour data

assimilation cycle) and integrated forward for 15 hours. ASgyre 8 shows the evolution of the surface precipitation
in the operational 0300 UTC run, lateral boundary conditigfa|d in the control simulation. This can be directly
(LBC) data were provided by the 0000 UTC NAE mod&lompared with the observed evolution shown in Figure
forecast. A comparison of hourly surface rainfall fieldso 45_f The model appears to have captured the repeated
the operational forecast and our simulations (not show§dyelopment of convective cells along the west coast of
revealed generally good agreement. the peninsula during the late morning and early afternoon,
In addition to a control simulation, a number Ofng their subsequent inland propagation. However, there

sensitivity tests were carried out in order to isolate the some notable deficiencies in its representation of both
mechanisms responsible for the repeated initiation @k timing and structure of the storm system. These are
convective cells along the peninsula coastline. These @ignher illustrated by Figures 9-11: Figure 9 compares
discussed in detail in Section 4.2. A run with 500-fhe observed and simulated rainfall accumulations for
grid spacing was also performed and is described 4800-1800 UTC; Figure 10 compares the observed and
Section 4.3. In order to minimise undesirable feedbackgulated rain intensity along the peninsula coastlinetfer
on the large-scale flow in the sensitivity runs, and improvgme period using Hovmoller diagrams; Figure 11 shows
computational efficiency, all simulations were performed ¢istograms of the observed and simulated rain rates for the
a small domain nested within the full UKV model but withentire simulation period and domain.
the same resolutionNz = 1.5 km). This domain, shown  First, the model initiates convection late, with the first
by the dashed box in Figure 7, consists of 240240 precipitating cell appearing at 1000 UTC, over an hour later
grid points which correspond exactly to points on the fulhan in the radar data (Figure 10). The length of time (and
UKV model grid (to eliminate the need for interpolation ofqys the distance) between successive cells is also gieater
the initial analysis). A single run of the full UKV modelhe model. Consequently, the storm system fails to achieve
was used to provide LBCs for the nested domain at hgde continuous, linear structure seen in the radar images.
hour intervals. The control run and all sensitivity testsaveThe cells themselves are smoother than those observed
then run on the nested domain using the same initial a§¢y too large, particularly during the mature stage of their
boundary condition data. Comparison between the outRybjution. Furthermore, they evolve too slowly in terms
of the full UKV run and the control run (not shownof the intensity of rainfall they produce (Figure 10). As
revealed some slight differences in storm evolution afgdted in Section 2.2, the observed storms developed rapidly
precipitation accumulations; however, these do not affeg{y produced heavy precipitation over Bodmin Moor where
the main findings of this investigation. they joined the main convective line. As they approached

the northeast end of the line in Devon, they generally
4. Simulation results

weakened and became less organised (Figure 4a—f). By
The following section presents results from the varioesntrast, the modelled storms produce only light rainfall
simulations of the 21 July 2010 QSCS. Model data aoeer Bodmin Moor and do not peak in intensity until they

presented on the rotated pole grid used in UK limiteg¢ach North Devon. Beyond this, they continue to grow
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Figure 8. Evolution of surface rain rates (mm} in the control simulation. The times shown match thoseHerradar images in Figure 4a—f.
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Figure 9. Rainfall accumulations (mm) between 0900 and 1800 UTC ornuB12D10 from (a) the radar and (b) the control simulatioro$3es mark
the point of maximum accumulation. Boxes show the area fachwHovmoller diagrams (Figure 10) were calculated. THesees both originate at the
same point, are 200 km long and 10 km wide, and are orientaigdthat they pass through the points of maximum accumalatio

laterally and weaken only slightly as they move across theThe net effect of these differences on the accumulated
Bristol Channel into Wales (Figure 8). rainfall is shown in Figure 9. For the 9-hour period

considered, the accumulation pattern associated with the
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09

(a) Radar (b) Model accumulation gradients on the upstream (southwest) side of

the precipitation maximum. We might expect the difference
10
in maximum accumulation to be greater given the wide

1 spacing between successive cells in the model; however,

12 this appears to have been at least partly compensated for by

s overly intense precipitation in the convective cores (Fégu

10). Indeed, Figure 11 reveals that the simulation has a

Time (UTC)

14 § \ . . . . .
substantial positive bias in rain rates when compared to

15 the radar observations. This is most pronounced when we

16 consider only those grid points with high accumulations

(> 20 mm in Figure 11) since these typically will have
17

received the most intense rainfall.

18

0 50 100 150 200 ©0 50 100 150 200 Clearly there are some significant deficiencies in the
Distance (km) Distance (km) . .

representation of the 21 July 2010 QSCS in our control

o1 03 1 3 0 simulation. Some of these may be due to inadequate

_ ) _ _ horizontal resolution, a possibility which is explored in
Figure 10. Hovmoéller plots of rain rate (mm ht) at 5-minute temporal

resolution between 0900 and 1800 UTC on 21 July 2010 fromHhe) t ; i B ; i ;

radar and (b) the control simulation. These were computatgahe boxes Section 4.3 using a 500-m grid length simulation. However,
shown in Figure 9 with values averaged over the short axe&rfl@idth).

Dotted lines show the locations of the maximum rainfall aalation

indicated in Figure 9. No radar data was available for 16151820 UTC.
Note that the contour values in this figure are different frthose in all
other rain rate and rain accumulation plots.

a comprehensive investigation of all model biases is oatsid
the scope of this work. Much research is ongoing into the

ability of high-resolution configurations of the UM (and

8 other operational models) to accurately forecast conwecti
= — Radar precipitation. Here, we note that while the simulation is fa
E 61 — Control )
s 500m from perfect, it successfully captures the key process for
(=} . .
o 4 L QSCS development: the repeated generation of convective
©
*g cells in roughly the same location. We therefore turn our
(8]
= 2 . ey .
e attention to the initiation mechanism.

0 i i i ; 2 Based on the findings of GCM05 and Monk (1987),

0 10 20 30 40 50 60

we would anticipate that lifting along a boundary layer
Rain rate (mm hr)

convergence line was responsible for the repeated imitiati

Figure 11. Histogram showing percentage contribution of rainfakesafin of convection in the present case. An examination of
1 mm hr bins up to 60 mm htt) to grid points with rainfall accumulations )

> 20 mm, computed over the entire control simulation domaih me
period (0400-1900 UTC). Data are shown for the radar (bJacbgtrol
simulation (dark grey), and 500-m grid length simulatioight grey).
Before processing, the radar data was interpolated to thiehgyid and

the 500-m data was smoothed to the control simulation réenlusing a .
3 % 3 boxcar average at each grid point. the course of the morning, areas of strong convergence

the 10-m horizontal divergence field from the control

simulation (Figure 12) confirms this to be the case. Over

(divergence< —0.001 s%) develop along portions of the
QSCS is fairly well captured; however, the maximum iwestern coastline (Figure 12a, b). These gradually expand
less by a factor of two (25 mm compared to 50 mnand join up, forming a quasi-continuous line by the early
and shifted around 100 km to the northeast (Figure 1@jfternoon (Figure 12c) which subsequently moves inland
This shift is primarily due to the slower development dfFigure 12d). The inland movement of the line after 1400

cells in the model, which also results in reduced along-likeTC appears to be due to a gradual veering of the
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48 Figure 12. Wind vectors and divergence (1051, shading) at 10 m and surface rain rate greater than 1 mhgliiack contours, stippled) in the control
49 simulation at (a) 1000, (b) 1200, (c) 1400, and (d) 1600 UTC.
50
51 . . . . . .
52 background flow associated with the eastward progressiiatd, with vertical velocities up to around 1 nt's At
53 of the surface low-pressure system. Figure 12 shows tpatticular times and points along the line, this lifting was
54
55 convective cells repeatedly develop and track along ttlearly sufficient for parcels to reach their LFC, initiain
gs northwest side of the convergence line and remain boundlep convection. The resulting cells were then advected
58 it as it moves inland. Vertical cross-sections taken adiuss northeast, parallel to the convergence line, which coetinu
59 . . . . .
60 coastline (not shown) reveal that the low-level convergeno supply them with moist, potentially buoyant air.

is associated with an overturning circulation, approxihat

1 km in depth, superimposed on the background windFigure 12 shows that the convergence line is

associated with a change in wind direction from
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southerly/south-southwesterly on the southeast (lami§o performed simulations of the Boscastle case using a
side to southwesterly/west-southwesterly on the northwéskm grid length version of the UM, including a run without
(sea) side. One might speculate that this results frahe land—sea roughness contrast. In contrast to GCMO05, the
frictional backing of the flow over land; however, in somauthors concluded that this was only a modulating factor in
locations the wind just offshore clearly veers towards thiee formation of the convergence line.
land. This veering is particularly pronounced at 1400 UTC Table 1 details how each of the sensitivity tests in
(Figure 12c) at the southwest end of the coastline whehe present investigation was carried out. Note that the
it creates a stream of divergent flow emanating from thgethodology employed to remove the land—sea temperature
northern tip of the Land’s End Peninsula (a feature thedéntrast (the WEAKSUN run) is different from that
was also present in the Boscastle simulations of GCMGh; GCMO05. Specifically, GCMO05 fixed the land surface
their Figure 12). These observations are consistent with temperature and fluxes to values typical of nearby sea
idea of the convergence line as a sea breeze front: higpeints, whereas we have simply reduced the solar constant.
temperatures over land result in a pressure gradient difea@ur approach reduces insolation of the land surface, in
from sea to land which in turn produces an onshore flawrn reducing surface fluxes and thus boundary layer
component (see Milleet al. (2003) for a review of the seaair temperatures. Sea surface temperatures, on the other
breeze system). To verify this hypothesis and determine tisnd, are fixed to climatological values, so fluxes and
relative importance of the land—sea temperature contr@shperatures over sea points are not directly affected. As
and frictional effects (as well as other potential influes)cewill be shown, the result is that the low-level land—sea
a series of sensitivity tests were performed. These are #etemperature difference remains negative throughaut th
subject of the next section. simulation. While our approach is less direct than that

of GCMO5, it had the advantage of being very simple to
4.2. Sensitivity tests ] )

implement in the model.
To investigate the origins of the simulated convergenceFigure 13 shows the impact of each sensitivity test on
line, we consider four factors which are known to generdtee low-level wind and divergence fields at 1400 UTC
and modulate regions of boundary layer convergenéef. Figure 12c). Surface precipitation is also shown;
differential surface heating, differential surface rongss, however, it is important to note that slight changes in
orography, and convective outflow. For the Boscastiee instantaneous position and size of the convective cells
case, GCMO05 found that a positive land—sea temperataaanot be considered indicative of a systematic response to
difference was critical to the formation of the convergeneeparticular change in model setup. The WEAKSUN run
line, suggesting that it was a sea breeze front. Orographymediately stands out in Figure 13 due to the complete
meanwhile, was shown to slightly modulate the precisésappearance of the coastal convergence line. Consistent
location of the line and the resulting distribution oWith this, the region of divergent flow emanating from
precipitation. The authors also suggested the importatideé Land’s End Peninsula is no longer present and the
of frictional backing of the flow over land in creating anvinds along much of the coastline have a reduced westerly
offshore flow component which balanced the sea breegemponent. This confirms the hypothesis that the veering
maintaining the convergence line in place, and storrew offshore is a response to differential heating of thellan
generated outflow in distorting the convergence line at agd sea; i.e. itis part of a sea breeze circulation.
northeast end. However, these factors were never formallyn contrast, the impact of the other sensitivity tests

addressed through sensitivity tests. Leoneinal. (2012) is relatively minor. As one would expect, reducing the
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Table 1. Details of the sensitivity tests performed.

Name Factor under Methodology
investigation

WEAKSUN Differential surface| Solar constant reduced to 400 Wm
heating
SAMEROUGH | Differential surface| Roughness length for momentum over
roughness land and sea fixed to 4 10°m
NOOROG Orography Land height over Southwest Peninsd
settolm

13 NOOUTFLOW | Convective outflow| Latent cooling due to rain evaporatiq
and snow melt switched off
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Figure 13. As in Figure 12 but for each of the sensitivity runs at 1400 UG WEAKSUN, (b) SAMEROUGH, (c) NOOROG, and (d) NOOUTFLOW.
Black boxes show the area for which the time series in Figidesnd 15 were calculated.
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land roughness (Figure 13b) results in higher wind speddgure 13. As we would expect, the land—sea temperature
and veering (or rather, reduced frictional backing) of trdifference (Figure 14a) follows the diurnal cycle of sudac
flow. These two changes have counteracting effects le@ating over land, increasing during the morning and early
the convergence line: faster winds enhance convergeafternoon, peaking around 1400 UTC, and then decreasing
with the onshore flow along west coast, while clockwissgain thereafter. However, in the WEAKSUN run, values
turning of the wind reduces it. The net effect appears temain negative throughout the day. Some localised areas
be small. Thus, contrary to the conclusions of GCMO05 bat positive land—sea temperature difference do occur (not
in agreement with Leonciret al. (2012), frictional effects shown), but on average the low-level air over this part of
over land are not necessary for the development of this tythe Southwest Peninsula remains cooler than that over the
of quasi-stationary convergence line. sea. Note that the higher temperatures in the NOOROG run
Consistent with the findings of GCM05 (and Leonciréire purely a result of the lower land elevation. The low-leve
et al. 2012), flattening the orography also has a min@enal wind over the sea (Figure 14b) increases throughout
influence on the convergence line, though it does of coutbe day, partly in response to the evolution of the large-
reduce small scale variations in the divergence field owsiale flow (Section 2.1), but also due to veering associated
land (Figure 13c). In the control simulation, convectivith the land—sea temperature difference. The absence of
outflow is apparent as localised areas of strong divergeitiee latter effect in the WEAKSUN run is evident, with a
coinciding with precipitating cells (Figure 12). These ar@duced westerly component during most of the day.
clearly absent in the NOOUTFLOW run (Figure 13d), but
this again has little overall impact on the convergence line
Animations of the divergence field for the control run reveal Regions of strong convergence exist at the start of the
that convective outflow may have locally enhanced asfinulations (Figure 14c) due to land breezes, with cool air
distorted the convergence line; however, it was too wedkscending down the hills of the peninsula and moving
to substantially influence the evolution of the line or théut across the sea. The land breezes decay during the
associated convection. As noted in Section 2.2, in realigybsequent hours as insolation warms the land, reversing
several cells at the northeast end of the line showedha thermal pressure-gradient acceleration; howeves, thi
sudden eastward movement, presumably associated ithcess is retarded in the WEAKSUN run. In the other
propagating cold pools. The failure of the control simaati simulations, regions of strong convergence again start to
to capture this occurrence perhaps relates to the wigdem after 0830 UTC, associated with the development of
spacing between convective cells. This will have allowgHle sea breeze circulation. These are slightly stronger in
outflow to spread out in both the along-line and cross-lifige SAMEROUGH simulation due to faster winds over
directions, whereas in reality, adjacent cold pools mayehawnd. Convergence peaks between 1330 and 1500 UTC,
merged, restricting motion to only the cross-line diretio coincident with the development of heavy precipitation
Figure 14 summarises the evolution of each simulatigRigure 14d), and decays thereafter as the line moves
in terms of a number of key variables: mean land—sedand and out of the box. In contrast, in the WEAKSUN
temperature difference at 1.5 m, mean 10-m zonal wingh, convergence remains weak, increasing only slightly
over the sea, number of grid points with ‘strong’ 10-rhetween 1400 and 1600 UTC with the passage of a transient
wind convergence (divergence -5 x 10, and mean feature associated with the base of the surface pressure
surface rain rate. To focus attention on the area of interesbugh (Figure 14c). Consequently, no heavy convective

each of these has been computed over the box showipiiecipitation develops in this simulation (Figure 14d).
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(a) 1.5m temperature, mean: land-sea (a) 1.5m temperature, mean: land-sea
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Figure 14.Time series of four quantities from the control simulatiorFigure 15. Similar to Figure 14, but comparing the control simulation
(black, solid) and each of the sensitivity runs—WEAKSUNT r{dare,, (black, solid) and the 500-m grid length simulation (greglidy. In this
solid), SAMEROUGH (light grey, solid), NOOROG (dark greyaghed), Figure, (c) shows the mean convergence; i.e. the mean obatspwith
NOOUTFLOW (light grey, dashed)—computed over the box shamwn divergence< 0.
Figure 13: (a) difference between mean 1.5-m temperatwesland and
sea points; (b) mean 10-m zonal wind component overoieaslpc(m
number of points with 10-m wind divergence less than<80~* s™; (d) . . . . .
mean surface rain rate. Rain rates from the radar (blackedjoare also horizontal resolution (71& 718 g”d pomts). The vertical
shown in (d). Data are plotted with a time resolution of 10 utés. . .
grid was not altered. Orography and other ancillary data
. ) ) were initially kept at the same resolution and bilinearly
4.3. 500-m grid length simulation

interpolated to the 500-m grid. However, it was found that
In Section 4.1, it was noted that the control simulaticthis simple interpolation method concentrated the cureatu
shows a number of deficiencies in its representation aff the orography field at the original (UKV model) grid
the 21 July 2010 QSCS. These include late initiation pbints, creating spurious regions of low-level convergenc
convection, cells that are too large, intense, and widelpd divergence. To alleviate this problem, the interpdlate
spaced, and slow convective evolution. It has also bestography data was smoothed using ax33 boxcar
noted that with 1.5-km grid spacing, convective stornmoving average. As in previous simulations, the 0400 UTC
are still significantly under-resolved. One might therefopperational UKV analysis was used as initial conditions,
anticipate that increasing the resolution would impro¥d3Cs were provided by the full UKV run, and the model
the model's representation of this event. To test thigs integrated forward for 15 hours.
hypothesis, a simulation with a grid length of 500 m was Figure 15 compares the evolution of the 500-m run to
performed using an existing experimental configuration tfat of the 1.5-km control run in an almost identical manner
the UM. The same domain, nested within the full UKWo Figure 14, the only difference being that Figure 15c

model, was used in this simulation but with triple thehows mean convergence rather than the number of ‘strong’
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convergence points. This change is necessary due to rémolutions—the best settings for very high resolutions
greater number of grid points and the overall increase (ifAx < 1 km) are still being actively investigated.
convergence discussed below. The impact of the resolutiofurning to the divergence field (Figure 16b; c.f. Figure
change on the land—sea temperature difference (Figure 1B629), the most striking change is in the scale and magnitude
and zonal wind over sea points (Figure 15b) is relativety the maxima and minima. Most significantly for this
small. Both are slightly enhanced during the late mornirgse, the convergence line is stronger and narrower with
and early afternoon in the 500-m run. This appears to b&ues up to and exceeding +51073 s over a width of

the result of reduced cloud cover, which leads to enhangest 3-5 grid points. The wind field meanwhile is changed
shortwave heating of the land surface and a slightigry little. This shows that as we increase the resolution,
stronger sea breeze circulation. Far more dramatic changfes horizontal scale over which the wind varies decreases
however, are seen in the convergence and precipitatamtordingly, allowing for enhanced convergence/divecgen
fields. Throughout the simulation, but especially frorand associated vertical motions. Cross-sections (notighow
0900-1600 UTC, convergence is enhanced in the 500confirm the presence of stronger low-level ascent and
run (Figure 15c¢). The rapid increase in convergence aroward associated deepening of the boundary layer along
0900 UTC is shortly followed by the development of heawpe convergence line. For the present case, this change
precipitation (Figure 15d). When compared to the radiar significant in determining the timing and pattern of
observations, the 500-m run shows vast improvementscomvective initiation.

the timing and rate of convective development, although it

. . . 5. Summary and discussion
overdoes the area-averaged rainfall intensity.

To better illustrate the changes in precipitation, wind] aWe have presented an analysis of a quasi-stationary
divergence, we present Figure 16, which shows a snapstmivective system which formed over the UK Southwest
of these fields at 1400 UTC in the 500-m run. Comparis&eninsula on 21 July 2010. This system showed remarkable
of Figure 16a with Figure 4c (observed rainfall) and Figusmilarity to the flash flood—producing Boscastle storm
8c (control simulation rainfall), shows that increasingf 16 August 2004. In both events, convective cells
the horizontal resolution has somewhat improved thepeatedly developed and moved along and just inland of
model’s representation of the structure of the storm systeime peninsula’s west coast, producing intense precipitati
cells are more numerous, more closely packed, and haver a narrow swath of land. However, maximum rainfall
enhanced fine-scale structure. Animations reveal that #rEumulations were approximately four times smaller in the
storm evolution, including the eastward propagation ag610 case and no flooding was recorded. This difference
weakening of cells at the north end of the line, is alds related to three factors: the intensity of the rainfall,
more in line with observations. Furthermore, Figure lhe duration of convective systems, and the distribution
demonstrates that the positive bias in rain intensity, evhidf the rainfall across drainage basins. In the Boscastle
still present, is significantly reduced in the 500-m rumase average rainfall rates were around three times higher
Despite these improvements, the representation remdiren those in the 2010 case. This was likely related to
far from perfect. This may be because the convectiseveral characteristics of the environment, includingtge
overturning process is still under-resolved (Bryanal. precipitable water, higher mid-level relative humidities
2003), but there are many other potential sources of erigneater cloud depth both above and below the freezing
In particular, most of the UM’s parametrization scheméavel, and weaker updraughts. The Boscastle storm also

were designed to produce optimal forecasts at much coarsenained quasi-stationary for around 90 minutes longer
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(a) Surface rain rate (b) 10m divergence and wind vectors
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Figure 16. Output from the 500-m simulation at 1400 UTC: (a) Surfaca rate (mm hrl); (b) 10-m wind vectors and divergence (1&™7).

than the 2010 storm due to slower evolution of the windechanism by which the QSCS formed. As in the Boscastle
field: in the latter case, veering low-level flow caused tlease, convective initiation was maintained by lifting ajon
convective system to move inland several hours beforaifjuasi-stationary boundary layer convergence line. Sensi
dissipated. Finally, slight differences in the locationtloé tivity tests were performed to determine the mechanisms
two storms meant that in the Boscastle case, the heavasitrolling this feature. In agreement with the findings of
rainfall was distributed over fewer river catchments, liert GCMO5 for the Boscastle case, the convergence line was
enhancing the hydrological response. Overall, howevsghown to be the result of a balance between the background
large-scale conditions in both events were broadly simillow over land and the near-surface component of a sea
characterised by a slow-moving, weakly baroclinic cyclormeeze circulation along the west coast. However, in cettra
to the west of the UK, with a marginally unstable air mase a hypothesis put forward by GCMO5, frictional turning
and unidirectionally sheared southwesterly flow over tlod the wind over land was not found to be necessary for this
Southwest Peninsula. process to occur. Furthermore, the effects of latent cgelin

produced storm outflow and the orography of the Southwest
Numerical simulations of the 21 July 2010 event WeSaninsula were not significant in the 2010 case.

performed using a 1.5-km grid length configuration of the

Met Office Unified Model. A control simulation success- To investigate the impact of enhanced horizontal
fully captured the repeated development of convectives casolution on the modelled storm system, a simulation with
along the coastline, but failed to accurately represent t@0-m grid spacing was performed. This showed marked
narrow, linear structure of the storm system. The model aisgprovements in the timing of convective initiation, the
showed a substantial positive bias in instantaneous raa ratructure of the convective system, and the rainfall intgns
and underestimated the storm-total precipitation due ¢tewiCritical to the improvements in convective initiation was
spacing between successive convective cells. Despite thas increase in the strength of the convergence line,

biases, the simulation was suitable for investigating tldiich allowed low-level air parcels to more readily reach
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their LFC. This change can be attributed directly to af horizontal diffusion so that artificial smoothing of

improved representation of sharp horizontal wind gradientonvergence zones (and other sharp gradients) is minimised

Observations of boundary layer convergence lines (e-gReturning to the issue of QSCSs, this study and GCM05
Wilson and Schreiber 1986; Wilsat al. 1992) reveal that, highlight the potential significance of quasi-stationaep s
in reality, the width of these features ranges from arouggeeze fronts as a mechanism by which convection may be
0.5 to 5 km. It is therefore not surprising that the 1.5-kfpeatedly initiated in one area. The basic ingredients for
model failed to adequately resolve the convergence liRgch a feature—a positive land—sea temperature difference
particularly when we consider the additional smoothinghq an offshore-directed wind component—are no doubt
generated by numerical diffusion and the subgrid mixiqﬂme common. However, the balance between the two is
parametrization. delicate, as evidenced in the present case by the sudden
inland movement of the convergence line following a subtle
This final finding is important as it suggests thathift in the background flow. Based on a synthesis of many
in situations where boundary layer convergence psevious numerical investigations of sea breezes, Crosman
the dominant mechanism of convective initiation, thend Horel (2010) suggested that an offshore geostrophic
highest resolutions currently used operationally may stivind greater than 4-8 ntsbut less than 6-11 ntscould
be insufficient for quantitative precipitation forecagtin cause a sea breeze front to stall at the coastline. However,
Barthlottet al. (2010) reached a similar conclusion based the present case, the offshore wind component was only
on simulations of a convergence line—forced thunderstoamund 1-2 m . This discrepancy may be related to the
observed during the Convective and Orographically inducesdatively small land—sea temperature difference (1S
Precipitation Study (COPS; Wulfmeyeet al. 2008). but also to the existence of a strong along-shore wind
They used the German Weather Service's COSMO-BBmponent. Historically, the along-shore component of
model with horizontal grid lengths of 2.8 and 1 knthe background wind has been considered of secondary
Both runs failed to predict the storm because simulatedportance to the cross-shore component which strongly
updraughts along the convergence line were too weakdulates the ability of the sea breeze to move inland or
for parcels to overcome CIN. Over the next decadevenform (Crosman and Horel 2010). However, this may in
significant improvements in forecasting convection and p&rt be because the majority of numerical investigations of
associated hazards (e.g. flash flooding) are anticipatéul, whese interactions have considered infinite coastlindwei
the introduction of convective-scale ensemble predictithrough the use of 2-dimensional models or 3-dimensional
systems (e.g. Clarkt al. 2012) and continuing advancesnodels with periodic boundary conditions in the along-
in the assimilation of high-resolution remotely sensesthore direction. We hypothesise that in the case of a finite-
observations (e.g. Renshaw and Francis 2011). HoweVength coastline (e.g. a peninsula) with a strong along-
in certain meteorological situations, improved predicticshore background wind, the sea breeze circulation will be
might only be achieved with the use of even highereaker (at least near the upstream end of the coastline)
resolutions Az < 1 km). Of course, the computationabecause the offshore air is being continually replenisined a
requirements for such configurations are vast, and threrefore cannot fully adjustto the thermally driven ptess
the near future, resources may be better spent on othxdient. Thus, for a given land—sea temperature contrast,
modelling developments, such as those mentioned abaveveaker offshore-directed background wind component
Thus, for the current generation of high-resolution NWARould be required to balance the sea breeze and create a

models, efforts may be required to refine the treatmeniasi-stationary convergence line.
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