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Convection-permitting modelling has led to a step change iforecasting convective
events. However, convection occurs within different regiras which exhibit different
forecast behaviour. A convective adjustment timescale came used to distinguish
between these regimes and examine their associated predibtlity. The convective
adjustment timescale is calculated from radiosonde ascesiand found to be consistent
with that derived from convection-permitting model forecasts. The model-derived
convective adjustment timescale is then examined for threesummers in the British
Isles to determine characteristics of the convective regigs for this maritime region.
Convection in the British Isles is predominantly in convecive quasi-equilibrium with
85% of convection having a timescale less than or equal to tlee hours. This percentage
varies spatially with more non-equilibrium events occurring in the south and southwest.
The convective adjustment timescale exhibits a diurnal cye over land. The non-
equilibrium regime occurs more frequently at mid-range wind speeds and with winds
from southerly to westerly sectors. Most non-equilibrium @nvective events in the
British Isles are initiated near large coastal orographic gadients or on the European
continent. Thus, the convective adjustment timescale is gatest when the location being
examined is immediately downstream of large orographic grdients and decreases with
distance from the convective initiation region. The dominace of convective quasi-
equilibrium conditions over the British Isles argues for the use of large-member
ensembles in probabilistic forecasts for this region.

Key Words: Convection; Convective Adjustment Timescale; Convecti@easi-Equilibrium; Non-Equilibrium

Convection; MetUM
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1. Introduction special case of the cloud work-function for non-entraingagcel
ascent, have often been preferred. Convective quasiieguih
Forecasting convective events is an important problem)east events within the mid-latitudes can often be linked with Bera
because of the socio-economic impacts of flash floods whiGAPE values compared to non-equilibrium convection (Done
may result from intense localised precipitation produced let al. 2006). The smaller CAPE implies limited instability in the
convection (Handet al. 2004). Convection-permitting modelsatmosphere such that persistent, but relatively modesvective
are now being run operationally by several weather for@mgst activity may be enough to return the atmosphere towardgaleut
centres (e.g. Tangt al. 2013; Baldaufet al. 2011; Seityet al. conditions.
2011, for Met Office, Météo-France and Deutscher Wetégrsti

(DWD) respectively) and have led to a step change in forscast o i .
Non-equilibrium convection, also referred to as “triggkre

of convective precipitation (e.g. Leaet al. 2008). However, ) .
convection” (Emanuel 1994), occurs when CAPE builds up over

deterministically forecasting convective events will ajyg remain . . .
a period of time, and so can result in large values of CAPE. For

a challenging problem due to their low intrinsic predictiaypi . . o
conditions to allow a build up of CAPE some inhibiting facter

(Lorenz 1969). Probabilistic forecasts, generated thuotle ) . . o
required, such as a layer of stable air. This is often inditaty the

use of well-spread convection-permitting ensembles, cawige . . . L
presence of Convective Inhibition (CIN). Convection willtiate

practical information on the predictability of these ewef.g. . .
if the CIN can be overcome, and may lead to the rapid formatfon

Doneet al.2012).
) strong convection. This type of event often occurs overioents

Done et al. (2006, 2012) and Keil and Craig (2011)in the early spring or summer (Weckwerth and Parsons 200$6) du

have demonstrated that convective predictability withiodels to large areas exposed to insolation, but is perhaps lessioam

can exhibit very different characteristics depending oe “?or islands such as the UK (Bennettal. 2006)

environmental conditions in which the event occurs. These

differing environmental conditions are often thought of as

o ] ] ) ] To investigate more systematically how the behaviour of
distinct weather regimes. Understanding these regimegteaid

. . ) convection depends upon the prevailing regime, it is necgss
frequency of occurrence for different locations is therefof

) ) ] ) ] to have some quantitative method for distinguishing betwee
particular importance if convective forecasts are to impro

o ) ] regimes. Donet al.(2006) proposed that a convective adjustment
beyond just increasing the model resolution.

timescaley., was a suitable diagnostic for the purpose, defining it

Convection is classically considered to occur within twe-di ) ) )
as the ratio between the CAPE and its rate of change at coverect
tinct regimes: convective quasi-equilibrium and non-8odum )
scales i.e.,
(e.g. Emanuel 1994). The concept of convective quasi-eaguin CAPE

originated from the closure problem for convection schemes o |0CAPE/0t|cs

and was proposed by Arakawa and Schubert (1974). A modevhere the subscript CS refers to convective scales. The
review of the concept can be found in Yano and Plant (2012)enominator is not in a convenient form for calculation from
Convective quasi-equilibrium arises when the budget égu&br observational data or standard model output. However, rit ca
some measure of convective instability is in a state of apprate be estimated from the precipitation rate since this pravichn
balance, such that its production rate on large (synoptiajes indication of the column latent heating associated withveative

is balanced by its release on small (convective) scaless,the activity. Of course, CAPE can be released through various
overall time tendency of the measure is close to zero. Theamin mechanisms of which diabatic heating is one possibilityai@wa
was originally formulated in terms of the cloud work-furmtiof and Schubert 1974; Emanuel 1994). Nonetheless, the estimat

Arakawa and Schubert (1974), but other measures, mostlpotaimay be expected to be reasonable in many convective sitgatio

the Convective Available Potential Energy (CAPE) which is and leads to a simple and practical formula for the convectiv

(© 0000 Royal Meteorological Society Prepared usingjjrms4.cls



Convection over the British Isles 3

adjustment timescale (Do al. 2006): focused on forecast blending (i.e. combination of nowogsand

high-resolution forecasts in the short range) and theioelstip
. l Cpp()To CAPE
2 Lug Prate '

Te (1) with downscaled initial condition perturbations for coatree-

scale ensembles (Kobat al. 2014; Kuhnleinet al. 2014) to
wherec,, is the specific heat capacity of air at constant pressufgrther consider designs for short-range forecasts andectine-
po and Ty are a reference density and temperature respectivelgale ensembles.

Ly is the latent heat of vapourisatiop, the acceleration due A, important context for these (and our) investigations is

to gravity and e the precipitation rate. The last of these i%rovided by a climatological study of the convective adjustt

likely best estimated as an accumulation over time condernt® - <caje by Zimmeret al. (2011). This was based upon

a precipitation rate. The factor of one half was introducgd By <o ations of CAPE and precipitation over Germany and

Molini et al. (2011) as a simple attempt to take account of SOM&eqqrised 66% of convective situations there as beingjstemt

neglected aspects of the calculation such as water-loadfagts i convective quasi-equilibrium conditions, when a tfreld

and boundary-layer modifications, the neglect of which Woul¢ 15 hoyrs was considered. There was not a clean split in the

tend to produce an over-estimation of the convective amest |oqimes and it was suggested the regimes should be viewed as

timescale (Keil and Craig 2011). two extremes of a continuum, with the frequency distributad
The convective adjustment timescale has been used to gepati# timescale appearing to follow a power law. The categbda
regimes and so contrast the predictability of convectioon® produced a slightly more even split in the summer monthseJun
et al. (2006, 2012) showed that the predictability of botl3uly and August; JJA), compared to the split in the data froay M
the location and intensity of convective events dependshup@ October, with 59% of the convection in JJA being in quasi-
the regime, with convective quasi-equilibrium events hgvi equilibrium (again with a threshold of 12 hours). It seemtirely
a predictable area-averaged precipitation but low prabiity plausible that convection in other regions, such as thésBrisles,
in terms of location whilst the opposite was found for nonmay have a different split between the regimes. The coastiiml
equilibrium events. This idea was developed by Keil angpography of Britain are well known to have a strong impact
Craig (2011) who showed that ensemble members, generatedrinthe initiation of convection, as reviewed by Bennettal.
different ways, all perform similarly in situations wheretlarge- (2006). The wind direction also has an influence on the cdimmec
scale flow dominates; this situation is typical of conveetipasi- influencing the British Isles; for example, a climatology of
equilibrium. It has also been shown (Ketil al. 2014) that model showers (Hand 2005) showed that showers occurred in flow from
physics perturbations provide a greater contribution éosiread the westerly sector most frequently, regardless of theosetsee

in precipitation rate in cases of weak synoptic forcing.(tlee  Fig. 3 in Hand 2005).

non-equilibrium regime). In this study we construct a model climatology of the
The convective adjustment timescale has also proved Valuabonvective adjustment timescale for the British Isles, &oalis
for other purposes. Craigt al. (2012) showed that latent heaton the frequency of the regimes, diurnal and spatial inflasnc
nudging of radar data into a COSMO-DE ensemble (Consortiusn the regimes across the British Isles and the dependence of
for Small Scale Modelling — domain over Germany) had eonvective regime occurrence on the large-scale wind tilirec
large impact on convection in the non-equilibrium regime dsis hypothesised that both the presence of coastlines faad t
the extra data improved the intensity estimates. Howefiénei wind direction will have an impact on climatological contiea
convection was in quasi-equilibrium then the impact of datharacteristics over the British Isles, given that it issofsubject
assimilation decayed rapidly (within a couple of hours) las t to convection that has initiated on the European continghnis
convection rapidly readjusted to its synoptic environmé&hbdre may occur, for example, in “Spanish plume” synoptic scergari

recent studies using the convective adjustment timescale h(Lewis and Gray 2010). It is further hypothesised that acegi

(© 0000 Royal Meteorological Society Prepared usingjjrms4.cls



4 Flack et al.

dependence will be found. The western coast of the mainlaBd Data and Methods

UK is likely to have more non-equilibrium situations thareth

. 2.1. Model output
eastern coast due to the relative steepness of the orography

(Fig. 1). Forced ascent in this region may help to OVEICOM& e Vet Office Unified Model (MetUM) is a non-hydrostatic,

any CIN present and the flow within complex terrain may leagemi-implicit, semi-Lagrangian model (Davies al. 2005). It

to the development of convergence lines. The coastling itse uses the surface layer scheme of Betsl. (2011), microphysics

also hypothesised to contribute to regime characterigicaigh ¢.home of Wilson and Ballard (1999), radiation scheme of

associated convergence lines, a good example being tr&iont £\ 4145 and Slingo (1996) and boundary layer scheme of Lock

of the flash flooding event in Boscastle 2004 (Goldatgl. 2005; et al. (2000). The configuration used in this study was the

Burt 2005; Warreret al. 2014). Further understanding of thes%nited Kingdom Variable resolution (UKV) which has been

regimes and other factors that they are associated with ez Ithe operational UK model since 2009. The UKV configuration

to further improvements in forecasts, not just from a deteistic represents convection explicitly rather than through avection
or ensemble perspective but also from an adaptive foreEasty neme as it has a grid length of 1.5 km in its interior domain (

perspective. early convection-permitting version of the MetUM is dissed by

Leanet al. 2008). At the edges of the UKV domain the grid length

is tapered from 4 to 1.5 km (Tanet al. 2013) — this variable

60

resolution reduces problems with spin up of convection at th

boundaries of the model. However, the interior model gridjta

of 1.5 km is not fine enough to fully resolve convection (Crangl

Dornbrack 2008; Steiat al.2015), soitis classed as a convection-

permitting model. There are 70 levels in the vertical witle th

Degrees Latitude

highest at 40 km (Hanlegt al.2014). The Met Office operational

configuration uses 3D variational (3DVAR) data assimilatiath

three-hour cycling. This model is directly one-way nested the

D;grees Longitude global configuration (grid length 25 km) of the MetUM.

i B ) The operational output from the interior domain of the UKV
Figure 1. Amap of the British Isles. The large dashed region repregbetarea that

was coarse grained in the calculation of the timescale. Tadler boxes represent
averaging domains for specific regions of the British Islé® solid box represents
the west Scottish coast, the solid bold box represents seesih England and south .
Wales, the dashed box is the North Sea region and the bole:ddsix is south- EXPENse and to extend the study for more than a season. A grid
east England. The symbols represent the location of raditesstations, the plus is . . .
Camborne, the cross is Castor Bay, the circle is Herstmonaed the diamond is Of 60 km was chosen to allow comparison with the timescale
Albemarle.

was coarse grained to a 60 km grid to reduce computational

calculated from a coarser-resolution convection-paresieg
model configuration (the North Atlantic European domain BJA
This paper is organised as follows. The model data usedof the MetUM). The NAE has a horizontal grid length of

described in Section 2, followed by details of the methodselno 12 km, which would be expected to resolve features reaspnabl
for determining the timescale. Results obtained from theleho well on a scale of 60 km. It was found that the convection-
data are compared against available observations in 8e8tio permitting model yields better estimates of the timeschbnt
The main results from the model climatology are presentetl athe NAE operational output due to improved CAPE values
discussed in Section 4, which focuses on the relative frequef (not shown). The improvement is thought to come from the
the regimes, the spatial and temporal scales of the timeacdlits explicit representation of convection increasing the CAigkies
relationship with the large-scale flow. A summary and cosiclas compared to the convection parametrisation scheme whithati

are provided in Section 5. allow enough CAPE.

(© 0000 Royal Meteorological Society Prepared usingjjrms4.cls



Convection over the British Isles 5

The data used for the model climatology were the operatiorBiitish Atmospheric Data Centre, BADC; Met Office 2006). The
forecasts initiated at 0300 UTC for JJA 2012-2014. The 030CU relative coarseness of the location of radiosonde stafmrise
forecasts were used as they were most likely to capture tiive enreason why model output is primarily used in this paper.
life-cycle of a convective event on any particular day inpleeod Consistency in calculation method is required so that a fair
examined. Throughout this study the model output for 24rhoaomparison can be made between the observational data and
periods from 0900 - 0900 UTC (T + 6 h to T+30 h) has been usetbdel output used. Therefore the observed CAPE is calcllate
as an optimal balance between reducing errors associated s the maximum CAPE lifted from the first 164 data levels from
spin up and with longer lead times. Three summer seasons wiiie radiosonde (surface to approximately 850 hPa). However
used to allow robust conclusions to be drawn given the fregue as the radiosonde data has a higher vertical resolution ttiean
of convective events in the British Isles. The summers amosmodel, the radiosonde data has been arithmetically ave raggr
cover a wet (2012), dry (2013) and average (2014) summehn, wévery 5 levels and parcels were lifted from every third levEl
157%, 78% and 107% of climatological precipitation respety this averaged profile. Observational data has been usedchéor o
(Met Office 2012b, 2013, 2014). Although these summers hgdar due to limited available data for 2012 and 2014. However
different total precipitation accumulations, the timdecdatistics consistency in the model and the data available from thoaesye
behind each year were consistent, with the same distributimdicated similar results to those discussed in Section 3.
present in Fig. 4c occurring in all of the years considered Precipitation data from the Met Office Land and Sea
(not shown). The length of the climatology is limited by the@bservations data set (MIDAS; also obtained from the BADC;
period that the UKV has been operational, and current coimput Met Office 2012a) for gauges at the radiosonde launch sites we
practicalities. used. Hourly-precipitation accumulations were used to pzme

Both CAPE and the precipitation accumulations were derivelde precipitation for model and UKV data, and three-hourly
from the model. CAPE was calculated as the maximum CAREcumulations were used to compare observation- and model-
lifted from the first 30 levels from every third level, repeasing derived convective adjustment timescales.

surface pressure to approximately 850 hPa,
2.3. Calculation of the Convective Adjustment Timescale

Plift
CAPE = / R (Tp — T) din(p),
P

LNB

As with previous studies considering the convective adjesit

timescale (Donet al. 2006; Molini et al. 2011; Keil and Craig

wherepir, is the pressure the air parcel is lifted fomxs IS 5411, Zimmeret al. 2011; Craiget al. 2012; Koberet al. 2014:

pressure at the level of neutral buoyandyis the specific gas Kuhnlein et al. 2014; Keil et al. 2014) it was found helpful

constant of dry air7},, and7, are parcel and ambient temperaturets0 specify a threshold in the timescale to separate be Nt

andp is pressure. The CAPE was calculated at each hour a(gllﬁerent regimes. The value of the threshold has variedemipus

averaged over a three-hour period. The precipitation galuere studies within the range 3 (area averaged: Keibl. 2014) to

three-hourly accumulations converted into a precipitatate to 12 hours (coarsened scale; Kolaeral. 2014), with most using 6

keep unit consistency. hours (Moliniet al. 2011; Keil and Craig 2011; Craigt al. 2012;
25 Observational Data Kuhnleinet al. 2014). Doneet al. (2006) also used a threshold of
6 hours. However, this was before the factor of one half hahbe
The CAPE was also calculated from radiosonde ascentsirgtoduced inthe equation for the convective adjustmenésicale
four stations within the British Isles (marked on Fig. 1) foso this threshold is equivalent to 3 hours as calculatedqyudin
summer 2013. The ascents used at Camborne were at 0000 arimmer et al. (2011) concluded that a threshold within the
1200 UTC, whereas the ascents for Castor Bay, Herstmonceagion 3—12 hours should distinguish clearly between tfierdint
and Albemarle were at 0000 UTC (with data obtained from tlregimes. A threshold of three hours is used here; valueseath@

(© 0000 Royal Meteorological Society Prepared usingjjrms4.cls
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Figure 2. The convective adjustment timescale calculated for 2 Aug0%3 (a,c,e) and 20 April 2012 (b,d,f), using a) and b) thevuodel output at 1.5 km, c) and
d) the UKV model output coarse-grained to a grid length of 60 Khe colour scale to the right of d) refers to all previousgds, with white representing an undefined
timescale. The timescale has been calculated for 1500 UTZAargust and for 1100 UTC on 20 April. Radar composite mapb@fritish Isles are also shown for both
days at e) 1525 UTC and f) 1155 UTC, with the radar composhewimg precipitation rates in mm ht'.

threshold are considered to be non-equilibrium convectind results were also compared against the following set oérait
values below are considered to feasi-equilibrium convection that was obtained from theory and previous studies:

The timescale threshold chosen is stated here but justified

posterioribased on the results presented e the timescale should be representative of an ensemble of
iori u .

clouds (Craiget al. 2012) and should not be influenced by

variability on scales smaller than the spacing between the

Previous studies have calculated the convective adjustmen )
convective clouds (Donet al. 2006).

timescale using a number of methods for spatially and teatiyor ) .
e the timescale should be temporally smooth so it does not

smoothing the raw CAPE and precipitation data (Detal. 2006; . . . . .
jump erratically between regimes (Keil and Craig 2011);

Molini et al. 2011; Keil and Craig 2011). These methods include ) ) o
e the timescale should be spatially smooth and indicate

averaging over points where it is raining (Moliei al. 2011) and . . i

localised features (Keil and Craig 2011).
using a Gaussian kernel to smooth the CAPE and precipitation
fields (Keil and Craig 2011). The methods used in earlieristud The derived convective adjustment timescales impliedlaimi
were tested alongside other variants to determine if thaneg regime separation for all the smoothing methods trialled,
separation was sensitive to the method used for smoothimg. Trovided that precipitation accumulations were used atstef

(© 0000 Royal Meteorological Society Prepared usingjjrms4.cls



Convection over the British Isles 7

instantaneous precipitation rates. There was greateati@ri a threshold of three hours. Figure 2 shows examples of the
in the derived convective adjustment timescales for difiér convective adjustment timescale calculated for two daffer
smoothing methods when the calculations were performeditan dcases. Figures 2a, ¢ and e are for 2 August 2013, which was
from the model configuration using a convection parameiosa an intensive observing period of the Convective Precipitat
scheme (the NAE) compared to data from a model configurati@xperiment (COPE; Leoret al. 2015) field campaign that
that treated convection explicitly (the operational UKWM)he occurred in July and August 2013, and Figs. 2b, d and f are from
MetUM uses a convection scheme with a convective quag@ April 2012, which was an intensive observing period of the
equilibrium-type closure (Gregory and Rowntree 1990) &aded Dynamical and Microphysical Evolution of Convective Sterm
on the derived convective adjustment timescale, all thecagDYMECS; Steinet al. 2015) field campaign. Figure 2 shows
used in the sensitivity tests were classed as convectivei-qua. for the two cases calculated directly from the UKV interior
equilibrium events when instantaneous precipitationsrdtem domain data (at 1.5 km horizontal grid spacing) and from that
the NAE configuration were used. This helps to motivate tlmarse grained to 60 km. Radar composites (from the BADC;
choice of the UKV model configuration for the model-derived/et Office 2003) are also shown for the two days, to give a

convective adjustment timescales here. sense of the different convection occurring on each dayrgig

From the sensitivity testing it was determined that th&hows that the regime split is similar for UKV data and the
smoothing method of Keil and Craig (2011) would be usegParse-grained UKV data, with convection being placed & th
as it met all of the above criteria. A Gaussian kernel dfon-equilibrium regime for 2 August 2013.There is an averag
half-width 60 km is applied to the coarse-grained CAPE arfinescale of 11.5 hours at 1.5 km grid spacing and 8.7 holtts wi
precipitation fields, and the convective adjustment tirakesés —Ccoarse-grained data. The second case, 20 April 2012, itlea lit
calculated every three hours. A threshold of 0.2 mm'his More complex to consider. The timescale, as a domain average
applied to the precipitation accumulations (after corieerso at 1.5 km grid spacing is 3.6 hours. This value goes over the
a precipitation rate and the Gaussian kernel has been dpp“@lreshold of 3 hours because of a small area of convection in
so that the timescale does not tend to infinity for very ligthe domain with a timescale greater than 12 hours. If thisoreg
(and likely non-convective) precipitation events or dreets. is removed the domain average timescale reduces to 0.24.hour
This threshold is smaller than that used in any previousystubience, most of the convection occurring is in quasi-equli.
referenced here because of the coarse graining appliedeto ¥ihen the coarse graining is applied to this case the average
UKV output. The precipitation threshold removes all but thp  Value is 1.9 hours, further implying that convection was uasj-
17% of accumulations to reduce the chance of any stratifaim r €quilibrium.
being included in the calculation. Throughout this studyleas

] N o 3. Comparison of observations against model output
otherwise specified, CAPE values of zero and precipitatadnes

below the threshold were included in the data being smoothg¢fere are several caveats in using model data for a clingtolo
but undefined convective adjustment timescales resultorg the There are a number of known biases in the representation of
smoothed data are not included. convective precipitation in the UKV (in common with other
As described in Section 2.1 the precipitation and CAPE fiel#dometre-scale models). These biases are (i) that the peak
are coarse grained prior to their use to calculate the cdimeec precipitation rate in the middle of shower cells is too irsten
adjustment timescale. Coarse graining retained the lscgke leading to large local precipitation accumulations (Steinal.
structure in the precipitation and CAPE fields from the 1.5 kr2015); (ii) the convective cells are too circular, with somie
grid-length model and calculations of the timescale preducthe surrounding light rain (observed on radars) being gbisen
comparable results between the operational and coarseedrathe model (Steiret al. 2015; Leanet al. 2008); (iii) convective

UKV output in terms of the regime classification inferredngsi initiation is often delayed by around an hour (Leat al.

(© 0000 Royal Meteorological Society Prepared usingjjrms4.cls



8 Flack et al.

2008). There are also problems with CAPE estimation from 1000000

model data including insufficient vertical resolution leayl to 1000.00

an underestimation of the CAPE and CAPE often being retained? 10000

. ~ X X X - X
too long before release by the model (Glinton 2013). To see ho & 10.00 L g ;XXX x E
° x x 7%
such problems may influence the convective adjustment tates 3 L 00 X * X><//3< . i
E XX Ty x x E
climatology, we compare the model and observations for seimm 010 > :
. e X 3
2013. xx
0.01 I I I L L
0.01 0.10 1.00 10.00 100.00 1000.00 10000.00
observed CAPE (J kg™)
To compare CAPE derived from the radiosonde ascent data (a)
with that derived from the model output, the coarse-grained 10002 ‘
output from the grid point closest to the sonde launch site wa = I i
g :
used for the model output. Using a coarse-grained field tere i % 10,0 . R i g
reasonable as CAPE is typically a smoothly varying fielcafiee § L £ - g ; 1
. S . . . S [ ooy ¢ %f <>§ @l X il
to a typical precipitation field) and so is unlikely to change ¢ |, %ﬁ% o §g§ s o )
C o x OuO O ¢ |
. . . S 3 Fo®@o ¢ < oo °© ]
rapidly with distance. To compare the modelled preciptati E L oawmesihx o oo X ]
‘5 I &% - 5 Z)% Xx X5 X x> * ]
. . . . . . . r @m@oﬁ» fed 1
with the point rain-gauge observations the precipitatibrihe ot x\g&%: ¢ g W s
closest UKV model grid point was chosen due to the uneven ° “ rime (D:’yos wince 1 June 2013) % 1o

distribution of rain gauges over the coarse-graining saatéthe ®)

. . L . s Figure 3. Model and observations comparisons showing a) a scattérfgridhe
high spatial variability of convective precipitation. Gamuently, CAPE at Camborne for JJA 2013, showing all data except whignerenodel or

. L . . observed CAPE are zero, with a 1:1 line and b) a timeseriepadson of hourly
comparison of the precipitation will be subject to the deublprecipitation accumulations at Camborne for JJA 2013, withervations in black
and model in grey.
penalty problem caused by the wrong positioning of a comect

cell — a problem with precipitation verification in all corate®n-

permitting models. the model convective adjustment timescale is longer than th

calculated from observations.
Figure 3a indicates that the model preforms reasonably well

in its CAPE estimation, with a correlation of 0.66 to the The observed and modelled precipitation have not been
observations. Occasionally the model has larger CAPE thagorously compared for the purposes of this study. The key
observed, especially for small CAPE values (the points qn Ba requirement is that it is precipitating at the right time,ttwi
where the observed values are less than 10 but observeds vakimilar accumulations. Figure 3b indicates that this is ¢hse

are over 50 J kg'). However, it is worth stressing that whilstfor the majority of the precipitation events, although thés a

the values depart from the one-to-one line for the smallelstes wet bias for this site which could result in a timescale being
of CAPE (Fig. 3a), both model and observations usually agrealculated that may have been undefined if using obsenation
that the CAPE should be low. The situations where there aman gauge data. The results shown in Fig. 3 are for Camborne.
large differences between the observed and model CAPEatjypic Figure 1 indicates locations of other radiosonde sitessactioe
occur when the model retains CAPE compared to reality (Le&mitish Isles used for observational and model comparigdh.

et al. 2008), evidence for this is provided by a timeseries aff these sites, Albemarle, Herstmonceux and Castor Bag giv
CAPE (not shown). The delay is most likely linked to delayedimilar structure and timing of the peaks for the CAPE and the
precipitation in convection-permitting models, and ashsisca precipitation compared to Camborne (not shown). Thesdtsesu
caveat of using model data, although the use of three-hounhdicate that the model precipitation and CAPE fields arefittie
accumulations for the climatology should help to allevitte purpose of this study. A more rigorous verification of préeifion

impact of the delay. Consequently, there may be situatidmsnw from a convection-permitting configuration of the MetUM has

(© 0000 Royal Meteorological Society Prepared usingjjrms4.cls



Convection over the British Isles 9

been performed by Mittermaiegt al. (2013) and Mittermaier the overall robustness of the model-derived regime sdparat
(2014). provides confidence in the use of the model-derived pretipit
Combining the precipitation and CAPE fields together ressuland CAPE fields for the climatological classification of ceciion

in the convective adjustment timescale. Although thereewe@ver the British Isles.
relatively few convective events in summer 2013 (Sectidt),2.
the model regime separation was very similar to that shofn Model Climatology of the Convective Adjustment
by the observations in all the locations examined (not showrl imescale over the British Isles
Although differences in the absolute value of the timeseaist,

The following aspects of the climatology are analysed irs thi
the regime separation is robust using the three-hour tbleésh

section; frequency distribution, spatial variation, diair cycle,
chosen in Section 2.3. Discrepancies occurred primarilgrwh

and relationship to the large-scale wind speed and directio
there were differences between the observed and modell&ECA
field or an over-estimation in the modelled precipitatioridfie

4.1. Frequency distribution of the convective adjustment

There is good agreement between the model and observations i
timescale

the regime separation and there are no cases in which thel mode

and observation disagreed on regime diagnosis, but thispart Frequency distributions, either averaged over the UKV rhode
due to the limited number of observations. domain (grey) or using all coarse-grained points within the
One case that did have disagreement however, occurredJ&V domain (black), are presented for the CAPE, precipitati
Camborne over 2 and 3 August. On 2 August the model producaad convective adjustment timescale in Fig. 4 (note that the
a defined timescale but the observations did not and on 3 Augdstributions for the UKV domain average are shown shifted
the observations had a defined timescale but the model did ngdwards by an order of magnitude to allow easier comparison)
The model and observed timescales for this region are differ The UKV domain average distributions (grey) have shallower
in essence due to the different timings of convection. gradients for small values of the fields and wider distritiosi
Events also occurred when precipitation was not observed bowards the larger values of the fields than the distributisimg
the model showed a situation in convective quasi-equilitari all points in the domain (black). However, the overall stawes of
This is likely to be due to a wrong placement of the convectidihe distributions are independent of whether or not the Siaie
rather than a timing or intensity issue, and has been preljiouaveraged across the domain for all three fields.
found for convective quasi-equilibrium conditions (e.gori@ Figure 4a shows that low values of CAPE (less thatO0
et al. 2006; Keil and Craig 2011; Donet al. 2012; Keilet al. J kg™') occur most frequently. Such low CAPE values are
2014). Such a situation is illustrated in Fig. 2 where thertation typically associated with shallow convection (Siebesmag)9
of the convergence line over Cornwall in the radar image.(#&) Large CAPE accumulation is rare. Although the average dwer t
differs from the orientation of the corresponding regionlamfg British Isles does not exceed 500 JKg there are locations, such
model-derived convective adjustment timescale (Fig. Zagre as the south west peninsula of the UK (Devon and Cornwall),
were also some times when non-equilibrium convection did n@here the local CAPE values can exceed 1000 Jkgiven
occur in the model but did in reality. the right atmospheric conditions (the larger values in tlek
In summary, two caveats with the model-derived regimes hagistribution).
been identified: (i) the model over-estimates the predipita  Precipitation (Fig. 4b) has a similarly-shaped frequency
potentially leading to more convective events than obskared distribution curve to that of the CAPE with a large propantiof
SO more convective quasi-equilibrium events than obser{igd light precipitation during the period examined. The dizition
the model can retain CAPE for too long, potentially leading tcurve is wider (more variable) than that of the CAPE, assutned

convective adjustment timescales being overestimatedielier, be associated with the inherent differences in the chaiatits
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10° in the distribution using all points (black distribution Fig. 4c).
1007 <y 7 There is a distinct change in the gradient of the distrilbbutiorve
R | ) « \ below and above three hoyrfom -1.0 for convective quasi-
§ 1021 i equilibrium to -2.8 for non-equilibrium convection. Thisgports
£ r the hypothesis of a change in regime occurring dependertieon t
107 7 convective adjustment timescale and the choice of threeshasi
10767 | | | the convective adjustment timescale threshold that djstihes
! 1o caPE O gy 10000 between the two convective regimes. Such a change in gtadien
. (@) was not observed in a frequency distribution of the convecti
B 6 o | ] adjustment timescale over Germany (see Fig. 1 in Zimetei.
© 7 o 3 2011) which had a gradient of -1.3 throughout the distrdouti
5 1072? E Given the different data sources, the slope of the Germaa dat
5‘ 107% 3 is considered to be consistent with the slope found herehfer t
i 10* * equilibrium regime in the UK data.
10* * The scale break occurs within the timescales of 3-5 hours,
10;;1 T ‘1‘67‘00 based on the fit of a sufficiently straight line to the disttibo
Prmpita“(:; rate (mm hr) on either side of the designated break (where a sufficiently
10°¢ ™ NV ; straight line is defined as a Pearson’s correlation valuetof a
1071;, * x . \‘%%&%%&NonEqumbrmm , least 0.98). The line slopes obtained within the 3-5 houalore
§10,2; o s ] point range vary from -1.0 to -1.1 in equilibrium conditions
E 10732 Convective Quasi—Equilibrium ; ] and -2.8 to -3.0 in non-equilibrium conditions. Sensijiviests
% 4 i 7 were preformed to explore whether the change in gradiemtdfou
@ 7 l ; here could be an artifact of the method used to calculate the
1075? i =3 timescale, in particular the use of three-hourly prectuta
10301 0.10 o0 1000 100.00 accumulations. The frequency distribution was re-catedla
Convective Adjustment Timescale (hrs)
(c) using hourly precipitation accumulations for a sample year

Figure 4. Frequency distributions for the UKV domain showing a) CARg, and also separately for the different years using threeinou
precipitation rate (no thresholding applied) and c) theveetive adjustment

timescale (calculated using thresholded precipitatiar) JJA 2012-2014 as an precipitation accumulations. The frequency distributiosing
average over the coarse-grained UKV model output (grey) e all coarse-

grained points in the domain (black). Bin sizes are 10 Jkdgor CAPE, initati ; imi
0.01 mmhr ! for precipitation and 0.1 hr for convective adjustment tcede. hourly precipitation accumulations (not shown) has simila
Frequency is shown normalised by the total number of eventdhe-maximum
possible number of events is 92 days3 yearsx 8 time periods per day (UKV
domain average) and 92 days3 yearsx 8 time periods per day 440 grid points . . L
(all points in UKV domain), but zero values and undefined gal{the timescale greater than three hours to those in Fig. 4c. The distribatior
is undefined for zero precipitation) are not shown. The ithstions for the UKV

domain average in each plot have been shifted upwards byden o magnitude to the separate years (also not shown) are consistent, withiksi
allow easier comparison.

gradients for convective adjustment timescales less thah a

regime split for each year, implying that the break is a rbbus

of these fields (CAPE tends to have smoother spatial and teinpdeature.

variation than precipitation). Using a threshold of three hours to distinguish between the
The convective adjustment timescale (Fig. 4c) shows tlkenvective regimes shows that 85% of the convection occurs

expected similarly wide distribution curve to that of pgatation in a quasi-equilibrium convective regime and 15% in a non-

and has a change in behaviour at around three hours. This segjuilibrium convective regime. This difference is largéan

break is particularly evident in the UKV domain average eurwas observed over Germany (Zimmetral. 2011). Varying the

(grey distribution in Fig. 4c) although there is evidencet@liso threshold timescale (Table 1) shows that the regime frezjasn
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Table 1. Percentage frequency of JJA quasi-equilibriumvedive events timescale across the British Isles and near continent aversh
in the British Isles for both domain averaged and all poiritgs(study)

and Germany (Zimmeet al. 2011). The columns are for different thresholdin Fig. 5. CAPE is largest in the continental region included
timescales used to distinguish equilibrium and non-eopiiim regimes. T

in the model domain and in the south west of the domain

7 (hr)
<1 <3 <6 <12 <24 (Fig. 5a). There is a slight meridional CAPE gradient witle th
British Isles 63.3 849 950 99.2 100.0 highest values in the south; this is linked to the meridional
(domain average) . )
British Isles 631 848 950 99.2 1000 (emperature gradierstcrossthe UKV domain, due to decreased
(all points) insolation with increasing latitude. Coarse-grained imieation
Germany 31.2 449 520 59.0 66.6

varies between 0.05 and 0.25 mnT hrover the domain before

for the two countries become comparable if a regime thresbbl 2PPlication of the precipitation threshold used in the wiaiton

one hour is used for the data over the British Isles and 24stour ©f the convective adjustment timescale (Fig. 5b). The avéts

that over Germany: again this is robust to using a UKV domalRe heaviest precipitation are to the west of the domainmeidde

average or all points within the domain (Table 1). One pdssif€9ions of elevated orography. Precipitation here wiltljkhave

reason for this disparity is the different data sources Usethe been enhanced due to the seeder-feeder effect (Bader actht Roa
two studies: model output for the study presented in thigpapd 1977)- Application of the precipitation threshold removes

observations for the study in Zimmet al. (2011). However, the Correlation with orography from the precipitation field ¢Fbc)

comparison in Section 3 provides some confidence in the mod@id implies that many of the events over the elevated orbgrap

derived timescales. Other possible reasons relate to ffezedit Ve'® associated with weakly precipitating stratiform daather

convective environments in each country (i.e. a maritiniaate CONvection.
in the British Isles and a continental climate over GermaRypy The spatial variation in the convective adjustment timksca
example, the British Isles has smaller precipitation rétegfman is dominated by the meridional decrease in CAPE resulting in
et al. 1997) and CAPE (Romeret al. 2007; Riemann-Campe convective adjustment timescales varying from three haurs
et al. 2009) compared to continental Europe, particularly céntrene south of the domain down to half an hour in the north of
and eastern parts of the continent. The smaller CAPE is@dedc the domain (Fig. 5d). The timescale is longest along coastal
with a greater likelihood of shallow convection forming ovee orographic gradients: the south coast of Ireland, the nootst
British Isles.To test the hypothesis about the different climatesf Devon and Cornwall and over the near continent. There is an
conclusively would required climatologies of the timesctl be eastward decrease in the timescale in the south of the domain
calculated for different locations (both maritime and doental) (in the direction of the prevailing wind) particularly ovéne
across the globe to see if these regime differences are meoeith west peninsula of the UK, thus supporting the hypathes
general, which is beyond the scope of this paper. that the coast has an influence on the timescale. It is sgedula
Other factors responsible for these differences and theezonthat this decrease may be associated with convective ¢wits t
quent domination of quasi-equilibrium convective corais over increasingly relax their environment towards convectiveasi-
the British Isles are hypothesised to include its topogya@tith  equilibrium as they develop within the prevailing largedscflow.
higher elevations to the west over Scotland and Wales (Rigitd It is notable that regions of elevated orography are notcissal
position at the end of the extra-tropical storm track, amiiiaea with long timescales implying that non-equilibrium contien
interactions around the coastlines; the roles of coastialeinces does not preferentially occur here. The spatial distrdsutof
and topography are considered in the next subsection. the percentage frequency of non-equilibrium convectiveney
(Fig. 6) shows that these events preferentially occur insthgh
4.2, Spatial variation of the convective adjustment tiraésc
and west of the domain, and is broadly consistent with anlepee

The spatial variations in the coarse-grained three-ye&r JJf the distribution of the average convective adjustmenesticale

climatologies of CAPE, precipitation and convective atiisnt for 1.5 hours and above.
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(d) hr

Figure 5. Maps of the coarse-grained UKV domain showing a) the CAPEh®)

precipitation rate before the precipitation thresholdpgled, c) the precipitation
rate after the threshold has been applied and d) the comeeatjustment timescale.
All fields are averages over three-hourly data from JJA 22024 including zero

values but excluding undefined convective adjustment tales.

PSSV 0%

Figure 6. Map of the coarse-grained UKV domain showing the percerntégen-
equilibrium events at each gridpoint in the domain.

(© 0000 Royal Meteorological Society

4.3. Diurnal cycle of the convective adjustment timescale

Well-documented diurnal cycles exist in the convectivecire
itation (Yang and Slingo 2001) and CAPE (Det al. 1999)
implying the likely existence of a diurnal cycle in the cootree
adjustment timescale. In summer, CAPE over land often buiftl
during the day as surface temperatures increase, reacluegka

in early to mid-afternoon after which the instability is eaked
and convection (and precipitation) increases. As CAPHlbuip

the convective adjustment timescale may be expected teaser
(assuming relatively constant precipitation). As coniettis
initiated the precipitation will begin to control the magme of

the timescale and a decrease in the timescale will occur &ECA

is released and the precipitation reaches its maximum. ¢jehe
diurnal cycle of the convective adjustment timescale oaadlis
predicted be approximately in phase with that of the CAPE and
to lead that of the precipitation (Ke#t al. 2014). The greater
heat capacity of the oceans compared to the land results in a
weaker diurnal cycle in surface temperature, and hencesction
(Hendon and Woodberry 1993; Becht@tal. 2004). The diurnal
cycle is thus expected to have a reduced amplitude over the

oceans.

The diurnal cycles of CAPE, precipitation and convective
adjustment timescale over land and sea are shown in Fig.€’. Th
plots show the median and 25th and 75th percentiles of thus |
each time (in box plot format); the same diurnal cycle betang
are also seen in the extremes of the distributions (not shown
As predicted, the diurnal cycles in all three fields are weadr o
the sea but marked over the land. Over land, the peak in the
diurnal cycle in convective adjustment timescale leadsehof
CAPE and precipitation by three and six hours respectividhg
identification of land and sea points has been taken from imeoa
grained UKV land-sea mask; points with a fractional landueal
greater than 0.8 have been classed as land, points with @ @alu
less than 0.2 have been classed as sea, and remaining poiats h
been classed as coastal points. The coastal points havepedam
diurnal cycle in comparison with the land points (not shaviliije
diurnal cycle results are robust to the exact definition ofilar

sea points.
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A diurnal cycle in the convective adjustment timescale soal general consistency between the wind roses shown sughests t
clearly evident in subdaily spatial distributions of thearse- coastal effects (such as sea breezes) do not have a doniiieant e
grained three-year JJA climatology of convective adjustimeon the convective adjustment timescale.

timescale (shown in Fig. 8 for four selected three-hourqus).

The timescale has a relatively zonal distribution in themm®,  Some patterns emerge from comparing the different windstose
(0900-1200 UTC, equivalent to 1000-1300 BST, Fig. 8a). ithe percentage occurrence of winds from the westerly anthsou
peaks in southwest England in the early afternoon (Fig. &8t \vesterly sectors decreases when comparing more eastaty wi
England in late afternoon (Fig. 8c) and over the southwest S@ore westerly regions (Figs. 9b and d with Figs. 9a and c
approaches to England overnight (Fig. 8d). respectively) and comparing more northerly with more seiyh
(compare Figs. 9a and b with Figs. 9c and d). The frequency for

4.4, Relationship between the convective adjustment ¢cetes ] ] ) ) ) ] )
which the convective adjustment timescale is undefined|img

and the synoptic-scale wind field S o
precipitation rates below the threshold at all coarsengigrid

Winds were considered at a hybrid-model-level height ofkig  Points in that region) is greater in the eastward regions tha
chosen to give an indication of the storm motion and as beiftythe westward regions, associated with the eastwardsneecl
typically near the top of, or above, the boundary layer. g in climatological precipitation. The frequency assodiateith
shows variants of a wind rose, with the incremental radius BPn-equilibrium convection is greatest in the south-wesfian

the segments indicating the percentage frequency of eiffer (Fig. 9¢, consistent with Fig. 5d). Thus, the frequency tbager
convective adjustment timescale bands, from all coaramed Cconvective adjustment timescales are diagnosed decreaties
points within four different regions across the Britisheks| direction of the prevailing winds. This suggests that thevestive
(marked on Fig. 1). The percentages written at the bourslafie €nvironment relaxes towards quasi-equilibrium as systeoe

the panels refer to the frequency with which the wind is friwa t @way from triggering locations in the southwest.

particular sector. Therefore, the difference betweenuheaf the

percentages plotted and that written for a given sectoessmts Figure 10 is plotted in the same format as Fig. 9. Here the data
the percentage frequency for which the timescale is und&{iree  from the southwest region is shown separately for threermifft

no convective precipitation occurring). Other regionsoasrthe wind speed ranges. When the winds are strangqms ') they
British Isles were also considered and it was found thatekalts are southwesterly or westerly about 85% of the time, whereas
shown in Fig. 9 are robust and provide a good description when the winds are weak:(5ms~') there is a slight preference
spatial variation across the British Isles. These pauictggions for southwesterly or westerly winds. There is limited cartien
were chosen as they included a range of surface types: maiatyweak wind speeds (hence the timescale is rarely defined in
ocean (the North Sea region, Fig. 9a), coastal with elewetfisl Fig. 10a), and as the wind speed increases the frequency of
and islands (West Scotland, Fig. 9b), large orographic tabasconvection increases. The strongest wind speeds (Fig. d@c)
gradients and in the south (South West England, Fig. 9c)claseé dominated by convective quasi-equilibrium events, pesithe to

to the continent and mainly land (South East England, Fig. 9dhe reduced effects of local influences and the reducedHibedi

All regions show some convective events for every wind dioec of local circulations. For example, sea breezes do not farm i
but are dominated by westerly through to southerly secam$n strong synoptic-scale winds (e.g. Estoque 1962; Bectablal.
Hand (2005). Non-equilibrium convection (convective atlinpent 1991; Zhong and Takle 1993) and hence convection situabed al
timescale exceeding three hours) occurs most frequentylie a sea breeze front cannot form. Most of the non-equilibrium
wind directions are westerlies through to southerliesicaithg convection occurs within the intermediate wind speed regi+-

that CAPE is most likely to build under these conditions. The 15 ms ') which happens 64.2% of the time, for which the winds

different regions include differing proportions of landdesea. The are not too strong to suppress mesoscale circulations.
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Figure 7. Box plots of spatially-averaged a) CAPE over the sea, b) CARE the land, c) precipitation over the sea, d) precigitativer the land, e) the convective
adjustment timescale over the sea and f) the convectivestadgunt timescale over the land, as functions of forecast fomJJA 2012-14. The plots are constructed from
three-hourly averages from the analysis time such that thiebiox represents T+0-T+3 (0300—-0600 UTC) etc. The box@esent the inter-quartile range and the line
within the box represents the median.
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5. Summary timescale. For this purpose, operational output from thevVUK

configuration of the MetUM was coarse grained to compute the

Convection-permitting modelling has undoubtedly led toteps ) ) .
convective adjustment timescale over three summers (J1220

change in the forecasting of convective precipitation.(espn . .
2014). The model-derived results were shown to be consisten

et al. 2008). However many aspects of forecasting with such, ) .
with observations. Moreover, a comparison of the three syear

models are not yet well understood, the variation in predbidity . L . .
within the model output indicated a consistent split betwd®

characteristics for convective events being one good ebearmpe )

regimes for each year.
convective adjustment timescale provides a useful praiiidty-
relevant measure of the environmental conditions withinctvh It was shown that the British Isles is more frequently in a
a convective event occurs. This study has used that timesaabnvective quasi-equilibrium regime than Germany; 85%hef t
to characterise the weather regimes associated with ciomecconvection in the British Isles was categorised in conveajuasi-
over the British Isles, distinguishing between convectivasi- equilibrium, compared to 66% in Germany (Zimnedral. 2011).

equilibrium and non-equilibrium, and has had a particutenu  Unlike the German frequency distribution there was a distin

on the spatial, temporal and flow-dependent nature of tbhbange in gradient (i.e a scale break) in the British Isleguency
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(c) (d) hr

Figure 8. The average convective adjustment timescale for JJA 2012-2t a) T+6-T+9 (0900-1200 UTC), b) T+9-T+12 (1200-150CCYT) T+12-15 (1500-
1800 UTC) and d) T+18-T+21 (2100-0000 UTC) where the coloatesrefers to all plots.
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Figure 9. A wind rose variant, where the concentric rings show theuesgy of the wind direction and the colours mark the mageitofithe convective adjustment
timescale over the period JJA 2012-2014 using T+6-T+30ssegrained UKV model output averaged over the followingaeg a) West Scotland, b) the North Sea, c)
the south-west and d) the south-east of the UK, the regiasarked in Fig. 1 and the colour scale refers to all plots. Jéreentages on the edge of the panels show
how often the wind comes from that direction in total.

distribution between the two regimes. This is hypothesieelde a diurnal cycle that was linked with those for CAPE and
because of the maritime climate, though further testindffarg@nt  precipitation (Fig. 7). The diurnal cycle over land is ckyar
regions of the globe would be required to confirm this. than that offshore, in line with previous work (e.g. Hendom a

Woodberry 1993).
A threshold timescale was set that was consistent with the

change in gradient. The convective adjustment timescale wa As in Keil and Craig (2011) and Ke#t al. (2014), there was

examined at different times of day and was shown to haesidence that the evolution of convective systems has aadmp
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Figure 10. Convective adjustment timescale rose for the south-wggimeas a percentage of the time that the wind is in each santbsplit by wind speed a) for speeds

of 0-5 m s, b) for speeds of 5-15 m's and c) for speeds greater than 15 mtsThe frequency of occurrence for each wind speed is plottedethe relevant wind
rose. The colour scale refers to all plots. The percentagéiseoedge of the panels show how often the wind comes frondirettion. Note that a different scale is used
for panel (a).

on the timescale diagnosed, here considered in terms digosiin other studies to have considered this timescale. To eethis
of the convective cells. Specifically, it was found that ¢hés effect the most intense 17% of the coarse-grained pretipita
a distinct track running from the south-west to the northteawas considered here.

along which the timescale was shown to decay. Although thisThere are many implications of this work for forecasting
result is consistent with the climatological flow, conveetevents convection within the British Isles. For example, with ceative
in the British Isles can also develop downstream of everds$ tlyuasi-equilibrium conditions dominating convection wittthe
form initially over the European continent and as such tiggme  British Isles, it is likely that more reliable forecasts this type
categorisation could depend on the direction of the synegatle of convection will place relatively more emphasis on the ake
wind. It was shown that most convective events over the Briti large-member ensembles as opposed to higher-resolutidelso
Isles are associated with westerly to southwesterly flow &aind Furthermore, given the link of the regimes to the largeesweahd
(2005), but at all wind speeds non-equilibrium events areemdfield the results could be used to help design an adaptiverdise
likely to be associated with wind directions that are dowgwih forecasting system for the British Isles.

of the continent or else downstream of large orographicigres!
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