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We perform simulations of several convective events over thsouthern UK with
the Met Office Unified Model (UM) at horizontal grid lengths ranging from 1.5
km to 200 m. Comparing the simulated storms on these days wittihe Met Office
rainfall radar network allows us to apply a statistical approach to evaluate the
properties and evolution of the simulated storms over a rang of conditions.
Here we present results comparing the storm morphology in te model and
reality which show that the simulated storms become smalleas grid length
decreases and that the grid length that fits the observationbest changes with
the size of the observed cells. We investigate the sensitwof storm morphology
in the model to the mixing length used in the subgrid turbulerce scheme. As the
subgrid mixing length is decreased, the number of small stans with high area-
averaged rain rates increases. We show that by changing theiring length we
can produce a lower resolution simulation that produces sintar morphologies
to a higher resolution simulation. Copyright (©) 0000 Royal Meteorological
Society
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1. Introduction as the horizontal gridlength approaches the depth of the
boundary layer. In this case the subgrid mixing may
Convective storms are a crucially important forecastitg better represented by a subgrid turbulence scheme.
problem in the UK, not least because of the floodirithe two turbulence-closure models widely used in both
they can cause. In recent years, many operational foredagje-eddy simulations (LES) and NWP models are either
centres, including the Met Office, have begun runnirsy Smagorinsky-type first-order-closure scheme based on
order 1 km gridlength models for short-range weathedmagorinsky(1963, or a one-and-one-half-order scheme
forecasting where convectionis represented explicittyga using a prognostic equation for turbulent kinetic energy.
than by a convection parameterisation. A number Bligh resolution (i.e. convection-permitting) versionstio¢
studies [eanet al. 2008 Kain et al. 2008 Weismaret al. Met Office’s Unified Model (UM) use a Smagorinsky-
2008 Schwartzet al. 2009 Kendonetal. 2012 have type scheme Halliwell 2007) where the eddy viscosity
shown that such models yield qualitively more realistoefficient,x is defined as:
precipitation fields and are quantitatively more skilful
than lower resolution simulations with parameterised k= (csA)? S fr(Ri) = N2 S frn(Ri) Q)
convection. However, these gridlengths are unable to fully
resolve the individual convective elements (&g/anet al. where

1 Ou;  duy\>
2003 leading to convection still being under resolved 2= - (& + Y (2)
2 833j 83;1

(hence they are referred to as “convection-permitting”

Here ¢, is an empirically determined constan, is the
models rather than “convection-resolving”). This leads to

maximum horizontal grid lengthf,,,(R:) is a Richardson
significant shortcomings in the nature of the convective

number dependent stability function that reduces the rgixin
clouds simulated at these resolutions. For example, cells

length close to the surface ang is the mixing length.
in the Met Office’s currenti.5 km gridlength UK model

tend to be too large with too much heavy rain and notgxtensive studies using the Smagorinsky model to study
enough lightrain (e.gvicBeathet al. 2013, and tend not to the effects of subgrid mixing in LES of turbulent boundary-
organise into mesoscale complexes as observed, iIIUEgrapgyer flow have been conducted (eldason and Callen
our lack of understanding of the nature of small-scal@gg Mason and Brown 199%thers?)Mason and Callen
mixing and microphysical processes. (1986 viewed c, as a ratio of a mixing length scalg,
Numerical weather prediction (NWP) models need to a grid scalegs = A\g/A. They found that simulations
represent the subgrid-scale mixing that is unable to Wéh a fixed gridlength showed a strong dependenceson
resolved on the model grid. With gridlengths of the ordéargerc, produced flows with smooth features whereas low
10 km it is reasonable to suggest that subgrid mixing simulations tended to suffer from grid-scale noise. By
is best represented by both a convection scheme a&xdmining such sensitivitie®)ason(1994 concluded that
a 1D boundary layer scheme, although several studéesalue ofcs ~ 0.2 gives a solution where the simulated
(Pearsoret al.2013 Holloway et al.2013 have shown that eddies are well resolvetilason and Browrf1999 showed
large-scale convective organisation is better repredentigat at a fixed mixing length),, a simulation with higher
at gridlengths of 12 km when convection is explicitresolution (i.e. larger;) gives a more realistic solution.
rather than parameterised. At gridlengths of ordleem, Canuto and Chen{l997) proposed a subgrid-scale model
a convection scheme is no longer appropriate andthat takes into account stratification and shear, giving a

traditional 1D boundary layer scheme starts to break dowalue ofc; ~ 0.11. They concluded that ever is often
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treated as a constant, its value is actually dependent aifi@ radar composite. In Sectidnresults from sensitivity

combination of physical processes that differ from flow texperiments varying the mixing length used in the subgrid

flow, meaning:, should ideally be a dynamical variable thaurbulence scheme are presented. Finally, a summary and

varies depending on the flow. discussion of our findings is presented in Section
Takemiand Rotunnq2003 investigated the effect of

e ) i i i 2. Model description and method
subgrid mixing in squall line simulations using a mesoscale

cloud model (the Weather Research and Forecasting (WRhe numerical experiments are performed using the Met
model) with orderl km grid spacing. They investigated theffice’s Unified Model (UM) Version 7.8. The UM is
sensitivities of the simulated cloud systems to the comstgfe Met Office’s operational numerical weather prediction
¢s used in the Smagorinsky subgrid turbulence schenge\WP) model and is used to provide global and regional
Following Mason(1994 they found that simulations with deterministic and ensemble forecasts. The model solves
smallerc, produce solutions with a lot of grid-scale noisgon-hydrostatic, deep-atmosphere dynamics using a semi-
while those with larger; give excessively smoothed cellsimplicit, semi-Lagrangian numerical scheni@aieset al.
They concluded that the optimum value fay is 0.25 — 2005. In the horizontal, the model uses a regular
0.3. Hollowayetal. (2013 compared4 km grid length |atitude-longitude grid with Arakawa C staggering and
UM simulations of the Madden-Julian oscillation using gr limited area configurations, the pole of the grid is
3D Smagorinsky mixing scheme to a simulation using 2f3tated such that the domain is approximately centred on
Smagorinsky mixing (with vertical mixing done by a 1Qhe equator, in order to minimise changes in gridlength
boundary layer scheme). They found that the simulatigBross the domain. Charney—Phillips staggering is used
with 3D Smagorinsky mixing better retained the large-scae the vertical along with a terrain-following hybrid-
convective organisation. height vertical coordinate. The model uses the surface-
In this paper we gather statistics on the representatlaper scheme oBestet al. (2011), the radiation scheme
of convection in high resolution versions of the UM ovesf Edwards and Slingo(1999, the mixed-phase cloud
a range of conditions by comparing the surface rainfaflicrophysics scheme ofvilson and Ballard(1999 and
features in the model storms with the UK Met Officéhe non-local boundary-layer schemelafck et al. (2000.
1 km radar composite. The main aim is to investigate thée model also includes a convection scheme based on
sensitivity of storm morphology in the model to the mixinGregory and Rowntre€1990, althought this is switched
length used in the subgrid turbulence scheme. The worloi$ at gridlengths of1.5 km and finer. High resolution
part of a larger project called DYMECS (DYnamical angAx ~ 1 km) versions of the model also use a subgrid
Microphysical Evolution of Convective Storms) in whichurbulence scheme, as described in the Introduction. This
a large database of detailed convective storm properégheme can be applied in just the horizontal or also
has been obtained by automatically tracking cells with the the vertical. When applied in the vertical, the non-
Chilbolton Advanced Meteorological Radar, located in thecal boundary-layer scheme is switched off and the local
south of the UK (see FidL). boundary layer scheme uses the diffusion coefficients
The paper is organised as follows. Sectulescribes calculated from the subgrid-turbulence scheme.
the UM and the configurations used. Sectidulescribes During the period of interest, the deterministic opera-
the local and large scale conditions of the cases chosertiohal nested suite consisted of four configurations: Globa
statistical approach is applied in Sectiério evaluate the North Atlantic and European (NAE); UK km (UK4);

properties of the simulated storms compared with thoseand UK Variable-resolution (UKV). The UKV model is a
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0400 UTC operational UKV analysis (the output of the

59 hour data assimilation cycle) was used as initial cond#jon
&7l while lateral boundary conditions were provided by the
—~ 0000 UTC NAE forecast. The setup of the UKV is that
%,55, which was operational at the start of DYMECS (summer
E 2011). Thes00 m gridlength model, of domain siZ#0 x
é 530 % 425 km, also gets its initial conditions from tet00 UTC
2 operational UKV analysis and has boundary data provided
o by the UKV run just described. The western boundary
49! of the domain is located00 km west of Chilbolton and
. - 1

-10 -8 -6 -4 -2 0 2 the southern boundary 25 km south of Chilbolton (see
Eastern longitude (°)
Fig.1). A 300 x 225 km 200 m gridlength model has been
Figure 1. Model domains used. The outer domain is the fixed gridlengthesteds0 km within the boundaries of th#0 m model (see
part of the UKV. The black dot indicates the location of theiliton
radar. Fig. 1). This model gets its inital and boundary data from
the 500 m model run and is initialised 3 hours later than the
limited-area, variable resolution configuration of the UMther models (a2700 UTC) to allow the500 m model time
nested within thel2 km gridlength NAE. The inner partto spin up. All models were integrated forward until 1900
of the domain covers the entire UK (shown in Fig.and UTC (15 hours for the UKV and 500m model, 12 hours for
has a horizontal gridlength of.5 km. The smaller outer the 200m model), using timesteps¥f s, 10 s and6 s in
region has a horizontal gridlength éfkm and in between the UKV, 500 m and200 m models respectively.
there is a variable-resolution transition region. Thealale

resolution allows the boundaries of the UKV to be further e configuration of the&s00 m and 200 m models is

from the UK at a cheaper computational cost than if thysed on the high resolution UM simulations performed
domain had a fixed resolution df5 km. In the vertical, by Vosperet al. (2013 and is very similar to the UKV,
the UKV has70 levels, the spacing of which increasegy; with a few differences. Unlike the UKV, which hae
quadratically with height up to the domain top 4t km. yertical levels, both of the nested models have 140 vertical

The operational UKV was run 8800, 0900, 1500 and2100  |eyels (corresponding to a spacing of75 m at 1 km

UTC each day, with initial and boundary data provided byove ground level compared G0 m in the standard
an NAE run initialised 3 hours earlier. A data assimilatiofyy |eve| set). Motivation for increasing the number of
cycle operated fronl” — 2 to 7' + 1 (whereT" is forecast yertical levels in these models was provided by early result

run time in hours), and fields assimilated included surfaggning with 70 levels where there was a strong tendency

and satellite-derivedD cloud fractions and radar-derivedqr the precipitation field in the200 m model to have

surface rain rates. excessive small-scale structure, in particular bandes lof

To investigate how the representation of convectigmecipitation Halliwell et al. 2013. Increasing the vertical
changes as the horizontal gridlength is decreased, a amsolution was shown to reduce the amount of small-scale
way suite of nested models have been run with gridlengthr&cipitation and eliminate the bands in the precipitation
of 1.5 km, 500 m and200 m, as shown in Figl. All the field, although they remain in the vertical velocity field to a
models treat convection explicitly, i.e. without the use désser extent. The precipitation fields from @i¥) m model

a parameterisation scheme. For the UKV simulations, thleowed very little change when increasing fr@fmto 140
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levels, and therefore it can be assumed that usifidevels including noise filtering, clutter identification, and beam

in the UKV would have very little impact on the results. blockage Harrisonetal. 2009. For each radar, the
Another difference between the models is the critic&lunn and Eas{1959 rainfall-rate-attenuation relationship

relative humidity (RH.,.;;) profile used by the cloud schemeis used:

The UM assumes that a grid box contains some cloud when A = 0.0044R*'7 4)

the relative humidity within the grid box exceeds RH.

] _with attenuation4 in dB and a maximum correction of a
The UKV useskH..,.;; = 0.91 in the lowest few layers with

) factor two increase in rain rate. A simple parameterisation
a gradual decrease t@8. On the assumption that there

) o o of the vertical profile of reflectivity including bright band
should be less subgrid variability in humidity in smaller

. ) . and orographic growth simulates the equivalent radar
grid boxes, the higher resolution models use.RH= 0.97

) ) reflectivity close to the ground from which the surface
in the lowest few layers, decreasing smoothly(t® at

25K rainfall rate is estimatedHarrisonet al. 2009. For each
~ 3.5 km.

] ] o radar at every hour, a single adjustment factor is then
The final difference worth noting is that the UKV uses the

) o ) ) .applied to all surface rainfall rates, based on comparisons
Smagorinsky subgrid mixing scheme in the horizontal with

) . with rain-gauge data over a time period that can range from
vertical mixing done by the boundary layer scheme (2D

. the last hour to several days. The radar rainfall composite
subgrid turbulence), whereas the 500m and 200m models

o ) i is then generated on Bx 1km grid from these adjusted
apply the subgrid mixing scheme in both the horizontal and

. . . estimates.
the vertical (3D subgrid turbulence). In sectidithe UKV

. o A similar attenuation-corrected relationship was shown
has also been run using the 3D subgrid mixing scheme.

to have a mean absolute error 81% for rain rates
2.1. Radar rainfall composite above3mmhr—' compared to hourly rain-gauge estimates

(Bringi et al. 2011). In this paper, a rain-rate threshold of

The observations used for model verification come from 1. o ) 5
4mmbhr™ " is used and a minimum rainfall area tfkm*.

the Met Office radar rainfall compositeHérrisonet al. i )
The results were not sensitive to small relative changes

2011). The radar reflectivity data consists of 5-minute ) o
in the rainfall rate threshold used. Where quantitative

scan sequences of four elevations from the 15 C-band ) . . .
statements regarding the radar composite are made in this

radar across the UK, at a resolution of 600m in range , o :
paper, these will be related to uncertainties in the rdinfal

and 1° in azimuth. Within the 200m model domain, no .
estimates.
land point is further than 100km away from a radar. The
current rainfall retrieval uses only single-polarisatiadar :
3. Case overview
data, thus rainfall rates are estimated from an empirical
relationship between radar reflectivig (mm®m—3) and The UKV has a number of deficiencies in its representation
rainfall rateR (mm hr™~') (Harrisonet al. 2011): of convection. To highlight some of these, Fig.shows
typical convective rainfall fields from the UKV for a case
7 = 200R*° (3) of widespread small-scale showers and a case with deeper
convective cells, and the corresponding radar composite
which is theMarshallet al. (1955 relationship derived for images. Fig:3a shows that in the shower case (20th April
mid-latitude stratiform rain. 2012) a low pressure centre was situated on the east coast of
Several steps are incorporated in the rainfall-estimatitire UK. Scattered showers developed during the morning,

quality control procedure to correct for radar artefactsropagating northeastwards. Scans from the Chilbolton
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1100 UTC 20th April 2012

1500 UTC 25th August 2012
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Figure 2. Rain-rate inmm hr~! for a shower case (11UTC 20th April 2012, left) and a largenstease (15UTC 25th August 2012, right) from (a) and
(b) the radar composite, (c) and (d) the UKV, (e) and (f) 866 m model and (g) and (h) th&00 m model. All rainrates have been aggregated to the

1.5 km UKV _grid.
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To investigate whether these problems are improved
by increasing the horizontal resolution, these cases have
been run using the 500m and 200m models described in
Section2. For the shower case (Fig&e and g), as the
gridlength is decreased the number of small cells looks to
be increasing, with possibly too many small cells in the
200m model. Compared with the radar (Fig) the cells are
still too intense with not enough light rain. For the deeper
storm case (Fig2f and h) the number of small cells also
appears to increase as the gridlength is decreased, dthoug

not as much. Again, the 500m model cells are too intense

compared with the radar, but this is less evident in the 200m
model. There also seems to be more organisation at these
resolutions than in the UKV.

Fig. 4 shows the domain-averaged precipitation over the
300 x 225 km domain of the 200m model obtained from
all three models and the radar composite for these two cases.
On 20th April (Fig.4a), all three models do a reasonable
job of simulating approximately the correct amount of
domain-averaged precipitation as well as the precipitatio
evolution. The 200m model is best at capturing the correct

initiation time and early precipitation, which suggestatth

1N7D2

the convection is better resolved at this gridlength, aitio
Figure 3. Met Office surface pressure analysis at 00 UTC for (a) 20thl Apr
2012 and (b) 25th August 2012. between 13 and 16 UTC it over-predicts the precipitation.

On 25th August (Fig4b), convection initiates earlier as the
radar on this day showed that the storms reached 6.~ grid length is reduced, with the 200m model again capturing
For the deeper storm case (25th August 2012) widespr#a@ correct initiation time and amount of precipitationeTh
showers and thunderstorms developed over the southernid&ease in the observed precipitation at about 14 UTC is
associated with a low over the Irish sea moving eastwdlde to a large area of precipitation that moves into the
(Fig. 3b). Scans from Chilbolton showed that the storng®uth-west corner of the domain. This feature is missed by
reachedl0 km; heavy rain was observed throughout tHée UKV (see Fig.2), and therefore the 500m and 200m
day and thunder and lightning was widely reported from 18odels, which receive their lateral boundary conditions
UTC. In both cases, the UKV produces cells that are tfi@m the UKV, also miss it.
intense and too far apart with too little light rain (Figs In the next section, two sets of DYMECS cases have
and d). Neither case produces enough small cells and lleen analysed: a set of three cases with smaller, shallower
deeper storm case seems to be missing the large scalks (tops below6 km) from April 2012 (referred to as
organisation that is evident in the radar (Fith). These “shower” cases) and a set of three cases with larger, deeper
problems likely result from the convection being undecells reaching abov8 km (referred to as “larger storm”

resolved at this gridlength. cases). Tabld shows thermodynamic properties for each
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11th April | 20th April | 24th April | 7th August| 11th July | 25th August
2012127 | 201209Z| 201209Z| 201100Z | 201209Z| 201209z

LCL (hPa) 862 898 893 948 931 931
LFC (hPa) 833 819 848 931 865 920
LNB (hPa) 514 682 788 396 616 341
CAPE (Jkg™ 1) 95 18 15 115 89 142
CIN Jkg 1) -2.82 -13.40 -6.91 -0.44 -15.0 -0.22
PW (mm) 11.6 10.9 10.1 20.8 16.8 22.3

Table 1. Thermodynamic properties of each case obtaineudtiserved soundings at Larkhiil].2 N, —1.8 E. (Note: the 7th Aug 2011 sounding
is from Herstmonceux;0.9 N, 0.32 E). Quantities shown are lifting condensation level (LCeyel of free convection (LFC), level of neutral
bouyancy (LNB), convective available potential energy &, convective inhibition (CIN) and precipitable watef(] CAPE and CIN are
calculated from a mixed-layer parcel ascent.

later time, 1200 UTC). This leads to larger values of mixed-

UKV

~~
&

layer convective available potential energy (CAPE) and the

o
3]

potential for deeper convective clouds. The larger storm

I
~
:

cases also have higher values of precipitable water than
the shower cases. The higher values of precipitable water

in the larger storm cases can be understood by looking at

Rainrate (mm/hour)
o
w

o
[N)
‘

the large-scale situation: synoptic charts (not shownjvsho

o©
=

that all six cases were associated with low pressure systems

situated close to the UK; however, the three large cases all

8 10 12 14 16 18 . . . .
Time (UTC) had high pressure situated over continental Europe bigngin

warm, moist air up to the UK from the south as in Fi.

Therefore it appears that the depth of the convection in the

o
©

shower cases was limited by the moisture at mid-levels as

seen in other studies (eQerbyshireet al. 2004).

©
~
:

4. Storm morphology

Rainrate (mm/hour)
o
D

©
[N}

To quantify any systematic errors in the representation of

convective precipitation, a number of statistics have been

8 10 12 14 16 18
Time (UTC) calculated. These have been calculated for both the shower

) . nd the larger storm . All cell statistics haae
Figure 4. Domain averaged precipitation over the 300 x 225 km 200%6‘865 and the larger storm cases cell statistics be

model domain for the radar composite (black line), the UKYye{gsolid
line), 500m model (grey dashed line) and 200m model (greyddshed
line) for (a) 20th April 2012 and (b) 25th August 2012.

computed over the region covered by #t® m model (see
Fig. 1), with all model data first aggregated onto th&m
horizontal gridlength radar composite grid. Cells havabee
identified in both the model and radar precipitation fields
of these cases. In general, the larger storm cases hawsiag a rainrate threshold dfmm hr~! (representative of
lower lifting condensation level (LCL) and level of freeconvective precipitation, see Fig) and an area threshold
convection (LFC) and a higher level of neutral bouyanof 10 km?, to avoid including grid point storms from
(LNB) than the shower cases (the exception being the 1ttle 1.5 km gridlength UKV. We have checked that our

April, where the sounding data were only available atanclusions are not qualitatively sensitive to the thrégdho
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chosen. To calculate statistics, precipitation data witma larger storm cases have fewer small storms than the shower
resolution of five minutes have been used to capture calisses and the maximum diameter is clos8@dkm. This
throughout their entire life cycle. One caveat to this ig thdemonstrates that there are clear differences between the
the same storm will count multiple times in the statistics. shower cases and the larger storm cases and therefore it is
One way to look at cell statistics is the distribution gfistifiable to look at the two subsets separately.
cell sizes. Fig5 shows the distribution of storm equivalent In order to understand the effect changing the resolution
diameter from the radar composite for the three showeds on the distribution of storm size in the two different
cases (Fig5a) and the three larger storm cases (Bl. To types of cases, Figé shows the distribution of storm
easily compare the cases, which all have different numbetfiivalent diameter for the subset of three shower cases
of storms, the number of storms in each bin has be@¥g.6a) and the subset of three larger storm cases €Big.
normalised by the total number of storms throughout ti@mparing the UKV with the radar, it is clear that at this

day. Here, the equivalent diameter of a storm is defined

i ) _ a) 10000 , ‘
as the diameter of a circle with the same area as (tr UKV - 6045 storms
500m - 6995 storms
storm. The storm size distributions form two clusters: the ¢—200m - 8615 storms
—e—radar — 6216 storms
1 ‘ ‘ £ 1000t ]
@ —e—20120411 - 1521 storms £
—4—20120420 - 3251 storms 7
20120424 - 1444 storms S
z
€
0.1r b 2 100F |
2]
E
2
n
©
§ %0 | 92 5.6 10 17.8 316
8 Storm equivalent diameter (km)
- (b) 10000 : :
UKV - 5877 storms
‘ ‘ ‘ ‘ 500m - 7726 storms
0.001> 56 10 178 316 ——200m - 13743 storms
Storm equivalent diameter (km) —e—radar — 13045 storms
(b) 1 : : £ 1000f 1
—e—20110807 - 4630 storms 5
—4—20120711 - 3624 stormsg @
20120825 - 4714 storms S
g
€
0.1y 1 2 100f 1
0
£
S
@
S
c 0.01f 1 ‘ ‘ ‘ :
= 82 5.6 10 17.8 31.6
] Storm equivalent diameter (km)
LL
Figure 6. Distribution of storm equivalent diameter for (a) the showe
0.001 ‘ ‘ ‘ De—o cases and (b) the large storm cases. A rain-rate threshaldroh hr—1
3.2 5.6 10 17.8 31.6 and an area threshold ®0 km? have been used to identify storms. Data

Storm equivalent diameter (km) is every 5 minutes between 09 and 19 UTC for the radar conep(isiiack

circles), the UKV (grey triangles), the 500m model (greya®s) and the

Figure 5. Distribution of storm equivalent diameter normalised bgako 200m model (grey diamonds).

number of storms from the radar composite for (a) the showses and
(b) the large storm cases. A rain-rate threshold afm hr—! and an area

threshold of10 km? have been used to identify storms. Data is every éridlength the model under-predicts the number of small
minutes between 09 and 19 UTC.

cells for both the shower cases and the larger storm cases
shower cases have a larger fraction of small storms andral that for the shower cases, with smaller convective,cells

maximum diameter of approximatelg km. In contrast, the it produces too many larger cells. This agrees with the
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“by-eye” comparison of the snapshot in Fig. As the (g) 10000

UKV - 6045 storms

. . . 500m - 6995 storms
horizontal gridlength is decreased %60 m, the number —4—200m - 8615 storms
=—8—rradar — 6216 storms

of small cells produced moves closer to that observed t

the radar. Decreasing the gridlength 200 m results in g 1000y

approximately the right number of small cells in the Iargeé

storm cases but now there are too many in the show§ 100

cases, as demonstrated in F. The number of large

storms a00 m is decreased in both panels, leading to al

improvementin the cases with smaller cells but a worsenir 195 5 1 178 6

in the cases with larger cells, where the UKV was alread- Storm area-averaged rainrate (mm/hr)

(b) 10000 :
. . . . . UKV - 5877
doing well. This effect is most noticeable in the largesecas 500 - 7726 storms

=4—200m — 13743 storms
—@—radar — 13045 storms

(25th August 2012) where the observations show storr

with equivalent diameters exceedidg km whereas the g 1000}

largest equivalent diameters in tR60 m simulation are é

only 18 km (see Fig.11f). This suggests that th200 m g

model is missing some mechanism that produces more lar2 1001

cells when there are deeper storms. As suggested by Fig.

these results hold for each individual case as well as for tt \
92 5.6 10 178 316 g

aggregated data. Storm area—averaged rainrate (mm/hr)

Another way to look at cell statistics is to look at the area-
Figure 7. Distribution of storm area-averaged rain-rate for (a) thewser

averaged rainfall of each cell. Fig.shows the distribution cases and (b) the large storm cases. A rain-rate threshaldiof hr—!
and an area threshold o6 km? have been used to identify storms. Data

of storm area-averaged rainfall rate, again for a subset"csﬁfjjl’;sri fh?'ﬂit\‘is(gbfe%;?g@ S?‘tjhg’slégﬁ fr?]EJEjh(; zgfea;;’;s"?gg‘;ﬁe
three shower cases (Figa) and for a subset of three largef00m model (grey diamonds).
storm cases (Figib). Comparing the UKV with the radar
shows that for both large storms and shower cases the UKdures3 and9 show 2-dimensional frequency distributions
does not produce enough cells with high area-averagsicstorm equivalent diameter against storm area-averaged
rainrates and for the shower cases the UKV produag@snrate for the three shower cases and for the three larger
too many cells with small area-averaged rainrates. As #@rm cases respectively. For the shower casesgFigone
gridlength is decreased, the models tend to produce mefehe models produce enough small cells with high area-
cells with higher area-averaged rainrates. For the show@eraged rainrates. Compared to the radar, the UKV has a
cases thé00 and200 m models have too many cells withtighter spread with storm area-averaged rainrate inargasi
moderate rainrates but not enough at high rainrates. For #estorm equivalent diameter increases and a peak in the
larger storm cases, both models have too few light rainragistribution which is shifted to too large cells and too low
but do a good job at representing the number of cells withinrates. In contrast, the radar has a larger spread in the
high area-averaged rainrates. distribution with many more cells of higher area-averaged
These statistics can be combined to give a clearer pictumrate at all cell sizes. As the grid length is decreaded, t
of which cells are poorly represented by the models, fpeak in the distribution is shifted towards smaller cellthwi
example to clarify whether the UKV is missing a lohigher rainrates. None of the models have as large a spread

of small, intense storms or a lot of small, weak stormis the distribution as seen in the radar composite.
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Figure 8. 2D distributions of storm equivalent diameter againstratarea-averaged rain-rate for the shower cases. (a) UK\aQ®@n, (c) 200m and
(d) radar composite. Colours show the percentage of thertoiaber of cells in each bin. A rain-rate thresholdiahhm hr—! and an area threshold of
10 km? have been used to identify storms. Data is every 5 minutegdaet 09 and 19 UTC.

For the larger storm cases, shown in Fig.the UKV 5. Mixing length sensitivities
still has too narrow a distribution, missing the small cells
with high rainrates and having too many medium-sized cells
with moderate rainrates. As with the shower cases, as & previous section highlighted some of the errors in
gridlength is reduced the peak in the distribution shifts tepresenting convection in high resolution versions of the
smaller cells with higher rainrates, with t260 m model UM, namely the incorrect cell size and number. We would
producing too many small cells with high area-averagesipect the subgrid turbulence scheme to have an effect on
rainrates. Again, for these cases all the models have Ipsth of these properties of the cells. Subgrid-scale mixing
spread in the distribution than the radar composite; howewue the UM is represented in the form of a Smagorinsky-
the 500m and 200m models have more spread than tjjge turbulence scheme, described in the Introduction. The
UKV. scheme can be applied just in the horizontal, allowing the
The cell statistics presented here show that increasbmundary layer scheme to mix in the vertical (this setup
the horizontal resolution does not necessarily improve thas used in the UKV simulations in Sectiah. In this
representation of the convective cells. While the UKV tendsction the scheme has also been applied in the vertical,
to predict cells that are too large and too intense, the higiheall models, and the non-local part of the boundary layer
resolution models produce smaller cells which are correcicheme has been switched off. In this configuration, the
cases where the cells are small in reality but are too smalseme diffusion coefficient is used in both the horizontal and

cases of deeper convection when the cells should be biggertical diffusion schemes.

Copyright(©) 0000 Royal Meteorological Society Q. J. R. Meteorol. So@0: 2-17 (0000)

Prepared usingjjrms4.cls



3.16 i i 3.16

@ | | | (b)

w
g
o

31.61

0.32 0.32

=
o
T

0.1

=
o
T

% of total number of storms
% of total number of storms

Storm area—ave rainrate (mm/hour)
Storm area—ave rainrate (mm/hour)

0.03 0.03
32 ‘ : 01 32 ‘ ‘ o1
3.2 10 31.6 00 3.2 10 31.6 0.0
Storm equivalent diameter (km) Storm equivalent diameter (km)
3.16 3.16

) (d) -

31.61 31.6r

0.32 0.32

Storm area—ave rainrate (mm/hour)
% of total number of storms
Storm area—ave rainrate (mm/hour)
% of total number of storms

10¢ 0.1 10r 0.1
0.035 0.035
3.2k L L | . 3.2k L L .
3.2 10 316 0.01 3.2 10 31.6 0.01
Storm equivalent diameter (km) Storm equivalent diameter (km)

Figure 9. As Fig. 8 but for the larger storm cases.

The parametet, in Eqn.1 controls the amount of subgriddoes change the time of convective initiation. In both cases
mixing. Increasing:s (and therefore the mixing lengtky) convection initiates earlier as the mixing length is redlce
increases the subgrid mixing which tends to smooth fieldkis is because reducing the mixing length makes it easier
and reduce the number of small cells. The valuecof to trigger cells and reduces the amount of dry environmental
used in the operational UKV i8.2 (i.e. \¢ = 300 m), and air entrained into the moist convective updrafts.
for this reason it was the value used in the default modelFigure 11 shows distributions of storm-equivalent
configurations presented in Sectidn In this section we diameter for each model with varying mixing lengths.
explore the sensitivity of the convective cells to the vallor the UKV, in both cases decreasing the mixing length
of ¢s. decreases the amount of subgrid smoothing and increases

Each model has been run with a mixing lengtt80® m, the number of small cells, although not sufficiently to match
100 m and40 m for one of the shower cases (20th Aprilhe observed number. For the 20th April (Fidla: shower
2012) and one of the larger storm cases (25th August 20X2)se) decreasing the mixing length only affects the number
These cases were shown in Fig. The mixing length of small cells whereas for the 25th August (Figb: large
values were chosen as they are the standard mixing lenggke), using a mixing length a0 m does decrease the
(corresponding to a value of 0.2 fer) in the UKV, 500m number of larger cells. For the 500m model, increasing the
and 200m models respectively. As can be seen in Hig. mixing length from100 m to 300 m makes the distributions
which shows the domain-averaged precipitation from tireboth cases look more like the UKV - fewer small cells
500m model runs for each case, changiggloes not have and more larger cells - whereas decreasing the mixing

a very big effect on the overall amount of precipitation butliength to 40 m shifts both distributions to be more like
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Figure 11. Distribution of storm equivalent diameter for the 20th Aj2012 (left) and the 25th August 2012 (right) with mixing ¢ghs of 300m
(triangles), 100m (squares) and 40m (diamonds) for (a) Bpthé UKV, (c) and (d) 500m model and (e) and (f) 200m modelaidrate threshold of
4 mm hr~! and an area threshold o6 km? have been used to identify storms. Data is every 5 minuteseaet 09 and 19 UTC.

the 200m model, with more small cells and fewer lardgég. 11e and f we see that this is not the case. The reason for

cells. From these results, it can be expected that incrgagmis is investigated in the remainder of this section.

the mixing length in the 200m model will smooth the

precipitation fields and decrease the number of small cellsTo ensure numerical stability, the UM has a maximum

while increasing the number of large cells. However, fromalue that it allows for the diffusion coefficients. In
general, the model is run with a maximum value of the

diffusion coefficient that is a quarter of the value required
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24 April 2012 from (a) the 200m model with a mixing length4if m and (b)
the 200m model with a mixing length @H0 m.
0.2

3 10 12 12 15 18 increasing the mixing length, we are not increasing the

Time (UTC) amount of subgrid mixing as much as we would expect. This

Figure 10. Domain averaged precipitation over the 300 x 225 km 200@Xplains why the storm size distributions shown in Figie
model domain for the 500m model with mixing lengths of 300meygsolid o
line), 100m (grey dashed line) and 40m (grey dot-dashejidine the radar and f have not really changed when the mixing length has

composite (black line) for (a) 20th April 2012 and (b) 25thgist 2012.
been increased.

To determine whether the 200m model can be made to
for the scheme to remain numerically stable. A possidisok more like the UKV just by increasing the amount
explanation for why increasing the mixing length in thef subgrid mixing one option would be to use a larger
200m model does not change the storm size distributiorfriaction of the maximum allowed value of the diffusion
that the model may be hitting this maximum value. To tespefficient. The 200m model has been rerun for the larger
this hypothesis we have looked at the viscosgit\gomputed storm case (25th Aug) using a mixing length1®0 m but
by the Smagorinsky scheme in the standard 200m run witith the fraction of maximum diffusion increased frén25
a mixing length of40 m compared to the run with )0 m to 0.5. This has the effect of smoothing the precipitation
mixing length for 20th April (Fig.12). In both cases, thefield and decreasing the number of small storms, as well as
largest values of occur within cloud. For the run with theslightly increasing the number of larger storms (Fig).
standardl0 m mixing length (Fig.12a),  is generally less This change has made the 200m model look similar to the
than the maximum allowed value 268 m? s—!. However, 500m model; but to try to make it more similar to the UKV
when the mixing length is increasedt@0 m (Fig.12b), the we need to increase the subgrid mixing further. Simply
maximum value ofx is being reached in many locationsincreasing the mixing length t800 m in this setup again
Increasing the mixing length further ®00 m produces hits the maximum value of the diffusion coefficient (not

a similar result forx (not shown). This means that byshown). Rather than increase the fraction of the maximum
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10000 o T 300m = 2491 Stormd produced too many large cells. These problems suggest that
A, =100m - 3585 stormg convection is under-resolved at this gridlength. Reducing
A =40m - 4359 st . . . :
—o=To = 40 siorms the gridlength t&00 m resulted in an increase in small cells
g 1000t —e—radar - 4756 storms
5 and decreasing it further 200 m tended to produce too
[2]
S many small cells. In contrast to the UKV, tB60 m model
[]
Qo
£ 100 produced the right number of large cells in the shower cases
E i
butin the large storm cases it failed to produce large enough
storms.
195 56 10 178 316 We tested the sensitivity of the model to the value of the

Storm equivalent diameter (km .. . .
a (km) mixing length used in the subgrid turbulence scheme, as

Figure 13. Distribution of storm equivalent diameter for the 200m modehis parameter is expected to play a role in determining the
on 25th August 2012. The triangles show a mixing length ofn30@

timestep of 3 s and a maximum diffusion fraction of 0.5, theesgs show a sjze of the convective cells. It was found that decreasieg th
mixing length of 100m, a timestep of 6 s and a maximum diffagraction

of 0.5 and the diamonds show the standard run (40m mixinghefgs  mjixing length in the UKV increased the number of small
timestep and maximum diffusion fraction of 0.25). The bléicke shows

the radar composite distribution. A rain-rate threshold aim hr—! and ; i
an area threshold afo km? have been used to identify storms. Data isce”S’ but had little Impact on the number of Iarge cells.

every 5 minutes between 09 and 19 UTC. Increasing the mixing length in tH®0 m model produced a

cell size distribution similar to the UKV, whereas decregsi

allowed value of the diffusion coefficient again, makin
g %e mixing length produced a size distribution similar te th

it closer to the maximum value required for numerical . o )
200 m model. Due to stability restrictions, it was necessary

stability, we can increase the maximum allowed value of . , ,
to decrease the timestep in &® m model at the same time

the diffusion coefficient by decreasing the timestep. The li ) o )
as increasing the mixing length. In doing so we were able

with triangles in Fig.13 shows the 200m model run with a ) ) ) R
to shift the tail of the storm size distribution towards ster

mixing length of300 m, the fraction of maximum diffusion ) )
with larger diameters to closer match the observations.

set t00.5 and a timestep of s. The storm size distribution
It has been shown here that the model that performs
is now closer to the UKV, the increased subgrid mixing
best is case dependent, with thé km gridlength UKV
having further smoothed the precipitation field leading to
o ' performing well in cases with large convective cells and the
a reduction in the number of small storms and an increase . ) )
) 200 m model performing well in cases with small scattered
in the number of larger storms. . _ _
showers. Since we would generally expect increasing the
. horizontal resolution to improve the forecast, this implie
6. Conclusions
that either we are missing some processes in the high
A nested suite of high-resolution convection-permittingsolution models that prevent them from producing large
versions of the Met Office Unified Model with gridlengthstorms, and/or we have compensating errors in the UKV.
of 1.5 km, 500 m and200 m have been used to document/e conclude from this work that rethinking the subgrid
the shortcomings of the representation of convection oweixing formulation is the key to getting a good description
a range of conditions. By comparing the model storne$ convective cloud properties at gridlengths on the order
with those in the radar composite it was found that tleé 100 m to 1 km. Finally, while this study focuses only
1.5 km gridlength UKV tended to produce cells that weren analysing the horizontal structure in the surface rain
too intense, too far apart and with not enough light rain. Thate field, further work to supplement it by examining
UKV also failed to produce enough small storms in bothe vertical structure of storms can be seerstrinet al.

shower cases and large storm cases. In shower cases it@8a3.
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