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Abstract

The High Resolution Trial Model (HRTM) suite consists of 12km, 4knd &km
models over the southern UK. This paper describes runs of these nuds¢vén
cases from summer 2004 in order to assess the high resolution moteinaece in
short range forecasting of convective events. This work followsamn four similar
case studies run on summer 2003 cases including various improvemietsriodel
and assimilation systems.

Generally this work confirms the conclusions from the summer 208i3that there
are potential benefits from high resolution models. Compared with 20@Sisheore
evidence of the over prediction of rainfall. This may, in part, be due to the fatiiehat
convection was, generally, stronger in the 2004 cases. However innthmdd#el the
change may also be due to the inclusion of assimilation of cloud iafallrdata with
the MOPS/Latent Heat Nudging system.

Precipitation statistics once again show that, although the reseltsseful, more
cases are required to form definitive conclusions. The 6 hour accurnuditistics
show that the 12km model is better than the 4km and 1km for absoluteoldses
this is due to the over prediction of rain. If the bias is removear®eflculating the
statistics so that only the spatial skill is measured, the 4kirikm models are better
showing that the structure of the precipitation fields is bettarstatistics calculated
for 1 hour accumulations the 4km and 1km models appear better even dartabs
thresholds, except for at the first few hours of the forecasts. Sftows that these
models are providing valuable information on shorter timescales.

Future work on these models is discussed including ideas on how to thdumeer
prediction of precipitation.



1. Introduction

Met Office is looking to introduce models into its operational N®viRe of higher
resolution than the current smallest gridlength of 12km in ordemfwove short
range forecasts of convection and other types of hazardous we¥ikthr the
introduction of the non-hydrostatic version (Davies et al 2005) of thiked Model

(UM) and the continuing increase in available computer powerghisgoming more
feasible. A 4km model is currently in the process of being implmdein the
operational suite with the prospect of a 1km model by 2007 or 2008. This paper
reports some tests of a prototype forecasting system, theRegblution Trial Model
(HRTM), which consists of a 4km and a 1km gridlength model over thdeyout
United Kingdom.

The HRTM project is a progression from the case-study base#d wworhigh
resolution (24km up to 2km) versions of the UM which was carried ouCMM
from 2000 onwards (e.g. Lean and Clark 2003) This work was on a vafiebses
and showed that high resolution models have the potential to improvadtsrend
the representation of various phenomena. The HRTM project started 2002 and
aims to develop and evaluate 4km and 1km gridlength models in a scdoseioto
an operational system. The emphasis of this project has beemastget(out to T+6-
9) forecasts of convective rain (particularly severe conveaiwe). The basic
concept is to run the models on fixed domains for a large numbeases$ e order to
gather verification statistics. These statistics are tisad to evaluate the potential
advantages of high resolution models.

The first phase of the project consisted of a number of sens#ivitiles in order to
determine satisfactory values of a number of model param#teestep, horizontal
diffusion etc). In the second phase of the project data assimiladsradded to the

high resolution models and trials were run on four cases from the summer 2003 period
(Lean et al 2005). The conclusion from this trial was that highugsnlmodels had

the potential to provide improved precipitation forecasts. This conclwgasnalso
reached by the Storm Scale Modelling project (Roberts 2005). This repgehfsr¢he
results from a second HRTM trial carried out on six case® fsummer 2004. In
addition to running a somewhat larger sample of cases thisingkided some
changes both to the model configurations and to the data assimilation systems used.

2. Model Configurations

The suite of models comprised 12km, 4km and 1km models with the same harizont
and vertical domains as used in the summer 2003 trial (Lean 2Q08). The 4km
model used the same 38 vertical levels as the 12km model and thes&&ni6 levels
which were the 38 level set doubled. The 12km model was set up to be identical to the
operational configuration and was run to provide both a comparison thighe
resolution models and lateral boundary conditions. The 4km and 1km models both
covered the southern UK and were approximately centred on the Chilbexdian As
previously the 1km model was run without a convection scheme and the 4krh mode
was run with a modified scheme to restrict the mass flux aodueage much of the
convection to take place explicitly. One of the parameters ofthieme was changed

as discussed in section 2(a) below.

The most important changes to the suite in the current work frorsuthener 2003
trial were in the data assimilation aspects. There aleeesome changes to the model
configurations. The rest of this section describes these changes.



2(a) Model parameters

The model configurations used are summarised in table 1 anargedylthe same as
used in the summer 2003 trial (Lean et al. 2005). The main charigels were
introduced into the models for this trial are briefly discussed below.

Supercomputer/Model version

Whereas the summer 2003 trial used UM version 5.5 running on the t3e
supercomputer the current trial used UM version 6.0 running on the newSXESC
supercomputer.

Convection Scheme in 4km model

As described in Lean et al (2005) the 4km model was originally rtmthve CAPE
dependent CAPE closure timescale modification to the convection sc{iroberts
2003). The aim of this is to restrict the mass flux in the comredcheme and
encourage convection to take place explicitly in strongly forceghtsins. The
parameter c, which determines how much mass flux the convectiemsds able to
generate, was set to ¢c=0.01J/Kg which is a small value whaeemsn in practice, that
virtually no rainfall is generated by the convection scheme. Thligheside effect
that the tendency for extreme rainfall rates in individual ¢ellacreased. In order to
reduce these problems the value was increased to ¢c=0.5 J/Kg in runs reported here.

4km Model Timestep

The timestep for the 4km model was increased from 60s to 10@sefeurrent work
after tests showed that the change appeared to have very little impact on the output

Prognostic Rain

In the operational model the rainfall rate on each layer isxdeeg on each timestep
according to the sources and sinks including a flux from the ldgreaand to the
layer below. No account is taken of advection by vertical oizbotal wind. From
typical wind speeds and rain fall velocities one would expect thedmtal advection
of rain to have an effect on scales of around 10km. Models running at thizoot
higher resolution should therefore include prognostic rain which is pyopevected
by the winds. The coding to allow this facility was cadreut by Richard Forbes and
this modification has been added to the 4km and 1km models. For the 1kmtiheodel
prognostic rain is included in the boundary conditions output from the driking
model. Although it is clear that prognostic rain should be introducetigh
resolution models it was found during the course of this work that #reréssues
with the interaction of prognostic rain with assimilation. Thidl Wwe discussed in
section 6(a).

Ozone

In the operational 38 level 12km model the ozone fields are sgkah the top 11
levels (and the value on the lowest of these levels is copied dowest of the
model). In the summer 2003 trials the 4km model had ozone specified erstms
11 levels and the 1km model (with a doubled level set) equivalently otoph22
levels. In the course of setting up the 2004 trial it was foundwitht the above
configuration the lowest ozone level still had a concentration obom@o orders of
magnitude more than typical tropospheric values. In order to avoiddbdel reeeing
unrealistically large ozone concentrations in the troposphere it thewefore
necessary to specify the ozone on more levels. In the models distessethere
were 24 levels of ozone in the 4km model and (equivalently) 48 in the 1km model.



Aerosol

While testing the models, occasional failures were seen due toveegarosol. This
was found to be caused by negative aerosol sources which arosevdrboal

interpolation of the aerosol source data. The problem was solved tohisgito non-
extrapolating interpolation in the vertical.

Additionally the facility has been added to pass aerosol datagthriwe boundary
conditions files into nested models. The 4km model now gets boundary agatesol
from the 12km model it is nested in and similarly the 1km from the 4km.

Dry Satic Adjustment in 1km Model

It was discovered that the 1km model had been running using dry adaigtment

switched on. This arose through some logic which erroneously sditition when

the convection scheme was switched off. This facility to remayeme of dry static

instability was originally provided in the model for use in idedlisgens and was not
intended to be used in real cases. It was removed in the 1km modelefTatect

was less rapid mixing in the unstable boundary layer.

12km Model Changes

A number of changes were made to the 12km model only to keep itdgietavith
changes that had been made to the operational 12km model. The main changes were:

Large Scale Precipitation scheme to 3B (was 3C previously)
Convection to 4A (formerly known as CMODS) from 3C previously
Gravity Wave Drag on with version 4A (off previously).

2(b) Assimilation.
2003 Baseline

As described in more detail in Lean et al (2005) the summer 2@8used 3D VAR
assimilation in the 4km model. For this work the assimilation syst@ere largely
taken over unchanged from the systems used in the operational 12km Tined8l.
hour assimilation cycle length used in the operational 12km modeleteased in the
4km and 1km models for the current work. Additionally the Moisture Obsensa
Processing System (MOPS) provided cloud and surface precipitatiaratld5km
resolution derived from the NIMROD system. This was assindilatéo the model
using an Analysis Correction (AC) scheme by Latent Heat ngddiHN) in the case
of the precipitation data and humidity profiles for the cloud datatieodkm model
3D VAR was not run but the increments from the 4km 3D VAR usedtdebnical
reasons (the system not being set up to work with a model withoat\aection
scheme) the MOPS/LHN systems had not been run in the 1km motted 2003
trials.

2004 Trials
For the trials described here two main changes were made to the dEsimitatem:

1. 3D-Var. Introduction of scale selective 3D-Var in the 4km modek iBhintended
to address the problem that due to the relative smallness of thendbowmdary
effects are more of a problem in the 4km model than in the 12km. g\waly
increments from a larger area model contain additional and usg&fuhation for the
nested smaller, limited area model (LAM), which is missingmfrthe "standard"
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smaller area 3D-Var analysis. Inclusion of these incremeritsetemaller area 3D-
Var would provide information from observations outside the LAM domaimedisas
data near boundary inside the domain. In addition, it may also provide information on
scales longer than those that can be represented by LAM rasgta upper limit of
the wavelength, constrained by the area. To retain the long wiaveation from the
12km model in the 4km model, the analysis was carried out in thewfoly steps
which allowed the 4km 3D-Var to analyse the smaller scale "shavtes" (not
analysed by the 12km model) only: (a) Spectrally filter the 12konements to
obtain "long waves" increments based on an appropriate cut-offiengte in this
work chosen to be 180km; (b) Add "long waves" to the 4km background; (c)s&naly
the "short waves" not retained by the filtered increment addéuetbackground in
the 4km 3D-Var; (d) form the new analysis by adding in both thg Veave and the
short wave increments via the Incremental Analysis Update (IAU).

2. MOPS/LHN. MOPS/LHN was introduced in the 1km model. As the 1km model
does not include a convection parameterisation scheme, the LHNdpreceas
modified appropriately to use only dynamically-resolved model raihsaow rates.

All of the MOPS/LHN parameters were set to the same valsassed in the 12km
model component. The radar data is put into the model at 15km resolutioa tivne
resolution of 1 hour. The cloud data is put in also with a resolution of 15km but with a
time resolution of 3 hours. The LHN search radius (the radius ovehwine model
searches for a model profile which results in the same anoduain as seen in the
radar) was kept at 72km in the 1km model (as in the 12km model). iBhdearly a

lot of scope for tuning the parameters of the 1km LHN/MOPS schéims. is
discussed in section 6(b).

The cases described here had to be rerun after a bug was didcehiete meant that
the LHN/MOPS scheme was seeing the same model backgrounfietd (rather
than the time evolving ones) throughout the assimilation period. The rfore bas

bug was fixed occasionally showed large spurious areas of hraavyappearing
during the assimilation cycle.

3. Cases

In general there were more cases of heavy convective rainsawener 2004 than
over summer 2003. This, combined with the increased computing power now
available, allowed more cases to be run (7 as opposed to 4 in 20tBL SMI not a
large enough number to provide robust statistics it was hoped thatctdsesewould
provide confirmation of the conclusions from the 2003 study. The cases fiag dur
the course of this work are summarised in table 2. The casas ilisJuly are cases
which were investigated as part of the preliminary field phafsthe Convective
Storms Initiation Project (CSIP). The®wugust event which cased notable flooding
in Boscastle, Cornwall wasot included in this study since it occurred outside the
HRTM 1km domain. However due to the strong interest in this case &@km and
4km results are included in section 4 below.

Each case consisted of four forecasts run at 3 hour intervalzasbe were run in a
nominal order according to how interesting they appeared to beaS3imilation
suites were run for 3 cycles (i.e. 9 hours) before the firstdsteo allow the system
to spin up. In addition, for comparison, a suite was run spinning up eachfotithe
forecasts at 4km and 1km resolution from the relevant 12km T+1 amaly® times
quoted for both the assimilation and spin up runs are the analysis somder
example a 9 UTC spin up forecast run starts at T+1 which is 10 UTC.



4. Subjective analysis of cases
(a) Overview

In this section a brief overview is given of the model performamca case by case
basis. The model results described are from the full suite includitegassimilation.
A comparison with the suite spinning up from 12km analyses is giveaciion (b)
below. The cases are listed in this section in the order whéhwere run (the order
given in table 2) and referred to in section 3.

10" July 2004

This case was the first CSIP IOP and has been analysed layeliteret al (2005).
The point of interest in this case is a shower which initiatedtatnd 6UTC around
Newport, South Wales, and moved eastwards. A line of showers intliet@tstream
from this shower over the Mendips probably related to the gust frontthShtier
this several more lines of showers initiated further downstrearsibhpsas a result of
gravity waves from the earlier showers. The end resultavasmber of lines of
showers crossing southern England from west to east. Figure 4.1 Hiovi&m
domain area averaged rain rates as a function of time ftireathodels compared to
the radar data. By this measure the 12km model very well. In soniv 4km and
1km models, although they produce rain at the correct times, usually eromuc
much rain — often by around a factor of two. The 3UTC runs showsl\clide
already established problem that the 4km and, to a lesser degremddets have a
delay in the initiation of convection. This delay is clear relatovéhe 12km which
initiated at the correct time in this particular forecast. Elsv in many cases (as
shown later) the 12km model seems to initiate too early withethdtrthat the delay
in the 4km and 1km make them appear to be better.

Figure 4.2 shows instantaneous rain rates from the 3UTC forextab®8JTC when

the radar image shows three distinct bands of showers. The 12km madelldse
expected, shows the convection scheme producing rain reasonably undgenthe

area of interest. The 4km model simply produces no rain in theoris® shower
bands presumably as a result of the delayed initiation. The 1km mételgh it

does produce an area of heavy rain somewhat ahead of the most fband in the
radar, shows no sign of producing the banded structure. Overall, the 12krh mode
produces a much more useful forecast. This behaviour may be contratstetiev
behaviour of the equivalent spin up run discussed in section (b) below which does
better at 1km resolution. The 6 UTC run does not do significantlyrtetfgcking up

the structures although, as can be seen from figure 4.1, it doateittie convection
earlier. It shares with the 3UTC run the problem that rather itnéating bands
successively downstream of existing ones the convection appears tite ini
simultaneously over the whole area. The implication is that the models areqgrife
mesoscale structures which, in fact, caused the downstream initiation.

27" April 2004

This was a case of showers which initiated at about 15 UTCogasindon. These
moved west and developed rapidly to form an area of heavy rain ové&hdmees
Valley and southwards by 18 UTC. The case was notable becausevtrereery
heavy thunderstorms with flooding over parts of London. Figure 4.3 shows the
domain averaged rainfall rates compared to the radar for the four forecastariidre
model runs (09,12 UTC) initiated the storms too early in all tinedels but then
they also decayed too quickly so that by 19 UTC in the 12 UTC ruaréaeof rain
had completely disappeared in the model where it was very stipnkis time in



reality. The fact that these errors were evident in the 12kitetras well as the 4km
and 1km points to them being due to an error in the large scale forcing.

At intermediate times the 4km and particularly the 1km model praidibetter
indications of heavy rain over the London area (figure 4.4). Figure 4.6hwhows

the accumulated precipitation over the first 6 hours of thesedsi® highlights that
despite the better indication of heavy rain the 4km and 1km modelpralduce too

much rain over other areas of the domain where it was not observed. The 15 UTC run
handled the later stages of the storms better than the earngeby not decaying the
storms too quickly.

3 August

This was the most intense event in the summer 2004 period. Showietednover
the south coast between 11-12 UTC and moved north to form three masnodre
heavy rain spaced from London to Bristol at 14 UTC. These areasrtbeged to
form a large line of rain from about 15 UTC onwards. This line appedrom the
radar imagery, to develop some cyclonic rotation before breakingwo areas of
rain at around 18:30 UTC. Rain rates of over 32mm an hour were obgertresl
radar in some places. There was flooding in a number of places, ynotallest
London. The total rainfall accumulation for the period of heaviest(i&9 UTC) is
shown in figure 4.6 from the 12UTC forecasts. The 12km model produgedd
forecast of the general swathe of heavy rain extending NW fimmdon although the
area of heaviest rain is somewhat underestimated. The 4km modaktpd a much
more fragmented rain field with areas of heavy rain spadt over most of the land
area in the domain, including many areas where it was not odséive 1km model
was an improvement on this in that the general area of heayyaaiitularly west of
London, was better predicted. The extent of the heaviest rain (over )32m@ms
however, seriously over predicted.

20" July

This was a case of shower initiation in a southerly flow. The showitiated south
of London and moved north and developed. The showers were followed by a more
organised band of mostly light rain moving from the west later ird#ye Figure 4.7
shows the models initiate the convection too early in the 6, 9 and C2ruhs with
the initiation being earlier in the 12km model. Figure 4.8 shows tH&& BITC when
the first cell had reached a size of 20km or so across over souottoh all three
models already had far too large areas of rain. This fikficst appears in the radar
at about 12:15 in the radar mid way between London and the south coastoddis
already had well developed line of convection at that time inctimeect place but
which had originated further south about an hour before. The implicatitrat the
showers initiated on a correctly placed feature in the modeter(aergence line is
visible in the divergence field) but too early.

20" August

This case consisted of SW-NE lines of heavy rain developing and meastgFigure
4.9 shows typical rain rate fields from the model runs compareletoadar. The
12km model arguably does the best job at suggesting the bands of tiaat it does
have structure with the correct orientation (albeit with insigfficintensity). The 4km
model, as would be expected, produces a small number of heavy bétls could be
interpreted as being a representation of bands of rain althoughotie fetld also
does not show bands. The 1km model fails to produce any real sign ofnithedba
structure. The 6 hour accumulated precipitation (fig 4.10) show42kea model
producing insufficient rain but the 4km model produces a reasonable arfatesn
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with a good correspondence between the SW-NE bands in the radamdaiiaea
model. The 1km model also produces the bands although they are lesk desso
noticeable from figure 4.9 that the 4km and 1km models produce too maobveai
the sea compared to the radar. The 12km model is significantly better in thes regar

8" July

This was a case of bands of rain spiralling around a smatirey@n the Channel. An
example of the instantaneous rain fields is shown in figure 4.11. Bot#tkthend the
1km model suggest the bands of rain more convincingly than the 12km mauatel (m
so in the case of the 1km) although the details of the bands arg imrboth cases.
The bands generally seem to be shifted to the NW in the modelsaceinto the
radar. The 6 hour accumulated precipitation (figure 4.12) shows alllsnmaelucing
too much rain to some degree although the 4km and 1km models are muchnworse
this respect. All models fail to produce the region of no rairhén rtorthern/north
eastern part of the domain which is evident in the radar dataor, fextending
roughly from the Severn to the Wash in the middle of the period iseathyr
positioned but all the models had too much rain on it towards the NEofp#re
domain.

22" July

The final case run as part of the trial involved initiation of shewera southerly
flow. The showers initiated in western Somerset and developed and moxted
eventually giving a heavy thunderstorms in the midlands. Figure 4.13 ghews
domain averaged rain rates against time for the four foremast€nce again it is
clear that although the general time dependence of the raith@.@itiation of rain
followed by the peak rate at around 15 UTC) is captured well in sdtie forecasts
the overall magnitude is too large. It is also evident that teexéendency to produce
spurious and extreme maxima during the assimilation cycle wilhise discussed in
section 4(b)). Figure 4.14 shows the instantaneous rain fields at 1B&lTj@st after
the showers initiated from the 6 UTC forecasts. The 4km foelkld the most realistic
the 12km and 1km having rain already over too great an area. Thhdatte 12km
initiates too early indicates that the models had, incorretty,much forcing too
early. In this case the delay in initiation in the 4km relatwveéhe 12km made the
former appear more realistic. It is interesting to note tthiatscenario of convection
starting too early in the models (and being offset by the delthei 4km) seems to be
quite common — it was also seen in th& a0d 28' July in this study (and has been
since in some 2005 cases).

16™ August

This was the Boscastle flood case and is included in this sectiandeof its strong
relevance to the severe rainfall forecasting problem. Bosdastietside the HRTM
1km domain and so this case is not included in any of the aggregatgsisabalow.
Figure 4.15 shows a comparison of the 12-18 UCT accumulation from the hzkm a
4km models (3 UTC spin up forecast) to the radar data. The sitwedéisra line of
showers initiating around the Camel Estuary (SW along the coastBoscastle) and
developing as they moved along the coast in the SW flow. This ledstoomag
maximum in the rainfall accumulation around Boscastle (indicatethdircles in
the figure) shown clearly by the radar data. The 12km model gdaely uniform
low accumulated rainfall over the whole SW peninsula and no indicatiorhigia
rainfall amounts might be expected. In contrast the 4km model gasteoag
indication of a line of heavy showers which could have provided a useful warning.



There has been separate work on this case with 1km a model thsingame
configurations as those described here but on a non-standard domain (@blding
2005). These runs are not described here except to say that threddehproduces
less rain overall but moves the maximum in the rainfall someupstteam closer to
the correct position.

Summary of all runs.

For a number of the above cases the 1km domain averaged raimagatest time
were plotted. Figure 4.16 (solid curves) shows the same curvesgadeover all
forecasts of all cases (i.e. 28 forecasts in all). The 12km mpdsiuces
approximately the correct amount of rain in this sense althougfatiee are too high
by almost a factor of 2 at the start of the forecasts. The @kin1lkm models in
contrast produce much more rain — more than a factor of 3 at thefstiae forecast
although this decreases with forecast time. By T+12 both the 4km andrh2kiels
are producing roughly the correct amount of rain.

Similar curves plotted for the summer 2003 trials (figure 4.17) s$iowar results
for the 12km and 4km model although the 4km model had a smaller exwess
reduced faster with time. In the 2003 trial the 1km model had aveadgs similar to
the 12km model implying that this model has become much worée iB004 trials.
Part of the reason for this could be that there were more extenvective cases in
2004, it is clear that the radar rain rates in figure 4.16aaverlthan in figure 4.16.
However is thought that the change is mostly due to the intioduct MOPS and
LHN into the 1km model. This is discussed further in section 4(b).

The fact that the 4km model tends to give roughly the right averageitation rates

by the time T+12 is reached should be treated with caution. FiguBeshidws a
similar average rain rate against time plot for the 4km mod&bged over a period

in April and May 2005. This model was run for 24 hours each day by spinping
from the T+1 12km analysis from the 0 UTC 12km run. The 12km model and radar
are also shown for comparison. Once again the 12km model seems to produce
somewhat too much rain on average and the 4km produces even moredriaetty

of two too much at the time of peak rain rate). Now there iggrodf the rain rates
becoming the same as the radar after about 12 hours although thegrdabatit 17
hours. It is noticeable that the rain decays too quickly in the 4km dad @fbdels

after the second peak. This is clearly very different from2®@4 rerun data. The
overall rain rates are much lower and the rain was presumablgs dominated by
convection. However this does show that the simplistic conclusiontiibabver
predication of rain is likely to be due to the data assimilatitrerahan the model is
unlikely to be the whole story.

Conclusions from Subjective analysis.

From the subjective analyses of the 7 cases presented above a wfirokerall
conclusions can be drawn (and compared to the similar conclusions fraumntingeer
2003 trial).

 The 12km model often underestimates the peak intensity in localisedllra
events. However it usually produces about the right amount when aderage
over the whole 1km domain area. This conclusion is the same as from the
2003 trial.

e In contrast the 4km and 1km models tend to produce overestimates for the
peak rain rates and similarly the domain averaged rain ragesoarhigh
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(sometimes by up to a factor 3 or so). These overestimatesmsese at the
start of the runs and during the assimilation cycle.

* As was concluded from the 2003 trial, the structures of the rafigials often
look more realistic in the 4km and 1km models although the detailsftare
wrong. The representation of convection explicitly rather than by the
convection scheme is expected to lead to these improvements. Haagever
will be mentioned in section 4(b) there is evidence that having idestsom in
the high resolution models can disrupt the generation of realistic structure.

» If the accumulated rainfall is the main quantity of interest bften the case
that the 4km and 1km models give a better indication of the potdatial
localised high accumulations. On some occasions, however, they mdealso
more prone to giving false indications of extreme events.

(b) Discussion of assimilation issues and comparison to spin up runs.

Since the assimilation in the 4km and 1km models is still highbpeemental a key
benchmark is to compare their performance against 4km and 1km madely si
spinning up from the corresponding 12km analysis. It is accepted pivatup
forecasts will contain no high resolution detail for the fiest hours (which is why
ultimately it will be essential to have assimilation in thesedels for short range
forecasts) but it might be expected that after that periodvloeyd provide a useful
point of comparison.

The dotted lines in figure 4.16 show the averaged rain rates fgoithagsversions of
the 4km and 1km models. As was observed during the 2003 trials (Lea2G5l
these curves start off very low (the rain in the 12km model eslymed by the
convection scheme whereas the 4km and 1km produce most rain explistli)e
forecast progresses the rain rate increases rapidly asotivection spins up and
overshoots reaching a peak at about T+6 before gradually dgctyireach the
correct value at around T+11. Bearing in mind that the cases coimgiliatthese
curves are all convective it was shown from the 2003 trials thatbehaviour
resulted from CAPE building up unrealistically at the starthef forecast and then
producing too much rain later once the convection had spun up.

In a number of cases it is evident that runs including assianlaie less likely to
produce correct structures in the rainfall fields — particylaten these structures are
on a fairly small scale. An example is shown in figure 4.19 whidws some fields
from the 18" July case from the 3 UTC spin up run. This should be compared with
figure 4.2 which shows the corresponding fields from the assimilatibe. The lines
of showers advancing east can be seen clearly in the nadaes but are not
produced by either the 12km or 4km model. The 1km model with assonilaiis to
produce the lines but the spin up forecast does show several séipasat€his latter
forecast is not perfect, however — there are signs thatré® Would prefer to have a
NE-SW orientation. The evolution of this forecast (starting witingle shower over
Newport in South Wales) is also closer to the radar data thansih@lagon forecast.
Figure 4.20 illustrates this showing the evolution of the initial shamte two in the
Bristol area. Although the model looks superficially quite simitarthe radar it
appears that the shower may split in two in the model ratheriniieate a new one
down stream. In contrast in the same forecast from the adsamilauite (not
illustrated) the initial shower has completely died out by this time so ithacerain at
all in the vicinity of Bristol.

A second example is shown in figure 4.21 from tfeABgust case. The fields shown
are 3 hours after the analysis time. In the 4km model in patishbws that the line
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of storms has been broken up into a number of areas of rain in diffenésitof the
domain. The effect is less marked in the 1km model but thend thstappearance of
spurious rain to the south.

A number of examples have been seen where the assimilation appears to irtoduce
much rain into the model. It is clear that this is true on average figure 4.16. It
could simply be a result of the fact that the extra noise intradtereds to initiate
more convection. It is, however, thought that this problem often origirffiaden the
MOPS/LHN scheme. An example is shown in Figure 4.22 which compkrd
forecast 4km and 1km forecasts with the corresponding T+1 fosecdsie
assimilation has had the effect of adding an area of very hraavgxtending SE into
the Channel from the Isle of Wight area. The radar data shawshils rain is not
spurious — there is an area of rain in this position which was no¢ inackground for
that assimilation cycle. It would seem that the LHN is calyguutting in the rain but
giving it a much too high intensity. Work is ongoing to address this gmoloh the
MOPS/LHN scheme. A second characteristic of this excessntaoduced during the
assimilation cycle is that it decays rapidly. This can lem $e figure 4.16 and also in
figure 4.23 which shows the same models as figure 4.22 two house later.

In summary it can be concluded that assimilation is essentiahfat range high
resolution forecasts because of the unrealistic rain rates seen fat aixdsours after
starting the forecast from a 12km analysis. There are atdxdepns with assimilation
at high resolution with too much rain being generated and some high im@solut
structures being disrupted. These are the subject of ongoing work.

5. Statistical analysis

In this section the statistical analysis of the results oR@@& trial runs are presented.
The statistics presented are the same as those for the 20QBetia et al 2005) and
the reader is referred to this for detail of the statistius detailed discussion of their
pros and cons. The statistics allow convenient summaries to be prodkiredinto
account all runs (rather than just selected runs/times shown preafi®us section).
Both the assimilation and the spin up runs are included.

(a) Surface/single level RMS stats

These were obtained using the Met Office Area based Vatish System which was
used to generate statistics comparing surface observations toottel. The data
discussed here were calculated by taking data on the modebgddsterpolating the
nearest four data points to the observation. This was done for albkdwai
observations within the 1km domain area. The temperature observatioasete
corrected for height. The statistics were calculated elvewy for each forecast and
then all the forecasts averaged together as a function ob&ireme (i.e. time after
the analysis time). Due to technical problems only data fromite6fof the 7 cases
are included — the 22July case is not included.

Fig 5.1 shows the RMS and bias data for the Mean Sea Level)(M®8ksure and for
Temperature. The MSL pressure bias data shows both the 1km moadhgjsbdtier
than the 12km one. The 4km models are broadly similar to the 12km. TheeRMS
are similar for all the models although the 4km and 1km modedsteebe somewhat
higher presumably simply as a result of having more short ratrgeture. It is
noticeable that the assimilation suites have slightly highersat the start of the
forecasts. The spin up runs would be expected to have a lower RM@tettnerstart
due to the relatively smoother fields from the lower resolution indéear the
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temperatures the bias curves show that the high resolution modelslfye have a
lower bias than the 12km model although the error bars are large in this casenThe spi
up models have a larger bias at the start of the forecast aritkrthanodel with
assimilation has a negative bias, the opposite sign to the other mmdets, about

the same magnitude. The RMS temperature errors are simitaut slightly larger

than the 12km errors.

Fig 5.2 shows the same verification data for cloud cover and vigibllite cloud
cover bias shows that the 4km assimilation models is similar tb2kra although the

1km appears significantly better. The spin up models appear todwlittlé cloud at

the starts of the forecasts but recover later — this is prpbdiAt would be expected
from spinning up from a 12km analysis if there was a lot of conxeecibud in the
12km model. The RMS errors for cloud show that, once again, the 4km and 1km
models are close to but slightly worse than the 12km. The visibitg show a wide
spread in the bias between the models — the 4km assimilation mdtueMsrst. It is
expected in convective situations that the visibility signal b@ldominated by the
reduction of visibility in rain. The RMS errors in the visibilgiiow that the 4km and
1km assimilation models are again somewhat worse than the 12koulpaly at the

start of the forecast. The spin up 1km and 4km runs have RMS errors very close to the
12km model.

In conclusion, the RMS errors tend to be similar to but slightlysevan the 4km and
1km than those seen in the 12km model but this is to be expectedheohigh

resolution models having more short range structure. The bias reseltsore
complicated and require further study.

(b) Precipitation Statistics.

The precipitation statistics presented here are the sartfeoss described in some
detail in Lean et al (2005). In summary these statistics tsehaique developed by
Roberts (2004) to take into account varying degrees of spatias emrthe forecasts.

Spatial errors may be expected in high resolution forecasts bathemult of large

scale errors in the driving model (for example fronts etadei the wrong place) and
as a result of the lack of predictability of small scalatdires (individual shower cells
being wrongly positioned).

In order to calculate these statistics the rainfall accuiouldields from the models
are interpolated or aggregated onto the 5km grid on which the radas datzlable.

To enable comparison between all three models this can only be doribebaesa of
the 1km model. For a given rainfall threshold the model data is usgdntrate
probabilities by counting the number of (5km) gridpoints within a squaeegiven

size around the gridpoint in question. The size of the square is lgyvire sampling
radius and varies from 1 (which represents a point by point corapanp to the
point where a significant proportion of the model domain is covered.allae data is
converted into probabilities in the same way. A skill score lisutEed which is the
root mean square error in the probabilities normalised by thenefated value. The
value ranges from O for a forecast with no skill to 1 for a perfect one.

Figures 5.3 and 5.4 show this skill score for each of the caseslemtsinere as a
function of sampling radius. These scores were calculated fazcamalated rainfall
threshold of 4mm in the 6 hour period of each forecast. The value deftheand
side of the graph gives the skill score for point by point verification and has tastlow
value. Moving to the right allows for progressively larger spati@re and the score
rises. At the extreme right of the graph there is verglgpatial information and the
score levels off at a value which largely represents therdiite in area averaged
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accumulation (i.e. the bias). Each of the curves shown is the odsagigregating
together the four forecasts of the case in question.

The curves are very different between the seven casegghigig once again that it
would be necessary to run a large number of cases to getsaicstyi significant
sample. This is despite the fact that these cases all bemvgctive are broadly of the
same type. The cases in which the high resolution models do wtaBve to the
12km (the 18 20" and 22° July) are all cases in which small scale convection
initiates from nothing during the period covered by the model runs. a$e with
least spread between the skill scores from the different medeisthe 8 July in
which the precipitation pattern was dominated by bands of rain surrouadingll
cyclone. Although this is the sort of situation where the higbludsn models might
be expected to add little the high resolution models did have slightly higher scores.

In general the high resolution models are often producing rather poor scores compare
to the 12km model and the assimilation runs seem to be systeigaticade. This
conclusion is confirmed in figure 5.5 which shows the same scoresgadgu over

all runs of all cases. The spin up 4km run is only very slightyses than the 12km
(indeed out to a sampling radius of about 80km the curves are indishiagle). The

1km spin up is somewhat worse and the assimilation 4km is slightly worse again. The
1km with assimilation gives the worse score of all by thisswmesa Figure 5.6 shows

the scores again aggregated over all the runs for a more extiezshold of 16mm in

6 hours. The 12km is much better than the high resolution models by éasura

with longer sampling radii although the spin up models are roughfjoad out to
around 50km. The assimilation models are worse at all sampling radii.

Taking these results in combination with the domain averaged atanresults (fig
4.14) it is likely that these skill scores are dominated by the bias in o\arathte. In
order to separate this effect from the spatial accuracy timeex have been
recalculated using relative thresholds (this replaces but ivadeni to the use of
Briar skill scores with relative thresholds used in the 2003 .tiRdjher than using a
fixed threshold to calculate the scores (e.g. 4mm in 6 hours) #shtid is adjusted
for the radar and each model separately so that in eachheasame proportion of
points are above the threshold. In this way any bias in the ovairgfhll amount is
removed and the spatial quality of the forecasts are compared.

Figures 5.7 and 5.8 show the skill scores for each case usisgdlie set such that
only the top 1% of gridpoints are above. Figure 5.9 shows this score aiggteyer
all the cases. The high resolution models now are doing betsiveeto the 12km
model. Although at longer sampling radii the spin up models arensaitbinally
better than the assimilation ones it is noticeable that tihaikg®n 1km has the best
score for radii between around 40 and 125km. Both the 1km models do marginally
better than their corresponding 4km models in the range of samplthigout to
around 100km. Figure 5.10 shows the same curves (again aggregated ossesl
curves) for a relative threshold of the top 10%. Since there arepuores above the
threshold the curves tend to be smoother and in fact very nediby @b top of each
other although the 12km is marginally the worst for all but raeliow 30km. These
results show that for a 6 hour accumulation the high resolution modelstdo fbe
relative thresholds i.e. when the effect of the overall overproducticaiofin the
models is removed.

It is also informative to consider the statistics calcul&edhourly accumulations and
these are shown for thresholds of 1 and 4mm in an hour in figure 5.1%&. tBac
accumulation period is shorter the statistics tend to vary a good deal from hour to hour
due to the fact there are often only a few model points over thehtiidein question.
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This means that the statistics are less significant. Feré¢aison only the aggregated
stats over all cases are shown. The fraction skill score ispfaited as a function of
forecast time for a particular sampling radius. A samplinjusaof 50km has been
chosen since this is approximately mid way between 0 and thevgoéné the curves
plotted against radius level off.

The 1mm in an hour skill scores show that after T+2 the high resolotodels are
better than the 12km. The assimilation models tend to do slightbr lile#n the spin
up ones. The high resolution spin up models are expected to do worsesiairt o
the forecast. The models including assimilation often have spuaouatrthe start of
the run (as discussed in section 4(b)) and the spin up runs argistiihg up. It is
particularly noticeable that the high resolution models have sowmtesh are
generally increasing with time compared to the 12km which &dflsThis may be
because with the four forecasts being run at intervals througietfas of convection
in each case the end of the forecasts contain more of the dgpagse of convection
where the 12km model fails to pick up organisation correctly.

It is reasonable to ask why the high resolution models appear teellon these
hourly scores whereas in the roughly equivalent 4mm in 6 hours sfigee 6.5)

the 12km model does best. It is likely that this is largelg ¢t the extra time
dependent information incorporated in the hourly scores. The 12km model tends to
miss the organisation of showers and produce moderate amounts oftis@nkeso

fairly uniformly over the whole area of showers. When the raingéadccumulated

over 6 hours the movement of the individual showers or bands of rain tends to
produce a more uniform field (which becomes even more uniform when long
sampling radii are considered). An example of this, from tHe Rogust case, is
shown in figure 4.9. In contrast if only hourly accumulations are considered the rain i
likely to be in much more localised areas in the radar whidrcamhpare better to the

high resolution models than the relatively uniform 12km field.

The second frame in figure 5.11 shows the hourly skill scorebdadnigher threshold
of 4mm in 1 hour. In this case the 12km remains better for lomgeb@comes worse
than the assimilation high resolution models at around T+3. The spin upsnaweel
worse and only become better than the 12km at T+5.

As with the 6 hour scores it is likely that these scoresrdhgenced by the overall
over prediction of rain in the high resolution models. Figure 5.12 showsotimty
skill scores recalculated for relative thresholds. Thesesttatialso show a clear
signal that the 4km and 1km models are doing better than the 12km witdd¢he
exception of the start of the forecasts. By these measuresisheery little to choose
between the spin up and assimilation forecasts.

The sampling radius of 50km chosen for the hourly skill score plo&therrlarge
compared to the gridlength of the high resolution models. The same tawesiso
been calculated for a smaller radius of 30km (not shown). The geremds with
forecast time and the relative position of the models is unchanged.mae
difference is that the overall values of the skill scoredaver as would be expected
from the plots against radius. If we equate spatial error tpdeaherror via a typical
velocity of 10m/s then 50km corresponds to a time error of between 1-2 \whiah
is approximately the predictability time of small showers.sThmplies that a
sampling radius of 50km is appropriate for looking at showery situations.

The overall conclusions from the precipitation statistics are listed below:

* There is a great deal of variability between the seven caseshich implies
that many more cases would need to be considered to obtain stiffistdid
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results. The following conclusions on aggregated scores need to lem treat
with caution as a result.

* The 6 hour skill scores with fixed thresholds show the 12km model lzette
followed by the spin up 4km and 1km followed by the assimilation 4km and
1km. However the relatively low scores for the high resolution models
expected to be mostly due to the overall excess of rain.

* The 6 hour skill scores with relative thresholds (i.e. taking accoupntodithe
spatial accuracy) imply that the 4km and 1km models are bletterthe 12km
model. In this case there is no clear signal between theil$gimand spin
up models or between the 1km and 4km.

» The skill scores calculated from hourly accumulations imply thatkm and
1km models (both spin up and assimilation) are better than the 12km model
with the exception of the start of the forecasts.

6 Discussion and suggestions for future work.
(a) Comparison to 2003 trial.

The conclusions from the runs presented here are similar to th@seedbtrom the
2003 trial (Lean et al 2005) in the sense that the high resolutionisnoate lead to
more realistic structures in the precipitation fields and mmeadistic peak rainfall
rates. In the 2004 trial it is more clear that there is a proliethe 4km and 1km
models with over prediction of rain. The 4km model had too much rain in aidoma
averaged sense by a factor of less than 2 at the start @fréoagts but was down to
about the right value by T+4 in the averaged 2003 results. In thenttnial the 4km
model has around a factor of 3 too much rain at the start and only éscbose to
the correct value after about 12 hours. This increase in amaleg#sting bias may
simply be a result of the fact that there were more casestofme convection
included this year. The 12km model also has a larger positivenbilas average rain
rate in 2004 compared to 2003. A second possible factor is the fact thatpresent
trial the 4km model is running with prognostic rain (diagnostic veas used in the
2003 trials). It has been found by DWD that prognostic rain and niegacted
unfavourably with LHN resulting in excessive rain rates. Howevistcarried out
on the UM at 4km directly comparing diagnostic and prognostic rasioreimplied
that running with diagnostic rain gave only a small decrease in the rain rates.

In contrast the 1km model appears to have changed from having apgielyitmne
same amount of rain as the 12km (except for the very start tdrdmast) in 2003 to
having even more rain than the 4km model in the 2004 trial. Despitenttied|
number of cases this seems a large change, certainly larger thanrtpe ichthe 4km
model. The points made above about the 4km model are also true heneglolglition
there are a two other important differences in the 1km model fn@2003 runs.
Probably the most important difference is the incorporation of MORS/in the
1km model in the 2004 trial. Figure 4.14 shows clearly that the oveicpon is
worse at the start of the forecast so it seems likelyptitedtlems with MOPS/LHN is
at least partly responsible for this problem. Secondly the ditic stdjustment has
been switched off in the 1km model. In the (spin up) tests which eaereed out
when this change was made it was found that the removal ofytlstatic adjustment
appeared to result in less rain overall rather than more. Bdbstit is still possible

16



that due to interactions with the assimilation that this chasgeelevant to the
observed change in the model.

(b) Future Work

It is clear that one focus of the work in the immediate future must be towardsgeduc
the over prediction of rain in the 4km and 1km models. A second mustrhevi®
towards a configuration which is closer to that required for a nowcastingnsyste

The over prediction problem must be addressed both with changes motted
physics and with the assimilation system (primarily LHN/NMB)PPreliminary work
by Richard Forbes has shown that the rain rates can be redgodicantly if
changes are made to various microphysical parameters suwh ias fall speeds and
deposition rates. These experiments are valid because theythire twe range of
uncertainty of the parameters in question. Another aspect isghiatersion of the
model used in this trial made use of specific moisture quanititiftee dynamics and
this neglects the water loading term (the change in buoydneyto water vapour).
Preliminary trials both with this term added and using an aligengersion of the
model with the mixing ratio version of the dynamics (which autaralyi includes
water loading) imply that that this term can significandgluce the vertical velocities
and rain rates.

It is also possible to reduce the overall rain rates by chawogdse diffusion and
convection schemes and these will also need to be investigatedxtected that we
will test the use of the targeted diffusion scheme. In this gbirttshould be noted
that the 4km model in particular currently sometimes suffers fremy high values of
rainfall rates (e.g. up to 200 mm/hr) and vertical velocities tu@®@0 m/s) on
individual gridpoints. Changes in diffusion are required to reduce the vatudgese
points.

In the light of the evidence that has been presented that the ogimtipreof rain is
related to the LHN/MOPS scheme continuing work will be cdroat to tune this
scheme, particularly for the 1km model. In the near future taltbevmade of more
frequent data input (every 15 minutes for the rain data and aweeryfor the cloud).
It is expected that this, on its own, may help with the problem stocesntly a
features will be nudged into the model for too long in the sanoe plhich may lead
to high rain rates. Experiments may also be carried out in thenidael with data
with spatial resolution data greater than the current 15km (theesdata is at 5km
resolution).

The 4km model is currently being implemented in the operational gugenple 36
hour spin up run running once a day from the T+1 12km analysis from the QUJTC
is currently running. This model uses a larger domain than that ngéé imodels
described in the present report which covers the whole UK aagar. in 2005 a full
assimilation system at 4km will be implemented in order to peoai number of 4km
forecasts each day out to T+36.

The focus of the HRTM follow on project will change to work on the 1km rnanaie,
in particular, setting up the 1km model for use as a nowcastingnsysti.e. to
provide forecasts out to about T+6. Most of the substantial work to tiggbout is
likely to be on the data assimilation system. It will be neags® move to hourly
cycling (rather than the current three hour cycles) at feastssimilation of rain and
cloud.
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7. Conclusions

A second set of summer cases has been run with the HRTM simigecases from

2004. Compared to the 2003 trials a number of changes have been made to both the
model and assimilation systems. The most important of thesethenaclusion of
LHN/MOPS in the 1km model and the inclusion of prognostic rain in the dkdn

1km models.

Subjective analysis of the precipitation fields leads to simdanclusions to
previously, namely that the 4km and 1km models can give more realistipitation
structures largely as a result of running without a convectionrszhi@ this trial it is
very obvious that the 4km and 1km models tend to produce too much rainl everal
sometimes by more than a factor of two. This is thought to berdication of
problems with the data assimilation (particularly the LHN/MPRS8d the model
physics.

The objective precipitation scores for 6 hour accumulations show that2tta
model generally appears to do better for fixed accumulation thresfAdidsresult is
dominated by the over prediction of rain. If a relative thresholded usstead so only
the spatial distribution is tested the 4km and 1km models generalijqe better
scores than the 12km. The scores for 1 hour accumulations have alsoisdared
as a function of forecast time for fixed sampling radii dfiexit30 or 50km. The 4km
and 1km models come out best for both the absolute and relative threshbltse
exception of short forecast times (where the high resolution &ieeae dominated
by either the assimilation or the spin up). The cross over tamat iT+1 to T+2
(although it is later at T+3 for the higher threshold of 4mm in an hour).

The scores imply that the 4km and 1km models do better than the 12kpefiad s
distribution of rainfall and for verification over short periods.Hrs trial there is not
much statistical evidence that the 1km model is better tha#dkinebut this is likely

due to the general over prediction of rainfall.

The basis for carrying out this work was the expectation that the 4km and 1km models
should be able to provide improvements to the forecast compared to theridtleh

and that the 1km should also be significantly better than the 4knpit®dlse over
prediction of rain we have evidence that the high resolution modelsogm@rthese
benefits for short time periods (1 hour accumulations) and spattaibdion of
rainfall. In addition the models clearly have the potential to prawigbeovements for
forecasts of longer period rainfall accumulations. There esyefeason to expect that
future work to resolve the over prediction issue will realise this potential.
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12km 4km 1km
Horiz Domain
Approximate 12 4 1
Gridlength (km)
Gridlength (deg) || 0.11 | 0.036 | 0.009
lat BLC | -5.45 -2.630
llon BLC | 1356.6 | 359.3
\grid size | 146x182 | 190x190 300x300
pole lat 137.5 | 375 37.5
pole lon 11775 | 1775 177.5
‘Vertical Levels ‘
INo levels |38 38 76

|Top of model (m)

] approx. 40000

Other definition

| G3

| BL levels 113 13 26

lozone levels 11 24 48

‘LBC issues ‘

IDriving model | Global | 12km | 4km

IRimwidth 8 '8 '8

Time frequency 60 min 30 min 15 min (should be

5 min)

Aerosol Boundary |UKmes boundary 12km akm

values from model

Timings
8hr (spin up) 8hr (spin up) 8hr (spin up)

Run length 3 hr cycle + 6 hr f/¢3 hr cycle + 6 hr f/c|3 hr cycle + 6 hr f/
(assimilation) (assimilation) (assimilation)

Timestep | 5 mins | 100s | 30s

Radiation timestep | 60 min | 15 min | 5min

A\

Table 1 Summary of settings in models (continued on next page)
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Parametrisations

Convection

4A scheme
(previously known &
CMODS). CAPE
closure timescale
1800s

3C scheme with
CAPE dependent
CAPE closure
settings 1 for 4km
i.e. function with
t=1200s, ¢=0.5

No convection
scheme

Microphysics

3B dual phase
including iterative
melting.

3C dual phase

No iterative melting
but with prognostic
rain.

3C dual phase.
No iterative
melting but
with prognostic

rain.

|Radiation | | \
Gravity Wave Drag | On | Off | Off
IBoundary Layer | 13 levels | 13levels | 26 levels
Other
(Max del-4 diffn for 3 3e4 4.2€3)
stability ' )
None del-4, 8 min
Horizontal Diffusion i.e. 1.14e4 (5.1/6.1) i(i:l-if,df%teifeps
8.53e3 (5.1.1/6.1.2) |
Solver tolerance 1 0e-3 1.0e-3
(absolute) ' )
(off centre to 0.7 as
alphas prev)
RHcrit oper values, mostly |oper values, mostly |oper values,
0.85 0.85 mostly 0.85
Boundary Layer All 2.0 All 2.0
weights ' '
| Targetted Diffusion | On | Off | Off

Table 1 (continued).
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Case No| Date Model Description
Runs

1 10" July 3,6,9,12 Gust fronts initiating showers downstream
from initial development over S Wales at 06
UTC.

2 27" April 9,12,15,18 | Heavy storms initiating over London at about
15:30 UTC and subsequently moving west.

3 39 August 6,9,12,15 Showers initiating along S coast at arpund
12:30 UTC moved N and developed into ling of
V heavy rain with lightning and hail by around
15UTC.

4 2d" July 6,9,12,15 Showers initiated at around 13 UTC| in
sourtherly flow.

5 2d" August | 3,6,9,12 Bands of heavy showers moving east.

g" July 3,6,9,12 Bands of rain around a cyclone in the Channel.
7 22 July 6,9,12,15 Showers initiate around 13 UTC over Somerset

subsequently move north and develop.

Table 2. Cases run in summer 2004 trial. The case number was a nomnaingl and
represents the order in which the cases were run.
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Figure 4.1 1km model area averaged rain rates f8rJiiy 2004 showing radar data
(thick black line), 12km model (blue), 4km (green) and 1km (red) frorh e&the
four forecasts. The 1km data runs only from T+1 to T+7 in eachwhseeas the
12km and 4km data runs from T-2 to T+12.
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0.1280.5 1 2 4 8 16 32 0.1250.5 1 2 4 8 16 32

Figure 4.2. Instantaneous rain rates at 10 UTC 8hJiiy 2004 from 3 UTC model
runs. (a) is 12km model, (b) is 4km and (c) is 1km. (d) is the radar data.
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Figure 4.3 1km model area averaged rain rates f8rA37il 2004 showing radar data
(thick black line), 12km model (blue), 4km (green) and 1km (red) frorh e&the
four forecasts. The 1km data runs only from T+1 to T+7 in eachwhseesas the
12km and 4km data runs from T-2 to T+12.
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Figure 4.2. Instantaneous rain rates at 17 UTC 8hApiril 2004 from 12 UTC model
runs. (a) is 12km model, (b) is 4km and (c) is 1km. (d) is the radar data.
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Figure 4.5 27 April 2004 13-19 UTC precipitation accumulation from QM12 model
runs. (a) is 12km, (b) 4km and (c) 1km. (d) is equivalent radar data.|&am c
comparison all fields have been interpolated/aggregated onto a 5km grid.
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Figure 4.6 3rd August 2004 13-19 UTC precipitation accumulation from 12 UTC
model runs. (a) is 12km, (b) 4km and (c) 1km. (d) is equivalent radar @t clean
comparison all fields have been interpolated/aggregated onto a 5km grid.
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Figure 4.7 1km model area averaged rain rates for 20th July 2004nghaalar data
(thick black line), 12km model (blue), 4km (green) and 1km (red) frorh e&the

four forecasts. The 1km data runs only from T+1 to T+7 in eachwhseeas the
12km and 4km data runs from T-2 to T+12 (in the latter the period Tf21as the

assimilation cycle).
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Figure 4.8. Instantaneous rain rates at 13 UTC &hJaly 2004 from 6 UTC model
runs. (a) is 12km model, (b) is 4km and (c) is 1km. (d) is the radar data.
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Figure 4.9. Instantaneous rain rates at 14 UTC dh Ryust 2004 from 9 UTC
model runs. (a) is 12km model, (b) is 4km and (c) is 1km. (d) is the radar data.
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Figure 4.10 20th August 2004 10-16 UTC precipitation accumulation from 9 UTC
model runs. (a) is 12km, (b) 4km and (c) 1km. (d) is equivalent radar @t clean
comparison all fields have been interpolated/aggregated onto a 5km grid.

32



0.1280.5 1 2 4 8 16 32 0.1250.5 1 2 4 8 16 32

Figure 4.11. Instantaneous rain rates at 13 UTC"bdu8/ 2004 from 6 UTC model
runs. (a) is 12km model, (b) is 4km and (c) is 1km. (d) is the radar data.
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Figure 4.12 8th July 2004 7-13 UTC precipitation accumulation from 9 Ud@em
runs. (a) is 12km, (b) 4km and (c) 1km. (d) is equivalent radar data.|&am c
comparison all fields have been interpolated/aggregated onto a 5km grid.
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Figure 4.13 1km model area averaged rain rates for 22nd July 2004hgh@aar
data (thick black line), 12km model (blue), 4km (green) and 1km (red) éach of
the four forecasts. The 1km data runs only from T+1 to T+7 in essd#hwhereas the
12km and 4km data runs from T-2 to T+12 (in the latter the period Tf21as the
assimilation cycle).
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Figure 4.14. Instantaneous rain rates at 13 UTC on 22nd July 2004 frolC6 U
model runs. (a) is 12km model, (b) is 4km and (c) is 1km. (d) is the radar data.
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Figure 4.15. 12-18 UTC rain accumulations for 12km and 4km models (3 UTC spin
up run) and radar. The circle show a 20km radius around Boscastle.
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Figure 4.16. 1km domain area averaged rainfall rates averaged loieer @ycles of

all the cases. Black is the radar data, blue, 12km, green 4kmdalme The dotted

lines are the spin up runs and the solid are the ones with las&imiNote that the

1km run with assimilation is shown only from T+1 onwards since thigopof-2 to

T+1 was run as a separate model run. The vertical dotted Ivesgeremphasise the

end of the assimilation cycle and the start of the forecast.
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Figure 4.17. As figure 4.15 but for 2003 reruns. The models were only rio ot
in these cases.
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Figure 4.18 1km domain averaged rain rates for daily modelfroms6" April-22™
May 2005. The black curve is the radar data, blue is the 12km mudigkeen is the
4km.
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Fig 4.19 Instantaneous rain rates at 10 UTC dh Jily 2004 from 3 UTC spin up
model runs. (a) is 12km model, (b) is 4km and (c) is 1km. (d) is the radar data. (i.e. as
fig 4.2 except from Spin up runs).
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Figure 4.20 Comparison of 1km model 03 UTC run to radar at 30 minute isterva
from 08:00 to 09:30 UTC on fjuly 2004 showing initial evolution of showers.
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Fig 4.21. Instantaneous rain rates at 16 UTC from the 12 UTC mode(ayasd (b)
are the rain rates from the 4km and 1km models respectivelytfrerassimilation
suite and (c) is the radar data. (d) and (e) are the 12km and 4kmates from the

spin up models.
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Figure 4.22 Instantaneous rain rates for 14 UT® 2@y 2004. (a) and (b) are 9 UTC
4km and 1km model runs. (c) is radar data. (d) and (e) are 12UTCaAlnikm
model runs.
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Figure 4.23. As figure 4.22 but two hours later (16 UTE' 2aly 2004).
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Figure 5.1. Bias and RMS errors between models and surface olmsenateraged
over all forecasts of the first 6 cases in table 2. The cololimed represent the
various models as in the key. The solid lines are the runs witmikggn and the
dotted are spin up. The error bars represent 1 standard deviationI8kthenodel —
for clarity this is shown for the 12km model only but is represietatf the spread in
the other models also.
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Figure 5.2. As fig 5.1 but for fractional total cloud cover and viybillhe visibility
stats were calculated by taking theilpigefore doing the calculations.
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Figure 5.3 Fraction skill scores against radius for threshold af #n6 hours for the
first four cases. In each case the scores are aggregatethevieur forecasts run.
Blue line is 12km model, green is 4km and red is 1km. Solid linessarmitation
suites, broken are spin up.
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Figure 5.4 As figure 5.3 for remaining three cases.
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Figure 5.5 As figure 5.3 but aggregated skill score (for 4mm in @shayver all
forecasts of all cases.
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Figure 5.6 As figure 5.5 but for a threshold of 16mm in 6 hours.

49

12km

Lk



27th April 2004

1.0 )
o ¢ 0.8r
— @) =
= = 0'67 s/ ’
c S 041/ 1
% G J‘J/
O
& E 02f ,
! ‘ 0.0 ‘ ‘ ‘ !
200 0 200
Sampling Radius (km) Sampling Radius (km)
3rd August 2004 20th July 2004
o e ——— 1.0
I v 0.8
® 0.8] ] 2
O
3 %)
— 0.6 ] — 0.6
5 /] % L
S 0.4 ] § 041 /g
i o
c o2l ] Eoo2f
ool . ool .
0 200 0 200
Sampling Radius (km) Sampling Radius (km)

Figure 5.7. Fraction skill scores against radius for relativeshold of top 1% of
points for 6 hour periods for the first four cases. Blue line is 12ladein green is
4km and red is 1km. Solid lines are assimilation suites, broken are spin up.
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Figure 5.8 As figure 5.7 for remaining three cases.
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Figure 5.9 As figure 5.7 but aggregated skill score (for top 1%boofts)
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Figure 5.10. As figure 5.9 but for a relative threshold of top 10% of points.
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Figure 5.11 Fraction skill scores for hourly accumulations plottethstgéorecast
hour aggregated over all runs of all cases for a 50km sampling r&dlagsline is
12km model, green is 4km and red is 1km. Solid lines are assimifatitas, broken
are spin up.
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Figures 5.12 Fraction skill scores for hourly accumulations veldtiresholds plotted
against forecast hour aggregated over all runs of all case$@nmasampling radius.
Blue line is 12km model, green is 4km and red is 1km. Solid linessarmitation
suites, broken are spin up.
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