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Headlines

1 We have found an error within the UKC&cal2.2km climate model in theomputer code
that determines how much of the solid precipitation falls as snow and how musimak ice
pellets

1 No other UKCP product is affected by the error, andleyel messags from UKCP in terms
of climate change in the UK asachanged

1 The existing 2.2km data can still be used for mapplications but extra care is needed
the use ofdata for some variables and locations. The variaptesarily affected aresnow
andwinter temperatureespecially over Scotlanfhr which the existing 2.2km data should
not be used. Also affected but tblesser extenarewinter precipitation hourly
precipitation extremsacross the Uldand wind extremesver the ocean and nortiwvest
coastal regionsand for these variablake existing 2.2km data should be used with caution
The variables unaffected are summer temperature including extremes and summer mean
precipitation.

1 New data with the error fixed will bssued with a planned redasefor Spring 2021.

1 On fixing the error, the simulation of lightning is considerably improved, allowing it to be
potentially provided as a user diagnostic in the new reléasz021

1 This report is aimed ahore technicalisers of the 2.2km data, providj guidance on when
applicationsare likely unaffected by the error or wheusersshould wait for the new 2.2km
data.

Summary

An errorhas been found within th&dKCR.2km climate model in the scheme that represents graupel
which are soft smalice pellets with higher densities and fall speetlsan snow. Graupel is typically
smaller than hail and forms when supercooled water s@asnowflakeSubsequent testing has shown
that the UKCP Local (2.2km) projectigimeluding for temperature, precipitation and windan still
provide important information for mangpplicationgelated to climate change but there is a need to
update the user guidamcon use of the UKCP 2.2km data, with additional cav€atsr the coming
months we will providenewadditionalsimulations from the UKCP 2.2km climate mai¢h the error
fixed, which should ultimately be treated as the preferred dataset.

The graupekerror emerged whilst having a detailed looksanulations performed with the same
version of the model over the Colorado mountaifike error was in the code thabntrols the
fraction of snow converted to graupehther than in the total snow/ice amounandin general
resulted in too much snow being converted to graupelthe operationalweather forecast model,
graupel is included but the section of erroneous code is turnedaoffl thus perational weather
forecasts are not impactedNo other UKCP pduct is affected by the errpand toplevel messages
from UKCP in terms of climate change in the(lLiive et al 20183re not impacted.

Some rapidests have been performed for or®e2kmensemble member to look at the consequences
of the graupelcode erpor for the UKCP Local simulatiofi$ese show that for many variables and



locations the impact of the graupel code error is not significant compared to the spread across the
UKCP Local simulatiofise. the differencebetween the original and test runs smaller than one
standard deviationwhich is gypicaldifferencet between members of the original UKCP ensemble

We note that the test is performed for just one member, and differences on fixing the error could be
larger or smaller in the othanembers (which we will only be able to assess once the new dataset is
available) However, since different 2.2km members use the same model physics and only differ due
to different largescale conditions inherited from the driving models, we expect the tens to
respond similarly although with the impact of fixing the graupel code error potentially larger in cold
members with more snowlhus, vhilst extra care should be taken using the 2.2km simulations users
can still use the UKCP Local projections, amegother UKCP toolgor many applicationsThis
document provides the guidance to help users understand how to best continue in their use of the
model results.

Fixing thegraupelcode errorimpactswinter temperaturein some regionsdue to more lying isow in

the modified simulation. The impact osimulatedtemperature isjudged to besignificant for cold
winter days and nightsver Scotland, with future increases in temperatie2070sncreased by ic

or more for cold winter day#ocally over parts of Scotland and for cold winter nights more widely
across the UKThis compares with an overall future increase in the temperature of cold winter days
of about3'C and cold winter nights about4'Cfor the 20700ver northern Scotland in the original
UK® 2.2kmmodel For mean winter temperature changehe impact is not significahtwith
differencedess tharD.5"Ceverywhere (with an average difference of iClon a temperature increase

of 25'C for the British Isles as a whol&)xing thegraupel code error alssignificanty? impacts
simulated presentlayprecipitationin winter, with the fixedcoderun somewhatwetter although still

not as wet as the 12km mod@Ukwide biasin the 2.2km modeincreagsfrom +16% to+22% on
fixing the cale error, compared to+31%biasin the 12km modél However, fiture increases itUK
winter mean precipitation areot significantly differen{25% increase become&®% increase in the
fixed-coderun), with this difference considerably smaller than the difference between the 2.2km and
12km model responsedhus, the key finding that future increases in winter precipitatom greater

in the Local (2.2km) compared to tl&obal andRegional projectiongKendn et al., 2019Kendon et

al., 2020¥%till holds Key differences between the 2.2km and 12km mailmlulationsin the frequency

and meanintensity of hourly precipitation, and their future change, are unaffected bygrepel
error.

The impact of theerror is much smaller in summer, with no significaimpacts on summer mean
precipitation and temperatureThere is evidence thatourly precipitationextremes may changen
fixing thegraupelcode error even in summe(with a potential 20% reduction ipresentday 5-year
return levelsfor the one ensemble member analyseshmpared to the spread across the original
UKCP 2.2km ensemble o®%). Future increases in hourly precipitation extremes are increased
slightly, with the impact of the graupel code error on future changaificant for the 5year(and
longer) return level over parts of the YR9% increase becomes 36% increase in the fooekk run)
Fixing the graupeatode erroris found to have little impaabn future changes iwinds, but there is
evidence ofa significantimpactin the present daynainly over the ocean but alsaver Ireland, the
Cairngormsand some north-western coastal regionsThere is aconsiderableémpact of the graupel
error on lightring, which was not provided to users in the original UKCP 2.2km release. On fixing the

168% of a normal distribution lies within one standard deviation of themea
2 Significance is assessed by comparing the difference on fixing the graupel code error against the standard
deviation for that metric across the original-b@&ember UKCP Local 2.2km ensemble.



graupelcode errorthe simulation of lightning is considerably improved, allowing it to be potentially
provided as a user diagnostitthe new releasesepresenting arenhancement for users.

The existing UKQBcal 2.2km data can be used for developing methods for application &.ghan
dataand for many applications, althougixtracare should be takefor applicationsusing variables
identified above as being affected by the graupel code erfidris note will help users better
understand when it is appropriate to use the UKCP 2.2km data in its currentM@mdatafrom the
UKCP Local 2.2km modsdth the graupel coderror fixedwill be issuegwith a planned release date
of Spring2021, and once available this should become the preferred dataset applicationsWhilst
many applicationsre unlikely to be strongly impacted by using the new dabelievethat issuing
new data will povidethe widest access to all UKCP produ(te. ensuring the same quality of data
for all locations and for all types of adaptation decisioansistent with our policy followed in earlier
generations of climate projectiohsThenew datawill also come with the benefit of potentially
providing additional climate metrics that are not available at present. We reiteratetteatUKCP
probabilistic, global and regionptojectionsare unaffected by this issuaith no change to theinse
guidance Furthermore, we continue to recommend that UKCP products are used togetiber
than in isolationin order to give the most complete picture of future climate.

Part 1:Advice on use of UKAPcal data

The UKCP LocaRkmprojectionsconsist of an ensemble of 12 simulations at 2.2km resolution run
for 3 time periodgKendon et a) 2019) The UKCBocal (2.2km) projectionsit alongside a number

of other UKCBBtools to look at climate change (Murphy et,&018, Lowe etlg 2018). These
include probabilistic projections, a set of 28 global 60km climate simulations and a set of twelve
regional 12km simulation§.heUKCRocal (2.2km) projections aiiatended to be useful for impacts
assessments that require enhanced splatietail orinformation onchangesn extreme weather at
local andhourly timescalesHowever, they only downscale versions of the Hadley Centre climate
model and the RCP8.5 scenario, and so sample a narrower uncertainty range than the global or
probabiligic projections.lt is important that users are aware of the other UKCP products and the
advantages of each for their applicaticend also that users consider the sensitivity of their
applicationsto uncertainty in the UKCP outputsurther guidance on wbh UKCP product to choose
is available frontung et al(20183). The following advice is for those who have already used or are
planning to use UKQBcal (2.2km) data, and coveltse use ofprecipitation, temperature, snow,
wind and lightningoutputs.

The results reported in this technical note (deart 2 show that fixing the graupebdeerror in the
singlemember test leads tesomedifferences that exceed the standard deviation across the 12
member UKCP 2.2km ensemblénder the assumption that thether 11 ensemble members are
impacted similarly (although differences could be larger or smaller in other members that have the
same model physics but sample different laggale conditionsWwe judgethe impact of the grapel
codeerror to be significant compared to the ensemble spred&r some variables in some seaspns
and especially in some locatiamslthoughthe current UKCRocal 2.2km) data remains suitable for
manyusersdependent on applicatiortp promote the wdest access to all UKCP products in all
regions of the UKthe decision has been taken to rerun the UKGEal (2.2km) projectionwith the
graupel code error fixedlhese new data should be the preferred source for all new users. For
current users of thexisting UKCP 2.2km data, in many cases it is not necessary to rerun analysis
with the new data, except for specific variables and seasons (as outlined below).



When and how can users apply the UKCP Local data?

The existingJKCP Locdhata, published in September 201€an be used fomethod development
(e.g.for developing methodologie® analyg an ensemble of climate model information for

writing code to work with the large volumes of datl)canalsostill be used fomanyapplicadions,
althoughit should be used with cautioor not at allfor some situationsBelow we outline the use

and decision cases where the original data are still appropriate for use (possibly with caution) and
where we would recommend waiting for the new data.

Once the new data become available, this should become the preferred datasgtriew users

Any existing users of the UKCP 2.2km data who redeiresidentifiedasa 52 y 23 dzaS 2 NRA I A\
2.2km data for operationadpplications 0 ¢ 6f S mMI waR forda¥ yew data ard Kegudzf R

their analysisf they have used theriginaldata. Any existing users requiring items identified as
GhNRIAYLFE 'Y/t HOHTY RIFEGE OFy 0S d2a2SNREG KOS | OdzaSS Mg
Ol dzii A 2 y &(Talé 1{i ®EENNRRe recommend that users should assess the sensitiity o

their applicationto using different members from the UKCP 2.2km ensemble, and that where the
analysis/decision is unaffected by the choice of ensemble member it is unlikely to be strongly

impacted by the graupel code error and so it is likely safe ¢atlus original data for the specific

variables and seasons.

A summary of the size of the impact foiture changes ikey variables igivenin Table 2, with
further detailson the impact of the graupel code errprovidedin Part 2.

V Summer temperaturesncluding extremes

The original UKO®cal (2.2km) projectionsan be used foanalysis of changes summer
temperatures, including extremesas wehave foundthe graupelcodeerror haslittle impact
on these variabled/Ve are aware that some users have already considered usingKiGP
2.2kmdata, for example analysing the thermal performance of buildings, the impact on
transport infrastructure and the health effects of heat, particularly in the summer. They
shouldcontinue to use the original data

V Summermean precipitation

We advise that studies related to summer mean precipitation can continue to use the full
suite of existing UKCP projectiofifie impact of the graupel code error on summmegan
precipitation is smhy, and userghat are already using or planning to use the UKCP 2.2km
projectionsshould continue to use the original data.

U Winter temperature and snow

Where users are already using or planning to use the UKCP 2.2km projectionmter
temperature am snow we recommend that users wait for the new data use the Regional
(12km) data There is a significant impact of the graupetieerror on snow and temperature

in winter. In particularthere is not enough snow in the original data in the presdmy, which

leads to an underestimation of future changes since almost all lying snow disappears by the
2070s under RCP8&ld winter days and nights are too warm in the original data, and future
temperature increases are underestimated b{Clor morein some locationsespecially over
Scotland Thus, winter temperature and snow data from the origid®lCP 2.2kndataset



should only be used for method development. This is likely to affect planning related to cold
winter temperature and snow in future.

For winter temperature, there are biases in all the UKCP18 models, although different tools
will offer different advantages and limitations (Fung et al 2018bhg new2.2kmresults on

fixing the graupetodeerror showmuchbetter agreement with histodal observations than

the original data anchlso lower biases thathe Regional (12km) projections. The 12km
regional climate model (RCM) is too cold over the northern UK, especially for cold winter
nights. It is hoped that the new 2.2km simulations (viltle graupelcodeerror fixed), once
available, will provide reduced model biases for cold winter days and nagtitgperform
better than the 12km projectionsbut they will still provide a reduced sampling of
uncertainties compared to the global and prolii#tic projections. As general advice, users
should be aware of the advantages and limitations of the different UKCP tools when choosing
which tool or tools are best suited to their application.

? Winter precipitation

We advise thastudiesrelated to wnter precipitationcan continue to use thefull suite of
existing UKCP projections. Where the UKCP 2.2km data is being used, for example due to the
need for higher spatial detail, the existing data should be wgéucaution.Theimpact of the
graupel code error on future changeso winter precipitation is small and not significant
compared to the CPM ensemble spread,least for the singlenember test,with winter
precipitationincreasesstill considerably larger in the CPM compared to the RCM. Thus, the
key finding from the UKCP Convecti®armitting Model Projections Science report (Kendon
et al,, 2019) that future increases in winter precipitation may be underestimated in the global
and regional projections still holds. Users should be aware that iggnal UKCR2.2km CPM
dataunderestimates winter precipitation for the presedayespecially over high terraiznd

may slightly overestimate the future increasa winter precipitation and once the new CPM
dataset becomes available this should be usedpreference to the original data for
applicationsfor examplerisk assessmentglated to winter flooding.

? Hourly precipitation extremes

We advise thaapplications using data dmigh intensity rainfall events that cause summer
flash floodingshould use the existing UKCP 2.2km convegtiemmitting model (CPM) data
with caution.Results from the single member test suggest that there is an impact on hourly
(and, to a lesser extent, daily) precipitation extremes. For predagtreturn levels of

hourly precipitation extremes, the original data overestimates values by abc2620
(corresponding to a difference of about 3mm/h for they&ar return level of 15mm/hand
users may wish to consider applying their own bias correction to the pretsydata. The
impact on future changes in hourly precipitation extremes is smhliesignificant
(differences in future changes are a similar magnittaler larger than the CPM ensemble
spread acrosmuch ofthe UR. If all ensemble members are impactedtbye graupel code
error in a similar way to the singlaember test, there may be a systematic shift in the
ensemble projected change that could be important for sapelications the single
member test estimates this at around -#9%. For example, thoserssitive to levels of
surface water flooding should consider the sensitivity of tiagiplicationto an additional 5
10% increase in extreme precipitation intenskipr other users, where rainfall is just one of
multiple variables needed to inform theanalysisfiecision, for example building design,
such a potential shift in extreme rainfall intensity may not be important



Once new data from all 12 ensemble members becomes availableill be able tomake

more confident statementsegarding the impact fothe error on precipitation extremesWe
recommend that users carry out testing of the sensitivity of angilysisto the UKCP Local
data and note that such sensitivity testing is already considered good practice in adaptation
decision making with climatdata. Once the new dataset becomes available this should
become the preferred dataset for all nempplications We are aware that many users are
awaiting results from the FUTURIRAINAGE project that are based on the UKCP 2.2km data.
The project will preide new projections of change to surface water flooding, with updated
guidance on precipitation uplifts that should be adopted in urban drainage design and flood
risk assessment in the UK. We will work directly with the FUTRARENAGE project to ensure
that results using the new UKCP Local simulations (with the graupel code error fixed) become
available for that project as soon as possible.

? Surface winds

For surface winds, where users are already using or planning to use the UKCP 2.2km
projections, we ecommend that usersancontinue to use the existing data but with caution.
There is some impact of the graupsdde error on preseniday surface winds, where the
original data may underestimate wind speeds mainly over the ocean but alsérelzerd,the
Cairngorms and somorth-western coastal regions. The impact on future changes in surface
wind speeds is smaller and not significant compared to the CPM ensemble spreagt

locally over the CairngormBias correction of the present day may be appiafa.

* Lightning

Due to concerns with the lightning results from the UKCP Local (2.2km) projections, lightning
data was not released in the original launch in September 2019 (Kendan22#9).The test
simulation suggests thdightningoccurrencewill be much improved in the new simulations
with the graupelcodeerror fixed, allowing lightning data to be released in future. This will
represent an enhancement for users not available in the waigilata release.

A summary of the advice on the use of the UKCP Local (2.2km) projections by impact sector is provided
in Tablel. Any existing users of the UKCP Local (2.2km) projections using metrics identified in Column
2 should rerun their analysis using the new 2.2km data once available; those using metrics in Column
4 do not need to rerun; whilgor users ofmetrics in Column 3nitial conclusions based on the original

data are unlikely to be radically changédwever,where possiblehis should be assessed with the

new dataset when availabl&urther details on the impacts of the graupel code error are provided in
Part 2 andsummarised in Table 2.



Impactmetric (with some
example impact areas)

Do not use original
UKCP 2.2km data for
operational

applications Await new
2.2km data and/or use
other UKCP18 products
where appropriate.

Use original UKCP 2.2km dat
with caution. New 2.2km
data should be preferred to
original data once available.

Original UKCP
2.2km data can
be used,
alongside other
UKCP18
products.

Snow (e.g. infrastructure
inc. transport and energy,
natural
environment/habitat)

X Original UKCP 2.2k
data underestimate
snow and its future

change

Lightning (e.qg. infrastructure
inc. transport,
communications and

energy)

XLightning data not
released from original
UKCP 2.2km

Cold winter temperatures
(e.g. infrastructure inc.
transport and energy,
health, natural
environment/habitat)

XOriginal UKCP 2.2kn1
data underestimate
future increases in
winter temperature
(especially for cold

winter days and nights

over Scotland)

Winter precipitation (e.qg.
winter flooding affecting
multiple impact areas)

? Original UKCP 2.2km datg
underestimate winter mean
precipitation, but graupel
codeerror has small impact
on future changes.

Summer precipitation (e.g.
summer flash flooding
affeding multiple impact
areas)

? Original UKCP 2.2km datg
likely overestimatepresent
dayreturn levelsand
underestimatefuture changes
in hourly precipitation
extremes in some regions.
Revised surface water
flooding estimates from
FUTURBPRAINAGE

Wind extremes (e.g.
infrastructure inc. transport,
water, communications,
energy, forestry/natural
environment)

? Original UKCP 2.2km datg
underestimate wind speeds,
mostly over ocean, but
graupelcodeerror has small
impact on future changes.

Hot summer temperatures

V Results not

and heatwaves (e.g. significantly
transport, thermal building impacted by
design and health) graupelcode
error
Tablel. Summary of advice on use of original UKEP | f O0H ®H ] YO RI Gl o8
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Variable Ukaverage | UKaverage | Approx. Ukaverage | Impact of
future change| response largest local | standard graupel code
in CPM_UKCH difference response deviation error larger

(CPM_fix difference across CPM | than CPM
minus (CPM_fix ensemble ensemble
CPM_UKCP) | minus spread?
CPM_UKCP)
Mean T, DJF | +2.5C +0.1'C <0.5C 0.6'C No
Cold days, DJ| +3.0'C +0.2'C +2'C 0.8'Cc Yes over partg
of northern
Scotland

Cold nights, | +2.9'C +0.6'C +3'C 0.9'C Yeslocally

DJF

Mean T, JJA | +4.3'C 0.0'C <0.2'C 0.5'C No

Hot days, JJA| +5.7'C 0.1'c +0.5'C 1.2'Cc No

Mean P, DJF | +24.7% -2.6% -10% 11.0% No

P_freq, DJF | +17.8% -2.9% -5% 7.5% No

P_int, DJF +6.1% +0.3% +/-5% 4.8% No

Mean P, JJA | -23.7% -1.3% -10% 12.2% No

P_freq, JJA | -30.5% -1.0% -5% 9.5% No

P_int, JJA +10.4% -0.3% +/-10% (local | 8.3% No (a few

response local grid

differences points show

are noisy) large impact)
2yRL_hr, ALL| +28% +5% +10% 8% No

5yRL_hr, ALL| +29% +7% +1015% 8% Yes for some

regions
2yRL_dy, ALL| +13% 0% +/-5% 7% No
5yRL_dy, ALL| +14% 0% +/-5% 8% No

Table 2. Summary of impact of graupel code error on future changes for key surface temperature and
precipitation metrics. Where T = surface temperature, P = precipitation, P_freq = frequency of wet

hours (>0.1mm/h), P_int = mean intensity of wet houry/RL_hr =4year return level of hourly
precipitation extremes, {n}yRL_dy year return level of daily precipitation extremes; for winter

(DJF), summer (JJA) or all seasons (ALL). Where the impact of the graupel code error is smaller than

the CPM ensenib spread, there could still be a systematic shift in the ensemble mean, if all
ensemble members are impacted similarly to the singgenber test.



Part 2:Technical description of graupelode error

An errorwas foundwithin the UKCR2.2km climate modkin the microphysics code that represents
graupel Graupels a second category of igdth higher densities and fall speeds found in convective
cloud (Forbes and Halliwell, 2008)is included in the 2.2konvectionrpermitting model (CPM)

but notin the 12km regional modeihere insteadall ice precipitation is diagnosed uniquely as
show, with no graupel categoryfheerror was in the graupel autoonversion term, which controls
the fraction of snow converted to graupéh generalit hasresulted in too much snow being
converted to graupel.

Graupelis used to calculate lightning using thkeCaul et al(2009)lightning prediction schemend
so thisgraupel erroimpactsthe simulation ofightning.We note thatlightningdatawas not issued
from the original UKCPBocal2.2kmprojections due to concerns ovets verification likely related to
the graupelcodeerror. Therefore fixing the graupetode errorcreatesthe potential tonow provide
lightningdataas a user diagnostic

Graupel is in the snowfall output diagnostics, but sincedfrer was in the term that converts
between hydrometeor typesather than in the absolute amount of ice/snow, the impacttotal
precipitation is smaller.dflowing operational practicat the time, graupel wasgnoredby the land
surface model JULES in tHECP CPMnd sowasnot included in the snowpadiKendon et al

2019) THs settingwas recommended due to the tendency for the convecfimmmitting model to
produce too much smadjraupel, which if included in the snowpack would lead to an overestimation
of lying snowThe consequence of this is thatnce thegraupelerror in general meant more snow
was converted to graupel, its effect wasreruce the snowpack.

Theerror has ben found to have been presebetween Uhified Model (W) versions 10.3 and 11.3
inclusive(operational between 2016 and 20) and affects model runs wheigoth of the following
criteria are true;(1) prognostic graupel is inse and (2)atemporary logichswitch
|_fix_mphys_diags_iter is switched dDperational numerical weather prediction (NWP)
configurations are thus unaffected by tleeror since global atmosphere (GA) model configurations
do not use prognostic graupel, and regional atmosphere (RAphumahfigurationgincluding the UK
forecast model, UK\Mjave |_fix_mphys_diags_iter switched off. However, this temporary logical was
switched on in the UKCP 2.2Ki®Mto be consistent with the driving 12km regional climate model
(RCM) and 60km global climate model (GCM). This should have been a null change since the
|_fix_mphys_diags_iter temporary logical is only intended to affect models that usstepping in

the microphysics scheme, which is not the case in regional models such as the UKCP CPM.
Unfortunately, turning it on led to an erroneous section of the microphysics code being activated.

Theerror was detected following a detailed investigation of some sirtiomes performed with the

same version of the model over the Colorado mountaiingias not found in the UKCP simulations

since much less precipitation falls as snow over the UK, and the impact on total precipitation is small.
In the Coloradosimulations, tiwas found that there was nearly as much graupel as smavich does

not agree with observation#\s well as graupel amounts, tobede errorwas found to impact

lightning flash rates, some land surface diagnostitd does change the evolution of the mdde

albeit in a relatively minor wayhese impacts over the Colorado mountains are expected to be
reduced over the UK, due to the comparatively lower snowfall amgumisneed to be quantified

and taken into account by users of UKCP 2.2km results.

We notethat in addition to the graupetodeerror above,ongoing research is underway within the
Met Office on improving the representation of graumgthin the operational UKV modédField et



al., 2019). There is a tendency for too much small graupel andttleodraupel with sizes greater
than 2mm and as a consequencenlike in observations/e rarely see graupel at the surfaicethe
summeror when the surface temperature is approximate{C®r morein current modelsThe
UKCR.2kmCPMis similarly affeted by this issue, which acts to lessen #ffect of the graupel
codeerror (discussed above¥ince itmeans that the excessive graupel alisfexpected to have
little impact on surface parameters in the summer sea@xeept for lightning activity whh is
strongly dependent on graupel

Results from testindix to graupelcode

The current UKCP 2.2km product consists of an ensemble of 12 simulations run for 3 time periods.
order to assess the impact of the graupel code error in the UKEHR (2.2km) projections, tests
have been rapidly performed for one ensemble member (Sjmadiy theUKCP 2.2krstandard
reference member) where the graupsbdeerror has been eliminated’ he standard reference
member is specifically the member where no parameter perturbatisase applied to the driving
model (Kendon et 312019) Here we pesent results looking at the impaocft the graupekodeerror
onthe presentday biases angrojectedchanges in surface temperature, precipitatjovindand
lightning. B years of data are available from the test simulations to datd are reported hergand
we alsoprovide information on the convergence of resuitsm adding more years of dat&Ve also
assess the significance of the impact of the gragpéeerror by comparinghe differencebetween
the fixed and erroneous rureggainstthe standard deiation across the original UKCP 2.2km 12
member ensembldor each variableBecause all ensemble members are expected to be impacted
similarly to the singlenember test we note that differences smaller than the CPM ensemble
standard deviatiortouldstill lead toa s/stematicshift in the ensembleneanprojection. Herewe

only have results frorthe singlemember test,and use theoriginal CPM ensemble standard
deviation as a benchmadé whether the impact of the graupebdeerror is greatethan

differences we would expect between membe¥éghere the impact of the graupebdeerror is less
than the standard deviation, i.e. the fixeddetest simulation is within the original ensemble
spread, we judge the impact of the graupeldeerror to not be significant.

Themodified testsuite is identical tdahe UKCP 2.2kiBPM(described in Kendon et.aR019) except

the shortterm logical_fix_mphys_diags_ités switched from true to falsén this way, we avoid

activating the erroneous autoonvesion calculation, but do not actually fix the code itself (which

has been done for later UM versiora}hough the effect is the sameSimulations were set off for
time-slice 1 (1982000) and for timeslice 3 (206€2080) andhe results here are reporig usingthe

19 years of data available to date (after the first year of the simulations are discarded ag3pin

Results here compare preseday performance and future changes for ttest CPM with the
graupelcodeerror fixed (CPMfix) with theoriginal UKCP CPM (CRMKCP) and the UKCP RCM, for

all data regridded to a common 12km grid. The same years of data are used from all model runs for a
fair comparison.

A summary of the impact of the graupel code error on future changes for key surfaperature
and precipitation metrics is provided in Table 2.



Impact on lying snow
Presentday performance:

9 Lying snow is increased in the graupel fixed run (CPM_fix). For both mean values (Fig 1 top)
and daily extreme$99" percentile of dailyalues, Fj 1 bottom) differences are larger than
the standard deviation across the original UKCP CPM ensamdlgnus are considered
significant This is true everywhere, but with differences being particularly largeldgér
ground inScotlandwvhere lying snows greatest in the preserday.

Future changes:

1 Future decreases in lying snow over land with warming are greater in the graupel fixed run
(Fig 2) since the majority of presefttay lying snow disappears by the 2070s under RCP8.5
Differences between theriginal and test runs are greatest over Scotland, especially over
high groundwhere the greatest preserdaylying snow igound. The impact of fixing the
graupel code error ofuture changess greater than the original UKCP CPM ensemble
spread acrossorthern Scotland (both for the mean and daily extremes of lying snow
amount), and thus here is considered significant.

CPM_UKCP CPM_fix CPM_fix - CPM_UKCP CPM_UKCP std dev |CPM_fix - CPM_UKCP| - CPM_UKCP std dev

WoAaw o 2°wW 00 2

E s e S a——— S ——— 3

0 a0 160 240 320 200 ] 80 160 240 320 400 -120  -60 0 60 120 -120  -60 [ 60 120 -120  -60 [ 60 120

Fig 1. Impact of graupel code error on presgay lying snow amount (mnigr (top) the mean and
(bottom) the 99" percentile of dailgnow amount Shown are results for (left) original UKCP CPM
standard member, (left centre) CPM with graupel code error fixed (CPM_fix), (centre) the difference
(CPM_fix minus CPM_UKCP), (cendgtet)the standard deviation across the original UKGP 12
member CPM ensemble and (right) the difference on fixing the error minus the ensemble standard
deviation. 19 years of data are used corresponding to the period Dec 1980 to Nov 1999.



CPM_UKCP CPM_fix CPM_fix - CPM_UKCP CPM_UKCP std dev |CPM_fix - CPM_UKCP| - CPM_UKCP std dev
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Fig 2. Futurehanges in lying snow amount (mm) for (top) the mean and (bottom) th@&&entile

of daily snow amount. Shown are responses for (left) original UKCP CPM and (centre left) CPM with
graupel code error fixed (CPM_fix), for the standard unperturbed ensemdrhber. Also shown are
(centre) differences between the CPM _fix and CPM_UKCP responses, (centre right) the standard
deviation of responses across the originahd@mber UKCP CPM ensemble and (right) the difference
on fixing the error minus the ensembtarsdard deviation. 19 years of data for each of the future

(Dec 2060 to Nov 2079) and preselaty (Dec 1980 to Nov 1999) periods are used.

Impact on surface temperature

Presentday performance:

T

In winter, daily average surface temperature is colder in the fomdierun (CPM{ix),

leading to increased biasé®m observationover the northern Ukand reduced biases over
the southern UKFig3). Differences are greatest over northern Scotland, wherd_fixs
cooler by about 0.5, but these difference$or winter mean temperaturere smaller than
the standard deviation across the original UKCP CPM ensemdtblso are not considered
significant

Looking at cold winter days, differences are larger, WBM_fixhaving values that are
colder by 12'C than the originaCPM UKCP ruover northern ScotlandThese differences
are a similar magnitude docallylarger than the UKCP CPM ensemble stathdizviation
andthus are considered significant. Thagt toreduce overall biases, with the original
model (CPM_UKCP) tending to have cold winter days that are too warrd iy &er
Scotland.

The impact of the graupebdeerror islarger fornight-time (daily minimum) temperature in
winter (Fig4). INCPM_fixaverage winter nights are about 813C colder and cold winter
nights are about 2'C colder over northern Scotland compared to CRMCPThese
differences are significant compared to thaginal CPM ensemble spread (i.e. they are
larger than the ensemble standard deviation locally)generalfixing the graupetode

error acts to reduce biases in the CPM, with nighte temperatures teding to be too
warm compared to NCIC observations in the original UKCPrparticular cold winter



nightsover Scotlandre 4-7"C too warm in CPM_UKCP ad still1-4'C too warm in
CPM fix, but by cantrastare 5-8'Ctoo cold in the UKCP RCM.

1 These tenperature differences in winter are consistent with more lying snow in the fixed
coderun. There is also evidence of more cloud in the figederun, particularly in winter.

1 In summerthere is no significant impact of tlggaupelcodeerror on daily surdce
temperatures, both for mean values and hot summer d@igs).

Future changeésee summary Table:2)

1 In winter, future increases in mean daily temperature are very similar betwaie_UKCP
and CPM_fixwith differences in future changes less than'@®verywhergFig6). These
differences are considerably smaller than the overall future temperature asergrojected
by the UKCP runsvith the UKaverage impact of the graupebdeerror beingonly 0.1'C on
an overall futureprojectedtemperature increase of 8'C, and are smaller than the UKCP
CPM ensemble standard deviation everywhanel so are not condered significant

1 There is anore significantmpact on future changes for cold winter days, WitRM _fix
showing greater increases in temperature$-2"'Clocallyover parts of northern Scotland
(on an overall projected change albout3'C in CPM_UKERocally these differences can
exceed the UKCP CPM ensemble standard deviatidrso these differences are considered
significant at some locations

T Future increases in winter nigiitme temperature are also greater @PM_fixover northern
Scotlandcompared to the original CPNUKCRFig7). For average nightfuture increases
are increased b@.2-0.6'Cover northern Scotlandbut for cold winter nigts future
increases are greater p to 1-3"Clocallyover parts of the UK (with a mean response
difference of0.6"Cacross the British Isles an overall projected change »0'C in
CPM_UKQPLocally the impact of the graupebdeerror on future chages in cold winter
nights can exceed the CPM ensemble standard deviatiohso these differences are
considered significant at some locations

1 The greater increases in winter temperaturedfM fix, most apparent for cold winter days
and cold winter nigrg, are likely du¢o the meltingof more presentday lying snow

T In summer, there is no significant impact of the graugmdeerror on future changes in
dailymeantemperature(Fig8). Fordaily maximuntemperature(not shown), there is some
suggestion that future increases in temperature for dafytime value99" percentile of
daily maximum temperature) may be increased on fixing the gracmeerror by 0.51.5'C
locally over parts of the southast UK, but thse differences are smatlthan the UKCP
CPM ensemble standard deviatiof 1.7'C averaged over the British Islesid so not
significant compared to the ensemble spread
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Fig3. Presentday performance in representing the (top) mean daily temperaancde(bottom) cold

days (%' percentile of daily average surface temperature) in winter. Shown are (left) RCM model bias,
(centre left)original UKCP CPM model bias &rehtre)test CPM model bias with graupsbdeerror

fixed, for the standardunperturbed ensemble membeompared to NCIC observations. Also shown
(centreright) are differences betwedixed-code(CPM_fixand original CPMUKCRnd (right) the

standard deviation across the original-imber UKCP CPM ensemifeyears of data areised
corresponding to the period Dec 1980 to Nova99
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Fig4. Presentday performance in representing the (top) mean daily minimum temperature and
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(bottom) cold nights ELpercentile of daily minimum surface temperature) in winfeFig3, except
for daily minimum surface temperature.
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Fig5. Presertday performance in representing the (top) mean daily temperature and (bottom) hot

days (99 percentile of daily average surface temperature) in summeFig3 except for daily
average surface temperatuand hot daysin summer.
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Fig6. Future changes in (top) mean daily temperature and (bottom) cold d&y®(tentile of daily
average surface temperature) in winter. Shown are responsé€efrRCM, (centre left) original
UKCP CPM and (centte$t CPM with graupetodeerror fixed, for the standard unperturbed
ensemble member. Also shoare (centre righj differences between fixeztbde(CPM_fixand

original CPMUKCPResponses and (right) the standard deviation of responses across the original 12

member UKCP CPM ensembf®years of data for each of the future (Dec 2060 to Nowpand
presentday (Dec 1980 to Nov 199periodsare used.
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Fig7. Future changes in (top) mean daily minimum temperature and (bottom) cold nights (1
percentile of daily minimum surface temperature) in winterF$, except for daily minimum
surface tempgature.
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Fig8. Future changes in (top) mean daily temperature and (bottioot)days (99 percentile of daily
averagesurface temperature) inummer AsFig6, except for dailaveragesurface temperaturand
hot days, in summer



Impact on hourlyrecipitation
Presentday performance

1 Inwinter, CPMfix is wetter than CPMJKCRespecially over high terrainesulting in
increased biases in winter mean precipitati@2% versud.6% Fig9). Locallythe impact of
the graupelcodeerror may beconsidenblylarger than thestandard deviation across the
UKCP CPM ensemlalad so significant at some locatio$owever, liases in the CPM are
still substantially less thaior the RCM (3%, Fi@), and he big improvement in the
representation ohourly precipitation occurrence going from RCM to CPM is still apparent
for CPM fix (40% bias in RCM versuB-12% in CPMFigl10). Although the actual biases
vary, the sense of these differences is robust toiagdanore years of dat@lrable3), but it
should be noted that the available data years differ between the model simulations and the
observations (Fi§). In generalyoot mean square differences across the UK on fixing the
graupel code error are larger thahe ensemble spread for the frequency, intensity antl 99
percentile of hourly precipitationbut CPM fix minus CPMUKCP differencesre
considerablysmaller than CPM minus RCM differences.

1 In summerdifferences between CPMix and CPMUKCP are smdtr the mean 99"
percentile andrequency of hourly precipitatiofFig 11 & 12). Dfferencesare smaller than
the standard deviation across the UKCP CPM ensemble everyvametso the effect of the
graupelcodeerror is not considered to be significarithere is some suggestion that the
mean intensity of wet hourmay be slightly lower i€PM_fixleading to biases reduced
from 23% to Ir%, Fig 2) but there is still an overestimation of precipitation intensity in
summer in the CPNhs discussed in Kendet al, 2019) contrasting with a tendency for
the RCM to underestimate precipitation intens{tyiases 0£25%). Locally differences in
summer precipitation intensity on fixing the graupel can exceed the UKCP CPM ensemble
spread, and so are significarttsbme locationsAgain these results are qualitatively
consistent on adding more years of data.

3y-6y-9y-12y- RCM CPM_UKCP CPM_fix

16y-19y

DJF Mean RMS | 50-41-33-35-32-31 36-26-19-20-17-16 43-34-25-26-23-22
(%)

DJF Freq RMS | 50-48-41-43-40-40 13-11-10-10-10-10 19-17-11-13-12-12
(%)
DJF Intensity | 131415151515 262020191817 242019181817
RMS (%)
JJA Mean RMS | 25:19-17-17-19-19 1913-13-12-14-14 19-13-1512-14-14
(%)
JJA Freq RMS (9 45-38-31-38-41-40 17-20-25-19-18-19 17-19-24-1817-18

JIA Intensity | 24-22-2524-25-25 252824-24-2323 21-22-181917-17
RMS (%)

Table3: Convergence of results looking at presgéay model performance for hourly precipitation
metrics on adding more yearsmibdeldata from3 to 19 years. Performage is measured using the
root mean square bias (RMS) over the UK, for the model compared to the CEHGEAR observations.



Future changegsee summary Table :2)

1 With 19 years of datafuture changes in mean winter precipitation are very similar between
the original and fixeeodeCPM rungFig B). There is some suggestion that future increases
may be slightly reduced iGPM_fiX25% increase over land DPM UKCRompared t022%
increa® in CPMfix). Individual modelesponses vary considerably on aalyimore years of
data, due to the effects of internal climate variabjlitbut CPM fix consistently shows
smaller future increases in mean winter precipitation than CBMCHRTable4). The
differencesbetween the CPMfix and CPMUKCResponseshowever,are smaller than the
standard deviation of UKCP CPM ensemble and thus are not significant in the context of the
ensemble spread (Fi@)l They are alsoonsiderably smaller than the differergleetween
the CPM and RCM responses, with the RCM showing a muadlesincrease in mean
winter precipitation over land @% increase) compared to either CPM.

1 Gonsistent with the results above, the graupeldeerror has only a small impact on future
changedo the frequencyand mean intensity of wetours in winter(Fig #). CPM_fix
consistently shows smaller future increases in mean wihtarrly precipitationoccurrence
than CPM_UKCP on adding more years of data (Aaldat the differencein responses is
considerablysmaller than the standard deviation in responses across the UKCP CPM
ensemble (Fig4). The much greater increases terrestrial winter precipitation occurrence
in the CPMcompared to the RCMare still apparent.Over land, winter precipitation
frequency ncreases by 8% in the originaCPM UKCPand 15% in the CPMix, compared to
only 2% in the RCM.

1 Future changes isummer precipitation ar@ot significantly differenbetween the original
and fixedcodeCPM runs, fothe mean, intensity andrequency of hourly precipitatiofwith
differences all smaller than the UKCP CPM ensemble sgfemdb & 16). Future decreases
in summer mean precipitation remain similar between the CPM and R@% decrease in
CPM UKCP25% decrease in CPKix and24% decrease in RCM). Future increasdhen
mean wet houiintensityin summeremain significantly larger in the CPM compared to the
RCM 10% increase in the CPM comparedfd increase in the RCM).

3y-6y-9y-12y-16y- RCM CPM_UKCP CPM_fix

19y

DJF MeaitChangg%) | 2-3-11-12-14-12 9-11-20-21-26-25 6-9-18-19-24-22

DJF Fre@hangg%) | 4-(-2)-4-4-4-2 12-9-16-17-20-18 7-6-13-15-17-15

DJF InterfChangg%) | (-2)-5-7-9-10-10 (-2)-2-4-4-5-6 (-1)-3-4-4-6-6

JJA MeailChangg%) | (-5)-(-19}(-17)}(-27) | O-(-16)}(-15}(-28)}(- | (-2)(-17)}(-16)-(-29)
(-24)(-24) 24)(-24) (-25)(-25)

JJA Fre@hangdg%) | (-11)-(-20)-(-20)-(- (-10)-(-20)-(-20)-(-30) | (-11)-(-21)-(-22)-(-
28)(-27)}(-27) (-30)(-31) 31)}(-31)}(-32)

JJA InterChangg%) | 7-1-2-0-4-4 11-5-6-3-10-10 10-5-6-4-10-10

Table4: Convergence of results lookifugure changes itourly precipitation metrics on adding
more years omodeldata from3 to 19 years.Shown are average changes (in %) over land regions



UKCP RCM STD bias meal UKCP CPM STD bias mean, CPM_fix (19y) bias mean CPM_fix - CPM_UKCP mean UKCP CPM ensemble spread mgan
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Fig9. Presentday performance in representirige (top) mean and (bottom99™" percentile ohourly
precipitation in winterShown are (left) RCM model bias, (centre left) original UKCP CPM model bias
and (centre}est CPM model bias with graupebdeerror fixed, for the standard unperturbed

ensemble member compared to CEHGEAR observations. Also shown (centre right) are differences
betweenthe fixed-code(CPM _fixand original CPMUKCRnd (right) the standard deviation across

the original 12member UKCP CPM entble.For all model49 years of data are used corresponding

to the period Dec 1980 to Nova® For CEHGEAR years of data (1992014) are used.
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Fig10. Presentday performance in representing the (top) frequency and (bottom) intensity of hourly

precipitation in winter. Agig9, except for the frequency and mean intensity of wet hours, defined as
hours with at least 0.1mm/h.
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Fig11. Presentday performase in representing the (top) mean and (bottomy @@rcentile of
hourly precipitation in summer. A&38g9, but for summer
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Fig 2. Presentday performance in representing the (top) frequency and (bottom) intensity of hourly

precipitation in summer. Asg 9, except for the frequency and mean intensity of wet hours, defined
as hours with at least 0.1mm/ln summer
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Fig B. Future changes in (top) mean and (bottomY'@@rcentile of hourly precipitation in winter.
Shown aregesponses (%) f@left) RCM, (centre left) original UKCP CPM and (ceéaseFPM with
graupelcodeerror fixed (CPM_fix), for the standard unperturbed ensemble member. Also shown are



(centre righj differences in responses between CPM_fix and CPM_UKCP and (right) the standard
deviation of responses across the originahi@mber UKCP CPM ensemhifeyears of datdor each
of the future (Dec 2060 to Nov 29 and presentiay Oec 1980 to Nov PD) periodsare used
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Fig 4. Future changes in (top) frequency and (bottom) intensity of hourly precipitation in wister.
Fig13, but for frequency and intensity of hourly precipitation.
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Fig B. Future changes in (top) mean and (bottomY @@rcentile of hourly precipitation in summer.
As Fidl3, but for summer.
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Fig . Future changes in (top) frequency and (bottom) intensity of hourly precipitation in sussner.
Fig13, but for frequency and intensity of hourly precipitation in summer.



Impact on precipitation extremes

As above, theesultshere are based onsing19 years of datdrom a single ensemble memhbeand
sothe estimation of return levels is subject to uncertaintiherefore we focus on relatively modest
extremes, specifically the-year and 5year return levels of hourlgnd dailyprecipitation.In order

to assess whether the impact of the graupeteerror is significant, we compare differences on
fixing the graupel withhie spread across the original-t®mber CPM ensembl&he key results are
as follows:

Hourly precipitation extremes

1

The gaupelcodeerror has a significanimpact on presentiay return levels of hourly

precipitation extremes, even in summemd a smallebut significantimpact on future changes.
Presentday 2year and 5Syear return levels are reducdzy about 20% on average across the UK
on fixing the graupetodeerror. This is the case on using data from all seasons and on using data
just from summerwhichfor hourly extremedargely dominates the aifear result Figs ¥ & 18).

The magnitude of the differences on fixing the graupmleerror are larger than the original
UKCP CPM ensemble spread across almost all of t(ietike 5year return levethe Uk

average difference on fixing the graupel i8 B&uim/h compared to an ensemble standard
deviation ofl.6 mm/h, Fig 7).

Futureincreasesn 2-year and Syear return levelsare slightly greater @6 increase becomes

36% increase for4year return levelpn fixing theerror (Fig B). In the case of thefyear return

level these differencesire of a similar magnitude to theriginal UKCP ensemble spread in

future changes (Fig9). Similar results are sedar summer (Fi@0): in this case the ensemble
spread is larger, but the impact of fixing the error can still exceed the ensemble standard
deviation locally.

Preliminary results looking at the 4@ar return level of hourly precipitation extremes (not
shown) suggest thahe impact of the graupel code error on the-§6ar return level is very

similar to that for the Syear return level with about a 225% reduction in the presesttay

value anincrease in the future changéom 28% to 36%pand the difference in upliftef a

similar magnitude tdhe ensemble standard deviation. With onlg-fears of datdrom a single
ensemble memberit is not possible to investigate the impact of the graupel code error on
longer return period events.

The above results indicate that theeis a significant impact of the graupel code error on present
day return levels of hourly precipitation extremes and, although to a lesser extent, their future
changes. If all ensemble members are impacted by the graupel code error in a similar way to thi
singlemember test there may be a systematic shift in the ensemble projected change of about
5-10% which could be important for somapplications

Daily precipitation extremes

T

The impact of the graupebdeerror is less for dailgrecipitation extremes than hourly
precipitation extremeskor daily extremeshe graupelcodeerror has assmall, but locally

significant impact on presentday return levelsbut (in contrast to hourly extremgsioes not

have a significant impact dature changes.

Presentday 2year and 5year return levels of daily precipitatiaxtremesare reduced by about

5% on average across the UK on fixing the gracqmgerror (Fig21). These differences are

larger thanthe original UKCP CPM ensemble spread over western areas, and so are significant
locally.



1 Future increases in-gear and Syear return level®f daily precipitation arenot significantly
impactedon fixing the erroy with differences smaller than the ginal UKCP CPM ensemble
spread(Fig 2). In this case return levels in the preseddy and future periods are impacted
similarly by the graupel code error, and compensate each other to give a little impact on the
future change.
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Fig I7. Presertday 2year and Syear return levels ainnualhourly precipitation extremes. Shown
are results for (left) original UKCP Cgtethdard member(eft centre) CPM with graupebdeerror
fixed, (centreright) thedifference(CPM fix minusCPM UKCPand (right) the standard deviation
across the original UKCP-gf2mber CPM ensemblé&9 years of data are used corresponding to the
period Dec 1980 to Nov 99. Extremes are calculated using daily maximum hourly precipitation
data, from all seasons.



Graupel test fix vs pre-fix: pr_hrdymax r001i1p00000 TS1 JJA
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Fig 8. Presentday 2year and Syear return levels of summer hourly precipitation extrendaskig
17, butextremes are calculated using daily maximum hourly precipitation data, from summer only.

Graupel test fix vs pre-fix -- uplifts: pr_hrdymax r001i1p00000 ALL

2-yr uplift pre-fix; areal mean = 1.28 2-yr uplift post-fix; areal mean = 1.32 Post-fix less pre-fix; areal mean = 0.05 Pre-fix ensemble sd; areal mean = 0.08
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Fig 0. Future changes in-gear and Syear return levels adnnual hourly precipitation extremes.
Shown is the ratio of future to presedéy return levels (RL uplift) for (left) original UKCP CPM
standard member(centreleft) CPM with graupedodeerror fixed, (centreright) thedifference



(CPM fix upliftminusCPM_UKCP upliftand (right) the standard deviation of RL uplifts across the
original UKCP thember CPM ensemblé&9 years of data are used corresponding to the period Dec
1980 to Nov 199 for presentday and Dec 2060 to Nov Zhfor future. Extremes arealculated

using daily maximum hourly precipitation data, from all seasons.

Graupel test fix vs pre-fix -- uplifts: pr_hrdymax r001i1p00000 JJA
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Fig20. Future changes ingear and Syear return levels of summer hourly precipitation extrendes.
Fig 1, butusing daily maximum hourly precipitation d€tom summer only.



Graupel test fix vs pre-fix: pr_dy r001i1p00000 TS1 ALL
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Fig21. Presenday 2year and Syear return levels of annual daily precipitation extremes. AsFig 1
but for daily precipitation extremes. Extremes are calculated using daily mean precipitation data,
from all seasons.

Graupel test fix vs pre-fix -- uplifts: pr_dy r001i1p00000 ALL
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Fig 2. Futurechanges in Zear and Syear return levels of annual daily precipitation extremes. As
Fig 1, but for daily precipitation extremes. Extremes are calculated using daily mean precipitation
data, from all seasons.



