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Comparison of climate change and climate impact metrics over the UK for the UKCP09
and UKCP18 RCM-PPE ensembles, within a broader context of climate modelling
uncertainty

Abstract

This report analyses and compares metrics using processed daibutfatafrom the regional climate model
(RCM) perturbed parameter ensemble (PPE) components of two recent UK Climate Projections projects, namely
UKCP18 (the most recent UKCP release) and UKCPO09 (the previous release). The metrics considered include
daily meteorological variables output directly from the REWREs plus climate indices derived from the daily
temperature and precipitation fields, at gpinint scales and aggregated over UK country regions. To place these
RCM-PPE results in a broader modellingcertainty context, results are compared to a muttilel ensemble of

13 selected CMIP5 global projections, analysed in a similar way using available daily data. Where feasible, results
are also compared against the probabilistic projections componetQ@R® 18, to strengthen this context (this is
feasible only for time averages of some meteorological variables, but not derived climate index metecs).
analysis considers future changes in the metrics of interest throughsti@egtury relative to a psemday

baseline of 1982000 with a focus on changes at specified global warming levels ranging through 1.5, 2, 3 and 4
°C relative to preindustrial.

No bias corrections are applied to any of the input model data but, where possible, we show hovelibd mod
variables compare with observational data taken from a National Climate Information Centre (NCIC) dataset for
the presentay baseline period. Present day biases with respect to NCIC are computed and encapsulated in the
graphical output for as manyatrics as possible to help inform conclusions on the reliability of projected future
changes. We also draw some comparisons of results with a recently completed study by Hanlon et al. (2020) that
considers an overlapping set of metrics for UKCP18 RERE esults only but (in contrast to the present report)
applies bias correction to the daily input data.

Conditioned on specifiedlobal warming levelsUKCP18 RCM-PPEresultsexhibit relatively lower regional
warming over the UK thalKCPO9RCM-PPEresults Both tend to lie at the high end of the range of CMIP5
13 regional warmingsPrecipitationchanges generallgxhibit eccentuatedncreass in winter and decreaseén
summer iNUKCP18RCM-PPEcompared taJKCPO9RCM-PPEresults RCM18-PPE showmore potentiafor
winter dryingin some regionthanUKCPO9RCM-PPEor CMIP5-13 results.The deepest summer lows tend to
becomesomewhatess intense iWKCP18RCM-PPEas the climate warm&robabilistic projectiorresultsare
considered in the comparisoasly for metics involving regional mean time mean response of meteorological
variables for which theygenerally give the widest ranges of plausible projected outcomes. Notable exceptions
this arefor the accentuated spring warming response in UKCP09 R€H andchanges in cloud amount and
surface radiation iVKCP18RCM-PPEthrough the year, whicAre mostly outlierselativeto theprobabilistic
projection range. For metrics involving projections of climate indices derived from daily temperature and
precipitation some aspects of the analysis indicate outcomes from UKRELMBPPE(e.g. increased occurrence

of summer and autumn tropical nights in urban conurbations, more dry days in summer and autumn, increased
maximum length ofiry day spellsn autumnJower aveageprecipitation orwet day in summey lie outside the
ranges of UKCPORCM-PPEor CMIP5-13, implying the potential foimpactsmore severe than in previous
assessments.

An importantcaveatto this workis that the RCMPPEs are not the only modelling cpoment available from
UKCPO09 and UKCP18. The analysis conducted here, while representative, is not exhaustive amseétalyd
be extended in various ways. In particular, comparison against results from the Us@®&8tionpermitting
ensemble (Kendontal. 2019) wouldtlearlybe a \aluableextensiorto this work

A large downloadable collection of graphics files is available, which compares the metrics considered here across
the different source streams in multiple ways (as time series, box plotsag®). rit is hoped that this resource

will be useful to others. This report shows only a small fraction of the thousands of graphics files that are
potentially available for study.



1. Introduction

1.1 Summary of methodology

The analysis underlying this reportshibeen constructed primarily around the availability of
datasets of daily meteorological variables (temperature, precipitation, 10m wind speed, sea
level pressure, etc.) from both UKCP09 and UKCP18 RERIES. The associated data fields
from these UKCP RCMare analysed using their native model resolutions: 12km (UKCP18)
and 25km (UKCP09). Native model resolutions of CMIP5 models vary, so for convenience in
the case of CMIP5 input data we use processed-éaeraged) daily data available on a
common 60km redution grid rather than at the native model resolution of each model.

The RCMPPE data streams are considered the best available sources for the purpose of direct
inte-comparisons at a daily timescale between UKCP18 and UKCPQ9 and, being of relatively
high spatial resolution, the RCM model data should be able to capture UK weather variability
much better than global model outputs. It should be noted that other UKCP09 and UKCP18
data products are available besides the RRFE products that are the prim&ogus of this

report, e.g. see Lowe et al. 2018; Fung and Gawith 2018.

We concentrate in this report on differences seen in the response in th RE®bmponent

of UKCP18 compared to the RCWMPE component of UKCPQ9 that potentially have
implications for @anges in implied downstream impacts and assessed UK climate risks,
particularly those differences that are outside the range of what other results (including CMIP5
models and the probabilistic component of UKCP18) might suggest. While the daily data
availability from the CMIP513 ensemble used here is somewhat patchier than for the UKCPQ9
and UKCP18 RCMPPEs, it is good enough to provide very useful additional context in much
of the analysis.

1.2Nomenclature: data sources used and global warming levels

For brevity, weadoptthe following naming conventions in the text throughout the rest of this
report to denote the different alternative model and observationally based input data sources
(and metrics derived from them) that are used in the analysis.

NCIC Observationbased gridded daily data for the UK produced by the National
Climate Information Centre, ExetéPerry et al. 2009

RCMO09-PPE [09] The 1tmember RCM perturbed parameter ensemble component of
UKCPO09 with a native resolution of 25 Kiurphy et al.2009)

RCM18-PPE [18] The 12member RCM perturbed parameter ensemble component of
UKCP18 with a native resolution of 12 kialurphy et al. 2018

CMIP5-13[C5] A selected 13nember ensemble of CMIP5 global climate models with much
coarser native resolutisrfLowe et al. 2018, Murphy et al. 20118

PDF [PR] The probabilistic projections component of UKCP18 (Murphy et al. 2018)

X-axes of the box plot graphics files shown in the report are labelled witkcter&cter names
A09 o0, il180, i C5 0 asaRCMO9PPE RECM18APE, CMIB513rardaPdDF
respectively.



Specific global mean warming levels are represented in shorthand notation as follows (these
shorthands are used in the titles of graphics and sometimes in the text below):

GWL 15 [1.5,15] 20-year man time slice for global warming of 1% relative to pre
industrial

GWL 20 [2.0,20] 20-year mean time slice for global warming of 20 relative to pre
industrial

GWL25 [2.5, 2§ 20-year mean time slice for global warming of 2@ relative to pre
industrial

GWL 30 [3.0,30] 20-year mean time slice for global warming of 30 relative to pre
industrial

GWL 40 [4.0,40] 20-year mean time slice for global warming of 40 relative to pre
industrial

1.3Graphicsavailablein association with this report

The main product of the analysis, apart from this report, is a large collectigrautiical

results,in total comprising over 12000 distinct files. While this document is intended as a
general summary of the key results, it does not attempt to covertelitipdly informative

aspects that can be discerned from these files. The interested reader is therefore encouraged to
explore the available graphics directly to follow up pertinent questions. This subsection gives

a technical overview of the complete eallion of supporting graphics files including basic
guidance on how to interpret the different styles of plots available.

Appendix A describes how to access the full collection of graphics files and CSV files that
contain associated data for some of thepics. The content is organised into a number of
folders as described below.

Time series graphiosomparing RCMO9PE and RCP1®PE results

A ts_10up_pdf -10-up plots (annual and 4 seasons) in pdf file format
A ts_10up_png - 10-up plots (annual and deasons) in png file format
A ts_2up_pdf -2-up plots (annual or single season) in pdf file format
A ts_2up_png -2-up plots (annual or single season) in png file format

Box plot graphics comparing RCM@2PE, RCP1&PPE and CMIPEL3 results

A boxplots_pd - 4-up plots (England, N. Ireland, Scotland, Wales) in pdf file format
A boxplots_png - 4-up plots (England, N. Ireland, Scotland, Wales) in png file format

Box plot graphics comparing RCM@2PE, RCP1&PPE, CMIP513 and PDF results

A boxplots Is1 pdf -4-up plots (England, N. Ireland, Scotland, Wales) in pdf file format
A boxplots_Is1_png -4-up plots (England, N. Ireland, Scotland, Wales) in png file format

Map plot graphics comparing RCM@2PE, RCM18PE and CMIPEL3 results

maps_9up_pdf 9-up plots(high, median and low response) in pdf file format
maps_9up_png 9-up plots (high, median and low response) in png file format
maps_12up_pdf 12-up plots (median response at 4 GWLSs) in pdf file format
maps_12up_png 12-up plots (median response at 4 G¥Ylin png file format

v I > >



Below the top level folders is the variables level, consisting of results relating to the following
13 basic model output variables (daily means unless otherwise indicated):

1 clt total cloud amount

1 hurs nearsurfae relative humidity

1 huss nearsurface specific humidity

1 pr total precipitation

1 psl pressure at mean sea level

1 rls net surface longwave radiation

1 rss net surface shortwave radiation

1 tas dailymean surface air temperature

1 tasmax daily max surface air temperature

1 tasmin daily min surface air temperature

1 uas eastwards component of 10m wind speed
1 vas northwards component of 10m wind speed
1

WSS 10m wind speed

€ a thelfollowing 22 derived climate indices, computed over annual and seasonal periods
using the given thresholds/formulae:

ecacd cooling degree days (tas > 22 °C)

ecacdd maximum consecutive dry days (pr < 1 mm)

ecacfd maximum consedive frost days (tasmin < 0 °C)

ecacsu  maximum consecutive summer days (tasmax > 25 °C)
ecacwd maximum consecutive wet days (pr > 1 mm)
ecacwd10 maximum consecutive very wet days (pr > 10 mm)
ecacwd20 maximum consecutive extremely wetya(pr > 20 mm)
ecaetr extreme temperature range (max(tasmaxjpin(tasmin) in the period)
ecafd frost days (tasmin < 0 °C)

ecagd growing degree days (tas > 5.5 °C)

ecahd heating degree days (tas < 15.5 °C)

ecaid ice days (tasmax < 0 °C)

ecarrl  wet days (pr > 1 mm)

ecarrl0 very wet days (pr > 10 mm)

ecarr20 extremely wet days (pr > 20 mm)

ecarxlday maximum Xday precipitation (no threshold)

ecarx5day maximum 5day precipitation (no threshd)

ecasdii  simple average wet day precipitation (pr > 1 mm)
ecasdiil0 simple average very wet day precipitation (pr > 10 mm)
ecasdii20 simple average extremely wet day precipitation (pr > 20 mm)
ecasu summer days (tasmax > 25 °C)

ecatr tropical nights (tasmin > 20 °C)

= =4 4 -89 _9_9_9_95_29_2_2_-2:_-2_-2_-2_-2_-2_-2_-2._-2_-°

The 22 metrics above were mostly computed u€ibg operatorgSchulzweidaand Quast,
2015) developed fahe European Climate Assessm@naCA) project operating on inputs of
daily data for temperature §atasmax, tasmin) and precipitation (pr) in netcdf format



In the time series 2Qp folders, boxplots and maps folders the graphics files are in a flat
structure below the variable/metric level, but in time seriap Bolders an additional level is
included corresponding to the 4 separate home countries and 5 other regions, i.e.:

1 England, Northern_lIreland, Scotland, Wales (home countries)
1 England_and_Wales, Channel_Islands, Isle_of Man, UK, Irgkzgidns)

Time series filenames are of the follogiformat for the basic model variables:

A 10-up: {variable} time{time_stat} {region} {region_stat}.{png|pdf}
A 2-up : {variable} {period}{time_stat} {region} {region_stat}.{png|pdf}

or the following format for derived climate indices:

A 10-up: {variable} {regin} {region_stat}.{png|pdf}
A 2-up : {variable} {period} {region} {region_stat}.{png|pdf}

Box plot filenames are of the following format for the basic model variables:
A boxplot_{variable} {period}{time_stat} reg{region_stat}.{png|pdf}

or the following formator derived climate indices:
A boxplot_{variable} {period} reg{region_stat}.{png|pdf}

Map plot filenames are of the following format for the basic model variables:

A 9-up: maps_{variable} {period}{time_stat} SWL{global_warming_value}.{png|pdf}
A 12-up: maps_{vaable} {period}{time_stat}.{png|pdf}

or the following format for derived climate indices:

A 9-up: maps_{variable} {period} SWL{global warming_value}.{png|pdf}
A 12-up: maps_{variable} {period}.{png|pdf}

where {variable} is the variables short name as aboweg{r i od} takes values
AMAMO, AJJAO or ASONoO, {time_stat} and {regi
and {global warming_ value} takes valwues " 15"
levels GWL15, GWL20, GWL25, GWL30 or GWL4MDetails of the methodology for

mapping input daily time series onto specific global warming levels are described in Appendix

B.

Processing over the time dimension (time mean, max or min over the period concerned at each
grid point, represented by {timetas}) always happens before processing over the regional
domain, a point that is important to bear in mind when looking at the results. Note that climate
indices always involve inherent processing over the time dimension, which occurs before
regional dataeduction, so {time_stat) does not apply in their case.

All {region_stat} options (mean/max/min) are included in general except for the
Channel_Islands region, which is sghdscale in the models leading to essentially no
distinction between regional meamax and min. Only one file, arbitrarily labelled either
Ameano or fAmaxo, is therefore kept in the ti

If navigating through time series results it is recommended to start wittup fl@mat folder
(either png or pdf deending on what works best in your chosen browser) as that will give a
broader view. Navigating to theup format folder would then give a closer (zoomed) view of
specific metrics of interest.



With regard to missing input data, CMI23 has more data gapsan RCMO09PPE and
RCM18-PPE (see Appendix C). As well as medependent and variabtiependent gaps in
CMIP5-13, the number of ensemble members reaching the higher global warming levels tends
to diminish, as documented in Appendix B.

Interpretation oftime series plots
See example 1Qp time series plot (Fig. 1.1):

Figure 1.1: Time series of annual and seasonal mean changes in daily maximum temperat(r@aximum
grid point value) for England and Walescomparing RCM09-PPE and RCM18PPE



Results are expssed as ensemble time series, showing all individual ensemble members
(black lines), ensemble mean/median (red/green lines) and ensemlep2scentile range
(IQR, light green shading) at annual time resolution over the different projected time range in
RCM18PPE (1982080 for the RCP8.5 scenario) and RCMERE (195€2100 for the A1B
scenario), for different country regions. (CMIRS results are not shown in time series plots
for simplicity.) The time series are normalised to the respective ensendnis meer the 1981

2000 baseline period and zezbange is shown as the black dashed line.

For variables and regions for which NCIC observational data are available, differences between
the RCM18PPE and RCMO®PE model ensemble means and the correspohdh@ data

for the 19812000 baseline period have been computed; these are given in square brackets near
the top of each panel of the figure. The numbers indicate the offset between the black dashed
zerochange line and observational estimates of the sametity, positive values meaning

that the model ensemble mean overestimates the NCIC mean for the baseline period. NCIC
observations areno6t available for the whol e
include NCI C bi as édaveacobuntérgartin theeNCIiCadialsee. s don o6t

Interpretation of box plots
See example box plot (Fig. 1.2):

pr: England mean pr: Northern_Ireland mean pr: Scotland mean pr: Wales mean

SON SON SON SON
60 mean mean mean mean

oiiléagééé@éﬁaﬁé .i.lﬁﬁﬁ.éa.@ﬂ.gaﬂﬁg i?g@ﬁa@éaagé '?'"%'B'@éé'ﬁ@éaﬁ'?é
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0918C50918C5PR 0918 C5PR 0918 C5PR 0918C50918C5PR 0918 C5PR 0918 C5PR. 0918C50918C5PR0918C5PR 0918 C5PR 0918C50918C5PR 09 18C5PR 09 18 C5PR.
PRES 2.0 3.0 4.0 PRES 3.0 4.0 PRES 3.0 4.0 RES 2. 3.0 4.0

% change wrt 1981-2000

Figure 1.2: Autumn (SON) mean precipitation changedor England, N. Ireland, Scotland and Wales
(regional meang, comparing RCM09-PPE, RCM18-PPE, CMIP5-13 and PDF

All results are expressed as bokiskers for 26year mean time slices of the given variable at
GWL20, GWL30 and GWL40 for each ensemble member of RCRIBE and RCM1#®PE,
plus CMIP513 and PDF (if results are available for the given végjali he resulting number

of ensemble members varies according to warming level as documented in Appendices B and
C.

The values plotted are differences with respect to a correspondiepPhean over the 1981

2000 baseline period for each ensemble. Bbi@nge with respect to the baseline period is the
black dotted lineData values close th0" and 9" percentilesof the datadistribution are
shown by the whiskerdor a large enough sample size), the7B84% interquartile range (IQR)

of data values ishown as a shaded box (RCMB®E in light blue, RCMI®PE in pink,
CMIP5-13 in light green, PDF in grey) and ensemble median value as a black horizontal line
within the box. Results are plotted left to right in increasing order of global warming level
(GWL20, GWL30, GWL40) as indicated below th@xis. The four home countries (England,

N. Ireland, Scotland and Wales) are plotted left to right in separate panels.

For variables for which NCIC data are available, differences between the RERHES
RCMO09-PPE(and CMIP513 if available) ensemble members and corresponding NCIC data
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for the 19812000 baseline period are shown in the first two (or three)dogkers at the left

hand side of each panel (labelled PRES below-es). RCMO9SPPE biases are in dakue,
RCM18-PPE biases in red, CMIPB biases in dark green (note that PDF biases are omitted
as they werenot -mostrbpxast ieincluded, felp e¢osjuege Ithe fahge of
preserdday biases in the model ensembles in relation to the clirhatege signals shown in

the remainder of the figure. As for the time series plots, positive values indicate that the model

ensemble members overestimate the NCIC mean for the baseline period.
Interpretation of map plots
See example-8p map plot (Fig. 1.3):

ecagd: JUA GWL30
RCMO09-PPE . # RCM18-PPE . f CMIP5-13 . #
High response & High response & High response &

RCMO09-PPE ¥ RCM18-PPE ¥ CMIP5-13
. Median response & Median response &

Median response

RCMO09-PPE ¥ RCM18-PPE ¥ CMIP5-13 ¥
Low response & Low response & Low response .

0.0 0.5 1.0 15 20 25 3.0 35 40 45 50
Growing degree days, degC day x 100

Figure 1.3: Summer (JJA) growing degreeday changes aGWL30 (high, median and low responses)
comparing RCM09-PPE, RCM18-PPE and CMIP5-13

In 9-up map plots, results shown are fory@ar mean time slices of the given variable centred

on the years whei@ne of the specified global warming levels (GWL15, ..., GWL40) is reached.

A given file shows results for one warming level (e.g. GWL30), one time period (ANN, DJF,
MAM, JJA or SON) and either the mean/max or min over the time period for the basicasriabl
(e.g. tas and pr). The three ensembles RCFBE, RCM18PPE and CMIPA.3 go from left

to right (note that the PDF response canot

8



high response, median response and low response within each enserablegrid point are
shown. The median response is simply the median value at that grid point within the available
ensemble. High and low responses are the fitted 90th and 10th percentiles of a frequency
distribution defined by the set of N ranked data galat each grid point if the ensemble size

is 7 or more (where sample x represents percentiig*@00/N; cf. Murphy et al. 2018 Fig

5.4a), or the maximum and minimum values within the data values for an ensemble size of 6
or less. As for box plots, theumber of ensemble members available varies according to the
warming level.

See example X@p map plot (Fig. 1.4):

ecacdd: SON Median response

RCMO09-PPE . RCM18-PPE . CMIP5-13 .
GWL40 # GWL40 y 4' GWL40 *

RCMO09-PPE . RCM18-PPE . CMIP5-13 .
GWL30 # GWL30 # GWL30 #

RCMO09-PPE . RCM18-PPE . CMIP5-13 .
GWL20 # GWL20 # GWL20 f

RCMO09-PPE . RCM18-PPE . CMIP5-13 .
GWL15 # GWL15 # GWL15 #

-3 -2 -1 0 1 2 3 4 5 6 7
Consecutive dry days (<1 mm), days

Figure 1.4: Autumn (SON) Maximum Consecutive Dry Days median responses &WL15, GWL20,
GWL30 and GWL40, comparing RCM09-PPE, RCM18-PPE andCMIP5-13

In 12-up map pla, results shown are the median valaely, at four different global warming
levelsGWL15, GWL20, GWL30 and GWL40, running from bottom to.t&ach file shows
results for one time period (ANN, DJF, MAM, JJA, SON), and eithemymaax or min over
the time period for the basic variables such as tas and pr. The three ensemblesHREYI09
RCM18-PPE and CMIPA.3 again go from left to righThis style of plot is useful for gaining



an overall comparative view of responses across GNLs$n this report we mostly show 9
up map plots at a single GWL in preference as they reveal more about the ranges of response.

In both Qup and 12up map plots, the values plotted are differences with respect to a
corresponding 2@ear mean over the 19&D00 baseline period in the same manner as for the
box plots.

1.4 Caveats to the analysis

The following caveats are noted in conjunction with the assessment of results of this analysis:

i.  As previously mentioned, both UKCP09 and UKCP18 include sigrsfreamls within
their experimental designs besides the REME components that are the subject of
this report. Those other strands are not necessarily encompassed in a given result.

ii.  Uncertainty due to climate model structural uncertainty is not explorettiénRCMO09
PPE or RCMIBPE results on their own as they are both based on a single model. This
is mitigated by including results from the CMIP3 ensemble in some of the plots,
which samples model structural dimension to some extent, but it should be
recognised that CMIR&3 models are of a much coarser spatial resolution than either
RCMO9PPE or RCMIBPE so they may not be expected to capture physical responses
that depend critically on resolving orography and other spatial detail over the UK, such
as agographic enhancement of precipitation or urban heat island effects.

iii.  The ranges of timelependent global and regional climate warming differ between
the RCMOPPE and RCMEPE, partly because each ensemble samples different
ranges of climate response (panit of global warming), and also because the two
ensembles are forced by different scenarios. These factors affect the simulated
response significantly when framed in terms of a time horizon as in time series analysis
plots. This issue is mitigated byegenting analysis (box plots) framed in terms of
specified GWLs in addition to the time series that are framed by time horizon.

iv.  No bias correction is applied to any input data; for any given variable, regional biases
in the present day representation mayfluence the modelled future trends (e.g. for
temperaturerelated indices that involve passing a fixed temperature threshold). This
effect adds some uncertainty to the conclusions which is not explicitly assessed, i.e.
results are presented and interpralemostly at face value although, where possible,
regional mean biases over the present day baseline period (2080) are presented
in the plots to inform interpretation of the results as they relate to future changes.

v. In determining the year ranges fante slices of data corresponding to a given global
warming level (for example GWL20), ay&ar running mean was used to smooth the
annual global mean warmings in the GCM run (i.e. the global model run corresponding
to the RCM run in the case of RCMRBEand RCMOPE, or the GCM run itself in
the case of CMIRE3 runs) and 2§ear data time slices were extracted centred on
the year of first exceeding the threshold warming value. This method differs slightly
FNRY (KS YSGK2R dza SR &E2 NINPRIzOGHS RIFO S R / tt NBy
2018), which used 2gear as opposed to 2@ear periods. This slight difference in
methodology is not thought to affect results significantly but should be borne in mind
if comparing the current analysis with UKCP 18\i2er Projections products.

vi ¢CKA& Fylfeara R2SayQid FaaGSYLIW G2 AYyFSNI |
differences in implied impacts/climate risks. Impacts/risks questions are a matter for
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further inference, based on expert judgement and synthegishese results with
other analysis. Such additional investigation might, for example, be based more
directly on impact model studies driven with the UKCP18 results (RERESr other
components), or on previous or current studies using alternative cérpabjections

not included in UKCP18.

vii. The large total number of variables, regions, time and spatial processing options
covered in the supporting graphical plots means that this report cannot possibly
describe all combinations. It gives only a selectiwwvyislanted towards regional
means and time mean response of the basic model variables, rather than trying to
cover all statistical combinations involving regional or time maxima/minima.

viii.  Similarly, this report represents a somewhat subjective view, styomfluenced by
what appeared to be the most striking or significant differences in RGRIPB
compared to RCMO®PE, taking CMIPS results into account where possible.

ix. Caution should be exercised in interpreting graphics that relate to extreme daily
predpitation at the grid point scale and related variables (specifically regional maxima
of pr, ecarxlday, ecarx5day, ecasdiil0 and ecasdii20) because unphysically strong grid
point storms are known to form occasionally in RCNPRE(Kendon et al. 2019
Soméimes the convection parameterisation is unable to remove enough convective
instability in a time step and the model has to represent a storm on a grid square that
is too vigorous to be physically realistic. The time series graphics that are thought to
beinfluenced most strongly by this issue are annotated accordingly but the issue may
also affect corresponding box plots (to a lesser degree due4gead averaging).

Despite the above caveats, this report aims to provide an overview of potentiallicaignif
differences between RCMABPE and RCMO®PE results in context with broader modelling
uncertainty, to enable experts in specific
variables that might warrant closer examination with regard to gpga#éstions of interest.

2. Response of basic model variables

In this section weexamineresponses ametrics derived fronthe 13basicvariablesthat are

output as daily data fields from the respective modeks present mainly (but not exclusively)
anrual or seasonal mean regional mean responses here, but other metrics pertaining to time
maxima/minima over given periods and/or regional maxima/minima are also available in the
supporting graphics.
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Annual mean temperature and winter/summer mean pre@gin

Fig 2.1 shows changes with respect to the prestyt baseline in UKmeanannwal mean
surface air temperatureh@& ensemble mean of model minus N@&ta forthe presentiay
baseline periodh bracketsandicate the presence afmall mean cold biasder this metric in

both caseslt is apparent that RCM1BPE warms more rapidly than its RCMB®E
counterpart during the 2tentury. This is attributable to two factors: higher radiative forcing
associated with the RCP8.5 scenario relative to the AHBagio, and different ranges of
climate feedback sampled in the two ensembles. For example, the global PPE simulations that
drove the RCMOPPPE sampled a relatively broad range of feedbacks, comparable with that of
a typical multtmodel ensemble (e.g. CHM5b; Collins et al.,, 2013), whereas the range of
feedbacks in the global simulations driving the RCMPEE was relatively narrow and centred
around a relatively high average va(lurphy et al. 2018)

RCMO9-PPE A1B  [osiUKmean o \118 PPE RCP8.S

ANN mean [ -0.41] ' ANN mean [ -0.57]

°C
w

Temperature,
=

_3 I i I 1 I L i .
1950 1980 2010 2040 2070 2100 1950 1980 2010 2040 2070 2100
Date Date

Figure 2.1: Time series of annual mean changes surface air temperature for the UK (regional mean)
comparing RCM09-PPE and RCM18PPE

Reframing results in terms of temperature changes conditioned on specified global warming
levels reveals a different pictur&if 2.2. For 20year time slices centred 0BWL20, GWL30
and GWL40, RCMIBPE exhibits relatively lower warming than RCMGE over all UK
countries (England N. Ireland, Scotland and Wales). REW&and RCMESPE tend to lie at
the high end of the CMIPB3 range for this metric, an effect that cawt be attributed to high
global climate response in the GC3BBE of global simulations run for UKCP18. At GWL40
RCM18PPE shows a broader range of changes than REMED despite showing a slightly
narrower spread beyond 2050 in its time series of fatahanges (seEig 2.1above). This is
probably because the plume of changes-ig. 2.Xeflects the effects of uncertainties both
global mean warming (in which the RCMBBE samples a wider range compared to RCM18
PPE), and in the regional pattern i@&sponse per unit global warming (for whiéhg 2.2
suggests that the RCMI8PE samples a somewhat wider spread).
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Figure 2.2: Annual meansurface air temperature changesfor England, N. Ireland, Scotland and Wales
(regional meang, comparing RCM09-PPE, RCM18-PPE, CMIP5-13 and PDF

The UK regionalpicture for annual mean warming (see Fig. 2.3, corresponding to GWL30)
reinforces this ordering of higher to lower warming from left to right, for each of the high,

median and low elements of the respectiveecenbles.
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Figure 2.3 Annual mean surface air temperaturechanges alGWL30 (high, median and low responses)
comparing RCM09-PPE, RCM18-PPE and CMIP5-13
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Some interesting features are apparent in the seasonality underlying the annual mean warming
responsésee Fig. 2.4) At a given level of global warming, there is more marked seasonality in
the UK warming signal in RCM18PE (with a marked minimum in spring) than is the case in
RCMO9-PPE. The ensemble range in RCMRBE generally lies within the CMIPE3 range

apart from being at the warm end for autumn and, to a lesser extent, summer. However, the
UKCPO09 ensemble range lies towards and in some cases beyond the warm end of the CMIP5
13 range in all seasons apart from summer. PDF encompasses most of thesatten its

IQR apart from RCPO®PPE being high in spring and both RCHERE and RCP1BPE both

being a little higher, though still within
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Ireland, Scotland and Wales(regional meang, comparing RCM09-PPE, RCM18-PPE, CMIP5-13 and
PDF
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The picture described above is consistent with Murphy et al. 2018 FjgvBidh compares
national responses for winter and summer normaliseglobal mean warmingn that case
regressing against global mean warming throughout tite c2htuy rather than using
differences of 2§/ear time slicesmost RCM18PPE members lie towards or beyond the upper
end of the CMIPEL3 range of temperaturesponse in summer, but not in winter.

RCMO9-PPE is fairly clearly the outlier in spring relative to RCMRBE and CMIPA3,
having a higher mean warming for the high, median and low responses within the efisemble
see Fig. 2.5 (for GWL4O0)Ihis is probabl due, at least partly, to the large local snow albedo
feedback found in the HadCM@obal modelPPE runs that drove the RCM@¥®E (see
discussion of Figs. 3.6 and 3.7 in Murphy et al., 2009).
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Figure 2.5 Spring mean surface air temperaturechanges atGWL40 (high, median and low responses)
comparing RCM09-PPE, RCM18PPE and CMIP5-13
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Daily maximum and minimum temperature

At all global warming levels, annual mean daily minimum temperature (tasmin) in the RCM18
PPEwarms less thaim the RCMO9PPE while the daily maximum (tasmax) warms by a
similar amount in both (see Fig. 2.6). Daily maximum temperature warms more than the daily
minimum at a given global mean warming level in RCMPARE, whereas in RCMERPE both

warm by a similar amount in the annuméan. The @nual mean diurnalemperature range
thereforeincreasesslightly in RCM18PPE as a consequence of future warming, while it
doesndét change -PPERGVMOYUAPE and RCMBRPH te§ponses for tasmin

and tasmax generally fall within tharmge of the CMIPA.3 ensemble for all warming levels,

but lie towards the higher end of the CMIP3 range in all cases, consistent with the previous
discussion of daily mean temperature.
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Figure 2.6: Annual meandaily max and min surface air temperatire changesfor England, N. Ireland,
Scotland and Walegregional mean$, comparing RCM09-PPE, RCM18-PPE, CMIP5-13 and PDF

Underlying the annual mean response are quite sizeablenséasiriations irthe warming
responses of daily minimum and daily maxim temperature in RCM1BPE, but much less

so in RCMO9PPE. The result (see Fig. 2.7) is that the daily maximum temperature warming
response is noticeably higher in RCMB®E than RCMI®PE in winter (especially in
Scotland’ see also the regional pattarfiresponse at GWL30 in Fig. 2.8) but noticeably lower

in RCMO9PPE than RCMI®PE in summer.
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Figure 2.7: Winter and summer meandaily max surface air temperaturechangesfor England, N.
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Figure 2.8 Winter mean daily maximum surface air temperaturechanges atGWL30
(high, median and low responses) comparing RCMOPPE, RCM18PPE and CMIP5-13
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The CMIP513 results are sligly more consistent with RCM1BPE than RCMO®PE in
winter but more consistent with RCM®PE in summer. For daily minimum temperature,
RCMO9-PPE exhibits a markedly higher warming than RCNPERE in spring but the two
ensembles give more similar responseautumn (see graphics below). CMIRS results are
more consistent with RCM1BPE than RCMO%PE in spring and also slightly more
consistent with RCMI®PE in autumn.
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Figure 2.9: Spring and autumn mean daily min surface air temperaturechangesfor England, N. Ireland,
Scotland and Walegregional mean$, comparing RCM09-PPE, RCM18-PPE, CMIP5-13 and PDF

Mean winter and summer precipitation

UK regionalmean precipitation exhibits a stronger future increasewimter and stronger

decrease irsumner in RCM18&PEhan RCMO%PPE. Both ensembles can be summarised as
projecting "wetterwinters and driesummers$ but RCM18PPE has a more pronounced signal

in the time series of projected changes (Fig. 2.1®)e future trends are smaller in other

seasons, vih generally more similar behaviour between RCMIIRE and RCM48t 9 @ ¢ K SNB Q
some indication of higher intransemble spreadwhich ischaracteristic otthe combined

effect of interannual naturaVvariability plus the effects of parameter perturbations ohe

longterm climate responsgin RCM18PE winter mean rainfalFig. 2.10, top)but not in

summer mean rainfall.
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Figure 2.10: Time series ofwinter and summer mean changes imprecipitation for the UK (regional mean)
comparing RCM09-PPE and RCM18PPE

In the global warming level framework (Fig. 2.11), some regional variation is apparent in that
N. Ireland and (to a lesser extent) Scotland have generally lower signals for wetter winters in
RCM18-PPE than RCMO®PE, whereas for England and Wales thaals are the other way
around. In summer, RCM1BPE generally shows stronger drying signals than RCRPR

in all regions, notably so at GWL40. The range of winter mean responses in REFREAnd
RCM18-PPE are broadly consistent with the CMiPSensemla range but the summer drying
signals in RCM18PPE at GWL30 and GWL40 exceed the low bound of the CMBPEange

(apart from over Scotland). Overall, these results point towards the potential, based on RCM18
PPE projections, for impacts from summer dryihgt are outside the bounds (i.e. potentially
more severe) than in previous assessments based on RERE)@&nd CMIPA.3 results.
However, PDF gives the broadest range for regional mean responses, generally encompassing
the combined ranges of RCMEWPE, RCM8PPE and CMIPA3 and including the
possibility of strong summer drying (see graphic below; cf. Murphy et al. 2018, Fig. 2.7).
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Figure 2.11: Winter and summer mean precipitationchangesfor England, N. Ireland, Scotland and
Wales(regional meang, comparing RCM09-PPE, RCM18PPE, CMIP5-13 and PDF

Regional patterns of the winter and summer mean precipitation responses are also of interest
(see Fig. 2.12, for GWL30). The general (ensemble median) tendencies towards winter wetting
and summer drying arelearly apparent but RCM1BPE shows more potential for winter
drying (especially in N. Ireland and Scotland) than do RCIABPE and CMIPA.3.
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Figure 2.12 Winter (top) and summer (bottom) mean precipitationchanges atGWL30
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Other variables

The remaining basic meteorological variables discussed in this section have no counterpart in
the NCIC data so no measure of prestay model fidely is included for these metrics.

Sea level pressure
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Figure 2.13: Winter and summer mean sea level pressurehangesfor England, N. Ireland, Scotland and
Wales(regional mean$, comparing RCM09-PPE, RCM18-PPE, CMIP5-13 and PDF

Changes in winter @hsummer mean sea level pressure at the country scale (see Fig. 2.13)
indicate some differences between RCMERE and RCMI1®PE but both are generally
within the CMIP513 range. RCM1&PE shows a tendency towards somewhat higher summer
mean pressure, in otrast to RCMOSPPE (little tendency), but the signal is modest (of order

1 hPa).
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Figure 2.14: Summer minimum mean sea level pressurehangesfor England, N. Ireland, Scotland and
Wales(regional minima), comparing RCM09-PPE, RCM18-PPE and CMIP5-13
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However, thentensity ofthe deepessummer lowver all four regions decreases in RCM18

PPE with global warming (a positive change in the lowest pressure of several hPa), diverging
from RCMOSPPE and placing it towards the upper end of the CMIPBangegee Fig. 2.14).

This may be related to projected increases in the suNorg Atlantic Oscillation(SNAO)
indexinRCM18P PEGs driving global model runs (see
is little change in this metric in RCMERPE, placing itdwards the low end of the CMIPE

range
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Figure 2.15 Summer minimum mean sea level pressurehanges aitGWL40 (high, median and low
responses) comparing RCM09-PPE, RCM18-PPE and CMIP5-13

The regional pattern of this change in the intensity of tlepelst summer low pressure is also
instructive (see Fig. 2.15), indicating a NW to SE gradient across the country in RERELS
(highest response in NW Scotland) that may be consistent with a systematic reduction in the
intensity of the storm track or incr&ain the SNAO index in the driving global model runs.
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Near surfacelOmwinds
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Figure 2.16: Winter, spring, summer and autumn mean 10m wind speedhangesfor England, N. Ireland,
Scotland and Walegregional means) comparing RCM09-PPE, RCM18PPE and CMIP5-13

For 10m windspeed (see Fig. 2.16) the most pronounced difference between{REKH@ad
RCM18PPE is in winter, RCMI®PE exhibiting a higher response at GWL40, at the high
end of CMIP513. There are signals for a small but significant wemdgemf the mean
windspeed in spring, summer and autumn in both RGFRB and RCMO®PE that are
broadly covered by the range of CMI2S, although RCMI#PE produces a larger reduction
in summer over N. Ireland and Wales at the low response end of i&s rang
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Murphy et al. (2018) discuss changes in mean windspeed in REME&Iriving global model

runs in the context of storm track changes and frequency of specific weather types (see their
Figs 5.9, 5.10 and accompanying text). That analysis is framed wjleateto time horizon
(response during the coming century) rather than at specific GWLs, and mainly considers the
global model ensemble (GC3:84°E) rather than RCM1BPE in comparison with CMIP5

13 results. For England and Scotland their conclusignadiual reductions iensemblenean

wind speedn summer are consistent with the box plot results for RCHRE (Fig. 2.16).
However their reported msemblemean shifin winter for the GC3.0%PEto increased wind
speedn Scotland and England is not replied for RCM18PPE at GWL30 and GWL40, so

for this aspect there is a difference in the higher resolution regional climate. model

There is a marked contrast between winter and summer changes in winter and summer
maximum 10m windspeed for RCMEPE (sed-ig. 2.17). While RCMOSPPE and CMIP5

13 generallyshow fairly modest signals in terms of the median resp&®S#M18PPE shows

a sizeable increase in the winter maximum (largest for England and \Afalesd 0.75n/s at

GWL30 and GWLA40) but a decrease in thensner maximum, of a similar magnitude.
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Figure 2.17: Winter and summer maximum 10m wind speecthangesfor England, N. Ireland, Scotland
and Wales(regional maxima), comparing RCM09-PPE, RCM18-PPE and CMIP5-13

It is not straightforward toesolvethesechanges inime meanlOm windspeed o separate
responses okastward and northward wind componerisf the winter maximum 10m
windspeedresponse illustrated above f&CM18PPE compared tothe other ensembles
appears to correlate more closely with eages in the maximum eastward wind component
(seeFig. 2.18 than with changes in the northward wind component (not shown).
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Figure 2.18 Winter maximum eastward component of windchangesfor England, N. Ireland, Scotland
and Wales(regional maxima), comparing RCM09-PPE, RCM18-PPE and CMIP5-13

Further explanation for the mechanism underlying this difference regumere detailed
analysisbut the regional distribution points towards westwi@ang coasts of the UK
mainland having the highest increasevinter maximum eastward wind in RCMEPE (see

Fig. 2.19, for GWL40), while for northward wind changes no such clear regional signal is
apparent to distinguish RCMIBPE from RCMOSPPE and CMIPA.3 (not shown).
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Figure 2.19 Winter maximum eastward wind componentchanges atGWL40
(high, median and low responsegjomparing RCM09-PPE, RCM18-PPE and CMIP5-13
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Clouds and radiation

There is a clear signal of decreasing total cloud amount in REMPEBwith dpbal warming,

outside of the range of both the RCMB®E and CMIPA3 ensembles (see Fig. 2.20). The
largest decreases are in summer (up to 15% reduction at GWL40), with much more modest
(but still significant) reductions in winter. RCMJ®PE is generallgnuch more consistent with
CMIP5-13 (small reductions in summer, little change in winter), except possibly for Wales in
winter at high warming levels. PDF results mostly capture the ranges of the other ensembles in
summer, with a similar median respons®@MV18-PPE. In winter, the RCM1BPE response

is markedly more negative than the others (including PDF), particularly for England.
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Figure 2.20: Winter and summer mean total cloud amountchangesfor England, N. Ireland, Scotland and
Wales(regional means), comparing RCM09-PPE, RCM18-PPE, CMIP5-13 and PDF

The reductions in cloud simulated by the RCMARBE are consistent with strong positive cloud
feedbacks simulated by the driving global GC3RIPE simulations (see Figure 3.21 of Murphy

et al., 2018)which occur in most nepolar regions of the globe, including over the UK. The
parameterisation of larggcale cloud in the RCM1BPE simulations is different from that used

in the RCMO9PPE simulationsin a closelyrelated configuration of the globalnabpheric
model used in thRCM18-PPE and itglriving global simulations, Bod&Salcedo et a(2019)

find that the strong, positive cloud radiative feedback is related to the introduction of new
representations of atmospheric aerosols and effects oefrgutscale turbulence in the
production of supercooled liquid water and mb@tase cloudddowever, this is only one of

a number of potential causes of the differences in the UK response between the two ensembles,
which may depend on additional drivergegional change in circulation and the hydrological
cycle. More work is needed to investigate the mechanisms of this response in fREHE18

The pattern of summer changes in total cloud amount show a clear$darth gradient with
maximum reductions in Srigland (see Fig. 2.21, for GWL30). We note that the amplification
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of the signal in the south (most easily discerned in the low response in this example) correlates
broadly with the pattern of annual mean surface temperature response at a similar warming

level shown earlier.
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Figure 2.21: Summer total cloud amountchanges atGWL30 (high, median and low responses)
comparing RCM09-PPE, RCM18-PPE and CMIP5-13

Corresponding to the reductions in cloud, surface shortwave radiation increases markedly i
RCM18-PPE, especially in summer, whereas there are much more modest changes in RCM09

PPEI i.e. little change in winter, some decrease in summer (see Fig. P28 increasese
largest in summewup to a few tensef W/m? over England and Wales at G0 and GWL40),
putting them well outside of the range of tRRCM09-PPEensembleWhile CMIP513 surface
ncl
likely that RCM18PPE would lie outsidéhe CMIP5-13 enembletoo. Taking PDF results

radi ati on

dat a

arenot i

uded i n

into account, RCP18PE is clearly the outlier of the three.
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Figure 2.22: Winter and summer mean surface net shortwave radiation chagesfor England, N. Ireland,
Scotland and Walegregional mean3, comparing RCM09-PPE, RCM18-PPE and PDF

Changes in surface longwave radiation (see Fig. 2.23) exhibit corresponding signals for
enhanced surface cooling in RCMP®E (both summer and winter) generally outside the
range of RCMOPPE (no CMIPEL3 data are available). Winter sighare of opposite sign
between RCMO9PPE (modest surface warming) and RCMPIBE (surface cooling). RCP09

PPE results are consistent with the IQR of PDF results but REPESgenerally remains the
outlier, especially in winter.
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Figure 2.23 Winter and summer mean surface net longwave radiation chgesfor England, N. Ireland,
Scotland and Waleqregional mean3, comparing RCM09-PPE, RCM18-PPE and PDF
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The RCM18PPEand RCMO9PPE simulations, along with CMIPE3 and PDF, all provide
plausible realisationsf future cloud and radiation changes that should be considered together.
However, it is noteworthy that the RCMEBPE results point towara@glditional potentiafor
electricity generation from solar power future, relativeto what the RCMOPPPE and PDF
results would suggest.

Surfacespecific and relativédhumidity
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Figure 2.24: Winter and summer mean specific humidity chagesfor England, N. Ireland, Scotland and
Wales(regional mean$, comparing RCM09-PPE, RCM18-PPE, CMIP5-13and PDF

Surface spefic humidity generally increases faster in RCMBPE than RCM1®PE in both
summer and winter (particularly wintdrsee Fig. 2.24. CMIR33 is generally somewhere in

the middle in winter (closer to RCMABPE) and its IQR overlaps with both RCMP®E and
RCM18-PPE in summer. The PDF response comfortably encompasses the other ensembles.

Regional variations in summer (see Fig. 2.25, for GWL25), indicate a broad scale increase in
mean humidity with a Nor#$outh gradient (the minimum percentage increaseointhern
England) apparent in both RCRP®PE and RCPIBPE. In winter (not shown) the
corresponding increases are flatter, i.e. lacking the Newtith gradient in summer.
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Figure 2.25 Summer surface specific humiditychanges atGWL25 (high, median andlow responses)
comparing RCM09-PPE, RCM18PPE and CMIP5-13

For relative humidity, in winter RCMOPPE has a different signal in N. Ireland than the other
countries but otherwise tends to dry only slightly, whereas RCRHAB dries more. Both dry
considerably more in summer than winter (RCMPBE the most). Note that no CMI2S or
PDF data are available for comparison with this metric.

Figure 2.26: Winter and summer mean relative humidity chaagesfor England, N. Ireland, Scotland and
Wales(regional mean}, comparing RCM09-PPE and RCM18-PPE
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