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Author6 Responsetd evi ews on fiThe UKC2 r e
environment al prediction systemo

H.W. Lewis et al.
Correspondence to: H.W. Lewisuw.lewis@metoffice.gov.)k

1 Comments fromreferees
1.1 Comments

As summari sed in EC2, thadreviewers pothseern to ikdthetpaper asdisumdest sinor h
revision® Both reviewers suggest the paper provides a good description of the UKC2 system and gives an hones
appraisalof what has been implemented, but also what still needs to be done and what the limitatiBathare.
reviewers have made positive comments about the discussion paper and provided a number of specific commen
to be addressedhese are detailed and resgded to in Section 1.3 below.

The main concern that both referees raismithe assessment of system performance with regard to a number of
5-day case studies, with issues arising in the generation of robust statistics and their interpuetatidhedshort
samples and inherent errors in the observations. RC1 provides an explicit criticism of this, while RC2 raises a
simil ar t he madn theruture,titavould e wotthhsamulatirfg longer time windowamprove the
robustness of thstatistics and check for possible model drifts, espedialiye coupled systengs.

1.2 Response

The authorshank both referees for their reviews and for their support for the publication of this iaipddKC2

system description paper represents thegiesrreviewed paper documenting the details of a-thésed) regional
coupled prediction system aimed at skiertn weather and ocean prediction applications and research. We
envisage that this paper will provide a useful reference to the communityaidiepa citable source to underpin

the publication of further research using the UKC2 system and its successors. Following the publication approact
adopted for Met Office Global Atmosphere/Land configurations for example, we also envisage submittinrg follow
on publications in GMD that highlight changes made in subsequent releases since this configuration and the impac
these have on model performance.

The concern about the length of simulations documented in this paper is well received. Given thatkthis wor
represents the first tests of the UKC2 system, adidéer comparison between different modes of simulation (i.e.
coupled vs. uncoupled) has been attempted. This was conducted using a case study appritecheants
discussed in Section 5 represéulifferent case studies (30 days of simulainotal) covering sspreadf seasons

and environmental conditions. Section 4.1 highlights that the case study approach is conBideredat a b | e st
point for evaluating the impact of coupling orogttimescales, with further work planned to assess the impact of
coupling on the ocean over | on ghkedstussiored resalls presentedchim o u
this paper therefore focus on a comparison between coupled and uncoopiledi@is with different forcing or

initial states, rather than a validation of system skill in the traditional sense of comparison with observations over
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a longer period. The discussion does address a number of different case studies however, to risloidf the
drawing conclusions relevant only to particular conditions or time of year. Tallgweksent the full detail of
calculated statistics in order to be transparent about the order of magnitude changes in headline statistics betwe
different modelconfigurations, with statistical significance highlightedhere relevanusingthe results ofa

St u d etestordtise cdlculated statisticBhe key conclusion from this work is expressed in Section Sithah e s e
results highlight that all configuratiorgrovide at least representating simulations of atmosphere, ocean and wave
states. UKC2aow and UKC2ao therefore represent a successful initial development of regional coupled prediction
systems at hiThiis ecleosddn the Abstoant,avhidatesthai Re sul t s demonstr a
comparabl e performance can be achieved wi {Threiterate UK/
our support for the reviewer comments in generahfeneed for longer integrations, this is rfavther highlighted

in Section 6 in the revised manuscript.

2.3 Specific commentsind responses

CommentR1.1: page 3, line 19: add Bertin et al. 2015 to your list.
Response:
This is doneassuning thatthe reviewer intended for this to be added oe lif of page 2 however

Comment R1.2 page 5, line 7. When referencing Breivik et al., it should be notédhikgiece of works

mostly about how a wave model can alter surface fluxepaowide information ornthe Stokes drift. It does not
however cuer other effets such as the wave radiatistress, the impact of wave orbital motion on the bottom
stress (see for instance Bertm al. 2015)

Response:

It is agreed that the Breivik et al. reference does not cover the complete list of potenéiatioriey and is

provided as the most relevant standard example reference on wave effects in NEMO. Feedbacks such as the
impact on bottom stress is a current area of development in NEMO and for research using the UK coupled
system.

Comment R1.3:There issome discussions later on addressing teaesof coupling more often thamery hour,

but how will handle atmospheric fluxes that are modulatedhéyvavemodel to be later passed to the ocean
model. Do younave de facto a time lag of thours between at the atmosphere produces amdat the ocean

sees. Is passinigstantaneous fields the right thing to do then, or should there be some averaging over

the coupling tine steps?

Response:

Exploring the impact of coupling frequency is described as an areadoing research, and as the reviewer
described will need some careful consideration of what information is available in each component. This
comment highlights an error in the original manuscript description however, in that coupled fields are dalculate
as hourly mean values rather than instantaneous. Table 1 and Figure 1 caption have been updated in the revised
manuscript to correct thi$he order of coupling as listed in Table 1 is also important to ensure that there is no
lag between what the atmdsgre produces and what the ocean sees in terms of calculated the surface stress in
each system for example.

Comment R1.3:Page 6, line 25, with the surface current part of the boundary condition (5), the surface
stress will be altered and in response Wiwle surfacavind profile will adapt. Lowesurface stress usually
implies smoother flow and stiger 10m winds (even though #xeual stress acting on the ocean surface is less)
and vce versa. This has implicatiamhen forcing the waves and the oceans.
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Response:

The authors agree with this interpretation, and are in the process of quantifying this effect in ongoing work.
Section 2.3.1 has been updated to include a brief comment on thisTjparsitmospheric forcing applied to
oceanonly control simulabns in this work has no surface current effects, while this is explicitly represented in
UKC2aow and UKC2ao0. Work is ongoing to assess the consistency between stress forcing across ocean, wave
and atmosphere systems, particularly in the context of congpeoupled and uncoupled runs, but is considered
outside the scope of this initial description paper.

Comment R1.4:Page 7, line 20. add: Tau_hf is tabulated beforehbased on the assumption thathigh
frequencies the stress is in the wind directon the spectral shape is knoWwr5)E

Response:

Section 2.3.1 has been updatedncludethis helpful comment.

Comment R1.5:Page 7, line 27: the value 0.0095 is not an universal constant and it should behadti¢dan
be used as a tuning parameterorder to get the mean value of the Charnanll hence the mean behaviour of
the drag coefficient to fit to observation (Edson et al.2013)

Response:

The original manuscript did not attempt to state that this was a universal value, but this line hgpslatshto
attempt to clarify this.

Comment R1.6Section 4.2: what happened to all wave observations from the North Pla@forms
Response:

Figures 12, 13 and 14 have been reprocessed and updated to incluadesémeations made availalftem
offshore oil installations in the Nitr Sea, which were unfortunately omittedm the original manuscripf
change of observed variable from peak to wave mean p@igare 14)has also been made to increase the
number of observation¥he corresponding statistics presented in Tab®$ot wave variableSig wave ht. and
Peak period.

Results including the new observations are consistent with those in the original manuscript, and further
emphasise thpotentialof the UKC2 system to provide benefits ottee waveonly simulations fothe case
study periods presentetihe new data therefore do not alter any of the conclusions discussed in Section 5.3 and
therefore only minor updates are imbaa in the manuscript text to reflect the updated figures.

Comment R1.7 page 27, line 33: COWAS® COAWST
Response:
This has been corrected in the revised manusd@iiiis. also covers the final comment in RC2.

Comment R2.1:P8 L1520: the authors state the formulas for computing sen§ii@pand latent fluxes (14) but
they do not define the turbulent exchange coefficieméxplain how they were calculated (or perhaps i missed
this.). How does the atmospheric model compute the fluxes? This should be explicitly included since only the
fluxes (and not the bulk quantities) are exchanged during the coupling.

Response:

A line describingtie calculation of surface fluxes in the MetUMrisluded in Section 2.3.1 (p6, line 25).e.

these are computed according to surface similarity theory a&abdity-dependent functions according to

Beljaars and Holtslag (1991) and Dyer and Hicks (1970). References to Lock et al (2000) and Edwards (2007)
are also provided for further detail.
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Comment R2.2:FIGURE 2: Table 1 is very informative and i wouldjgast that Figure 2 is explicitipade

consistent with it. For example: it is clear from Table 1 that SST is being serth&aoean to the atmosphere

in the coupled setups. However, the ARROW indic#tieGST feedback to the atmosphere is missinigune=

2 b). The same holds f@harnock parameter and roughness length in Figure 2 a) and SSH in Figure 2 c).
Response:

Figure 2 has been reviewed and updated in light of this helpful comment to reflect the content of Table 1. There
was some ambiguity irfmé original figure between representing exchanged variables and the processes/feedbacks
of interest. In Figure 2a) and 2b) the arrows represent fluxes of heat and water respectively between components
and variables listed such as SST, SSH, surface stiesspresent other relevant variables exchanged between
systems (but not fluxes, so not shown as arrows).
between Atm and Wave, and of Surface currents between Ocn and Atm. The revisedtégyrts &b capture

the information contained in Table 1, while being more consistent between treatment of flux terms and bulk
guantities.

23Aut horb6s changes to manuscript following reviews

In light of the referee comments, detailed and responded te atbwvfollowing changes have been made to the
manuscript:

9 Additional discussion of stress terms in Section 2.3.1

1 More explicit acknowledgment of the need for longer iterations as future work in Section 6.

1 Correction of time averaging information in Tallle

1 Review and update to way the information is presented in Figure 2

1 Improvement in number afaveobservations used in Figurg#®2-14 and Tablegl-9, and corresponding

edits to Section 5.3 for consistency.

A limited number of furtheminor corrections (spelling and misbelling) hawe also been adddyy the authorso
correct errors spotted during the revision of the pégpegr Figure 1Taption)

2 Comments from Topical Editor
2.1 Comments

Topical Editor Julia Hargreaves has attempted to follow the inginscas originally set out in the Code

Availability section and the related details in Appendix C. In EC1, a request was made to access the UM code to
support this activity, and in EC2 a review of the experiencespadific suggestionsere providedor improving

the darity of information provided on access to the UKC2 system codes for interested readers. Specific
comments are highlighted and addressed in Section 2.3 below.

22Aut hor6s response

We are indebted to the Topical Editor, Julia Hargreaves, for spending eatdédtime in testing the processes

set out for accessing the various codes used in UKC2, and for her positive suggestions on how to improve the
clarity of the Code Availability sectiorend Appendix CWe have also benefitted from several constructive

email exchanges in recent weeks on these matters, and how best to communicate the details of the configuration
when based on using disparate codes with different licenscing agreements, registration procedures, repositories
and so onThis will make submissin of future updates paper describing the evolution of the UK regional
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coupled prediction capability much easier for e entirely accept the suggestions provided, and these are
addressed in the revised manuscript. Comsbgrtomment responses are piaed below.

We would liketoree mphasi se Juliads comments on retaratettiepennes s
constructive suppoudfferedto interested readers in their access to, use and configuration of the codes and tools
used within the UKC2 system.

Since EC1, access to the UM code repository has been provided to the Topical Editor in order to support this
review. She has also registeredis@JULES, and access to the JULES code repository has also been provided as
a result. | understand that accas®§NEMO was provided, ande are still waiting oraresponse regarding access

to WAVEWATCH lll. The developers were however supportive of our approach to provide a copy of the
WAVEWATCH Il code used within UKC2 on a separate repository to support the reviewgparmprovides

a permanent ardye of the relevant wave cogdas referenced ihable C.6 inthe updated manuscript

2.3 Specific commentsind responses

CommentEL: In order to compile and run the system described in this paper, access must batieed
individual models, which must then be compéedording to the information iAppendix C (particularly usin

the information in the tables in Appendix C). Informatioihis effect needs to be added to the start of the code
availability section, as otherwigeaders are likely to get almost as confused as | did while trying to access the
codeand understand hwit is put together.

ResponseE]l:

A line to this effect has been added to the start of the Code Availability section as suggested.

CommentE2: Table C5 does not seem to be mentioned in the text..?

ResponseE2:

Table C.5 is first referenced in SectioB 8nd of third paragraph) in the main text. The contents of this Table

seem more appropriate to put in an Appendix table alongside other technical details rather than being associated
with Section 3 however. We agree that it would also be helpful to reédwence to Table C.5 again in Appendix

C, and this is reflected in the updated text. We also ensure to make explicit reference to all Tables in Appendix C
and have corrected an error in the numbering of Tables in Sections C.3 and C.4.

Comment E3: Thereis also now a snapshot of the exact code developed for this manuscript avail e
MetOffice repository. The existence of this snapshot (or whatever you likeitp madlds to be mentioned in the
paper along with some kind of reference for loagiiror requesting access to it. If this paper is accepted for

GMD, please include some wal/linking the paper and the snapshot (eg. within the snapshot, a file with a
referenceo the final paper including the DOI for the paper).

ResponseE3:

The snapisot copy of the merged branches of code used for atmosphere, land, ocean and wave components was
created abttps://code.metoffice.gov.uk/svn/utils/ukeputils/trunk/gg@d ~110 (repository revision 1119) to

support the Topical Editor in her reviewhis is a close@ccess repository, for which permission can be provided
to users registering viatps://code.metoffice.gouk/trac/home

A README file exists at that location which includes a link to the GMD discussion paper, and will be updated
to reference the final paper and DOI.

Even with the existence of this snapshot, it is still true to say that users wishingse and use the codes used

in UKC2 will need to register for each individual system. A line has been added at the start of the revised Code
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Availability section and again at the start of Appendix C to acknowledge the existence of the snapshot, with
guidane to contact the authors for further information and guidance.

Comment E4: It would also be appropriate to make a statement on your approach to collaboration.My

impression from the email exchange is that you are rather positive and willasgigi othes who wish to use

this code (subject to the copyright issues of course)tfatd/ou would prefer that they correspond directly with

you in order to be successfuldnrrectly compiling and using the code.

ResponseE4:

The authors are very open and wilito assist potential collaborators in using this configuration, or in its
subsequent development by other researchers for different applications. This comment was already made in
regards to sharing the outputs from UKC2 simulations in the Data Avaiad@ittion. A clearer statement of the
collaborative support intended on access to the system itself has been added in Code Availability section under a
new heading in order to reinforce this open approach.

Comment E5: | was not able to gain access teAMMEWATCH. It is not that my access was refused,but that |

have heard nothing from them almost a month after the request was made.This is a bit of a problem in the sense
that the manuscript suggests that the codevalable.

ResponseES:

The authors alssent an email to the WAVEWATCH developers on behalf of the Topical Editor to help support
the request for access. However, approval was also provided by the developers at that time for the snapshot of tt
WAVEWATCHIII code branch used in UKC2 to be archiven the
https://code.metoffice.gov.uk/svn/utils/ukeputils/trunk/gatd ~110repository. This may have been considered
sufficient by the WAVEWATCH developers to suppdretreview. This provides an accessible archive of the

code, and is now linked directly from Table C6.

Readers should also be reassured that it is cleartftipmpolar.ncep.noaa.gov/waves/wavéstéthat

WAVEWATCH lll is distributed under an open source style license, through a password protected distribution
site. This web page also advises that code requests may take up to a month for a response to be provided.

Comment E6: Version control folOASISMCT, Rose and FCM need adding to the paper. i.e. uptassan be
certain that backward compatibility will be retained, we need to knowtb@ecess the versions used here.
Response EG6:

The requested information has been added to the code alitgiksdition.

CommentE7: There is a namelist in the supplement which | think would be better formatted such that

it is ready to use (e.g. as a text file). You can add any kind of file to the supplement.

Response E7:

The authors agree this would be adreand easier approach, and will provide a text file of namelists in the
revised submission as suggested.

23Aut horés changes to manuscript following topical

In I'ight of the topical edit or 6s idelmsleen esablishedwattsen a p
https://code.metoffice.gov.uk/svn/utils/ukeputils/trunk/gg@d 7~110repository.

The Code Availability and Appendix C sections of the p&yaarbeen updated to clarify the process of accessing
codes, and to reiterate the potential support available from the authors.
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Abstract. It is hypothesised that more accurate prediction and warning of natural hazards, sucteampédtksof severe
weathermediatedthrough various components dhe environment, requires a more integraedth Systermapproach to
forecasting.This hypothesis can be explored usiegional coupled prediction systentswhich the known interactions and
feedbacks between different physical and biogeochemical components of the environment across skyarsgaamdbe
simulated Such systems alecomng increasingly common reseatolls. This paper describes the development of the UKC2
regional coupled research system, which has been delivered under the UK Enviedriimegfiction Prototype project. This
provides the first implementation of aimospherdand-oceanwave modelling system focussedthie United Kingdomand
surrounding seaat kmscale resolutionThe UKC2 coupled systerimcorporates models of the atmosphere (Met Office
Unified Model), land stfacewith river routing(JULES), shelsea oceanNEMO) and ocean waves (WAVEWATCH) .

These components are coupled, via OASNB3T libraries,at unpreceddrdly high resolution across the UK withimarth-

west European regional domain. A research &anrk has been established to explore the representation of feedback
processes in coupled and uopted modes, providing aew research tool for UK environmental scientlis paper
documents the technical design and implementation of UKC2, along wittsfloeiated evaluation framewodn analysis

of new results comparing the output of the coupled UKC2 system with relevant forced control simulations for 6 contrasting
case studies of-8ay duration is presented. Results demonstrate that at least comparé&ii®ance can be achieved with the
UKC2 system to its component control simulations. For some cases, improvements in air temperature, sea surface temperatul
wind speed,significant wave height andheampeak wave period highlight the potential benefits afupling between
environmental model components. Results also illustrate that the coupling itself is not sufiiciédtess all known model

issuesPriorities for future development of the UK Enviroental Predictioframework and componegystems ardiscussed.
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1 Introduction

Development from singleomponentmodelstowards more fully integratedegional coupled environmental prediction
systems across atmosphere, land and sea isnir@g@n increasingly viable approach for research Ruflen et al.2006;
Pullen et al., 2007; Chen et al., 2010; Sandery et al., 2010; Warner et al., 2010; Renault et &arddd 2t &, 2016;Licer

et al., 2016Bruneau and Toumi, 201&ndoperationabpplicationge.g.Pellerin etal., 2004; Smith et al., 201Burnford et

al., 2017 to improve the representation of feedbacks in simula@musprediction®f the Earth SystemThis is consistent
with the vision to accelerate progress intB&ystem prediction from weather to climate and global to kuadés €.9.Shapiro

et al, 201Q Brunet et al2015)

It is hypothesised that more accurate prediction and warning of the impacts of severe weather requires a more integrate
approach to forecastingvhile maturenationatscale operational forecasting capabitin timescales of hours to days, such as
delivered by the Met Officén the UK (e.g. Lewis et al., 201} typically includessimulationsof the atmosphere and land
surface hydrology,ocean, waves and other environmental components, filvesastsystens tend to be developed and run
in relativeisolation, with limited information sometimes exchanged between sydtefie inputthrough initial conditions

or forcingdata. Recent advances in the skill, resolution and information content (e.g. on utywetanvironmentalmodek
along with increases in operational computational resouroesmake it more relevant tattempt todirectly integrate o
couple forecast models of these distinct systems at high resolution

Greatest sensitivity to coupling dimescales of hours to days and at high resolution is more likely for phenamittna
sensitivity towind and precipitation, where local geographic or meteorological details can significantlyvadtisitskill For

example, guidance on the evolution anmpact of severe storm susy@.g.Bertin et al., 2015Staneva et al., 20168¢quires

detailed prediction and synthesis of both the atmospheric (pressure, wind) and ocean state (tije$ adaii®n, numerous

high impact flood events illustrate théoods result from a combination of weather, land and river conditions and an evolving
inland flood situatior{e.g. Stephens and Cloke, 20 a#idrequiresintegration of the atmospheric (rainfall), land surface (soil
moisture, runoff) and hydrologal gate @quifer stategiver flow, level).

Coupling should be particularly relevant for regal predictions around the UK becauseitef maritime location with
prevailing weather approaching from the sewtkst over a long ocean fetch with large poteritalair-sea exchange. There

are alg significant populationand critically important national infrastructure located on or near coasttifiea vulnerable

to multiple hazards originating frorthe atmosphere, oceans or land

Better understanding the femtial benefits of more integrated approaches requires investment in technical and scientific
development of coupled prediction systems, as described in this paper. The UK Environmental PRydictigpeproject

was initiated in April 2014 in order tbegin exploring the potential benefdasd limitationsof coupling relative to current
uncoupled systems and tools in the UK context. Particular drivers include the needitle evidence owhether more
integrated systems are capable of:

i) improving the accuracy and skill of predictionser current operational approaches,
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ii) providing either new omore relevanand consistertiazard advice to usengarticularly concerning muHnazards,

iii) improving theanalysis,understanding anprocessepresetationof the known feedbacksetween components.

The UKC2 represents a first implementation of a coupled atmosfa@reteceanwave modelling systeriocussed otthe UK

at kmscale resolutionAn interim atmospherandocean couplegrototypeconfiguration, termed UKC1, was previously
developed based on a slightly different domain eadiercode revisionsThis configuration was not formally released for
research application, but formed the foundation for development &fKk2 configuration describelere

This paper is organised as follows. Sectiontebduces the UKC2 regional coupled prediction system, including the coupling

framework and interactions between components represented. Section 3 provides details of the UKA2 atmosphere, UKL2 lant

surface, UKO2ocean andUKW2 wave model configurationgind which are coupled together within UKOhe evaluation
framework and case study configtioms are introduced in Sect. A. summary of initial evaluation resultsased on 6
contrasting case study sinatibns over Elay periods is presented in Sect. FBnally, priorities for ongoing system

developmentowards a UKC3 coupled configuration and beyondoaténed in Sect6.

2 The UKC2 regional coupled prediction system

The second researchode regional @aupled prediction system UKC2 consists of configurations of the Met Office Unified
Model (MetUM) atmosphere @rsian 10.1 Cullen 1993, andJULES (Joint UK Land Environment Simulatoldnd surface
model (\ersian 4.2, Best et al., 202, 1Clark et al., 201)} coupled to the NEM@Nucleus for European Models of the Ocean)
model (\ersimn3.6, evision5518 Madec et al., 209)Gnd WAVEWATCH IIl wave model (@rsian 4.18 Tolman et al., 2014
Coupling is achieved through use of the OASMGT (OceanAtmosphereSea IceSoil) coupling libraries \ersian 2.0
Valcke et al., 2016 While UKC2 refers to the coupled systerhe equivalentuncoupled atmosphere, ocean and wave
configurations of these components will be referred to as UKA2, UKO2 and UKW?2 respectively.

Theskill of UKC2 critically depend®n the longterm developmertf eachof compon@at model codes and systems. This new
system development adoptseamless approach to weather and climate predigignBrown et al., 2012nd benefitgrom

the efficiences provided through us# common model codes, system design emapling frameworks in UKC2sinitially
developedor more establistd coupled systems appliedglobal numerical weather@diction research (e.g. Williams et al.,
2015, monthly to decaddorecasting (e.g. MacLachlan et al., 2018)mate prediction (e.g. Roberts et al., 20a6)iEarth
System modelling (e.g. Jones et al., 2011

In contrast to these systemdKC2 represents the first coupled application in a high resolution regionaixtab the Met
Office. It is also the first system in which coupling betwea wave model and the MetUaMmosphere and NEMO ocean
comporents have beelly tested. Further, UKCarks an important step in thevelopment towards a more integrated land
suface and terrestrial hydrology system capable of consistently simulating the flow othwategh the hydrological cycle

from the sky totie sea at high resolution
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Namelists describing theonfiguration for all components discestin this paper ardefined as suites under the roge5.0

framework for managing and running model systehttp(//metomi.github.io/rose/doc/rose.hjmThe suite frameworlks

described further in Sect,, with all confgurations described made availabler&mistered users underrapository at

https://code.metoffice.gov.uk/trac/roses A more detailed description of the namelists used is also included in the

Supplementary Mterial tothis paper.

All model components described are setirufreerunning simulation mode, with no data assimilation applied during case
study runs. As describeid Sect.3, initialisation and model boundary forcing drawn from openrai@archives where relevant

act to provide somepaating to observed conditians

Exactly he same codewere compiled and run fdaoth coupled and uncoupled configurations. This ensures that all runs
performed within a case study experiment use identitalily code, even though many of the addioins described hesge

only relevant and triggered when coupling is enabled in the configuration namelists.

2.1 Establishing acommon domain forUK environmental prediction

The UKC2 system and its component misdge defined on a common domain, though on different grids. The domaindelecte
is shown in Figl. This domain aims to deliver computationally affordable system, but which covers sufficient spatial extent
to provide robust atmosphere, land surfaceaehn simulations over the region of inter&sis domain now also represents
the common domain selected andisein uncoupled mode configurations at the Met Offiseheoperational weather forecast
UK atmosphere (UKY e.g. Tang et al., 2013rom November 2016 and in research development for future operational
implementation as an oceforecast systertAMM15; Graham et al., 2037

To reduce the imgct of smalletongitudinal grid cell sizes at highlatitudes, all model grids are defined as rawtir grids

on a rotated latitude and longitude coordinate system. The caiopatdNorth Ble origin isset at an actual position of 37.5°

N, 177.5 E. Further detail on the model grids selected for each UKC2 component is provided in Sect. 3.

2.2 Coupling framework

Hewitt et al (2011) providd a comprehensive description letUM and NEMO coupling (with sea ice) in the context of

global coupled climate simulation&s with any coupled prediction system, the primary aim for development of UKC?2 is to
bette represent the feedbacks between components of the Earth system. The initial focus is etinséscedesfrom hours

to dayssuch that interaction with longer timescale processes such as atmospheric chemistry and composition is not considere
and nosea ice is assumed to form in the domain. Rather, a representation of the feedbacks at high resolution through exchang
of momentum, heat anfdeshwateris attemptedFigure 2 illustrates the coupling exchanges considered within UK.

lack of sea ice ocoupling to 3dimensional fields such as required for atmospheric composition makes UKC2 a relatively
simplecoupled system with 18urfacefields exchanged via the OASISACT library (Valcke et. al, 2015) in addition to the

coupling ofthe atmosphert the land surfacéhrough the JULES impliciand explicitcouplingschemeg¢Best et al, 2004)
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Table 1 lists the variables exchanged between model components within UKC2. All fields are exchanged at a coupling
frequency of 1 hour. Thiechnicafflexibility exists to exchange different fields with different coupling frequenciedugune

research wilinvestigate the sensitivity of ressilto the coupling frequency chosérhe need for all model components to

reach goarticular commomsimulationtime before coupling exchange can place some constraints on the modstdpueed.

For simplicity, all model components are run in cougad uncoupled mode with&® s time step.

The addition of a wave model within UKC2 represents an extension of the cofiglitsgpresented by Hewitt et al. (2011),
although the processing and exchange of fields via GA&MICT closely mirrors thatised between atmosphere and ocean
componentsWhile the technical capability has been implemented in WAVEWATCH Ill and NEMO coaleches to
exchange variables from the surface waves to ofegnBreivik et al., 2015)he relevant physics requiréa NEMO were

notimplemented or tested withinKC2. This is goriority for future development within the next UKC3 system

2.2.1 Geneation of interpolation weights

Interpolation weights are requiradarder to translate fields between the different component model gtidsugh OASIS3

MCT has the capability of generating interpolation weights atirag, the interpolation betweetmosphere and ocean grids

is achieved by calculating weights offline using ESkdBls (Jones, 2015Jo specify the mapping between source and
destination gridsThis is more efficient, traceablend allows checking and potentialtyinor adjustments to bmade to the
calculated weights prior to their usemapping of all scalar fields is achieved using-firster conservative interpolation.
Remapping of vector fields (i.aind, wind stress and ocean currents) is achieved by bilinear interpolatioowkajltesting

and assessment of exchanged variables, it was decided to generate remap weights between grids without taking into accol
the land/sea masks defined for each component. This avoided some issues which resulted from calculating remap weight
aaoss grid boxes where, due to either variable grid resolution in the atmosphere or usédehtical masks even where

grids matched exactly, at least part of the grid in one component was defined as landfdointdidr remapping) whe in

the othergrid it was defined ascean (valid). Instead, all points in both grids were considered as potentially valid source or
destination points for remapping, and the interpolation weights computed everywhere. Modifications to themeldghnt

codes werg¢henimplemented in coderanches to ensure that exchanged variablesamtyeised wheréhere wawalid source
information available oa validdestinatiorpoint.

While the UKO2 oceamnd UKW2 wave configurationge defined using identical bathymetry amhd/sea maskgcean
variables at the surface in NEMO are defined on the fdlig2id while wave variables in WAVEWATCH Il are defined on

a 1-d vector of sea points only. A simple remapping was therefore also definedifocéan to - wave field exchages.

Given prior calculation of ocean to atmosphere remap weiglkiag ESMF, it wa also possible to directly apply this

translation to infer the required remapping and interpolation weights between wave and atmosphere grids.
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2.3 A physical basis for oupled feedbacks

The coupling within UKC2 is focussed on the exchange of momentum, heat and fresh water at théFgrfacd his is
mediated through the surface exchange and boundary layer schemes within JULES and thelldeki#vdl., 200 and
thetreatment of surface boundary condition forcing withNEMO (Madec et al., 20}&nd WAVEWATCH Il (Tolman et
al., 2014).

It is worth emphasising thabme representatiaf thefeedbackprocesses of intereist UKC2 arealreadyincluded within the
uncouped component model parameterizatiorweverin uncoupled simulationsnformation about the state of other
environmental componentsatenrepresented either through external files, with no feedbacks duringrthlaton on those
forcing data. Alterntively key parameterdefining the role of other components are assutnée set as constardther than
dynamically changing through time (with or without feedbacks). Further details ext#r@al forcing is discussed in Sect. 3
A brief summary is praded hereo describghe keyUKC2 coupledinteractionshighlighted in Fig. 2

In general, surface exchange to the ajphese makes the assumption tNainin-Obukhov similarity theory for the surface
layer is valid and thatertical gradients of model vablesfor velocity’l, temperaturéYand moisturej in this region are

related to surface fluxes by the following equations.

- — (1)

2

©)

Note that he definition for all variables uséd equationgs provided in Appendix A, along with their units.

2.3.1 Momentum exchange

The key terms and exchanges disog momenturrrelated processes in UKC2 are illustrated in Fig. 2(a).vilihd speedY

at areference height is related to the surface friction velogity, and roughness length , according to
Y O Zaee T 4

where the von Kidnén constantll, has a value of 0.4. The stress exerted at the surface can then be expressed as
o6 OYls (5)

In the MetUM boundary layescheme, the neaurface wind speeprofile is computed using gace similarity via Eq. (4

with the similarity functions%. 6 i hdefined by Beljaars and Holtslag (1991) used for stable conditions, whilst in unstable
conditions the functions of Dyer and Hicks (1970) ssedu

In uncoupled atmosphemnly simulations, or over land grid cells, the surface wind speed is takencasand the difference

in wind speed between the surface and the first model level is sifiply”l . When coupling to an ocean moielUKC2,

the near surface wingpeed is expressed relative to the ocafacecurrent speedl , such thaty’l "I 1. Withsl s
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sl sin most conditionsthe effective surface layer flow is relatively decelerated where the surface currentatigthe

overlying wind and is accelerated &rie the current opposes the wintlis modifies the effective surface stress (&Y.

implying that the neasurface wind profile issoadapted, with implications for the effective forcing applied to thewoce

and wave components in coupled and uncoupled modes.

For model grid cells over the ocean, thagbness length for momentutepend®n both the atmospheric surfdeger flow

and the underlying surface wave stdtee momentum roughness length is relatethe surface friction velocity., as:

& _a (6)

z

Thisi s a generalisation of Char noc k-isd condtions (Smah, 1088With the o ¢ k ,

dynamic viscosy of air, ’ , having a constant value df4 10° msZ. In an uncoupled UKA2 atmospheoaly simulation, as

a i Qw

in the operational UKV system, an empiricaligsed constant value for the Charnock coeffigjenof 0.011 is specified
everywhere.When coupling to avave model in UKC2, a spatialtyarying wavedependent Charnock parameter field
calculated byWAVEWATCH Il is updated and exchanged via OASISBT throughout the simulation. parameterisation
for computing theoughness lengtfor scalars @ i Q ¢isthenappliedfollowing Edwards(2007).

Surface stress and near surface wind speegthbles provided by the atmosphere model within UKCZaadbrcing to the
ocean anavave model compeents. The surface strga®ovides an uppdriction boundary conditin on the vertial diffusive
flux in the NEMO ocean modeThe effect of windwave interaction is describedtime WAVEWATCH Il model interms of
a source term'Y “(h— , for wave numbefQand wave direction—. A variety of parameterisations thdepend on the
calculation ofo. from input wind speed components are available in WAVEWATCH Il (Tolma.e2014). By default in
UKC2t he o SWa8v e p ar aschenteésrusedased iorotie growth theory bfiles (1957), modifiecby Janssen
(1982) and Bidlot2012). For a wave fieldefined with a wave action density spectrim™— , and intrinsic frequengy, ,

then

YOG BEEDG < g ATPOf [ A0 - Y T ©
TheY “h— term provides a linear damping of swells (Janssen, 2004).

The input source term then used in the calculation of the wesgpported stres$ has:

b A0 0 R OROEE KQA— tesoi AT-GOEL ®)

with Tz providing the stress supported by shorter waves (also dependent on the Charnock panarejertabulated

beforehand based on the assumption that for high frequencies the stress is in the wind direction and the spectratwhape is kn

Given an iput wind speed (assumed neutrat)10 m above the surfa@% =+ and the calculated waxseipported stresk |,
the twoway feedback between the atmosphere and wave field is then described in terms of the frictiondveldhisyis
defined in WAVEWATCH Il through a lookup table (Bidlot 2012 describing the total surface stress ” 6. as a function

of T\g andt . An iterative calculation is performed to calculate roughness léngthd total stres$ from:
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with an initial guess foét on each of 10 iterations given by T "q With|  specifying a minimum possible Charnock

coefficient @efaultvalue of 0.009%et in UKC2 configuratior)s Given the ierative solution foo. (from 1), the roughness

lengthd, is determined again from the input 10 m wind sp%gq according tdqg. (4) andthe output Charnock parameter

diagnostic or coupling fieldack to the atmosphederived using

O (10)

z

Note again that no wawe-ocean feedbacks which will also impact on momentum exchange across the atmospaere
interface and its mixing within the ocean interior are represented in UKC2 (e.g. Breivik et al,, lA@t1&)e planned for

implementation in a future configuration.

2.3.2Heat exchange

The key terms describing the exchange of heat across thattmodphere and oceatmosphere intéace are illustrated in

Fig. 2(B. Thesurfaceradiation budget is desdréd by he partitioning of the total surface heatifg into solard and non

solar0 components, such that

0 0 O 0 0 0 0 (1)

whered s the longwave heating, the latent heating due to evaporation andthe sensible heat flux.

The landuse dependent partitioning of energy over land grid cells to the vegetation and surface soil layers within the JULES
land surface model is described in detail by Best et al. (2011). The surface energy balance overdascrice the rate of

change of surface temperaturé:
6— p | ™s [T 0s , 7Y ©® 00 O 12
Theturbulentsurfacesensibleheat flux to the atmospheric boundary layer can be expresased on Eq. (2as

"0 OYYYY —a a a (13

and the turbulent moisture flukased on Eq. (3), as:

0 " ™R (14)

Over the sea, if a constant sea surface temperdtre YY) ¥ assumed, then tleolution of thesurface sensible heat flux

becomes only a function of the overlying air temperatwith Y'Y0 “Y &  “Y. When caipled to a dynamic ocean model
however the surface temperatui¥ is diagnosed directlhased on solving therimitive dynamical equations for the ocean
and representing stdrid physics due to turbulent motions and diffusion. In this casestirface sensible heat flux to the
atmosphere ithendictated by thevolution of thenearsurface gradient of air arsba temperaturé§Yo Yo Y 0.

The resulting srface buoyancy flux, which dictates the overlying boundary layetution and stability, is then:

14



10

15

20

25

30

Y6 @ ¥Y —d& a4 W (19

Theradiation penetting beneath the ocean surfasdreatecoy the NEMOmo d e | usi ng armeprasdRtB@tbe s c h
different absorption characteristics of the ocean to different wavelength radisiagaigne et al2007).Longwave radiation
(wavelengths greaténan atout 700nm) is absorbed in the upper few centimetres of the ocean, contributing to surface heating.
Shortwave radiation penetrates more deeply, causingatddre as well as surface heatiig.UKC2, an empiricallybased

absorption parameter is specifi@dndicate tha66%of incoming radiation is nepenetratingsee Sect. 3.3Jor penetrating

wavelengths, th&®@GB scheme splits shortwave radiation into three wavebands, representing red, green and blue light. For

each of the three wavebands, a chlordiptigpendent attenuation coefficient can be specified at each model grid point to

define tow the solar irradiancé&)penetratesvith depth,q, into the oceapaccording to

o 0 'Y Q — Q' Q! Q (16)

In UKC2, a constant and smallorophyll concetration of 0.05 mg i is assumed everywhere. a future evolution to the
regiond coupled system, the additiai a dynamic marine biogeochemical compor(erng. Butenschon et al., 201€)ould
enable biophysical feedbacks on the radiation attenuatioe tonsideredt would also be possible to use an estimate of the

near surface ocean chlorophgtd sediment® modify the sea surface albedo, and feedback directly on the surface radiation
balance computed within the MetUM following Jin et al. (2011).

2.3.3Freshwater exchange

The processes thatescribe thecycling of freshwatemcross atmosphere, land and ocean components WHRER2 are
illustrated in Fig. 2(t The partitioning of precipitation falling onto vegetation or the land surface intoframd&oil moisture
is determined by the JULES soil hydrology parameterisations (Best et al., 2011). Tipédssitale heterogeneity of soll
moisture is represented in the UKA2 and UKC2 configurations using the Probability Distributed MoleINI®bre, 207).
This calculates the fraction of each model grid cell that is saturated as precipitation falls into the soiDst@esording to
Eq. (19:

0 PP PP 17

where"Yis the grid cell soil water storag#; the minimum storage below which there is no surface saturatiot¥ands the
maximum grid cell storage. Any saturation excess over the saturated area then generagasisofff€Clark and Gedney,
2007. The subsurface runoffor grid cell baseflow)s obtained as the free drainage at the bottom of the soil column (at 3 m

depth).The saturation fraction in the PDM scheme is controlled by the three paranteéesbape arameter¢y the minimum

storageyy,, and the depth of the surface soil column considéred, . The maximum storagéY 4 gis defined asx £ 5 -

where— ;is the volumetric water content at saturatidime saturation fraction is ctiolled by thedshape parameter.

Modifications to this parameterisatispecifically implementefbr UKC2 are described further in Sect. 3.2.
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A kinematic wave equation scheme (Bell et al., 2007) has been introduced in JULES, termed the River FldiRRLbglel
to represent the routing of suréaand suksurface runoffrom inland grid cells across the land surface and within the river
network out to sea. In general, a channel fipwn either the surface or stgurface is related to the lateral m# into a grid
cell per unit lengthi, and a kinematic wave speédas:
5 — o— i Y (18
whereR represents positive or negativeeturn flow which allows for transfer between the-suinface and surface thavays.
A derivation of the RFM routing algorithm is provided in Appendix B for clafitye RFM incorporatea series ofuneable
parameters such as saré and sulsurface wave speedsfor both river anddnd gridcells (TableC3).
For uncoupled atmo$ereonly simulations, the coastal freshwater discharge provides a useful and observable diagnostic
10 characterising the land surface moisture state and an integrated characteristic of the model rainfall and land sudase proces
In coupled simuldons, tke discharge provides a mass exchange boundary contlitilie oceanmodel componet. This
modifies the sea surface salinity, especially in the vicinity of major river mouths. Options are available in NEMO tbedistrib
this flux across the full depth di¢ water column or only the surface grid lewelfuture, further development may be required
to provide a more sophisticated representation of mixing processes within shallow estuarine environments. A coupled
15 predidion system also providesfaamework n which to simulate the developmesitinundated areas and wetlands through
river overbank inundation along with inundation of the land surface at the coastline through overtopping during high sea leve
and stormy conditions.
Figure 2(c) also illustratedi¢ direct input of freshwater from thémosphere at the ocean surfatéen coupledd an ocean
model,the kinematicsurface boundary conditidga modified by the difference in precipitation and evaporation ‘O, mass

20 flux, such that for a sea surfaceidt—:
0 — %Y¥s &- 0 O (19

This changes the ocean salinity due to the adjustment to ocean volume and the subsequent effect on dilution or concentratio

3 System components UKA2 atmosphere, UKL2 land, UKO2 oean and UKW2 wavemodels

Table2 provides a summary ¢fie components of the UKC2 coupled prediction systeme. dncoupled singleomponent

25 atmosphere, land surface, ocean and wave amafiignsare referred to as UKA2, UKL2, UKO2 and UKW?2 respectively.
These are defined with identical domain, grid and physics optiondha@scoupled inUKC2, but are capable of running in
uncoupled mode by use of appropriate forcing and initialisation inputs as described below.
A distinction is also made betweeonfiguratons of UKC2 in which only atmosphere and ocean components are coupled,
referred to as UKC2ad which only oceanrad wave components are coupled, UKC2and the fully coupled atmosphere

30 landoceanwave system referred to as UKC2aow.
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3.1The UKA2 atmosphere component

The atmospheric component withirkKGQ2 uses the MetM code at version 10.1 (e.@/alters et al., 2006 This uses the

AENDGameo dynamical core (Even Newer Dynamics;WoaetalGener

2014).As describedby Walters et al. (2016)he prognostic fields atbreedimensional wind components, virtual dry potential
temperature, Exner pressure, dry density, mass mixing ratio of water vapour and cloudlietdsre discresed horizontally

onto a rgular grid with Arakawa Cgrid stagiering (Arakawa and Lamb, 197@nda CharneyPhillips vertical staggering

(Charney and Phillips, 19%3ising terrairfollowing hybrid height coordinates. The discretised equations are solved using a

nested iterative appach centred about solving a linear Helmholtz equafidve boundary layer scheme asfirstorder
turbulence closure mixing adiabatically conserved heat and moisture variables, momentum and tlaseribed by Lock

et al. (2000mnd Brown et al. (2008The UKA2atmosphere configurationirrors an mplementation of that used in the UKV
variable resolutiomtmospherdand weather forecast systefraqg et al., 2003 defined atParallel Suite 38PS38) Required
MetUM code changes fatevelopment othe UKC2 configuration, implemented as branches to the vn10.1 trunk code, are

described in Appendix C.1.

3.11 UKA2 model grid

The UKV PS38configuration has been in operational use at the Met Office Biagember 201&ndrepresents a substantial
increase irthe extent of the domain over the previous operational configurdéiscribed byrang et al. (2013)A variable
resolutiongrid methodologyis applied withsquaregrid cells defined within an inner region over UK and Ireland having
horizontal resolutiorof 0.0135 (approximatelyl.5 kmat midlatitudeg across 622 cells across westst and 810 across
northsouth coordinate@=ig. 1). Beyond the inner region, the model grid expameks a thin transition zonaf width 18grid
cellsto an outer region witf.0135 by 0.036 resolution (approximately 1.5 km by 4 krand0.036 by 0.036 square grid

cellsin thedomaincorners.This gives avariable resolutionrmodel gridwith 950 cells across the wesast and 1025 cells in

the northsouth coordinateAn increase of order 95% in the geographical coverage of the UKA2 domain relative to the previous

UKV implementation described by Tang et al. (2013) is achieved relatively efficiently by only expanding the domain in the

coarser resolution outer region, therebguieing orly 41% more grid cells.

To maintain consistency with the operational weather forecast system, a different land/sea mask definition toishésegean
even in the inner region wreethe two grids are identicakrid cells are defined as eithentirely land or sea, in contrast to
configurations with coupling to global MetUMatmosphere, in which c o a st a | tilingo all ows
have aractionof sea and land defindd.g.Williams et al., 2015),

The same set of 70 verdiiccoordinates as used in the operational UKV implementation is used, with a-telimiing
coordinate near the surface evolviloga constant height at 40 km above-E=eel at the moel top. The vertical coordinate
focuses resolution neardstthe suface, with 16 levels defined in the lowest 1 km. The lowest model fevelensityis set

at2.5m above the surfac®etailsof theverticallevel setareincluded in theSupplementary Mterialto this paper.
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3.12 UKAZ2 initialisation and forcing

The amosphere component is initialised by firstremning a forecasbnly global configuration of the Met at N768
(approximately 17 knat mid-atitudeg resolution Walters et al., 20296 Thisglobalrun is initialised from archived analyses
of the operatioal global MetUM forecastun with da& assimation at the time of a given case stuBpundary conditions
for the UKA2 regional domain are then extracted usingbtJM makeBC utility {Vhitehouse, 204) and initial conditions
are specified by interpolaitn from the global model dump file usirige MetUM reconfiguration utility(Mancell, 2014.

3.1.3UKA2 sea surface boundary conditios

Of particular relevance fits application within aenvironmental prediction system with which to studysaia interagbns,

is consideration of the initialisation and evolution of the sea surface temperature (SST). By default in the operational UKV
weather forecast systei®@STare initialised from the daily OSTIA (Operational Sea Surface Temperature and Sea Ice Analysis;
Donlon et al., 201Rinterpolated onto thatmospheramodel grid. This field, defined globally at a resolution &f2¢°
(approximately &m), is then persisted (i.e. kept constant) as the lower boundary condition temperature over sea points in the
doman throughout dorecast simulationcurrently of typically 48 hours in duration in operations

To support research using the coupled UKC2 and uncoupled UKA2 uoaatfigns, two options foinitialising SSTwere
implemented. For simplicity, the default capfiration follows he approach described in S&:tL.2, whereby th&ST used to
initialise the global N768 run is interpolated onto the UKA2 grid viaMletUM reconfiguration package. Thiield is based

on OSTIA, but has firdbeen interpolated onto thelatively coarsd7 km resolution globatmospherenodel grid(e.g. Fig.

3(a)). Case study simulationsruntinh i s figl obal pwith SST sootex th a @obdicale otveerdational analysis,

are referred to as UKA2g.

For a more direct compads with the coupled simulatiorhe SST field used in the initialisation of a corresponding uncoupled

and freerunningUKO2 ocean model simulation (see Sect. 3.4) can be used as a more directly peesiateéd SSTontrd
simulation for comparison withcoupled gnulations (e.g. Fig3(b)). Case st udy si mul a-tesomtiors r un
persisted STO0O mode are referred to as UKA2h.

Following thisappoach it is also possible to defisensitivity tests with usemodifiedinitial SST ancillary fieldsn order to

assess the impact of SST biases or variations on the atmospheric eviidtierabsence of any updated ancillary information,

the initial SST defined for a case study persists throughout a simulation cycle and across any successive oyotésd ru

given that they are initialised from the restart dump of a previous cycle.

As described in Sect. 2.3 lower boundary in UKA?2 is also typically assumed to be at rest (i.e. ocean surfarescu
initialised to zero). e effect of roughness fm surface waves is specified in terms of a constant Charnoeknpter
everywhere, sdb the default operation&lKV value of0.011.In contrasin the UKC2 coupled prediction system, SST and

the zonal and meridional surface current compon@ngs Fig.4(a)) are updated each coupling period by the latest simulated
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fields from the UKO2 ocean model amdspatially and temporally varying Charnock parameter is computed and exchanged
from the UKW2 wave moddk.g. Fig. 4(b))

3.2 The UKL2 land surface compoent

The JULESland surface model (Best et,a201% Clark et al., 201)Lis implicitly coupledto the MetUMatmosphere in all
configurations to providexchanges of momentum, heat avater between the surface and atmospheric boundary Teyer.
JULES systm can also be run inastdalone mode without linking the MetUM given suitablexternaldriving data. This
provides a powerful tool foefficient offline testing and evaluation. JULES version 4.2 was implemented in UKC2, running
on the same variablegelution grid as defined for the atmosphéBect. 3.1.1) The JULESscienceparameters were also set
according to the UKV PS38 physics definiti@eeSupplementary Materigl

Heat and water exchange processes in thesstface are represented on 4 &aylers at fixed layer thicknesses from the top
down of 0.1 m, 0.25 m, 0.65 m and 2.0 m. The soil hydraulic conductivity is calculated according to the mBtioo#sof
Corey following Cosby et al. (1984).

To support environmental prediction developmemg, iydrological functionality ahe JULEStrunk codehas been extended

to include a river routing schenfgee Sect. 2.3p compute the freshwater fluxes from the land into the omgnDadson et

al., 2011) This provides a foundation towards more greged and consistent treatment of both land surface feedbacks to the
atmosphere and the terrestrial hydroldgyzommon with the evolution of other land surface prediction systems (e.g. Senatore
et al., 2015). ie JULES framework provides the neces$baxibility for further research and improvement on this approach,
for example to improve the definition wériable depth soil layers, representatiotatéral flows, and introducing more robust
representation of groundwater proceqgeg. Clark et al, @15; Davison et al., 2016)

Further details of the code modifications implemented as branches to the JULES trunk code for UKC2 are provided in
Appendix C2.

3.2.1 UKL2 surface exchange

Proportions of 9 surfacéles aredefined for each grid celb represent subgrid heterogeneity, with the surface of each land

point subdivided into five types of vegetation (broadleaf trees, néemlled trees, temperateg @rass, tropical £grass and

shrubs) and four nemegetated surface types (urban areas, inlandrwiire soil and land ige)sing information from the

Centre forEcology & Hydrology Land Cover &p 2007 (CEH, 2007)The urban scheme described by Best (2005) was
implementedSurface fluxes are calculated separately on each tile within JULES usiagessirhilarity theoryas introduced

in Sect. 2.3.

While the initial boundary layer and surface exchange configuration implemented in UKC2 is described here, which follows
closely the approach used in the operational UKV weather forecast configuratidskK @ regional coupled prediction

system now provides a testbed for further exploring the surface flux parameterisations and assumptions adopted within botl

the atmosphere and ocean components, and of the impact of an evolving wave surface at thar interfa
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3.2.2UKL2 runoff generation

The surface and stdurface hydrology used within UKC2 is based on extensive testing of potential options through offline
evaluation and improvement of calculated river discharges for 13 selected catchments acrossrtime &KGyear long
JULES simulation driven by the CHESS meteorological d&tanate, Hydrology and Ecology research Support System
Robinson et al., 2037An optimisedvalue forthe soil degt considered in the PDM schende, (Sect 2.3.3)pf 1.0 m was
chosenin contrast to the value used in the opera UKV configuration of 0.5 mA number ofJULEStests were also
conducted assessing the impact of runoff aver discharge to theDM b-parameterwith a value of 2 selected for UKCii,
contast to the operational UKV value 6f4. This impliesthata relativelylarger saturated fractios calculatedor a given

soil water storeThe value oparametefYwas also explored, with regard to the fractigh™yY . Avalue of 0.5ndicatesthat

no surface runoff is produced untiktisoil is 50% saturated. Wh"Yj "Y is set to 0.0, as used by default in JUL_E@ery
rainfall even will produce saturation excess runoff. In order to develop spatially varying parameter sets, a new dependency of
"Yj"Y  with local terrain slope in each model grid cell was applied in UKC2. A variety of potential linear and discontinuous

functions were tested to define this dependency, and it was concluded that the bestatprewas found using

— 4ddep —— hmsr (20)

A value for the maximum slop&y , of 6° was closen such that for grid cells witmeanslopes in excess of @ll rainfall
generates saturation excess runoff while for flat terf&in’Y  tends to Jand nosaturatiorexcess runoff is produced unless

the soil column is 100% saturated.igfadaptation to the PDM scheme tends to rediateration excessurface runoff

generation, relative to the default configuration, particularly over flatter terrain.

3.2.3UKL2 river routing

The RFMriver routingschemégSect 2.3.3fequires ancillary irdrmation on the river pathways and their connectivity across
the model gd. This has been defined foregular 1.5 km resolution grid across the UKC2 domain ugiagcsMTED2010
digital terrain modeandexperthuman intervention to ensure that the flaawsroutedcorrecty (e.g. Davies and Bell, 2009)
For simplicity in initial testing, the river routing was considered on the same grid as the land surface model (i.e.dke same
the variable resolution atmosphere grid), and so flows were only computed thie regular resolution inner domain across
UK and Ireland. Extensions the grid remappingithin JULES will enable moréexibility to interpolate runoff calculated

on thevariable resolutiodand surface grid to a regular high resolution routingl grcross the whole domain in future
implementations.

Based onHe river routing parametenalues for high resolution models recommended in Bell et al. (286d) experience
working with the operational implementation of RFM in the @dedGrid natonal flood forecasting systefe.g.Bell et al.,
2009) the parameters listed TableC.3were applied as a baseline configuration in UKE2nsitivity tests were conducted
modifying the surface wave speed for river callsFor numerical stability conditionsith a model grid cell spacingmand

time stepYo, the wave speed must comply with Yo#Yo. It was concluded that the sensitiviifsimulated river flowso
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routing parametersvas low relative to the semisity of results to the PDM parameters chosBarther work and mer
extensive calibratigrfor example to establish spatially varying or flo@pendent parameter sets, may be necessary as a future
development, but in general the implementation of tiseédiuess parameters praed in Table C.8verywhere was considered

to be adequate to generate initial river flows within UKC2.

3.2.4 UKL2 surface and subsurface moisture initialisation

Soil moisture is initialiseéh UKL2 by inteipolation of soil moistte fields provided by a global $anoisture analysis in the
MetUM reconfiguration proces&Sect. 3.12). The interpolation attempts to preserve the level of saturation by taking into
account changes in soil properties as definethbyhigher resolutioancillaries, butit cannot take account of changes in the
precipitation associated with highresolution, for example due to more detailed representation of orography, relative to the
global configuration. This is likely to cause imbalances between tie higpes ol uti on soi | moi st ur e
Work is ongoing at the Met Office to develop an operational UKV surface analysis, which should lead to future improvements
in the initialisation of soil moisture in both operational and researotie systms.

The new requirement to simulate river flows in UKC2 has also led to further land surface initialisation challenges.dnformati
on four prognostic variables are required for initialising RFM, namely the surface asdréate inflows at each grid cell

and the surface and sshirface storagesSy(see Appendix B)These variables are not readily available within operational
archives, and so in order to initialise RFM with a realistic surface andistdice state for a given casedstistarting point, it

was necessary to first rutm UKL2 configuration ofJULES in offinemodefrom emptyfor several (nominally at least 3)
months, driven by meteorological forcing from the archived operational UKV weather forecast nRedplired driviig

variables include air pressure, specific humidity, air temperature, precipitation, and radiation and wind components.

3.3 The UKO2 ocean component

UKOZ2 represents the research use obEa mesoscale eddagsolving coastal ocean model configurationthe northwest
shelf region In contrast to the current operational AMM7 configuration (Fig. 106 De a )} whictaruns on a ;ttutey
longitude grid at a horizontal resolution of approximately 7 km, the UKO2 ocean componentingestal.5 km restution
grid. As illustrated in Fig. 4(a)his stepchangeamprovemenin horizontal resolution enables smaltsrale processesich as
internal tides, whiclare known to play a key role in both shkbifeak exchange and -@helf circulation to be resolvedhe
1.5 km horizontal resolution is sufficient for resolving the internal Rossby radius on the shelfraf bnd¢Holt and Proctor,
2008 Holt et al., 201Y, and it is known that esoscale eddigday acrucialrolein transporting heat, freshwater amatrients
in the region Palmer et al., 2035

The UKO2 ocean configuration mirrorghe Atlantic Margin Model (AMM15) oceaonly sheltseas forecasting system
(Graham et al., 2037which isbeing developednd further testetbwards future operational plementation as part of the

evolution of theEU Copernicus North West Shelf Marine SerVig&rine.copernicus.gu
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The UKO2 ocean component is a regionallenpentation of NEMONladec et al., 2006t versim 3.6_stablétrunkrevision

5518. Model physics optiongsed mirror thse defined in the AMM1Bonfigurationnamelists (see Supplementary Material)

and further details are provided Braham et al. (2037 Given the kmscale resolutiononly a minimal anount of eddy
viscosity is applied in the lateral diffusion scheme, to ensure model stability. For momentum and tracers, bilapladiis viscos
are applied on model levels (using coefficients of 8xd®&* and 1x18m*s!respectively). The Generic LeitigBcale scheme

is used to calculate turbulent viscosities and diffusivities (Umlauf and Burchard, 2003) and surface wave mixing is
parameterised using the Craig and Banner (1994) scheme. Dissipation under stable stratification is limited using the Galperil
limit of 0.267 (Galperin et al., 1988) and bottom friction is controlled through a log layer withlsmeandrag coefficient of
0.0025.A series of compilabn keys, described ifiable C.5, are applied on building the NEMO executable for UKO2 and
UKC2.

As described in Sect. 2.3e treatmenotf surface solar radiation is controlled by an RGB light penetration scheme, in which
the fraction of shortwave solar radiation that is absorbed in the upper few centimetres rather than penetrate to ttefilis con

by namelist parameten_abs After some testing, a fractiaof 0.66 (i.e. 66% absorptionis selected iad input radiation is
partitioned intasolarQsr andnon-solar Qs componenfluxes.

A summary of the NEMO code changes, merged and compiletsereté branches, required as adaptations for UKC2 is

described in more detail in Appendix C3.

3.3.1 The UKO2 model grid

The ocean component is defined on a regular 1.5 x 1.5 km grid in rotated coordinates across the enti(Eigotaiith

the centrlregion exactly matching thaner domairof the UKA2 atmosphere grid'his requires 1458 gticells in the west

east zonatlirection and 1345 grid cells in the negbuth meridionatlirection with Arakawa Cgrid staggering (Arakawa and
Lamb, 1977) Themodel grid has 51 vertical levels and a #imear free surface. The vertical grid usestretched terrain
foll owdonogr disnat ed system as described by Siddorn and Fu
where the gradient of thathymetry exceeds a specified parametaag) and ensures a minimum depth of the surface layer
A minimum ocean depth of 10 m is imposed, with no wetting and drying at the coastal grid points.

The extent of the UKC2 domain was carefully assessed withve ta the implementation of the ocean compon€atthe
south(lower-left grid cell centre located at 17.617° W, 44.065; g extent was chosen so that the domain boundary was
sufficiently far north of the Spanish coast such thatgheltbreak transpo flows into the domain perpendicular(iig. 1).

The northern boundarfypperright grid cell centre located at 16.254° E, 62.206i9\5et sufficiently far north of the Faroe
Isles to allow transport around the islands, but far enough south topertiédly representing overflows or transport around
Iceland.

The bathymetrylefinedis based on EMODneEMODnet Portal, Sep 2015 releasAn adjustment had to be digal to the
EMODNET bathymetry to convert thiefererce depth fronlowest astronomical telto mean sea levels required for NEMO.
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This process used astimae of the lowest astronomical #drom a 19year simulation of the CS3X tidal model (Batstone et

al., 2013).

The EMODnet bathymetry data includes a land sea mask based on Open Sgreehlda haseen interpolated onto the
UKO2 grid. For grid cells of partial land/sea, they were originally set as land if the EMODnet land covered more than half of
the target grid cell. The resulting mask was then also manually assessed to checletfentamrof narrow channels,

estuaries andmall islands.

3.3.2 UKO2 initialisation and forcing

For case study simulations based on 2014 dates presented in@&glgtoundary dat of sea surface height;®2currents and

3-d temperature and salinigye provided from the archived %° resolution ocean data from the GloSea5 operational global
seasonal forecast system (MacLachlan et al., 2015), and initial conditions provided frggarardn of the AMM15 model
initialisedon 1January 2014rom GloSea&Gwvith meteorological forcing from the ERKterim reanalysisljee et al., 2011

For case study simulations based on 2015 dates in Sect 5, boundary data are provided from the archived 12 km resolutic
NATL12 operational ocean model configurati@ng, Siddomn et al., 201 and the initial conditions are taken from gear

run of the UKO2 configuration initialised from tt2914 AMM15 hindcast on 1 January 201bor initial development, a
climatological river discharge data are applied as freshvi@i@ng (Graham et al., 2017T.he impact of using the freshwater
fluxes from UKL2on the ocean componentll be assessed in future work.

Simulations are conducted using the direct forcing approach, wherebgatfiixes computed by an atmosphere model are
apgied, rather than being computed by NEMO based on bulk input propertiekeyhsheltompilationkey isalsoused,

which implies that wind forcing is provided in the form of fivYandc wind components rather than the surface stress
components directly, aralsurface layeparameterisatioapplied to translate to the stress forcing at the surface.

By default, the UKO2 configuration is forced wiBhourly radiationand hourly wind andmean sea level pressure forcing

data taken from archideoperational global MetUM forecast outpat,a horizontal resolution of approximigtd7 km Case
study simulations run with this fAglobal forcingodo mode a
In order to povide more direct comparison to the coupled configuragoegnfiguration otUKO2 forcedwith the kmscale
atmospheric datat hourly temporal resolution frothe UKA2 simulationwas also run, using the same interpolation weights
generated for couplingttranslate data between gri®@ase study simulations runtinhi s fihi gh resol uti on
referred to as UKO2h. Comparison of ocesnhy results between UKO2g and UKO2h enable assessment of any benefits of
the availability of higher resolutiometeorological information for operational ocean prediction, although it should be noted
that the UKO2g meteorological forcing is taken from an assimilatperationaforecast system, including assimilation of
global scatterometer winds at the oceanasef whereas the UKA2 meteorology comes from arfueaingcase study mode
simulation.The operational implementation of tbi&V weather forecagtystem on the UKA2 domain in the M@ffice since

November 2016 will providéhe potential for more rigorousvestigation of these issugsfuture studies
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3.4 The UKW2 surface wave component

The UKW?2 surface wave component within UKC2 uses the NOAA/NCEP community third generation spectral wave model
WAVEWATCH Il (Tolman, 2014) at version 4.18. The governinguations of WAVEWATCH Il include refraction and
straining of the wave field due to variations of the mean water depth and currents. Various wave parameterisation schemes f
the source terms are avail abljkemenetaldRP@d)nagnbofiISTABSTEIAr dW
packages. Source term physics in UKC2 use the ST3 approach as default, following the tuning described by Bidiot (2012)
establish some consistency with existing work on atmospkiave coupling (e.g. Janssen, 19Biteivik et al., 2015)Note

this choice is in contrast to the ST4 approaciietypically usedoy operational centres running WAVEWATCH |1l fgtobal

wave model simulations. Modelled source terms include wave growth and decay due to winds, nonliregrinés@ctions,
dissipation, bottom friction, deptinduced breaking and scattering due to whgttom interactions. Nonlinear wawveave
quadrupl et interactionso6, which shift wave enetergeiont owa
Approximation (Hasselmann et al., 1985). Wave energy propagation uses a second order upstosaitaory scheme (Li,
2008) with o6Garden Sprinkler Effectoé allevi at iAcseriesfob| | o
compilation switchesdescribed in Table €, are applied on building the WAVEWATCH Il executable for UKW2 and
UKC2. A summary of the code changes applied in the UKW2 configuration is described in Appendix C4.

3.4.1 The UKW2 model grid

For simplicity in initialimplementation and testing, the UKW2 grid was defined on an identical grid and with identical
bathymetry to the UKO2 ocean configuration (see Sect. 3.3). Nattéor operational us@ more efficienspherical multiple

cell (SMC;Li and Saulter, 2004approach usingvariable resolution wave grids with increased resolution nearer the coastlines

is under trialInvestigation of generating remap weights between a variable resolution atmosphere grid, regular ocean grid and
unstructured wave grid is plannfa future implementation in dKC3 system, to reduce the computational cost of running a

high resolution wave component.

3.4.2UKW?2 initialisation and forcing

As surface waves grow to maturity quicktiie wave state spins up from rest relatively quickig typically withina 5 day
simulation time. @sestudy simulations we initialised from a restart file generated by running the UKW?2 configuration from
restfor the5 day period prior to the case study initisthe. These sphup simulations used hourlyind forcing generated

from the operational global MetUNrchive at approximately 17 km resolution (as used in forcing UKO2g simulations).
Spectral boundary conditions were provided from archived operational global wave model output, for which the
WAVEWAT CH Ill model resolution in open waters of the Atlantic was set at approximately 25 km.

Forwaveonl y case study simulations, UKW2 can continue to b
forcedo approach i s ehounymghresolutiinvietporologysforcimg for WKG2 ht is also possible to
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interpolate wind speed components from the UKA2 grid to the UKW?2 grid to produce high resolution forcing, in uncoupled
waveonly simulations termed UKW2h. Forced wamely simuldions additionally including ocean cunteinformation read

from file are termed UKW2c, with surfaceurrents taken from UKOZ2h case study output. Finally, forced wale
simulations termed UKW?2| have also been run with wind, current and water levelgiovath the water levels also taken

from thesame UKO2h case study NEMO output.

4 Developing an evaluation framework

In order to explore, understand and demonstrate the skill and limitations of more integrated systems for UK environmental
prediction, andnform future development priorities, a robust and traceable evaluation framework for coupled predictions,
relative to uncoupled approaches was designed and implemé&igede 5Sprovides a summary of the UKC2 evaluation
system, and the interdependenciesateen the various control simulations. All coupled andupked configurations were

definedand run for a given case stupglgriodas 0se suiteghttp://metomi.github.io/rose/doc/rose.hjrahd \ersion controlled

under the Fexible Configuration Management (FCM)}ystem (http://metomi.github.io/fcm/dok/ The suite framework

provides the flexibility to run with different science and coupling optigitis a common apach, with relatively minor and
traceable namelist changes invoked between different suiteswie evaluation system. The suite desadgo provides
common build libraries and configurations, despite components originating fronedtffandelling systems with their own
underpinningvorking practices.

Table 2summarisegshe nomenclature introdad in Sect. 3 to define the evaluation framework. Required changes for
initialisation or forcing of uncoupled components are implemented asches of a suite configuration. A number of
comparisons can then be explored to highlight sensitivities to initial conditions, changes in footinpgliorg as described in
Table 3

4.1 Case study evaluations

A selection of Bday duration case study peds are discussed in the remainder of this paper, as an illustration of the
performance of the UKC2 configurations and the potential benefitugfliog relative to theontrol simulations. These cover

a range of seasons and environmental conditions dimgiawarmsummerstorm(7-11 August 2014and more sever@utumn
andwinter storm cases {8 Odober 2014, 711 December 2014). More stable ageherally dry autumnal {60 September
2014),winter (7-11 February 2015) arfibt summer (30 Jurie4 July 205) cass are also presented

It is noted that the use of case studies over a few days is a more routine approach for assessingeaimdspperformance

than oceanwaveor landmodels, given the relatively faster evolvinggesses in the atmospherais is however considered

a suitable starting point for evaluating the impact of coupling on short time scales, with further work planned to assess the

impact of coupling on the ocean over longer timescalesitfr longer integrations
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The initial assesment of the UKC2 is conducted in terms of bulk properties of the atmosphere, ocean and wave state, namely
the air temperature at 1.5 m, wind speed at 10 m, sea surface tempseatgigface heigtgignificant wave height andean
wavepesk period. While cosideration of these variables prowd@somewhat crudeeadline indication of model performance

within the scope of this paper, it should be noted that this does not represéiti@nt-ordefinitive evaluation of the system.

In order to more fully ezluate the extent to which UKC2 represents the coupling feedtmaksre thorough analysis of the
time-varying characteristics of thee variables and in particular of thienulated surfacekes and profile information ithe

near surface ocean and atmlosre is requirgdutis beyond the scope of this introductory pajar example, Fallman et al.

(2017) provide a more detailed evaluation of stratiform cloud develdpoventhe North Sea in the UKC2ao configuration,
relative to UKA2h. The study higlghts how diurnal sea surface warming in the coupled simulations lead to increased shallow
convection, leading to modified boundary layer evolution and formation of low level clouds.

The following discussion focuses on analysis relative to the UKA2h, WK&l UKW2h configurations as the reference
control, since these are initialised from identical initial conditions and have more directly comparable forcing to #te coupl
simulations. As highlighted in Sect. 2, comparisons between UKA2h with UKA2do@vden the equivalent oceanwave
configurations) highlight the combined impact of resolutmal assimilation within the initiadonditiors and/orforcing on

that reference system performanbécussion of the impact of coupling on land surface vargalasied of the performance of

the UKL2 river flow computations is also omitted to focus the scope of evaluation presented here on the impact of atmosphere

ocean interactions.

4.2 Observations

Model outputs are compared wighvariety ofin-situ observationgaken from Met Office operational archivasd routinely
exchanged over the World Meteorological Organization Global Telecommunication System. @3s®yvations of
atmospheric variables over land are taken from the network of surface automatic wetithres gperated by the Met Office
and other national weather siges across Europe. bpen waters of the northweStiropean shelf seas and Atlantic ogean
observation®f atmospheric variablesea surface temperatuaed wave conditionareprovided fran drifting buoys, moored
buoys,shipsand offshore oil installation€loser to the UK coastlindey source of ocea and wave state observations are
provided by the WaveNet monitoring network for the UK, operated b@émtre for Environment, Fisheriaad Aquaculture

Science (Cefagswavenet.cefas.cofikand t he Channel Coast Wwslanneleasoojgit s ¢ 0 «

thereforeworth noting that the majity of observation sites over the ocean considéedvaluatiorhere are located in coastal
regions where it is known that model skithay be poorer than over open waters due to more limited fetch, increased
importance of local geography on wind andreut flows, and the imposition of minimum depth limitations@@an and wave

modesk.
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5 Performance of UKC2 and the impact of coupling

Tables 49 provide summary roatnean square error (RMSE), bias and linear regression correlation coeffiggtistcs for

each case study for the atmospHareloceanwave UKC2aow and atmosphdendocean UKC2ao coupled systems and

for the relevant uncoupled UK[AOW]h and UK[AOWJtmosphere, ocean or wave modehulations forced with high
resolution and global reagion data respectivelyhe aluesgiven are an averagd statistics computed separately at each
observation site, weighdeby the number afmatched observation and model data points contributing to each statistic. Using
the UK[AOWIh statistics as the ference,average metricfor which a statistically significant difference between results is

f ound us i n gttesthtehe T ledekareturidsrlined, and also highlighted in bold where those differences indicate
an improvement relative to the regace.

These results highlighibat all configurationprovideat leastepresentative simulations of atmosphere, ocean and wave states.
UKC2aow and UKC2ao therefore represent a successful initial development of regional coupled prediction systems at higt
resolution, which is notrivial given the technicahnd scientificcomplexitiesinvolved in bringingtogether disparate model

systemsinitially developed within an uncoupled context

5.1 Atmosphere model variables

An overview of the performance of témospheric component of thdly coupled atmospheriand-oceanwaveUKC2aow
system relative to th&JKA2h control simulation for each of the case study periods considered is presenteoifdce
temperature (Figg), 1.5 m air temperature (Fig) and 10m wind speed (Fig8). While UKC2aow includes dynamic SST
surface currentand Charnock parameter as surface boundary conditions over tre iadgKA2h the initial SST identical

to the initial SST in UKC2aow) remains constastirface currentareassimed zercand a default value for the Charnock
parameter of 0.011 is applied everywhere for the duration of a case study.

Figures 68 showthe relativeroot-mean square erroRMSE) statistic computed between modelled and observedadata

the 5day duraibn of each case studgr UKC2aow and UKA2fat each observation sites

YO YO B B p 1)

Observation points showin green 'Y "YO Tt are atlocations where the RMSE for UKC2aashows smaller errors
relative to observatiathan UKA2h, while those in purpleéy O YO 1t indicate locations wherin UKC2aow exceed
those for UKA2h.

5.1.1 Surface temperature

The comparison dfletUM atmospherenodel surface temperature ovke oceatin Fig. 6 indicates the relative perfmrance
of the dynamic NEMO oceacomponent within UKC2aow (and UKC2awot showi relative to the persisted SST case. It is

therefore encouraging that, while not universal, for most sites during most cdigs $he RMSEnR SST is reducedoy
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typically more than 25%hrough coupling relativeo UKA2h. There are clusters of sites for which the persisted SST compares
better with observations duringeh of the case studies however. Thaseit further investigtion, noting in particular sites

in northern Scotland and along the east England coast during AugustR@dldcations along the soutfest England coast
during September 2014 and February 2015 cases. The summary statistics for SST between the nchyalesisted
atmospher@nly simulations shown indbles 4apPa) highlight a significant improvement in overall RMSE and bias for all
cases other than September 2014 and February 80ER improvements were also foufthis indicates model skill in the
UKO2h configuration at simulating the diurnal and longer timescale variability in &&iTof the potential value of using a
dynamically evolving SST for improving the surface boundary condition within atmospheric models relative to persistence.
The comparien between average statistics for the persisted SST between UKA2h (persisting the UKO2 initiat&5dn
NEMO model simulatiopand UKA2g (persisting a coarse resolution OSTIA SST based on observatidiag)es 4a)9a)

do not show any statisticallyggiificant differencesThese results provide some confidenicat tthe UKO2 configuration
within UKC2 is providing robust ocean predictions and case study initialisation.

5.1.2 Air temperature

It might be expectedhat improvemen{or degradation) to the 3Sshould lead to improvement (or degradation) in the
simulation of neasurface air temperature, as diagnosed atrilabove the surface. Figurelllistrates the overall impact of
coupling on the comparison of air temperature with observations for esetstcaly. Comgring Fig. 6 and Fig. ‘highlights

that there is not a direct relationship between surface and air temperature, with air temperatbegsgadsmnglydriven by
nortlocal factors such asdvection and cloud coveFhis is apparent iTables 4a}9a)with relatively similar ? values for air
temperature across all model configurations despiterrSST being zero fothe persisted surface temperatureJiKA2
configuration runsFigure 7howeverdemonstrates evidence of improvement in 1.5rmteaperature through couplingpost
stronglyover ocean aread.ir temperatures over the Celtic Sea to the saugbkt of the UK and southern North Sea are
particularly improved during August, September, October 2014 and June/July 2015 case studiasreSins are seen for

the North Sea region east of Scotland apart from the June/July 2015 period, for which there is a degradation in airdemperatu
through coupling relative to observation.

Despite an overall improvement in the simulation of theasgrtemperature during the severe winter storm December 2014
case, Bnulated air temperature is also degradedJKC2aow relative to UKAh (or UKA2g)above the North Sea more
generally with increasesn RMSE in excess of 25% at some locatidsisnilar resits are also found for UKC2ao, indicating

that the increased errors in this region can be attributeskaiccouplingather than wave couplinghere is an observed
decrease in SST in the region by about 0.5 K over-tieey=duration of the December 20dase study, which is well captured

in the UKC2 and UKO2h ocean simulationdieTcoupled sea surface temperathereforetends to be of order 0.Z85K

cooler than the uncoupled simulaticiesvards the end of the simulation. This appears to exacerlggresal cool bias in
modelled air temperatures over the ocean for this case, indicating that while UKA2h and UKA2g may verify better in the

regionfor this casethe model system is not well representing the physical processes which took place in reality.
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While of smaller magnitude to changes over the sea, there are some notable differences in air temperature results over lan
likely linked to differenceddue to couplingin the evolution of weather systems and local features such as sea breeze
developmentFor example, air temperatures over Scotland are shown to be particularly improved during the hot July 2015
case(Fig. 7f). According to the summary statistics Tiables 4b9b) RMSE statistics are significantly improved due to
coupling when considering labbservation sites and oceanly sites for August, September and October 2014 and for the
June/July 2015 cas¥ery similar conclusions can be drawn considering statistics for all or -asdgrsites.As anticipated,

there is relatively little differenctr surface or air temperature between results for UKC2aow and UKC2ao simulgitions

and without wave coupling.

5.1.3 Wind speed

Figure 8 shows summary differences between UKC2aow and UKA2h-sigéace wind speed simulations relative to
observations. iemagnitude of changes between modeigenerally smaller thafior temperature differenceand areas with

on average slightly improved near surface wind speed can also be found within the domain during each cAssosaintsy
exception is theegion of degraded wind speed UKC2aow over the North Se@nferestingly,coinciding with a region of
improved surface and air temperatures) during the August 2014 case study. This region also shows degradatialieby
magnitude in September 2014 and Jduky/2015 cases. In this region, all configurations underestimate the wind speed, most
significantly during a period of increased winds during 9 August 2014 when peak observed wind speeds are up to 20 ms
while modelled speeds are typically only 10 tod$'. In this case, the impact of wave coupling leads to a reduction in wind
speed due to increased roughnesstamte evepoorer agreement compared with observatiénsther analysis of this case

would be of value.

Sumnmary statistics shown in TablesHllustrate very similar wind speed results acrdssnadel configurations, suggésg

that wind speed within the high resolution MetUM at least is not highly sensitive to the surface fCansgieration of
longerterm climatologies would be helpfub begin to unpick whether this is representative of the strength of swiade
coupling in this region or represents a potential improvement required to the MetUM surface exchange scheme assumption:
While not strongly apparg from Fig.8, Table 7showssignificant improvement on average in wind speed over the ocean due

to the coupling with the WAVEWATCH Ill Charnock parameter during the strong winter storm Dec@@ibé case, in
general due to geduction in simulated wind speed due to enhanced extnaatimomentum at the surface by a growing wave
state.In this case, the MetUM wind speed across all configurations was biased high relative to obseswetighat wave

coupling led to an overall improvement in system performance.

5.2 Ocean model variakes

Figure 9provides a comparison of the NEMO simulated sea surface temperature in UKC2aow arahbced¢O2h. With
no waveto-ocean coupling physics implemented in UK@&2e Sect. 2.2and the coupling and forcing information both

provided each houtthe key difference between these simulations is of the impact of the modified atmospheric forcing
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including ocean feedbacks UKC2aow on the evolution of the ocean stdtigee impact of coupling is generally mixed, with

areas of particularly strong impravent or degradation in simulation skill more limited in geographical extent than discussed
in Sect 5.1. Th summary statistics in Tables 4y) indicate statistically significant improvement in the SST RMSE during

the September and October 2014 case s dvhen particular improvement in SST along the English Channel and Bay of
Biscay coasts is apparent in Fgy.Relatively small dferences are shown in Tables 48x) overall for other cases. This might

be illustrated by th®ecember 2014 results in Figwhich show regions of particular improvement in SST along the eastern
English Channel coast being offset by degradation of similar magnitude further west.

An alternative summary view of relative model penfiance is illustrated in Fig0, whichfor each case studplots the model
configuration for which the lowest overall RMSE statistic at a site is achieved. This is also a somewhat crude approach, give
that differences need not be very large or statistically significant to register a configurdteirgsthe lower RMSE value.

It is however instructive for highlighting regions and case studies for which coupling may have a greater effect. The number
of sites for which each statistic considered is best is also sunechdds all variables in Tablesc#9c). This highlights
improvement in ocean SST simulatiahse to couplindor all cases other than JuneAd@D15, and focoastalocations along

the English Channel and southern North Sea in particular. Further north along theastetim coast ofrigland and in
locations off the shelf edge to the west of Ireland, coupling to the atmosphere has a much smaller impact on results.

Tables 4c)Pc) also show a summary comparison between UKO2h and UKO2g SST results, where UKO2h is forced by
meteorology fran the freerunning 1.5 km resolution UKA2h run and UKO2g forced by meteorology from the assimilative
global 17 km resolution operational MetUM archive. Results are generally improved in UKO2h relative to UKO2g (i.e. an
improvement with increased resolutiaf forcing, despite the lack of meteorological assimilation) with a statistically
significant difference in RMSE for August, September and October 2014 cases.

Figure 11 shows a similar presentation to Fig. 10 for sea surface height at a number obgogdtalations. This highlights

a tendency for the global forced meteorology in UKO2g to provide best SSH estimates overall, likely due to the impact of data
assimilation in the ocean forcing. However, distinct regions where coupling between the wasgaaamhere in particular
appears to provide benefit overall for all but the August 2014 case study. Differences in sea surface height betwesrssimulati
are generally sma(lTables 4cPc)), and scanyimprovements result from adjustments to the phasingles around the UK
coastline.lt is anticipated that more conclusive results will be drawn on running longer ocean simulations with and without

coupling, and after introducing waxaeean capling feedbacks within UKC3 (e.g. Staneva et al., 2016).

5.3 Wave model variables

A comparison of the wave only UKW2h (using UKA2h wind forcing) and UKW2g (using global resolution operational wind
forcing) configurations is made witboth thecoupled UKC2aow system and a wave only simulation UKW?2I which includes
bothsurface current and water level forcing from UKO2h in addition to high resolWtiKA2h wind forcing Figure 12shows

the distribution ofvaveceastal observation sites and the model configuration for which the lowest RMSignigicant wave

heightis achievedor each case study. These results, together with the sunsitasisfics presented in Tables -4c) starkly
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showthatthe wave model performance is significantly improved in all cases when forced with global resolution aather th
high resolution wind frzing.

The degradation in the quality of the wind forcing between UKW2h and UKW2g is in part attributed to the impact of data
assimilation in global operational systems, particularly of satdlfise=d scatterometer winds. Assessment of timeseries of the

wind forcing also highlights much greater variability in the uncoupled or coupled high resolution winds than those ialthe glob

resolution forcing-n esolution

inExperiments to understand the impact of applyingpatiatemperal
averaging or some other filtering to the high resolution input wind forcing to reduce this variability on WAVEWATCH lII
results would be of value, bare beyond the scope of this paper. It will also be instructive to isolate the impact of data
assimilation in the global forcing, and therefore potential improvements from data assimilation within the high resolution
systems, by comparing results with &W2g configuration forced by a freminning global MetUM simulation. These
consideratios highlight the potential flexibilityf the UKC2 evaluation framework for assessing the sensitivity of model
predictions to the input boundary conditions as an apprtwaienproving forecast skill, even before considering the impact of
closer coupling between components.
The smoother wind field derived from the global atmosphere model may not be generally detrimental to the skill of the wave
model, since major signals the wave timeseries are governed by development of the waves over fetches of tens of kilometres
or more. It should also be recognised that the stdrsanple window of 120 minused inthewave observations means that
a stationary platform will measeiwave energy travelling over distances of approximat@ykn (for wave peapds in range
3-20 seg, such that the observatiavill not only be influenced by local wind conditions.
Given the context that forcing by high resolutetmospheric winds tentid degrade the WAVEWATCH 1l modekill, that
there are occasions and regions where coupling leads to improved performancieutaparhoteworthy.Fig. 12 shows
particular improvement during the strong winter storm casehich observed significantave heights exceeded frb This
is reflected in Table @), where results fodKC2aow are comparable to UKW2g, whiler fall other caseresults ge overall
poorer than for UKW2g
In comparison to the reference UKW2h wave model simuldt@wever the impat of coupling to the ocean and representing
the twoway feedback between waves and atmosphere resultsnificgigt improvements. Figure 1&ummarises RMSE
differences during eaatase. In accordance with Tables 4c¢) andfighmaryesults are generaltjegraded during the August

2014 casandto the wesof the UKin theOctober2014 case The August 2014 results can be attributed to the generally poor

simulation of winds during the 9 August 2014 storm (Sect. 5.1.3).

Improvements in the remaining case studies are largely focussed aldfigglish Channel coast, where strong currents are
known to result in curreawvave interaction. For the relatively calm February and June/July 2015 cases, for which significant
wave heights of a few metres were observed, relative improvements are alentpfmarg the North Sea coast of eastern
England and through the Irish Sea along the western coast of Wales and England. For the December 2014 winter storm cas

improved significant wave heights are highlighted to the north of the Scotland. This coimitidtee northwest approaches
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of the incoming storm, where increased surface roughness and decreased winds in UKC2aow led to a reduction in significar
wave heights relative to all uncoupled waxdy UKW?2 simulations.

Figure 14presents comparison a§imulatedmeanpeak wave period, which represents timean of all waveeriods fer-the
most-energetic-wavan the spectrum. While significant wave height results in UKC2aow are generally poorer than UKW2h

for the August 2014 case, results foeampeak period show a number of sit@sth improved agreement with observations

along the southern England coadt® to coupling in UKC2aowrable-4¢)indicates-improved-summary-statisticsrelative to
both-UKW2h-and-UKW2gThe improvement is also strong, in excess of 25% in RMSE, dthis@ptember 2014 case.

Table 5c)shows a significant improvement in RMSE and bias relative to either UKW2h or UKW2g for both UKC2aow and
the forced UKW2I configurations. This highlights that the improvement in wave period is mostly driven by coupling to the
ocean currents rather than by improvements to the meteorological forcing in thistesseresults emphasise that assessment

of the significant wave height provides an important but not complete representation of the performance of the wave model,
with indications that coupling might also provide improved characterisationeofvétve state (i.e. discriminatidretween

wind and swell waves).

6 Discussion and ongoing development

This paper providean introduction to the UKC2 high resolution atmospHareloceanwave coupled prediction system.
Develgpment and implementation dJKC2 andthe associated ncoupled configurations (Table) 2vithin a traceable
evaluation frameworkas stin place goodoundations on which to develop improved understandirgpopled processes at

high resolution for the UK ansurroundingregion.

Summary esultspresented from a number of case study simulations in contrasting atmospheric and sea statescainditio
different times of yeaprovide an initial indication of modglerformance. It can be concluded that the UKC2 system provides
robust and representative predictions across atmosphere, ocean and surface wave components. Thislassegsropht

begins to scratch the surfaoé evaluating thdUKC2 system andorovides only a first order illustration of the potential
improvements that might be gained from closer coupling between model components. More detailed evaluation of the cas

studies introduced here will be publkghas their analysis continues (e.g. Fallmarad.e2017). Future work will also need

to focus on performing longer simulatiofmonthsyears)in order to build more robust evaluation of system performance and

to understand the impact of coupling on any long term drifésyy component

Theseresuts also providean importantnitial check on the limitations of coupling for improving model skill. Coupling alone
is not a panacea for correctiaj environmental model errorRather, it providesewtools for understanding sensitivities to
boundary lagr processes in the atmosphere and ocean ahmssrface wave interface, amd improving their representation
alongside other developments to component modEfss may require revisiting a number of the assumptions and
parameterisations embedded witthe component modelghich havetypically beendeveloped and tuned in an uncoupled

contex.
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This workhighlights theshorer-termpotential for improvingperationapredictions from atmosphere, ocean and wavdets
run in uncoupled mode, throughaking better use of the available informatioontained in the other componeats more
representative boundary conditions or forciMpre completely representing the various feedbacks between components
within a fully coupled system remains an achievablechallenging goal, for which further detailed evaluation and refinement
is required.
The key focus for future worik the context of UK Environmental Predicti@non further applyinghe existing UKC2 system
for new research, aimirtg improve the assesient and understanding of coupled processes in thewesttEuropean region
On alonger timescatae ambition, if proveris to work towards developing a well tested, characterised and optimised coupled
system for the UK. The vision is for atéire UKCx capability which couples assimilating operatioralodel components, with
sufficient flexibility to support a varied range of scientific research. Consideraf the siitability of such arenvironmental
prediction capability for operational deliweof integratednatural hazard forecasts and warningguires considetdy more
evidence on itpotential skill and limitations. Demonstratiof pathways towardeperational implementation beyond 2020
will also require consideration of coupled amnhcoupledapproaches to assimilation and interfaces within the context of
ensemble prediction systems representing uncertainties within components.
The potential range of research questions to be explored and the need to support a variety of users to apphy the syst
emphasises a need for ongoing system development, with a focus on:
i) improvingthe functionality and flexibility of use of the coupled prediction system and related,ifgusample
by adding waveo-ocean coupling physics, and adding a marine biogauigtry model component,
ii) continuing to support standardconfiguratiors of traceable model experiments with consistency between
uncoupled (e.g. UKA2), partially coupled (e.g. UKC2ow) and fully coupled modes (e.g. UKG2aow)
iii) supporing a growing community ofesearchersvorking across disciplinesnderpinned by shared tools and
computingfacilities.
Building on UKC2, there is a requirement for ongoing {patbugh of related environmental prediction research developments
and component model system improversénto a regular (e.g. annual) series of vergiontrolled UKCx system updates for

community research use. A number of specific system developments are envisaged.

i) development of wawn-ocean coupling physicgcluding shallowwater processesuch as theffect of bottom
friction,

ii) transition from freerunning to model components running (uncoupled) data assimilation

iii) increased flexibility in couplig approach, includingesting of coupling at subourly frequency and greater

independence in choice of freency for different variables

iv) scientific optimisation, improved configuration and parameterisation choices,
V) more explicit representation of neawastal and estuarine processes, including coupling with wetting and drying

across the ocean and land inteefac

vi) more routine initialisation strategies and ongoing development of related forcing and boundary input tools,
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Vi) technical optimisatiorimproved quantification and reductiof computationatoss of running simulations.
The UKC2 development is focussed girort timescale processes and applications in the-mash European region. In line
with researchsystems such as G@AWST (Warner et al.,, 2010), the potential for the MetUMLESNEMO-
WAVEWATCH Il coupled systems to be applied at high resolution fbeptegions to support testing and development in
different environments should be explored. Having tested their fidelity on short timescales, there is a strong potential for
application of regional coupled predictions for developing more integrated mseobthe environment under future climate
and land/ocean use change.
By building on progress delivered through the development of UK environmental prediction and the establishment of the
UKC2 system in particular, a new phase of developing the fundiipaaid flexibility of regional coupled prediction toois
envisaged. This will enable a community to utilise these effectively and to further assess and improve the performance anc

value of a fully couplegbrediction capability at high resolutidar Eath System forecasting

Code availability

In order to compile and run tH8KC2 system described in this paper, access must be gas@psdatelyto the individual

models, which must then be compiled according to the information in Appendix C (particdsdythe information in the

tables in Appendix CY¥urther guidance on this process can be provided by contacting the a@itharshivesnapshot of the

code used in UKC2 is also availabletbe https://codanetoffice.gov.ukfepository, available to reqgistered users.

Collaboration

The authors are open to collaboration with regard to the application and future development of UKC?2, or onreseanfcits

outputs.Assistance can be provided with regarddoessing and using the codes used, following the details provided for each

system below. Interested researchers are encouraged to contact the lead author in the first instance.

Intellectual property

Due to intellectual property right restrictiongithe the source code or documentation papers for the Metéffnified

Model or JULES caibe provided directlyAll model codes used within the UKC2 configuration are accessible to registered
researchers, and links to the relevant code licences and régispagies are provided for each modelling system below. All
code used can be made available to the Editor for re@epplementary material to this paper does include a set of Fortran
namelists that define the atmosphere, land, ocean and wave configaratidkK C2 simulations.

Obtaining theMet Office Unified Model

The Met Office Unified Model is available for use under licence. A number of research organisations and national
meteorological services use thiet Office Unified Model in collaboration withhte Met Office to undertake basic atmospheric
process research, produce forecasts, develop the Unified Model code and build and evaluate Earth system models. For furth

information on how to apply for a licence sktp://www.metoffice.gov.uk/research/collaborationfgnilaboration The
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MetUM vn10.1trunk code and associated modifications for UKC2 (Appendix C.1) are then available on the MetUM code
repository.

Obtaining JULES

JULES is available under licence free of charge. For further information on how to gain permission to use JULES for research
purposes sekttp:/jules.jchmr.org The JULES/n4.2trunk code and associated modifications for UKC2 (Appendix C.2) are
then feely available on the JULES code repository.

Obtaining NEMO

The model code for NEMO vn3i§ freely available from the NEMO websiteWw.nemoeocean.el After registration the

FORTRAN code is readily availableing the open source subversion softwdrip(//subervsion.apache.grgidditional

modifications to the NEMO vn3.6 trunk (Appendix C.3) are also freely avaitetlede branches in the NEMO repository.
Obtaining WAVEWATCH Il

WAVEWATCH llI® is distributed under an open source style licetseegistered userthrough a password protected
distribution site.The licence and link to request model code can be found at the NOAA National Weather Service

Environmental Modeling Center webpages &ittp://polar.ncep.noaa.gov/waves/wavewatchihhe model is subject to

continuous development, with new releases generally becoming available after implementatiow ohadek version at

NCEP. Research model versions may also be made available to those interested in and committed to basic model developme
subject to agreement.

Obtaining OASIS3MCT

OASIS3MCT is disemminated to registered users as free softwarelftps://verc.enes.org/oasithe UKC2 case studies

described in this paper were run using OASMIT vn2.0.

Obtaining Rose
Case study simulations and configuration control namelists were enabled using the msmrauitl utilities. Further

information is provided alittp://metomi.github.io/rose/doc/rose.htricluding documentation and installation instructions.

The UKC2 configuration should be compagitibr use withthe latest version of rose available to us¥essionrose2017.02.0

was used in the preparation of this paper.
Obtaining FCM

All codes were built using the fcm make extract and build system provided within the Flexible Configuration iviamage

(FCM) tools. Met Office Unified Model and JULES codexl rose suitesere also configuration managed using this system.

Further information is provided &ttp://metomi.github.io/fcm/doc/The UKC2 coffiguration should beommtible for use

with the latest version of FCM, if required. Version f@917.02.0 was used in the preparation of this paper.
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Data availability

The nature of the 4D data generated in running the various UKC2 case studies andof cangel simulations requires a
large tape strage facility. These data is of the order 10.THowever,the data can be made availablgon contacting the
authorsEach simulation namelist and input data are also archived under configuration managednean,be made available

to researchers to promote collaboration upon contacting the authors.

Ocean hthymetry was obtained from the EMODnet Portal: EMODnet Bathymetry Consortium, EMODnet Digital Bathymetry
(DTM), EMODnet Bathymetry (September 2015case).
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Appendices

Appendix AT List of symbols

Symbol Units Description Equation reference
Yx Finite diffexence of valb13,14,15
Xn Var i a6blsepedci fi e dh(sarfacearsd ¢ 1,2,3,5,9,12,13,14,15
VB Surface buoyancy fh 15
® - PDM shape parameter 17
0 - WAVEWATCH Il integration constant 7,8
0 J m2K-1 Areal heat capacity associated with surface material| 12
& m st Kinematic wave speed 18
@ J kgtK-1 Specific heat capacity of air 2,1315
@ - Surface exchangepefficientfor momentum 5
& - Surface exchange coefficient for scalars 13,14
@] kg m?2s! | Evaporation 19
@] kg m2st | Turbulent moisture flux at surface 3,12,13
@] - Saturated land surface grid cell fraction 17

0] W m? Soil heat flux 12

Q m s? Acceleration due to gravity 2,6,1315

(0] W m2 Turbulent sensible heat flux at surface 2,12,13
i W 2 Downward solar irradiance penetrating with ocean | 16

' depth

Q - Wave number 7,8

0 m Monin-Obukhov lengh 1

0 J kgt Latent heat of condensation of water at 0 °C 12
00 W m? Downward component of longwave radiation 12

0 h— Wave action density spectrum 7
0 kg m2s! | Precipitation 19
0 W mr2 Net energy budget at surface 11
0 W m? Net nonsolar energy at surface 11
0 W m? Solar radiation at surface 11,16
0 W m? Latent heat flux due to evaporation at surface 11
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] W m? Sensible heat flux at surface 11
0 W m? Longwave radiation at surface 11
N kg kg? Specific humidity 3,14,15
n kg m2s? | Channel flow 18
Y kg m2st | Return flow between surface and ssirface 18
Y - Fraction of irradiance absorbed by ocean surface 17
i kg m?s! | Lateral water inflow 18
3 kg m?2s? | Sdl water storage 17
Y kg m2s? | Minimum soil water storage below which no saturati¢ 17
h— - Wind-wave interaction source term 7.8
‘h— - Wind dissipation wave source term 7
Y W m? Downward compoent of solar radiation 12
Y K Temperature 2,1215
0 S Time 12,18,19
Y m st Atmospheric wind speed 41314
0. m st Surface friction velocity 1,2,3,45,6,710
" m st Velocity vector 15
(W) m st Ocean surface current speed 19
0 m st Vertical velocity component 19
@ m Horizontal zonal coordinate 18
W m Horizontal meridional coordinate 18
@ - Wave parameter (Tolman et al., 2014, Eq. 2.79) 7
a m Vertical coordinate 1,2,3,4,13,15,16
a m WAVEWATCH Il initial guess forg  [0.0095] 9
a m Surface roughness length for momentum 4,6,9,10,13,15
& m Surface roughness length for scalars (e.g. heat) 13,15
a - WAVEWATCH lll zalpha constant [0.011] 7,8
a m Depth of soil column considered in PDM scheme 17
| - Wavedependent Charnock coefficient 6,8,10
| - Surface albedo 12
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Surface buoyancy coefficient

15

- Wave growth parameter 7
T Surface emissivity 12
- m Sea surface height 19
— Volumetric s@ water content at saturation 17
— ° Wind direction 7,8
— ° Wave direction 7,8
I - von Karman constant [0.4] 1,2,3,4,7
' m st Dynamic viscosity of air (14 106 m s?) 6
, - e-folding depth scale for solar penetration in theawmce| 16
Ocean extinction length scale for red, green and blu( 16
R light
” kg m?3 Surface air density 1,2,3,5,7,14
" kg nr3 Surface water density 7
N radian Intrinsic wave frequency 7
" W m2K-# | Stefan Boltzmann constant 12
t N m?2 Surface stress 1,5,9
T N m2 Stress supported by shorter waves 8
T N m2 Wave supported stress 8,9
nogo - Monin-Obukhov stability function for momentum 1
nogo - Monin-Obukhov staliity function for scalars 2,3
r - Monin-Obukhov stability function for momentum 4
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Appendix BT Derivation of the River Flow M odeliteration scheme

The RFM river routing algorithm within JULES implemented as part of devedaptiowarddJKC?2 is based on a finite
difference iteration of th&-d kinematic wave equatiofBell et al, 2007). A derivation of the algorithm is pided here for
clarity to supporthe new codeintroduced to JULESnd as an update the original formulation intduced by Bell et al.
(2007).

Considering a -d flow down an inclined rectangular channel of uniform width,a continuity equation can be written as
— — i (B1)
wherewis the distance in the dowsiope directiongis time (s), 'Qis the depth of the floym), rj is the discharge per unit
width (m2 s1) andi is the rate of lateral inflow per unit width per unit lengtins?).

In practice, the routing algorithm is implemented in terms of a volume storage of Waté&®H in mé whered is the grid cell
area in order to be applicable for applications with variable grid box areas (e.g. for latitude/lorzagetbgrid). Expressing

Eq. (B1) in terms ofYand expressing the rate of change efith "Yto be a constanéyo, gives:

— —0 10 —— 0 10 w— 10 (B2)
A finite differencenumerical solutiond Eq. (B2) is computed #andare divided into discrete interva¥® andYowsuch that

"and¢ denote position in discrete space and time. Note this notdifil@ns slightly fromthat used in Eq. (2) of Bell et al.,

(2007), but is more consistenith standard conventions. Making a forward difference approximation to the time derivative

and a backward difference approximation to the spati@latere, gives the firsbrder upwindscheme:

- W—s; i 0 (B3)
y y
Normalising the wave spee@aby the characteristic velocity of the grid, so that &Y&fYagives the update function:
Y p —Y =¥ i & (B4)

Equation B4 is solved separately forfage and susurface stores and distinguishing different flow speeds for surface and

subsurface flows in grid cells defined as laodriver points. A return flowy, is used to transfer a fraction of the water

between surface and sshrface stores wiin a grid cell River flow, 1}, at time'Qand locatiort is then given by:
n -—Y (B5)
Approximate values for the filo speedican be obtained by using the Dateisbach flow resistance formufar open

channel flowto relatewater flowvelocity 0 and depthQas:

! (86)

where"Qis the gravitational acceleratiolY, is the hydraulic radius (area / wetted perimetéfjs the river bed or land slope
and"Qs the DarcyWeisbach friction factor. Assuming shallow flow (ile] "Qthen’Y tends tdQ and taking the discharge

per unit widthr}  0U'Qgives:
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0 — -— -0 (B7)
With "Y of order 0.001Qtypically 1 m andQfor a natural channel between 0.1 andrit.8%, suggests that appropriate values
for the surfacewave speedb tend to lie in the range 027 m s (Table C.3) The surface wave speed is also termed the

kinematic wave celerity, ging the speed at which a disturbance propagates, rather than the water flow.speed
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Appendix C1 Code modifications applied for UKC2

A number of code adaptations were required in order to develop the UKC2 configuration, and associatét&tkKIAD,
UKL2_(JULES) UKO2 (NEMO) and UKW2 (WAVEWATCHIII) component and control configurations. These are
summarised below. All code modifications are provided as distinct branches from the baseline code (e.g.htsek).

branches are merged to form a single cateas part of the fcm_make configuration build process withinreaekuiteprior

to running A copy of the singleodeshas been archived https://code.metoffice.gouk/svn/utils/ukeputils/trunk/gm&01 7

110, and can be made accessitmecontacting the authote support collaboration.

C.1. Met Office Unified Model adaptations for UKC2

All MetUM codes used withinUKC2 are available to registered researchers viaed $hatUM code repository, which can

be accessed vinttps://code.metoffice.gov.uk/trac/um/wikl able C1 summarises the code branches which were written and

applied to the MetUM version 10.1 retacode to enable running of the UKA2 component in uncoupled mode and as part of
the UKC2 coupled system. Merging with the baseline code, modifications for UKA2 and UKC2 are categorised as being

required either to:

A enable the recommended land surface fugemeration and river routing science (see Sect. 3.2),
A enable dynamic coupling and exchange of information between the atmosphere and a wave model (see Sect. 2),
A couple effectively between ocean and atmosphere grids where valid data may not beeal@éabla mismatch in

coastlines, either due to grid interpolation or-miatched land/sea masks (see Sect. 2).

C.2 JULES adaptations for UKC2

All JULES codes used within UKC2 are available to registered researchers via a shared JULES code repaditoan i
accessed viattps:/code.metoffice.gov.uk/trac/jules/wiliable C2 summarises the code branches which were written and applied

to the release JULES version 4.2 baseline code to emabhing of the UKA2/UKL2 atmosphetend component in
uncoupled mode and as part of the UKC2 coupled system. brasehes are merged to form a single code set as part of the
fcm_make configuration build process within each suite. Merging with thecomt#, modifications for UKA2JKL2 and
UKC2 are required either to:

A enable the recommended slegependent formulation of PDM (see Sect. 3.2.2),

A enable use of a spatialisarying Charnock parameter in surface exchange rather than a constant (see Sect. 3.2.1

Table C3 provides a summary of the RFM river routing parameter settings used in this configuration.

C.3 NEMO ocean code adaptations for UKC2

All NEMO codes used are available to registered users via a shared NEMO code repository, which can be &ccessed v

http://www.nemeocean.eu
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Table CI3 summarises all NEMO vn3.6 code adaptations implemented for inclusion within the UKC2 dyistieyimg with

the baseline trunk code at revision 5518, modifications for UKO2 at@2A hre required either to:

A update to known bufjxes found in the initial NEMO vn3.6_STABLE release

A apply capability specific to running NEMO for a domain including a sbedfs region

A represent the inverse barometer effect of surface pressure on the ocea

A enable technical exchange of information between NEMO and a wave model via a coupler

A enable NEMO to run within a coupled system without necessarily including the Unified Model and its coupling

utilities as the O6mast erudoceapvave euplingdnlyr exampl e t o be
Table C5 provides a list of tiédEMO compilation keysapplied on building the merged NEMO code.

C.4 WAVEWATCH lll wave code adaptations for UKC2

The WAVEWATCHIII code base is distributed by NOAA wunder an open source style cdicenia
http://polar.ncep.noaa.gov/waves/wavewatch/wavewatch.shi@tested readers wishing to access the code are requested to

register to obtain a license vihttp://polar.ncep.noaa.gov/waves/wavewatch/license.shtfoldel codes used in UK

Environmental Prediction research are kept under configuration management via a mirror repository hosted at ttoeee Met Offi
and can be made available to researchers for collaboration on regiuestprior approval to access WAVEWATCHIII from
NOAA.

Table G4 summarises the key WAVEWATCH lllersion 4.18 code adaptations implemented for inclusion within the UKC2
system.A new code branch has been developed to handle coupling between WAVEWWT&t atmosphere and ocean
codesln this implementationaupling is achieved by the use of the serial partition, in which only one processor sends/receives
the information to/from dter models. Currently, the fields that can be exchanged via coupling a&ehdheock parameter
(send),significant wave height (sendyvave to oceaenergy flux (send), 10 mvind components (receivejptal ice fraction
(receive),superficial current coponents (receive), and the water depths (receive). The list of exchanged fields will be
extended after new science changes are added to the ocean compsinenid be noted that the more recent WAVEWATCH

[l trunk code at version 5.0 includes supportdoupling with OASIS3MCT, and this will be included and further developed
within a future UKC3 configuration.

Table C7 provides a list of the WAVEWATCHIII compilation switches applied on building the WAVEWATCHIII code.

43


http://polar.ncep.noaa.gov/waves/wavewatch/wavewatch.shtml
http://polar.ncep.noaa.gov/waves/wavewatch/license.shtml

10

Supplement link (will be includedby Copernicus)

Team list

Author contribution

Competing interests

The authors declare that they have no conflict of interest

Disclaimer

Acknowledgements

This research has been carried out under national capability funding as part of a directed effortEamirdkmental
Prediction, in collaboration between Centre for Ecology & Hydrology (CEH), the Met Office, National Oceanography Centre
(NOC) and Plymouth Marine Laboratory (PML).

We thank the topical editor, Julia Hargreaves, for her suppadnieimeview é this paper and fotesting andmproving the

clarity ofthe instructionslescribed for accessing the various codes used in UK/EZlso acknowledge the constructimeut

of two anonymous refees.

44



10

15

20

25

30

References

Arakawa, A. and Lamb, V. R.: Comgitonal design of the basic dynamic processes of the UCLA general circulation
model, Methods Comput. Phys., 17, 17285, 1977.

Ardhuin, F., Rogers, E., Babanin, A.\Filipot, J-F., Magne, R., Roland, A., van der WesthuysenQaeffeulou, P.,

Lefevre, JM., Aouf, L. and Collard, F.Semiempirical Dissipation Source Functions for Ocean Waves. Part I: Definition,
Calibration, and Validation. J. Phys. Oceanogr., 40, 19941, doi; 10.1175/2010JP043242D10

Batstone, C., Lawless, M., Tawdh, HorsburghK., BlackmanD., McMillan, A., Worth, D., Laeger, S. and Hunt, A:UK
bestpractice approach for extreme sea level analysis along complex topographic coastlines. Ocean EngEgring
Beljaars, A. C. M. and Holtslag, A. A. M.: Flux parametrizatimer land surfaces for atmospheric models, J. Appl.
Meteorol., 30, 3277341, doi:10.1175/1520450(1991)0302.0.CO;2, 1991.

Bell, V.A., Kay, A.L., Jones, R.G. and Moore, R.J.: Development of a high resolutichagét! river flow model for use
with regiona climate model outputdydrol. Earth Syst. Scill, 532549,d0i:10.5194/hes41-532-2007, 2007.

Bell, V.A., Kay, A.L.,Jones, R.G., Moore, R.J. and Reynard, N.S.: Use of soil data inbaged hydrological model to
estimate spatial variation in changiflood risk across the UK, Journal of Hydrology, 377,-338,
doi:10.1016/j.jhydrol.2009.08.032009.

Bertin, X., Li, K., Roland,A., Bidlot, J-R.: The contribution of shonvaves in storm surges: Two casedses in the Bay of
Biscay,Cortinental Sh# Research96, 1-15,d0i:10.1016/j.csr.2015.01.002015

Best, M. J., Beljaars, A. C. M., Polcher, J., and Viterbo, P.: A proposed structure for coupling tiled surfaces with the
planetary boundary layer, J. Hydrometeorol., 5, 122%8,d0i:10.1175/JHM382.1, 2004.

Best, M. J.: Representing urban areas within operational numerical weather prediction models|.8puviéteorol., 114,
911 109,d0i:10.1007/s1054804-48345, 2005.

Best, M.J., Pryor, M., Clark, D.B., Rooney, G.G., Essery, R.L.H., MenaBl, Edwards, J.M., Hendry, M.A., Porson, A.,
Gedney, N., Mercado, L.M., Sitch, S., Blyth, E., Boucher, O., Cox, P.M., Grimmond, C.S.B., Harding, R.J.: The Joint UK
Land Environment Simulator (JULES), model descripiidrart 1: Energy and water fluxes. Geb Model Dev., 4: 677
699,10.5194/gme4-677-2011, 2011.

Bidlot, JR.: Present status of wave forecasting at ECMWEF. In Proc. ECMWF Workshop on Ocean Waves, Reading, 2012,

p1-15, 2012

Breivik, @., MogensenK., Bidlot, J.R.,BalmasedaM.A., andJanssenP.A.E.M.:Surface wave effects in the NEMO ocean
model:Forced and coupled experimenieurnal of Geopysical Research: Oceans 129732992
doi:10.1002/2014JC010568015.

Brown, A. R., Beare, R. J., Edwards, J. M., Lock, A. P., Keogh, S. J., M8tdrn, and Walters, D. N.: Upgrades to the
boundarylayer scheme in the Met Office numerical weather prediction model, BaaydMeteorol., 128, 117132,
doi:10.1007/s1054608-92750, 2008.

45



10

15

20

25

30

Brown, A., Milton, S., Cullen, M., Golding, B., Mitchell, Jn@ Shelly, A.: Unified Modeling and Prediction of Weather and
Climate: A 25Year Journey, Bull. Am. Meteorol. Soc., 88651877, doi 10.1175/BAMSD-12-00018.1 2012.

Bruneau, N. and Toumi, RA fully-coupled atmosphereceanwave model of the Caspian S&cean Modelling, 107, 97

111, doi10.1016/j.ocemod.2016.10.008016.

Brunet, G., Jones, S. and Ruti, P.M.: Seamless prediction of the Earth System: from minutes to months, World
Meteorological Organization, ISBN 97-63-111562, 2015.

Butenschoén, M.Clark, J., Aldridge, J. N., Allen, J. I., Artioli, Y., Blackford, J., Bruggeman, J., Cazenave, P., Ciavatta, S.,
Kay, S., Lessin, G., van Leeuwen, S., van der Molen, J., de Mora, L., Polimene, L., Sailley, S., Stephens, N., and Torres, R.
ERSEM 15.06: agneric model for marine biogeochemistry and the ecosystem dynamics of the lower trophic levels, Geosci.
Model Dev., 9, 1293339, doi:10.5194/gm8-12932016, 2016.

Carniel, S., Benetazzo, A., Bonaldo, D., Falcieri, F.M., Miglietta, M.M., Ricchi, A. ata/&cM.: Scratching beneath the
surface while coupling atmosphere, ocean and waves: Analysis of a dense water formation event, Ocean Modelling, 101,
101-122,doi: 10.1016/j.ocemod.2016.03.0016.

CEH: Land Cover Maphttps://eip.ceh.ac.uk/lcm/lcmda007.

Charney, J. G. and Phillips, N. A.: Numerical integration of the egesstrophic equations for barotropic and simple
baroclinic flows, J. Meteor., 10, 729, doi:10.1175/1520469(1953)0102.0.C0O;2, 1953.

Charnock, H.: Wind stress over a water scefsQuart. J. Roy. Meteorol. Soc., 81, €3%,do0i:10.1002/qj.49708135027

1955.

Chen, S. , Campbel |, T.J., Jin, H. , G avhyeai-spachuplindgsin high &hd d u r
low wind speed regimes, Mon. Weather Rev., 13893%02,d0i:10.1175/2009MWR3119, 2010.

Clark, D.B. andGedneyN.: Representing the effects of subgrid variability of soil moisture on runoff generation in a land
surface model. Journal of Geophysical Research,ddid0.1029/2007JD00894Q007.

Clark, D.B., Mercado, L.M., Sitch, S., JonesPC.Gedney, N., BesiM.J., Pryor, M., Rooney, G.G., Essery, RiL.Blyth,

E., Boucher, O., Harding, R, Huntingford, C., and Cox, M.: The Joint UK Land Environment Simulator (JULES), model
descriptioni Part2: Carbon fluxes and vegetation dynamics, Geosci. Model Dev., #722,1d0i:10.5194/gmd-701-

2011, 2011.

Clark, MP, Fan, Y., Lawrence, D.MAdam J.C, Bolster, D., Gochis, D.JHooper, R.P., Kumar, M., Leung, L.R.,

Mackay, D.S., Maxwell, R.M., Sime C., Swenson, S.C. and Zeng, Maproving the representation of hydrologic processes

in Earth System Models, Water Resour. Res., 51, 1859255, doi:10.1002/2015WR017098015

Cosby, B.J., Hornberger, G.M., Clapp, R.B. and Ginn, T.R.: A StatisticabEatjan of theRelationships of Soil Moisture
Characteristics to the Physical Properties of SWilater Resour. Re20, 682690,d0i:10.1029/WR020i006p00682984.

Craig, P. D., and Banner, M.L.: Modeling waeehanced turbulence in the ocean surfagerlal. Phys. Oceanogr., 24,

2546 2559,doi: 10.1029/2007JC004246994.

Cullen, M.JP.: The unified forecast/climate model, Meteorol. Mag., 12P98,11993.

46



10

15

20

25

30

Dadson, S, Bell, V.A. and Jones, R.GEvaluation of a griebased river flow model configurddr use in a regional

climate modelJ. Hydrology, 411, 23250. doi10.1016/j.jhydrol.2011.10.002011.

Davies, H.N. and Bell, V Assessment of methods for extracting low resolution river networks from high resolution digital
data Hydrol. Sci. J54, 17-28,d0i:10.1623/hysj.54.1.12009

Davison B., Pietronirg A., Fortin, V., Leconte R., Mamo, M., and Yau, M.KWhat is missing from the prescription of
hydrology for land surfacechkemesd. Hydrometeorology, ddi0.1175/JHMD-15-0172.1 2016.

Dee,D., Uppala, S., Simmons, A., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M., Balsamo, G., Bauer,
P., et al.: The ERAnterim reanalysis: Configuration and performance of the data assimilation system, Quarterly Journal of
the Royal Metemlogicd Society, 137, 55397. di: 10.1002/qj.8282011.

Donlon, C.J., Martin, M., Stark, J.D., Robedtsnes, J., Fiedler, E. and Wimmer, W.: The Operational Sea Surface
Temperature and Sea Ice Analysis (OSTIA), Rem. Sens. Env., 11:8584@0i:10.10L6/j.rse.2010.10.012012.

Durnford, D, Fortin, V., Smith, G., Archambault, B., Deacu, D., Dupont, F., Dyck, S., Martinez, Y., Klyszejko, E.,
Lemieux, XF., Mackay, M., Liu, L., Pellerin, P., Pietroniro, A., Roy, F., Vu, V., Winter, B., Yu, W., Sp&cBruxer, J.

and Dickhout, J.Towards an operational water cycle prediction system for the Great Lakes and St. Lawrence River. Bull.
Amer. Meteor. Soc., in review, 2017

Dyer, AJ. and Hicks, B. B.: Flugradient relationships in the constant flux lagy@uart. J. Roy. Meteorol. Soc., 96, 715

721, doi:10.1002/qj.49709641012, 1970.

Edwards, J.M.: Oceanic Latent Heat Fluxes: Consistency with the atmospheric hydrological and energycygelesral
circulation modelling,). Geophys. Res., 112:D0611%):10.1029/2006JD007322007.

Fallmann, J., Lewis, H., Castillo, J., Arnold, A. and Ramsdale, S.: Impact of sea surface temperature on stratiform cloud
formation over the North Sea, GeophRes. Lettersgoi: 10.1002/2017GL073102017.

Galperin,B., Kanthg L.H., Hassid,S. andRosati,A.: A Quastequilibrium Turbulent Energy Model for Geophysical Flows.

J. Atmos. Sci., 45, 5%2, doi: 10.1175/1520469, 1988

Graham, J. A., O6Dea, E. , Hol t , J ., Pol t Armold, AJWakelirdg.,wi t t
Castillo Sanchez, J.M., and Mayorga Adame, C.G.: A new high resolution ocean configuration for operational

simulation of the European North West Shelf, Geosci. Model Dev., in review, 2017.

HasselmanyS,, HasselmanrK., Allender,J.H. andBarnett P.: Computations and parameterisations of the nonlinear energy
transfer in a gravity wave spectrum. Part 2: Parameterisations of the nonlinear energy transfer for application in wave
models. J. Phys. Oceanogr., 15: 1-3831, doi:10.117%15200485(1985)018.0.C0O;2 1985.

Hewitt, H.T., Copsey, D., Culverwell, I., Harris, C.M., Hill, R.S.R., Keen, A.B., McLaren, A.J. and Hunke, E.C.: Design and
implementation of the infrastructure of HadGEM3: the rgetteration Met Office climate modellirsystem, Geosci. Model
Dev., 4, 223253,d0i:10.5194/gmel-223-2011, 2011.

Holt, J.T. and Proctor, RThe seasonal circulation and volume transport on the northwest European continental shelf: a fine
resolution model study. Journal of Geophysical Reted 13 (C6). Art. No. C06021, ddi0.1029/2006JC004032008.

47



10

15

20

25

30

Holt, J., Hyder, P., Ashworth, M., Harle, J., Hewitt, H.T., Liu, H., New, A.L., Pickles, S., Porter, A., Popova, E., Allen, J
Siddorn, J. and Wood, R.: Prospects for improving the representdtcoastal and shelf seas in global ocean models,
Geosci. Model Dev., 10, 49823, doi:10.5194/gmd 0-499-2017, 2017.

Janssen, P.A.EL.: Quasilinear approximation for the spectrof wind-generated water waves, Fluid Mech., 117, 493
506,d0i:10.101750022112082001736982.

Janssen, P.A.E.M.: Quasnear theory of winewave generation applied to wave forecasting, J. Physical Oceanography, 21,

163%:1642,d0i:10.1175/15280485(1991)021<1631:QLTOWW=>2.0.CQ91.

Janssen, P.A.E.MThe interaction obcean waves and wind, Cambridge University Rr2884.

Jin, Z., Qiao, Y., Wang, Y., Fang, and Yi., W.: A new parametrization of spectral and broadband ocean surface
albedo. Optics Express, 19, 26428443,d0i:10.1364/0E.19.026422011.

Jones, C.D.Hughes J.K.,Bellouin, N.,Hardiman S.C.,Jones G.S.,Knight, J.,LiddicoatS.,O'Connor F.M., Andres R.J.,
Bell, C.,Boo, K.-O.,Bozzq A., Butchart N., Cadule P.,Corbin, K.D., DoutriauxBoucher M., Friedlingstein P.,Gornall
J.,Gray, L., Halloran P.R.,Hurtt, G.,Ingram W.J.,Lamarque J-F., Law, R.M., MeinshausenM., Osprey S.,Palin, E.J.,
Parsons ChiniL., Raddatz T., SandersonM.G., Sellar, A.A., Schurer A., Valdes P.,Wood, N., Woodward S.,Yoshioka
M. and Zerroukat, M.The HadGE2-ES implementation of CMIP5 centennial simulatioBgosci. Model Dev., 4, 543
570, do0i:10.5194/gmd-5432011, 2011.

Jones, P https://www.earthsystemcog.org/projects/regridweighfg?015.

Komen G., CavalerjL., Donelan M., HasselmanrK., Hasselmann, H., Janssen, P.A.E.lynamics and Modelling of
Ocean Waves, Cambridge Univ. Press, 532994.

Lengaigne, M., Menkes, C., Aumont, O., Gorgues, T., Bopp, L., Andh,, &rd Madec, G.: Influence of the oceanic
biology on the tropical Pacific climate in a coupled general circulation model, Clim. Dyn., 28,5863
doi:10.1007/s0038P06-0200-2, 2007.

Lewis, H., Mittermaier, M., Mylne, K., Norman, K., Scaife, A., Neal, Reré&, C., Harrison, D., Jewell, S., Kendon, M.,
Saunders, R., Brunet, G., Golding, B., Kitchen, M., Davies, P. and Pilling, C.: From months to iniexpexing the value
of high-resolution rainfall observation and prediction during the UK winter stofi2913/2014, Met. Apps., 22, B004,
doi:10.1002/met.1492015.

Li, J.-G.: Upstream noioscillatory advectioschemes. Mon. Wea. Re®36, 47094729,d0i:10.1175/2008MWR?2451,1
2008.

Li, J.-G. and Saulter, AUnified global and regional wave model amultiresolution grid Ocean Dynamics, 64, 1657
1670, doi 10.1007/s10236014-0774x, 2014.

Licer, M., Smerkoll, P., Fettich, A., Ravdas, M., Papapostolou A., Mantziafou, A., Strajnar, B., Cedilnik, J., Jeromel, M.,

Jerman, J., Petan, S., Malaci, V.da&@ofianos, SModeling the ocean and atmosphere during an extreme bora event in
northern Adriatic using onevay and tweway atmospherecean couplingOcean Science, 122-86, doi:10.5194/64.2-71-
2016, 2016

48


https://www.earthsystemcog.org/projects/regridweightgen/

10

15

20

25

30

Lock, A. P., Brown, A. R, Bush, M. R., Marti®. M., and Smith, R. N. B.: A new boundary layer mixing scheme. Part I:
Scheme description and SCM tests, Mon. Weather Rev., 128 3192,d0i:10.1175/1520
0493(2000)128<3187:ANBLMS>2.0.CQ;2000.

MacLachlan, C., Arribas, A., Peterson, D., Maidens,F&reday, D., Scaife, A. A., Gordon, M., Vellinga, M., Williams, A.,
Comer, R. E., Camp, J., Xavier, P., and Madec, G.: Global Seasonal forecast system version 5 (GloSea5): a high resolution
seasonal forecast system, Q. J. Roy. Meteor. Soc., 141,10842d0i:10.1002/qj.2396, 2015.
Madec,G. and the NEMO team: ANEMO reference Not@duBade 3 _ 6 _ STA
modélisation, Institut Rrre Simon Laplace (IPSL), France, No 27 ISSN No 12889, 2016.

Mancell, J.: Initialising a Fieldia the Reconfiguration, Unified Model Documentation Paper 302,
https://code.metoffice.gov.uk/doc/um/vn10.1/papers/umdp_3020d#.

Miles, J. W.: On the generation of suréawaves by shear flows. J. Fluid Mech. d8i;10.1017/S002211205700058857.
Moore, R.J.: ThéDM rainfallrunoff mode) Hydrol. Earth Syst. Sci., 11, 4889, doi:10.5194/heskl1-483-2007, 2007.

O ®ea, E, Furner,R., Wakelin,S., Siddorn,J., While, J., Sykes,P.,King, R., Holt, J. andHewitt, H.: The CO5 configuration

of the 7 km Atlantic Margin Model : Large scale biases
Geosci. Model Dev. Discussi0i:10.5194/gme201715, 2017.

Palmer, M.R., Stephenson, G.R., Inall, M.E., Balfdti;, Dusterhus, A. and Green, J.A.M.: Turbulence and mixing by

internal waves in the Celtic Sea determined from ocean glider microstructure measurements, Journal of Marine Systems,
144, 5769,d0i:10.1016/j.jmarsys.2014.11.005015.

Pellerin, P., RitchieH., Saucier, F.J., Roy, F., Desjardins, S., Valin, M. and Lee, V.: Impact of@ayaoupling between

an atmospheric and an oceiae model over the Gulf of St Lawrence, Mon. Weather Rev., 132,-1398,doi:
10.1175/1520493(2004)132<1379:I0ATCB>200;2 2004.

Pullen, J., Doyle, J. and Signell, R.P.: Fway airsea coupling: a study of the Adriatic, Mon. Weather Rev., 134,-1465
1483,doi: 10.1175/MWR3137.12006.

Pullen, J., Holt, T., Blumberg, A. and Bornstein, R.: Atmospheric response to leealling in the vicinity of New Yorki

New Jersey Harbor, J. Appl. Met., 46, 16B152,d0i:10.1175/JAM2511.12007.

Renaulf L., Chiggiarg J., Warner J.C., Gomez M., Vizosq G. andTintoré J.: Coupled atmosphereceanwave

simulations of a storm eveaver tte Gulf of Lion and Balearic Sed, Geophys. Res117,C09019 doi:
10.1029/2012JC007922012.

Roberts, M.J., Hewitt, H.T., Hyder, P., Ferreira, D., Josey, S.A., Mizielinski, M. and Shelly, A.: Impact of ocean resolution
on coupled aisea fluxesand largescale climateGeophys. Res. Lett., 43, 10,430,438, doi:10.1002/2016GL070559

2016.

Robinson, E. L., Blyth, E. M., Clark, D. B., Finch, J., and Rudd, A. C.: Trends in atmospheric evaporative demand in Great
Britain using highresolution metealogical data, Hydrol. Earth Syst. Sci., 21, 111824, doi:10.5194/hes&1-11892017,

2017.

49


https://code.metoffice.gov.uk/doc/um/vn10.1/papers/umdp_302.pdf

10

15

20

25

30

SanderyP.A., BrassingtonG.B., Craig A. andPugh T.: Impacts of oceaatmosphere coupling on tropical cyclone
intensity change and ocean ggin in the Augralian region, Mon. Weather Rev., 128742091, doi:
10.1175/2010MWR3101,201Q

Senatore, A.Mendicino, G., Gochis, D.J., Yu, W., Yates, D.N. and KunstmannFtily coupled atmospheiieydrology
simulations for the central Mediterranean: Impactrdfanced hydrological parameterization for short and long time scales,
J. Adv. Model. Earth Syst., 7, 1688715, doi:10.1002/2015MS000512015

Shaprig M., Shukla J., Brunet G., Nobre C., Beland M., Dole R., TremberthK., Anthes R., Asrar, G., Bariie, L.,
BougeaultP., BrasseurG., Burridge D., BusalacchiA., CaugheyJ., Chen D., Church B., EnomotQ T., Hoskins B., Hov,

0., Laing A., Le Treut H., Marotzke J., McBean G., Meeh| G., Miller, M., Mills, B., Mitchell, J., Moncrieff,M.,
Nakazawa,T., OlafssonH., PalmerT., ParsonD., RogersD., SimmonsA., Troccoli A., Toth, Z., Uccellini, L., Velden

C. andWallace JM.: An Earth System prediction initiative for the 21st Century, Bull. Am. Meteorol. Si;13771388

doi: 10.1175/D10BAMS2944.12010

Siddorn J.R. and FurnerR.: An analytical stretching function that combines the best attributes of geopotential and terrain
following vertical coordinates. Ocean Modelling 663,1doi: 10.1016/j.0cemo0d.2013.02.002013.

Siddorn, JR., Good, S. A., Harris, C. M., Lewis, H. W., Maksymczuk, J., Martin, M. J., and Saulter, A.: Research priorities
in support of ocean monitoring and forecasting at the Met Office, Ocean Sci., 123P21d0i:10.5194/642-217-2016,

2016.

Smith G.C., Roy, F. andBrasnettB.: Evaluation of an operational igxean analysis and forecastingtsys for the Gulf of

St LawrenceQ. J. R. Meteorol. S0c139,419-433 doi: 10.1002/qj.19822013

Smith, S.D.: Coefficients for sea surface wind stress, heat fidxwnd profiles as a function of wind speed and
temperature. J. Geophys. Res., 93:1546472,doi: 10.1029/JC093iC12p15467988.

Staneva, J., Wahle, K., Koch, W., Behrens, A., Fenddi&c, L., Stanev, E.V.: Coastal flooding: impact of waves on storm
surge during extremeisa case study for the German Bight, Nat. Hazards Earth Syst. Sci., 162289,3d0i:10.5194/nhess
16-23732016, 2016.

Stephens, E. and Cloke, Hmproving flood forecasts for better flood pegpdness in the UK (and beyon@garaphical
Journal, 180, 31:316,doi: 10.1111/ge0j.12102014.

Tang Y., Lean H.W. andBornemannJ.: The benefits of the Met Office variable resolution NWP model for forecasting
convecton, Maeorol. Appl., 20, 41#426,d0oi:10.1002/met.130®013

Tolman,H.L.: Alleviating the garden sprinkler effect innd wave models. Ocean Mod.,269 289, d0i:10.1016/S1463
5003(02)00004b, 2002.

Tolman, H.L.: User manual and system documentation of WAVEWATCH llI® version 4.18. NOAA / NWS / NCEP /
MMAB Technical Note316, 282 pp + Appendices, 2014.

Umlauf, L. andBurchardH.: A generic lengtkscale equation for geophysical turbulence models. J. MArine Res., 61, 235
265 doi: 10.1357/00222400332200508003

50



10

15

Valcke, S., Craig, T. and Coquart, L.: OASIBIECT User Gude. Technical Report TRICMGC/15/38, CERFACS, 2015.
Walters D.N., Brooks, M.E., Boutle, I.A., Melvin, T., Stratton, R.A., Vosper, S.B., Wells\Wlliams, K.D., Wood, N,

Allen, T.,Bushell A.C., Copsey, D., Earnshaw, P.[EdwardsJ.M., Gross, M., Hadiman, S.C., Harris, C.M., Hemming, J.,
Klingaman, N., Levine, R.C., Manners, J.C., Martin, G., Milton, S.F., Mittermaier, M., Morcrette, C., Riddick, T., Roberts,
M., Sanchez, C., Selwood, P., Stirling, A., Smith, C., Suri, D., Tennant, W.J., Vidale\WRKinson, J.M., Willett, M.R.,
Woolnough, S. and Xavier, P.: The Met Office Unified Model Global Atmosphere 6.0/6.1 and JULES Global Land 6.0/6.1
configurations, Geosci. Model Dev. Discuss., doi:10.5194/g016194, 2016.

Warner, J.C., Armstrong, B.,&1R., Zambon, J.B.: Development of a coupled oearospheravavesediment transport
(COAWST) modelling system, Ocean Modelling, 35, 222@,doi: 10.1016/j.ocemod.2010.07.012D10.

Whitehouse, S.: Unified Model Documentation Paper F54 Mak&smneratig LBCs from UM Dumps or Fieldsfiles,

Unified Model Documentation Paper F34tps://code.metoffice.gov.uk/doc/um/vn10.1/papers/umdp_F520d#.

Williams, K.D. , Harris, C.M, BodasSalcedo A., Camp, J., Comer, R.E., Copsey, D., Fereday, D., Graham, T., Hill, R.,
Hinton, T., Hyder, P., Ineson, S., Masato, G., Milton, S.F., Roberts, M.J., Rowell, D.P., Sanchez, C., Shelly, A., Sinha, B.,
Walters, D.N., West, A., Woollings, Tand Xavier, P.K.: The Met Office Global Coupled model 2.0 (GC2) configuration,
Geosci. Model Dev., 88, 1509524, doi:10.5194/gm&88-1509-2015, 2015.

Wood, N., Staniforth, A., White, A., Allen, T., Diamantakis, M., Gross, M., Melvin, T., Smith, C., YoSp&erroukat, M.,

and Thuburn, J.: An inherently massnserving serrimplicit semiLagrangian discretization of the deapmosphere global
non-hydrostatic equations, Q. J. R. Meteorol. Soc., 140, 1880, doi:10.1002/qj.2235, 2014

51


https://code.metoffice.gov.uk/doc/um/vn10.1/papers/umdp_F54.pdf

Order | Interface Exchanged variable Symbol | Units Frequency | Time processing

1 Wi A Wavedependent Charnock parameter | g - 1 hour Hourly mean
{astantaneous

2 Oi A Sea surface temperature SST K 1 hour Hourly mean
lnstantaneous
2 o1 A Zonal surface current Ucurr m st 1 hour Hourly mean
Instantaneous
2 OT A Meridional surface current Veurr m st 1 hour Hourly mean
Instantaneous

3 o1T W Water level relative to local bathymetry| d m 1 hour Hourly mean
lnstantaneous
3 o'W Zonal surface current Ucurr m s? 1 hour Hourly mean
Instantaneous
3 o'W Meridional surface current Veurr m st 1 hour Hourly mean
Instantaneous

Zonal wind stressn oceansurface (] N m2 1 hour Hourly mean

Meridional wind stressn oceansurface | N m?2 1 hour Hourly meanS
Solar surface heat flux (all wavelengthg Qs W m2 1 hour Hourly meanS
Non-solar net sugceheat flux Qns W m2 1 hour Hourly meanS
Rainfall rate R kgm?s? 1 hour Hourly meanS
Snowfall rate S kgm?s? 1 hour Hourly meanS
Evaporation of fresh water from ocean| E kgm?s? 1 hour Hourly meanS
Wind speed at 10 m above ocean surfg wio m st 1 hour Hourly meanS
Mean sea level pressure Pmsl Pa 1 hour Hourly means
{astantaneeous

4 Al

4 Al

N
>
ol ol o] o] ol of of o o

5 AT W Zonal wind speedt 10 m abovsurface | Ui m st 1 hour Hourly mean
Instantaneous
5 AT W Meridional wind speedt 10 m height V1o m st 1 hour Hourly mean
Instantaneous
Table 1: Summary of coupling exchanges between atmosphere/land (A), ocean (O) and wave (W) components within the UKC2
coupled prediction system. Ensuring that exchanges occur between model components in tloeging order shown avoids system
deadlocks within OASIS3MCT. The coupling frequency highlights that all fields are currently exchanged every hour of the
simulation time, and that all fields are computed as hourly mean valugsstantaneous(i-e—ho-temporal-or-spatial-averaging) See
Sect. 2 for further details.
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Suite configuration Status Comment

UKA2g Atmosphere only| Global OSTIA SST boundary conditigpersisted

UKAZ2h Atmosphere only| High-resolution UKO2g SST boundary condition persisted
UKO2g Ocean only Global (17 km) Unified Model meteorology forcing

UKOZ2h Ocean only High resolution UKA2h UM meteorology forcing

UKW2g Wave only Global (17 km) Unifed Model wind forcing

UKW2h Wave only High resolution UKA2h UM wind forcing

UKW2c Wave only As UKW2h, with UKO2h current forcing (wind + current)

UKW2| Wave only As UKW2c with UKO2I water level forcing (wind + current + level)
UKC2ao Coupled AO Atmosphereocean coupled suite, no wave interactions

UKC2ow Coupled GW Oceanwave fdApartially coupledo su
UKC2aow Coupled AO-W | Fully coupled atmosphemeceanwave suite

Table 2: Summary of UKC2 system coupled and uncoupled ekgtion suites

Suite differences

Research purpose

Characterising atmospher

e and land surface sensitivity

UKA2hT UKA2g

Sensitivity of modehtmosphere/land state to initial S§€&solution and drift from analysig

UKC2aoi UKA2h

Sensitivity of atmosphere/land state to ocean coupling and feedbacks

UKC2aowi UKAZ2h

Sensitivity of atmosphere/land state to fully coupled ocean and wave feedbacks

UKC2aowi UKC2ao

Examine impact of wave coupling on modelled atmosphere feedbacks

Charaderising ocearsensitivity

UKO2hi UKO2g

Sensitivity of modelled ocean state tet@orological forcing resolution

UKC2owi UKO2h

(expect null test, given no feedbacks from wave to ocean implemented in UKC2)

UKC2ao0i UKO2h

Sensitivityof modelled ocean state to representing atmospheric feedbacks

UKC2aowi UKO2h

Sensitivity of modelled ocean state to fully coupled atmosphere and wave feedbacks

UKC2aowi UKC2ao

Examine impact of wave coupling on modelled ocean feedbacks

Characterishg wavesensitivity

UKW2hT UKW2g

Sensitivity of wave state to meteorological forcing resolution

UKW2ci UKW2h

Sensitivity of wave state to current forcing

UKW2I' 7 UKW2c

Sensitivity of wave state to water level forcing

UKC2owi UKW?2I

(expect null test, given no feedbacks from wave to ocean implemented in UKC2)

UKC2aowi UKO?2|

Sensitivity of wave simulations to fully coupled atmosphere and ocean feedbacks

Table 3 Summary of research approaches enabled by comparison of UKC2 systewmupled and uncoupled evaluation suites
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47 11 Aug 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r?
[Ao) Sfctemp | 0.70 | 050 | 0.48 | 0.69 | 050 | 0.47 | 085 | 062 | 0.00 ] 0.79 | 0.54 | 0.00
(°C)[65] 15 16 31 16 10 32 9 10 0 25 29 1
[Ao] Air temp 114 | 044 | 031 ] 111 | 043 | 0.34] 122 | 053 | 0.0 | 1.18 | 0.48 | 0.9
(° C)[74] 10 17 14 38 22 38 7 10 11 19 25 11
[Ag] Wind speed] 3.38 | 1.25 | 051 | 3.2 | 1.06 | 054 | 318 | 093 | 0.%4 | 3.12 | 1.06 | 0.5
(m/s)[42] 7 7 6 8 9 8 10 19 10 17 7 18
(b)
47 11 Aug 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMZE | |Bias| r2 RMSE | |Bias| r RMSE | |Bias| r2 RMSE | |Bias| r?
[A] Air temp 140 | 043 | 064 | 1.41 | 043 | 066 | 143 | 0.45 | 064 | 1.41 | 042 | 0.&4
(° C)[534] 131 | 120 | 137 [ 129 | 123 | 136 | 93 125 | 112 | 181 | 176 | 149
[A]Windspeed | 227 | 0.88 | 052 J 224 | 0.8 | 053 | 224 | 0.4 | 0.53 | 2222 | 0.8 | 0.53
(m/s)[412] 87 101 | 88 91 88 97 99 120 | 95 135 | 103 | 132
(©)
47 11 Aug 2014 UKC2aow UKC2ao0 [UKW2I] Forced UK[OW]2h Forced UK[OW]2g
RMSE | |Bias| r2 RMSE | |Bias| r RMSE | |Bias| r RMSE | |Bias| r?
[O] SST (°C) 068 | 0.53 | 0.52 | 068 | 053 | 051 | 0.70 | 065 | 051 | 0.71 | 0.55 | 0.56
[82] 29 26 11 22 18 11 13 11 14 18 27 46
[O] SSH (m) 106 | 060 | 080 | 1.08 | 0.64 | 080 | 1.04 | 058 | 080 | 1.04 | 057 | 0.80
[41] 2 2 8 2 1 3 5 9 4 32 29 26
[W] Sig. wave ht.] 049 | 024 | 0.68 | 042 | 0.18 | 0.72 | 042 | 0.27 | 0.73 ] 0.25 | 0.10 | 0.8
(m) [9866] 11 4 3 11 1 1 12 4 1 65 89 93
[W] MearPeak [ 0.96 | 048 | 037 | 093 | 044 | 039 | 0.94 | 046 | 040 | 0.82 | 045 | 054
period (s)9144] 9 20 9 11 19 6 8 17 54 63 35 71

5 Table 4 Summary RMSE, bias and r2 correlation coefficient statistics for the 711 August 2014 case studyAverage gatistics are
computed from a comparison of model output against ksitu observations of (a) atmosphere [A] model variables over sea grid
cellsonly (b) all atmosphere [A] model variablesand (c) ocean [O] and wave [W] model variablesThe relevant forced
configuration with high-resolution forcing UKW2h, UKO2h and UKA2h are treated as the reference control model. Results
showing a statistically ggnificant difference from the reference according to a-test at the 95% confidence level are underlined.

10 Those also showing an improvement against the reference are also in bold. Also listed for each variable in lighter text & th
number of sites for wkich the model configuration provided the best statistic relative to the other model configurations tested for
this case. The configuration with the highest number of sites listed is highlighted in bolNumbers in square brackets show the
number of observaion locations assessed for each variable.
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61 10 Sep 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r?
[Ag] Sfc temp 050 | 0.36 | 022 | 050 | 0.36 | 021 | 050 | 0.37 | 0.01 | 044 | 031 | 0.00
(° C)[65] 13 14 36 7 6 28 15 17 0 30 28 0
[Ag] Air temp 094 | 042 | 037 ] 095 | 042 | 036 | 097 | 044 | 035 ] 0.97 | 044 | 035
(°C)[78] 29 26 28 9 13 8 20 15 19 20 27 26
[Ag] Wind speed] 1.75 | 0.84 | 062 | 1.75 | 0.8 | 063 | 1.5 | O.& | 0.62 | 177 | 0.87 | 061
(m/s)[47] 8 10 5 15 11 18 12 16 13 12 10 11
(b)
61 10 Sep 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMSE | |Bias| r2 RMSE | |Bias| r RMSE | |Bias| r2 RMSE | |Bias| r?
[A] Air temp 154 | 061 | 071 | 154 | 0.61 | 071 | 157 | 0.66 | 0.71 | 157 | 0.4 | O0.71
(° C) [552] 177 164 154 143 1515 127 105 68 118 127 165 153
[A]Windspeed | 149 | 0.64 | 0.37 | 149 | 0.64 | 0.38 ] 149 | 0.63 | 0.37 | 149 | 0.64 | 0.3
(m/s)[427] 91 99 78 103 81 129 101 130 90 132 117 129
(©
61 10 Sep 2014 UKC2aow UKC2ao0 [UKW2I] Forced UK[OW]2h Forced UK[OW]2g
RMSE | |Bias| r2 RMSE | |Bias| r RMSE | |Bias| r? RMSE | |Bias| r?
[O] SST (°C) 055 | 043 | 028 | 055 | 043 | 0.28 | 058 | 046 | 0.28 | 0.69 | 0.56 | 0.9
[82] 35 89 20 24 22 10 6 11 19 17 16 33
[O] SSH (m) 120 | 0.70 | 0.79 | 1.20 | 0.70 | 0.79 ] 1.20 | 0.70 | 0.79 ]} 1.20 | 0.70 | 0.79
[42] 7 9 2 5 1 21 8 8 7 21 23 11
[W] Sig. wave ht.] 0.19 | 0.08 | 0.66 ] 0.19 | 0.8 | 064 J 0.19 | 0.09 | 064 | 0.16 | 0.10 | 0.75
(m) [10163] 2 24 1z 11 13 7 18 34 5 51 30 75
[W] MearPeak | 1.04 | 052 | 037 | 1.04 | 050 | 034 | 113 | 059 | 036 | L12 | 058 | 041
period (s) p442] | 25 | 27 | 25 | 19 | 27 5 1 | 12 | 15 | 39 | 28 | 49

5 Table 5: Summary RMSE, bias and r2 correlation coefficient statistics for the 6.0 September 2014 case study. Average statistics
are computed from a comparison of model output against ksitu observations of(a) atmosphere [A] model variables over searid
cells only, (b)all atmosphere [A] model variablesand (c) ocean [O] and wave [W] model variablesThe relevant forced
configuration with high-resolution forcing UKW2h, UKO2h and UKA2h are treated as the reference control model. Results
showing a stéistically significant difference from the reference according to a-test at the 95% confidence level are underlined.

10 Those also showing an improvement against the reference are also in bold. Also listed for each variable in lighter text & th
number of sites for which the model configuration provided the best statistic relative to the other model configurations tested for
this case. The configuration with the highest number of sites listed is highlighted in bolNumbers in square brackets show the
number of observation locations assessed for each variable.
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21 6 Oct 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r?
[Ag] Sfc temp 0.44 | 0.37 | 0.68]1 0.44 | 0.37r | 067 ] 060 | 0.499 | 0.01 ] 053 | 0.39 | 0.01
(° C)[66] 17 19 34 21 14 32 5 7 0 23 26 0
[Ag] Air temp 107 | 043 | 059 ] 108 | 043 | 058 | 113 | 050 | 056 | 110 | 045 | 056
(° C)[80] 27 30 88 25 17 26 10 15 11 18 18 10
[Ag] Wind speed| 299 | 1.19 | 058 | 324 | 137 | 057 | 3.15 | 1.44 | 058 | 3.18 | 1.46 | 0.58
(m/s)[50] 34 38 11 6 3 7 6 4 19 4 5 13
(b)
21 6 Oct 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMSE | |Bias| r2 RMSE | |Bias| r RMSE | |Bias| r2 RMSE | |Bias| r?
[A] Air temp 156 | 057 | 0.77 | 156 | 057 | 0.7/ | 159 | 0.62 | 0.76 | 158 | 0.58 | 0.76
(° C) [506] 151 147 123 148 124 119 101 104 116 106 131 148
[A]Windspeed | 2.13 | 0.2 | 0.58 | 215 | 0.9%5 | 0.58 | 216 | 0.9 | 0.58 | 215 | 0.97 | 0.58
(m/s)[368] 118 119 79 82 78 84 84 79 97 84 95 108
(©)
21 6 Oct 2014 UKC2aow UKC2ao0 [UKW2I] Forced UK[OW]2h Forced UK[OW]2g
RMSE | |Bias| r2 RMSE | |Bias| r RMSE | |Bias| r RMSE | |Bias| r?
[O] SST (°C) 041 | 03 | 0711 041 | 0.33 | 0.71 ] 043 | 0.34 | 070 | 0.48 | 0.40 | 0.67
[86] 28 29 18 30 26 16 14 13 28 14 18 24
[O] SSH (m) 1.00 | 065 | 0.79 ] 1.00 | 0.65 | 0.79 ] 1.00 | 065 | 0.79 | 1.00 | 0.65 | 0.79
[41] 12 14 6 2 2 S 6 6 12 21 19 20
[W] Sig. wave ht.] 043 | 0.19 | 078 | 044 | 021 | 079 ) 044 | 022 | 079 ] 031 | 0.15 | 0.87
(m) [10853] 7 24 d 10 18 2 9 20 1 82 46 94
[W] MearPeak | 0.96 | 0.51 | 0.5 | 0.99 | 0.56 | 0.57 | 101 | 0.59 | 0.56 | 0.96 | 0.57 | 0.62
period (s)9734] | 17 41 16 13 14 10 7 12 10 60 30 61

5 Table 6: Summary RMSE, bias and r2 correlation coefficient statistics for the & October 2014 case study. Average statistics are
computed from a comparison of model output against isitu observations of(a) atmosphere [A] model variables over sea grid
cells only, (b)all atmosphere [A] model variablesand (c) ocean [O] and wave [W] model variablesThe relevant forced
configuration with high-resolution forcing UKW2h, UKO2h and UKA2h are treated as the reference control model. Results
showing a statisti@ally significant difference from the reference according to a-test at the 95% confidence level are underlined.

10 Those also showing an improvement against the reference are also in bold. Also listed for each variable in lighter text & th
number of sitesfor which the model configuration provided the best statistic relative to the other model configurations tested for
this case. The configuration with the highest number of sites listed is highlighted in boldNumbers in square brackets show the
number of observation locations assessed for each variable.
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21 11 Dec 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMSE | |Bias| r? RMSE | |Bias| 2 RMSE | |Bias| r? RMSE | |Bias| r?
[Ag] Sfc temp 0.69 | 0.56 | 046 | 0.70 | 0.56 | 0.46 ] 081 | 0.66 | 0.00 ] 0.93 | 0.80 | 0.00
(° C)[68] 18 16 39 16 12 28 12 16 0 22 24 0
[Ag] Air temp 110 | 0.50 | 059 | 1.10 | 050 | 0.0 | 106 | 045 | 059 | 1.07 | 0.43 | 0.9
(° C)[86] 15 15 22 10 5 17 29 22 25 32 44 22
[Ao] Wind speed| 2.93 | 1.26 | 063 | 307 | 147 | 064 | 308 | 147 | 063 | 308 | 1.47 | 063
(m/s)[46] 25 30 12 4 3 13 9 6 11 8 7 10
(b)
21 11 Dec 2014 UKC2aow UKC2ao Forced UKA2h Forced UKA2g
RMSE | |Bias| r2 RMSE | |Bias| r? RMSE | |Bias| r2 RMSE | |Bias| r?
[A] Air temp 134 | 084 | 073 | 135 | 084 | 073 ] 132 | 0.80 | 073 ) 131 | 0.78 | 0.74
(° C) [544] 73 54 136 60 49 97 119 124 130 292 317 181
[A] Wind speed | 232 | 1.13 | 060 | 233 | 1.5 | 060 | 234 | 1.15 | 060 | 233 | 1.15 | 0.60
(m/s)[409] 111 108 93 100 101 108 91 90 98 107 110 110
(©)
21 11 Dec 2014 UKC2aow UKC2ao0 [UKW2I] Forced UK[OW]2h Forced UK[OW]2g
RMSE | |Bias| r2 RMSE | |Bias| r? RMSE | |Bias| r RMSE | |Bias| r?
[O] SST (°C) 060 | 047 | 053] 060 | 047 | 053 | 0.60 | 048 | 051 | 065 | 051 | 0.48
[85] 26 20 22 16 13 25 26 26 15 17 26 23
[O] SSH (m) 136 | 090 | 0.78 ) 137 | 091 | 0.79 ] 137 | 090 | 0.79 | 1.37 | 091 | 0.79
[41] 16 18 16 2 1 1 6 3 10 17 19 14
[W] Sig. wave ht.] 044 | 025 | 0.8 | 044 | 020 | 0.84 | 045 | 021 | 0.4 | 043 | 021 | 0.8
(m) [10163] 44 26 45 6 18 4 S 19 8 46 38 44
[W] MearPeak | 0.89 | 0.54 | 0.60 | 0.93 | 0.58 | 0.59 | 0.99 | 0.64 | 059 | 0.97 | 0.62 | 0.60
period (s)[18] 49 | 50 | 27 8 10 | 11 6 7 1 | 23 | 19 | 37

5 Table 72 Summary RMSE, bias and r2 correlation coefficient statistics for the 711 December 2014 case study. Average statistics
are computed from a comparison of model output against ksitu observations of(a) atmosphere [A] model variables over sea gd
cells only, (b)all atmosphere [A] model variables, and (c) ocean [O] and wave [W] model variableEhe relevant forced
configuration with high-resolution forcing UKW2h, UKO2h and UKA2h are treated as the reference control model. Results
showing a statstically significant difference from the reference according to a-test at the 95% confidence level are underlined.

10 Those also showing an improvement against the reference are also in bold. Also listed for each variable in lighter text & th
number of sites for which the model configuration provided the best statistic relative to the other model configurations tested for
this case. The configuration with the highest number of sites listed is highlighted in bolNumbers in square brackets show the
number of observation locations assessed for each variable.
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21 11 Feb 2015 UKC2aow UKC2ao0 [UKW2I] Forced UKA2h Forced UKA2g
RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r?
[Ao] Sfc temp 073 | 0.63 | 0.22] 0.73 | 063 | 0.22 | 0.77 | 0.0 | 0.01 ] 0.79 | 0.72 | 0.01
(°C)[70] 12 10 38 11 12 30 21 21 1 26 27 0
[Ao] Air temp 09% | 046 | 0.4 ] 0% | 046 | 053 1 0% | 046 | 0.53 ] 0.4 | 0.43 | 0.53
(°C)[83] 22 19 32 11 8 16 14 15 16 36 41 19
[Ao] Wind speed] 2.03 | 0.76 | 061 | 207 | 0.88 | 0.62 | 205 | 0.8 | 062 | 205 | 0.83 | 0.62
(m/s)[39] 14 24 6 5 2 12 7 6 5 13 7 16
(b)
7% 11 Feb 2015 UKC2aow UKC2ao0 [UKW2I] Forced UKA2h Forced UKA2g
RMSE | |Bias| r? RMSE | |Bias| 2 RMSE | |Bias| r? RMSE | |Bias| r
[A] Air temp 15 | 056 | 04| 1.5 | 05/ | 0.53 ] 15 | 058 | 0.53 | 158 | 0.63 | 0.53
(° C) [537] 234 211 186 79 58 84 107 135 96 117 133 171
[A] Wind speed | 1.78 | 0.79 | 047 | 179 | 081 | 046 | 178 | 0.80 | 0.46 | 1.78 | 0.80 | 0.46
(m/s)[402] 126 136 106 64 63 78 89 72 85 123 131 133
(©)
71 11 Feb 2015 UKC2aow UKC2ao0 [UKW?2I] Forced UK[OW]2h Forced UK[OW]2g
RMSE | |Bias| r2 RMSE | |Bias| r? RMSE | |Bias| r RMSE | |Bias| r?
[O] SST (°C) 069 | 0.60 | 0.28 ] 0.69 | 0.59 | 0.28 | 0.70 | 0.60 | 0.27 ] 0.72 | 0.61 | 0.27
[90] 23 20 26 20 17 8 13 16 22 34 37 34
[O] SSH (m) 0.61 | 0.34 | 0.87 | 061 | 0.34 | 0.87 ] 061 | 0.34 | 0.87 | 0.61 | 0.34 | 0.87
[41] 21 26 2 1 1 1 3 0 14 16 14 24
[wW] Sig. wave ht] 0.27 | 0.15 | 0.78 ) 0.27 | 0.13 | 0.7/ | 0.28 | 0.13 | 0.76 | 027 | 0.15 | 0.80
(m) [11269] 22 22 49 |23 24 12 12 33 3 55 33 48
[W] MearPesk | 0.84 | 0.40 | 048 | 0.85 | 0.41 | 048 | 1.11 | 0.57 | 044 | 1.03 | 0.50 | 0.50
period (s)9515] | 38 37 29 22 19 21 4 12 3 31 27 42

Table 8 Summary RMSE, bias and r2 correlation coefficient statistics for the 711 February 2015 case study. Average statistics
are computed from a comparison of model output against ksitu observations of(a) atmosphere [A] model variables over sea grid
cells only, (b)all atmosphere [A] model variables, and (c) ocean [O] and wave [W] model variableEhe relevant forced
configuration with high-resolution forcing UKW2h, UKO2h and UKA2h are treated as the reference control model. Result

10 showing a statistically significant difference from the reference according to atest at the 95% confidence level are underlined.
Those also showing an improvement against the reference are also in bold. Also listed for each variable in lighter textiés
number of sites for which the model configuration provided the best statistic relative to the other model configurations tesitfor
this case. The configuration with the highest number of sites listed is highlighted in boldumbers in square bracketsshow the
number of observation locations assessed for each variable.
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30 Juni UKC2aow UKC2ao Forced UKA2h Forced UKA2g

4 Jul 2015 RMSE | |Bias| r RMSE | |Bias| r RMSE | |Bias| r RMSE | |Bias| r?
[Aj] Sfctemp | 0.79 | 056 | 0.35 | 0.79 | 052 | 0.34 | 0.91 | 0.7 | 0.00 | 099 | 0.80 | 0.00

(° C) [69] 19 8 37 15 25 29 14 16 1 21 20 0
[Ac] Air temp 151 94 | 058 ] 151 | 094 | 058 | 155 | 1.00 | 056 | 151 | 097 | 057

(° C)[84] 9 5 11 18 27 23 29 28 24 28 24 26
[Ag] Wind speed] 2.31 | 096 | 056 | 223 | 0.%5 | 056 | 229 | 092 | 056 | 229 | 0.92 | 0.57
(m/s)[46] 13 12 7 5 2 7 11 15 15 17 17 17
(b)
30 Juni UKC2aow UKC2ao0 Forced UKA2h Forced UKA2g
4 Jul 2015 RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r?

[AlAirtemp | 1.96 | 0.74 | 0.77 | 1.96 | 0.7 | 0.7z | 1.99 | 0.78 | 0.76 | 203 | 0.80 | 0.76

(° C)[537] 107 101 108 152 149 151 151 119 127 127 168 151
[A] Wind speed | 1.86 | 0.70 | 0.38 | 1.89 | 0.70 | 0.38 | 187 | 0.70 | 0.338 | 187 | 0.71 | 0.37
(m/s)[412] 107 107 96 107 71 100 81 101 95 117 133 121
(©
30 Juni UKC2aow UKC2ao [UKW2I] Forced UK[OW]2h Forced UK[OW]2g
4 Jul 2015 RMSE | |Bias| r? RMSE | |Bias| r? RMSE | |Bias| r2 RMSE | |Bias| r?
[O] SST (°C) 075 | 05 | 0] 075 | 053 | 0. ] 077 | 053 | 038 076 | 0.4 | 042
[87] 11 16 8 15 12 14 15 17 14 46 42 51
[O] SSH (m) 091 | 046 | 0.83 ] 091 | 046 | 0.83 ] 091 | 046 | 083 ] 0.91 | 0.45 | 0.83
[41] 5 7 4 7 4 5 2 3 9 26 26 22
[W] Sig. wave ht.] 0.26 | 0.14 | 0.70 | 030 | 0.18 | 0.67 | 030 | 0.17 | 0.66 | 023 | 0.12 | 0.76
(m) [10266] 30 22 21 0 8 3 1 8 6 1 64 12
[W] MearPeak | 0.90 | 0.54 | 054 | 0.96 | 0.61 | 052 | 0.98 | 0.61 | 050 | 0.86 | 0.51 | 057
period (s)[8512] 306 226 195 92 54 111 (8] 121 102 3A 46 454

5 Table & Summary RMSE, bias and r2 correlation coefficient statistics for the 30 June3 July 2015 case study. Average statistics
are computed from a comparison of model output against ksitu observations of(a) all atmosghere [A] model variables, (b)
atmosphere [A] model variables over sea grid cells only and (c) ocean [O] and wave [W] model variabl@e relevant forced
configuration with high-resolution forcing UKW2h, UKO2h and UKA2h are treated as the reference contdfomodel. Results
showing a statistically significant difference from the reference according to atest at the 95% confidence level are underlined.

10 Those also showing an improvement against the reference are also in bold. Also listed for each variabléginter text is the
number of sites for which the model configuration provided the best statistic relative to the other model configurations testfor
this case. The configuration with the highest number of sites listed is highlighted in boldumbers in square brackets show the
number of observation locations assessed for each variable.
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Met Office Unified Model branch name Coderevision | Purpose
pkg/andymalcolm/vn10.1_Cray_optimisation 8184 Root UM10.1 code base, with optimisation
pkg/Config/vn10.1_PS37_UKV_Configuratio 13196 Parallel Suite 37 default code configuration settings
huwlewis/vn10.1_ukep_hydrol_for_jules 18816 Support for slopelependent PDM in JULES
huwlewis/vn10.1_ukep_rivrouting 18992 Enabe relevant river routing stashcodes 1
diagnostics
juanmcastillo/vn10.1_move_call_to_trap_uv 18967 Require move ofall to wind limiter after solver
juanmcastillo/vn10.1_ukep_mslp_wave_ordi 19048 Fix model field coupling order to avoitkadlocks
juanmcastillo/vn10.1_AtmWaveOasis 23941 Add wave coupling capability torified Model
huwlewis/vn10.1_nonctile_coupling 23959 Ensure valid coupling where coastlines not overlag
juanmcastillo/vn10.1_fix_io_server 24543 Fix error when using UM 10 server for couplaths

Table C1 Summary of Met Office Unified Model code branchesnerged and used in thaJKA2 and UKC2 system, containing

relevant adaptations from theversion 10.1baseline cale. Model codes are accessible Vitips://code.metoffice.gov.uk/trac/um/wiki

Registered users can directly access each code branch at the revision used in UKC2 by following the direct code revision links
5 provided.

JULES branch name Coderevision | Purpose
pkg/Config/vn4.2_PS37_UKV_Configuration 2426 Root JULES vn4.2 code base at PS37 UKV

huwlewis/vn4.2_ukep_hydrol 3254 Implement WP1 recommended sleipased PDM
huwlewis/vn4.2_river_fixes 3274 Apply code modification to river routing not at vn4.
juanmcastillo/vn4.2_AtmWaveOasis 4447 Implement wave coupling within surface exchange

Table C2 Summary of JULES code branches merged and used in tHeKA2/UKL2 and UKC2 system, containing relevant

adaptations from theversion 4.2baseline codeModel codes are accessibldavhttps://code.metoffice.gov.uk/trac/jules/wiki

Registered users can directly access each code branch at the revision used in UKC2 by following the direct code revisios link
10 provided.

RFM parameter | Definition UKC2 default value | Typically usedparameter range
cland land wave speed [5] 0.4 0.271 0.4

criver river wave speed [rg1] 0.5 0.6271 1.0

cbland subsuraceland wave speefin s 0.05 0.17 0.075

cbriver subsurface river ave speed [ng?] 0.05 0.1571 0.1

retl land return flow fraction (<1) 0.005 0.07 0.0005

retr river return flow fraction (<1) 0.005 0.0057 0.0005
a_thresh threshold areanumber of cells 13 17 10

Table C3: Parameters available to define the RFMiver routing algorithm (see Bell et al. (2007) for details), and values used within
UKC2. Typically used parameter value ranges from global to regional applications is also shown for reference.
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https://code.metoffice.gov.uk/trac/um/browser/main/branches/pkg/andymalcolm/vn10.1_Cray_optimisations?rev=8184
https://code.metoffice.gov.uk/trac/um/browser/main/branches/pkg/Config/vn10.1_PS37_UKV_Configuration?rev=13196
https://code.metoffice.gov.uk/trac/um/browser/main/branches/dev/huwlewis/vn10.1_ukep_hydrol_for_jules?rev=18816
https://code.metoffice.gov.uk/trac/um/browser/main/branches/dev/huwlewis/vn10.1_ukep_rivrouting?rev=18992
https://code.metoffice.gov.uk/trac/um/browser/main/branches/dev/juanmcastillo/vn10.1_move_call_to_trap_uv?rev=18967
https://code.metoffice.gov.uk/trac/um/browser/main/branches/dev/juanmcastillo/vn10.1_ukep_mslp_wave_order?rev=19048
https://code.metoffice.gov.uk/trac/um/browser/main/branches/dev/juanmcastillo/vn10.1_AtmWaveOasis?rev=23941
https://code.metoffice.gov.uk/trac/um/browser/main/branches/dev/huwlewis/vn10.1_non_ctile_coupling?rev=23959
https://code.metoffice.gov.uk/trac/um/browser/main/branches/dev/juanmcastillo/vn10.1_fix_io_server?rev=24543
https://code.metoffice.gov.uk/trac/um/wiki
https://code.metoffice.gov.uk/trac/jules/browser/main/branches/pkg/Config/vn4.2_PS37_UKV_Configuration?rev=2426
https://code.metoffice.gov.uk/trac/jules/browser/main/branches/dev/huwlewis/vn4.2_ukep_hydrol?rev=3254
https://code.metoffice.gov.uk/trac/jules/browser/main/branches/dev/huwlewis/vn4.2_river_fixes?rev=3274
https://code.metoffice.gov.uk/trac/jules/browser/main/branches/dev/juanmcastillo/vn4.2_AtmWaveOasis?rev=4447
https://code.metoffice.gov.uk/trac/jules/wiki

NEMO branch name Coderevision | Purpose

Trunk 5518 Root NEMO vn3.6 code used for UKO2
UKMO/nemo_v3 6 STABLE_copy 5783 Bug fixes later implemented in NEMtunk
UKMO/2015 _CO6_CO5_shelfdiagnostic 5666 Additional output diagastics enabled
UKMO/restart_datestamp 6336 Add writing of timestamps in restart file names
2015 V36 _STABLE_CO6_CO5_ zenpomsdwl 5793 Enable backompatibility with CO5 configration
UKMO/dev_r5518 bdy sponge_temp 5878 Enable enhanced diffusion near domain boundar
UKMO/dev_r5107_xios_initialize_toyoce 6242 Update 10 for key_vvl compatibility
UKMO/dev_r5107_hadgem3_mct 5631 Add OASISMCT compatibility
UKMO/dev/r5107_hadgem3_cplseq 5646 Set the required order of coupling fields
UKMO/dev_r5107_hadgem3_cplfld 5592 Treat nonstandard aspects of atnpbericcoupling
UKMO/dev_r5518 ww3_coupling 6733 Enable coupling of variables with wave model
UKMO/dev_r5518 rm_um_cpl 5884 Removedependencies on UM, to coupleV@ only
UKMO/dev_r5518 amm15_test 6344 Read AMM15 input files already interpolated to g
UKMO/dev_r5518 sst_landsezpl 6709 Distinguish NEMO land SST values for coupling

5 Table C4 Summary of NEMO code branches merged and used in the UKC2 ggs, containing relevant adaptations from the
baselinetrunk codeat version 3.6 (revision 5518Model codes are accessible viatp://www.nemo-ocean.euRegistered users can
directly access each code branch at threvision used in UKC2 by following the direct code revision links provided.

NEMO compilation keys used in UKC2 and UKD)2

key_zdfgls GLS generic length scale vertical mixing

key_ldfsip Lateral diffusion

key dynspg_ts | Split-explicit free surface

key vectopt_loop Inner loop index order

key bdy Unstructured open boundary conditions

key tide Tidal potential forcing

key wvl Variable volume nosinear free surface
key_shelf Implement Met Office shelf seas flux forcing

10 Table C5 Summary of NEMO compile keysused in the UKC2 system.
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http://forge.ipsl.jussieu.fr/nemo/browser/trunk/NEMOGCM?rev=5518
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/nemo_v3_6_STABLE_copy?rev=5783
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/2015_CO6_CO5_shelfdiagnostic?rev=5666
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/restart_datestamp?rev=6336
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/2015_V36_STABLE_CO6_CO5_zenv_pomsdwl?rev=5793
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5518_bdy_sponge_temp?rev=5878
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5107_xios_initialize_toyoce?rev=6242
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5107_hadgem3_mct?rev=5631
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5107_hadgem3_cplseq?rev=5646
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5107_hadgem3_cplfld?rev=5592
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5518_ww3_coupling?rev=6733
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5518_rm_um_cpl?rev=5884
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5518_amm15_test?rev=6344
http://forge.ipsl.jussieu.fr/nemo/browser/branches/UKMO/dev_r5518_sst_landsea_cpl?rev=6709
http://www.nemo-ocean.eu/

WAVEWATCH Il branch name Coderevision | Purpose

WW3v4/trunk oes Root WAVEWATCH H-vn4.18 code-used-for UKV

WW3v4branches/dev/frhl/ro66_ww3v4_uke 1328 New implementation of wave coupling # and O
code based on WAVEWATCHIII vn4.18 trunk codg

Table C6: Summary of WAVEWATCH Il code branclesmerged-andused in the UKC2 system, containing relevant adaptations
from the baselinetrunk codeat version 4.18 https://svnemc.ncep.noaa.gov/projects/ww3/releasedRER. Code can be
shared with registered users of WAVEWATCHIII, with further details available at http:/polar.ncep.noaa.gov/waves/wavewatch/.

10
WAVEWATCH lll ¢ ompilation switchesused in UKC2 and UKW2
ST3 WAM 4 and variants source term packa¢ RTD Rotated coordinate system
STAB3 | Stability correction (not invoked) WNT1 Linear wind speed interpolation in time
NL1 Discrete interaction approximati CRT1 Linear current interpolation in time
BT1 JONSWAP bottom friction formulation | WNX1 Approx. linear wind speed interpolation in sp3
DB1 BattjesJanssen deptimduced breaking | CRX1 Approx. linear current interpolation in space
TRO No triad interations FLXO0 Flux computation included in source terms
BSO No bottom scattering RWND Correct wind speeds for current velocity
XX0 No supplemental source terms REFO No source term for reflection
LN1 Cavaleri and MalanottRizzoli linear input| PR3/UNO Secoml order propagation scheme

Table C7: Summary of WAVEWATCH Il compile switchesused in the UKC2 system.

15

62


https://code.metoffice.gov.uk/svn/utils/ukeputils/trunk/gmd-2017-110
https://svnemc.ncep.noaa.gov/projects/ww3/released/REL-4.18
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Figure 1: The UKC2 domain (black boundary) used to defindJKA2 atmosphere, UKO2 ocean and UKW2 wave components. The
modelorography and bathymetry are also shownThe blue outline shows the extent of the current operational AMM7 ocean domain
(see Sect. 3.3he gray dashed area shows the approximate extent of the regular 1.5 x 1.5 km inner region of the UKA2 grid.
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(a) UKC2 momentum exchanges
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(b) UKC2 heat exchanges
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(c) UKC2 freshwater exchanges
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Figure 2: Summary of time-averagedinstantaneeousfields exchanged each hour in the UKC2 coupled simulatiocategorised aga)
momentum, (b) heat and (c) freshwaterexchanges between atmospherdand (UM-JULES), ocean (NEMO) and wave
(WAVEWATCH lIl) comp onents The relevant bulk and flux variables listed in Table 1 are showras being exchanged between
components with flux variables shown with arrows.

65



UKA2g Surface temperature (K) UKA2h Surface temperature (K)
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Figure 3: Sample snapshot case study output of surface temperature showing (a) UKA2g: persis8RIT interpolated from a 17 km
resolution global Met Office Unified Model run and (b) UKA2h: persisted SST interpolated from 1.5 km resolution UKO2 ocean
run. Note the temperature scale is truncated to highlight SST variability rather than the (evolving) lad temperatures.
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Figure 4: Sample snapshot case study output of (a) surface currents simulated by UKO2h ocean configuration and (b) Charnock
parameter simulated by UKW2h wave configuration, plotted relative to the UKV constant value of 0.011.
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WAVE-ONLY UKW2

global (17km) OSTIA SST | g: global 17km UM winds
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Figure 5: Summary of UKC2 system case study evaluation configurations in componeatly and coupled mode. Arrows highlight
the dependencies between forcing used in the control simulations.

67



rface temperature (K) rface temperature (K) rface temperature (K)
20140807 - 20140512 uke2aow Relative RMSE to uka2h (%) % 20140906 - 20140911 ukc a0 Relative AMSE to ukazh (%) o 20141002 - 20141007 sl 380 Relative AMSE to ukazh (%) 5%
o b °
o ¢ ° f 2 b
20 * 20 * 20
° " :
&
15 15 15
10 10 10
(- s [ s o s
°
0 0 0
-5 -5 -5
° (-] 0% e (-}
-10 -10 -10
° °
° -15 ° ° -15 ° -15
-20 =20 =20
°
°
=25 =25 =25
Surface temperature (K) Surface temperature (K) Surface temperature (K)
20141207 - 20141212 ukc2aow Relative RMSE to uka2h (%) 5% 20150207 - 20150212 ukc2aow Relative RMSE to uka2h (%) % 20150630 - 20150705 ukc2aow Relative RMSE to uka2h (%) 5
™ 3
20
15
o 10
-]
o 5
0
-5
(-]
-10
° -15
=20
(-]

-25

Figure 6: Differences in case studgtmosphere modeRMSE statistics for sea surface temperature, comparing statistics computed
for the fully coupled UKC2aow simulation as a % difference relative to the atmospherenly UKA2h runs in which the initial SST

is persisted. Green sites indicate an overall reducth in RMSE relative to the control. Results are shown forlay case study periods
in (a) August 2014, (b) September 2014, (c) October 2014, (d) December 2014, (e) February 2015 and (f) July 2015. RMSREistatis

are computed comparing UKC2aow and UKA2h mdel outputs with in-situ observations. Note that only an inner section of the
domain is presented for clarity.
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Figure 7: Differences in case study atmosphemaodel RMSE statistics for 1.5 m air temperature, comparing statistics computed for
the fully coupled UKC2aow simulation as a % difference relative to the atmospherenly UKA2h runs. Green sites indicate an
overall reduction in RMSE relative to the control. Results are shown for &lay case study periods in (a) August 2014, (b) September
2014,(c) October 2014, (d) December 2014, (e) February 2015 and (f) July 2015. RMSE statistics are computed comparing UKC2aow
and UKA2h model outputs with in-situ observations. Note that only an inner section of the domain is presented for clarity.
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Figure 8: Differences in case study atmosphemnodel RMSE statistics for near surface wind speed, comparing statistics computed

5 for the fully coupled UKC2aow simulation as a % difference relative to the atmospherenly UKA2h runs. Green sites indicate an
overall reduction in RMSE relative to the control. Results are shown for Elay case study periods in (a) August 2014, (b) September
2014, (c) October 2014, (d) December 2014, (e) February 2015 and (f) July 2015. RMSE statistics are computed comparing UK€ 2ao
and UKA2h model outputs with in-situ observations. Note that only an inner section of the domain is presented for clarity.
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Figure 9: Differences in case study ocean model RMSE statistics for sea surface temperature, comparing statistics coawpfidr the
fully coupled UKC2aow simulation as a % difference relatve to the ocearonly UKO2h runs with high resolution meteorological
forcing. Green sites indicate an overall reduction in RMSE relative to the control. Results are shovior 5-day case stdy periods in
(a) August 2014, (b) September 2014, (c) October 2014, (d) December 2014, (e) February 2015 and (f) July RMSE statistics are

computed comparing UKC2aow and UKO2h model outputs with irsitu observations.Note that only an inner section 6the domain
is presented for clarity.
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Figure 10: Distribution of in-situ observation sites for which each of UKC2aow, UK2ao, UKO2h or UKO2g ocean model SST
outputs provided the lowest RMSE statiic for each 5day case study. Notéhat only an inner section of the domain is presented for
5 clarity.
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Figure 11: Distribution of in -situ observation sites for which each of UKC2aow, UKC2ao0, UKO2h or UKO2g ocean modsla
surface heighSST outputs provided the lowest RMSE statistic for eachflay case study. Note tht only an inner section of the

5 domain is presented for clarity.
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Figure 12: Distribution of in -situ observation sites for which each of UKC2aow, UKW2I, UKW2h or UKW2g wave model significant
wave height outputs provided the lowest RMSE statistic foeach 5day case study. Note that only an inner section of the domain is

presented for clarity.
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Figure 13: Differences in case study wave model RMSE statistics for significant wave height, comparing statistics computed for the
fully coupled UKC2aow simulation as a % difference relative to the wav@nly UKW2h runs with high resolution wind forcing.
Green sites indicate an overall reduction in RMSE relative to the control. Results are shown forday case study periods in (a)
August 2014, (b) Septemér 2014, (c) October 2014, (d) December 2014, (e) February 2015 and (f) July 2015. RMSE statistics are
computed comparing UKC2aow and UKW2h model outputs with irsitu observations. Note that only an inner section of the domain

is presented for clarity.
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Figure 14: Differences in case study wave model RMSE statistics for wawgsarpeak period, comparing statistics computed for the
fully coupled UKC2aow simulation as a % difference relative to the wavenly UKW2h runs with high resolution wind forcing.
Green sites indicate an overall reduction in RMSE relative to the control. Results are shown forday case study periods in (a)
August 2014, (b) September 2014, (c) October 2014, (d) December 2014, (e) February 2015 and (f) July 2015. RMSE statistics ar

computed comparing UKC2aow and UKW2h model outputs with insitu observations. Note that only an inner section of the domain
is presented for clarity.
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