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Abstract. Despite the importance of monsoon rainfall to over
of climate models struggle to capture some of the major features of the various monsoon systeess.oSttrd
development oérrorsin several tropical regions have shown that they start to develop very quickly, within the first few days
of a model simulation, and can then persist to climate timesdafeterstanding the sources of sumtnorsrequires e
combination of various modelling techniques and sensitivity experiments of varying comptedtywe demonstrate how

such analysis can shed light on thay in which monsooerrorsdevelop, their local and remote drivers and feedbadies
makeuse ofthe seamless modelling approach adopted by the Met Office, whereby different applications of the Met Office
Unified Model (MetUM) use essentially the same model configuration (dynamical core and physical parametrisations)
across a range of spatial and paral scales. Using the Asissummer MonsoofASM) as an example, we show tleator
patterns in circulation and rainfall over tA&M region in the MetUMare similar between multdecadal climate simulations

and seasonal hindcasts initialised in spring. Analysis of the development ofthers®n bothshortrange and seasonal
timescaledollowing model initialisation suggests that both the Maritime @ummit and the oceans around the Philippines
play a role in the development BastAsiasummermonsoonerrors with the Indian summer monsooegion providing an
additional contributionwhile the errors over the Indian summer monsoon region itself appesaise locally Regional
modelling with various lateral boundary locations helps to separate local and remote contributiongrtorshevhile
regional relaxation experiments shed light on the influencermirsdeveloping within particulaareason the region as a

whole
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1 Introduction

Despite many advances in weather and climate modelling over thdquastes, systematic errors remain prevalent in key
regions such as the Asian Summer Mons®werber et al., 2013puchsystematic erroreave been shown in past studies

to develop rapidly, often within the first few days of simulation, and can persidiniate timescalege.g. Martin et al.,

2010; Rodriguez and Milton, 2019Jhis has important implications for forecasting on a wide range of timescales, and for
climate projections, in regions where millions of people rely on the seasonal rainfalleforwthter resources and
livelihoods. Several modelling studies have investigated the initial error growth usingrahge forecasts from numerical
weather prediction models (e.g. Keane et al., 2019; Martin et al., 2010; Rodwell and Palmer, 2003 eP4iij 2004). Such
studies allow the immediate influence aifnospherenodel physical parametrisations to be identified without the complex
feedbacks from circulatioerrorswhich develop over longer timescales. This approach can be particularly usefd wh
similar model configurations are used for both timescales (Martin et al., 2010; Hurrell et al., 2009).

The advent of coupled oceatmosphere numerical weather prediction offers further challenges in the development of
additional systematic errors thugh feedbacks between atmosphere and o€earextendedange and seasonal predictions,
tracking the development of systematic errors through the coupled atmespbareryosphere system and across
timescales ranging from individual weather eventsuhointraseasonal to seasonal variationslga challengeSeveral
previous studies have used initialised seasonal hindcasts to shed light on the origin of coupled model errors in tropica
regions (e.g. Lazar et gR005; Huang et al. (2007); Liu et al. (2012); Vanniére et al. (2014); Siongco et al. (20209).

et al. (2005) demonstrated that both the atmosphere and ocean components of coupled models contribute to the developme
of errors, on different timescales aind different regionsand with the balancef atmosphere/ocean contributitaing
modeldependentVanniére et al. (20) used amulti-model seasonal hindcast dataseid&ntify the order in which errors
appeared in the tropical PacifiandVanniére et b (2014) developed this into systematic approadtat allowed thento

identify a range of driverand timescalefor tropical Pacific SSTerrorsin the IPSLCM5A-LR coupled modelSimilarly,
Siongco et al. (2020) identified different drivers for the -@eteloping cold phase and slalgveloping warm phase of the
equatorial Pacific SSErrorsin the Community Earth System Model, version 1 (CESM/DIdoire et al. (2019) used a
multi-model ensemble of seasonal hindcasts made by climate models to coafimagdterly wind stressrorsdrive warm
SSTerrorsin the tropical Atlantic from the first month onwardis.a global study analysing daily to mu#thnual timescales

in two different coupled seasonal prediction modelsymanson et al. (2018) showadange of SST drift evolution and
timescaleamong different regions and different times of yeath wome regionbeing affected bypoor initializatian.

On subseasonal to seasonal timescales, there will be contributions to systematic errors both frpnodesaes and from
remote teleconnections. Separating these contributions, and identifying their interaction, requires a range of bespoke
modelling tools that constrain parts of the climate system while allowing others to develop freely. Examples include
atmospherenly, landonly or ocearonly model simulations where observed or mbestklfields can be used to foroee

coupled model component at a timeplacing surface fluxes in a coupled model with daily observed or teddiétlds;
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regional climatemodelling with a range of lateral boundary locations (Levine and Martin, 2018; Karmacharya et al., 2015)
global or regional relaxation experiments (Klinker et al., 1990; Rodriguez et al., 2017,2019 fApacemaker 0 e
(where a climate model forced by observed sea surface temperature variations in a specific region, but allewadeto

freely everywhere else; e.g., Deser et al. 2017; Zhang et al., 2018; Amaya et al., 2019).

Rodriguez and Milton (2019) describe analysis of the-gpimf the errorsover the Asian monsoon region in initialized- 15

day atmospherenly hindcasts. These showed the gradual emergence, over the 15 days, of the key systematic errors seen i
the moisture transport/divergence from freaning simulations of the sameodel. Some of the errors are large even at day

1, supporting previous results from e.g. Keane et al (2019) that errors in local parameterised physics are the key drivers ©
monsoorerrorsrather than remote forcing errors of the circulation. Rodrigueviilhdn (2019) further investigated which

errors were driven from the Maritime Continent (MC) region by using regional relaxation experiments where the winds and
temperatures over the MC region were relaxed back to reanalyses. This revealed that @sficiérogical convection over

the MC region start to contribute to errors in the Asian monsoon circulation within the first 15 days of the hindcasts. Levin
and Martin (2018) used a regional climate model centred over India and forced by reanalysdatetatneoundaries to

show that remoterrors (particularly, excessive convection over the equatorial Indian Ocean and poor representation of
precursor disturbances transmitted from the Western Pagcifit}ibute significantly to the poaimulation of monsoon low
pressure systems in the Met Office model.

In the present studywe illustrate howa combination of many of the techniques outlined above can be used to d@halyse
development of monsoaarrors their local and remote drivers afeedbacksWe take advantage of the range of Met Office
model configurations covering timescales from days through seasons to decades. These share a common dynamical core &
similar physical parametrisati ons @ mmoddglirgrweatherfand tclimatgveM e t C
extend and develop the previous work by including analysis of the development of emeesliiimrange coupled and
atmospher@nly model hindcasts during the fif&tl5 days, and in a coupled seasonal hindcast ensatulilgy the first few

pentads following initializationand by investigating the individual and interacting salé various remote regions in the
development of errori; both atmospherenly and coupled model configuratior®hile our study focusses onsgmatic

errors in the Asian summer monsoon, similar methods could be applied to other monsoon, -amahsuon, regions.

Section 2 describes the data and methods used, 8dite3 documents the results of the various experimentSett.4 we

discussltie results antheirimplications for targeted model development.

2 Data and methods

The model configurations and simulations used in this study are summarised in Tait#erlinning climate simulations
usingMet Office coupled atmospherecean configurigon Global Coupled version 2 (GC2.0; Williams et al, 2015), forced

by presentlay greenhouse gases and aerosols and covering several decades, are used initially in order to illustrate the mod
errors of interest to this study. The atmosphere compone@GH.0 isMet Office Unified Model (MetUM)Global

3
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Atmosphere 6.0 (GA6.0; Walters et al., 20which is coupled to theJoint UK Land Environment SimulatofJULES

Best et al., 20113nd theNEMO (Nucleus for Europeaklodelling of the OceanMadec, 208) ocean ancCICE (Hunke

and Lipscomb, 20043eaice models.The model is configured at resolution 0.838Agitude x0.556° latitude (which is
approximately 80 km at the equatan the horizontal for the atmosphere and the ORCAO0.25 tripolar grid farcian.On

points of regular zonal and meridional grid spacing the ocean resolution is 0.25°, while the tripolar grid ceases tddbe a reg
grid on points poleward of 20°The vertical resolution is 85 levels for the atmosphere and 75 levels for the. ocean
Comparison is made against ER#erim (ERAI; Dee et al., 2011and ERAS (Copernicus Climate Change Service, 2017)
reanalysegor winds, the Global Precipitation Climatology Project pentad dataset version 2.2 (GPCP v2.2; Xie et al., 2003;
Adler et al., 2003rnd theTropical Rainfall Measuring Mission 3B42 product, versieiiA (TRMM; Kummerow et al.,

1998; Huffman et al.2010; Huffman and Bolvin, 2013jor precipitation, and NOAA Optimum Interpolation Sea Surface
Temperature v2 (OISSTv2; Reynolds et al. 2007).

In order to study the development efrors after initialisation, we make use of a hindcast ensemble from the GloSea5
operational longange forecast system (MacLachlan et al., 2015; Williams et al., 2015). GloSea5 also uses the MetUM
GC2.0 configuration at the same horizontal and vertical resolution as in theufmeiag simulations described above. The
standard opet@nal hindcast set includes seven members per start date, four start dates (1, 9, 17, 25) per month, and run:
from 19932016. A Stochastic Kinetic Energy Backscatter scheme (SKEB2; Bowler et al. 2009) is used to introduce small
grid-level perturbations tloughout the integrations to create ensemble spread. The atmosphere and land components are
initialized from daily ERAI reanalyses at 0.75° x0.75° resolution, while the ocean and sea ice models are initialized from
the GloSea5 ocean and sea ice analysing GloSea5 Global Ocean 3.0, which is driven by HRAnd uses the
NEMOVAR data assimilation scheme (Blockley et al. 2014).

In order to separate the influence of local and remote sources of weranake use of a regional climate model (RCM
configuration, forcedat thelateral boundaries by ourly ERA interim reanalygs and at the surfacby observed sea
surface temperatures (SSTs) from OISSTv2, and run at 0.44° x 0.44° res(dpiioaximately 5&km, which is similar to

(but slightly higher than) that of th&C2.0 and GloSeadlobal models The RCM was onlyconfigured atGA7.0 (Walters

et al., 2019),which includes changesfrom GAG6.0,to both model physics and dynamics that are both incremental
developments and targeted improvementsatidress critical errorthat included a persistent dry bias over the Indian
subcontinent. While some progress was made in G4loBal modelgowards reducing those errors, the overall pattern of
ASM errorsinvestigated in the present study remains;fiying our use of this RCM configuratiofror the RCM domains

centred over China, a rotated north pole is used at 61°N, 296.3°E. The RCM is constrairfeaully ERA| at the lateral
boundaries, but within the domain the model runs freely after inétadis and is therefore able to devekrporsdue to local
processes and feedbacks, despite the constraint from the boundaries. By adjusting the locations of the lateral boundaries a
comparing between RCM simulations, aghinsta correspondin@0-yearatmospher@nly global climatemodel(AGCM)

GA7.0 simulation at resolution 0.833° longitude x 0.556° latitfaaoted AGCMN216), the contribution to the systematic

errorsfrom different regions can be ascertained. This technique was applied by Karmacharya et al. (2015) and Levine and

4
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Martin (2018) for understanding sourceseafor in the mean stateéntraseasonal variability and monsoon low pressure
systems in the Southsfan Summer Monsoo(SASM). Hence in this study we centre our RCM domain over China to
investigate the sources of error in the East Asia Summer mofEa&M).

We study the evolution adrrorsafter initialisation in the GloSea5 season hindeastembles ith different start dateand,

in addition, initialised7 to 15day numerical weather prediction (NWP) hindcasts using atmosphéreand coupled
configurationsof GAG.1/GC2.0 atresolution0.234°longitudex 0.156°latitude @pproximately 26 km at thequator) These

are initialised every day between May and19 Septembe2016 and each run for 15 dafellinga et al, 2020. The day

1, day2, etc hindcasts can be combined to provide a seasonal climatology for each leaahtiniee use of the same
atmosphere model configuration in the coupled and atmosphérdiindcasts allows the role of coupling to be ascertained

To shed light on the drivers of systemagicors we make wuse of the fAnudgingod tec
Milton (2019). A 20-year, free-running, atmospherenly, model simulation using GA7.8t resolution1.88° longitudex

1.25° latitude(approximately 200 km at the equatdenoted AGCMN96) is relaxed back to analyses over regions from
where we consider significant systematic errors may originate and affect other regions through remote teleconnection. Mode
winds and potential temperatures are nudged back to-IEBKth a 6-hourly relaxationitme scale at all model levels. A 10°

buffer zone around the relaxation subdomain is applied in which the nudging increments are exponentially damped to zero
in order to ensure a smooth transition between the nudged andifirdag parts of the simulatiorSimilar nudging
experiments are also carried out ind#®y hindcasts initialised once per day through JJA of 2016 using the GIXRL
atmospherenly configurationat resolutiorD.833° longitude x 0.556° latituddenotedNWP-2016; see Table )}l in orderto

examine how the influence from the nudged region is manifest in the developmenewbtke

3 Resultsand discussion
3.1 Climatological errors in the Asian summer monsoa

Figure 1a shows June #ugust(JJA) mean climatological errors in rainfalldca850 hPa wind@ the 30-year, freerunning,
presentday, GC2 simulation compared with ERAnd GPCPv2.2. Similar to previous studies of the Asian monsoon system
in MetUM configurations (e.g. Keane et al., 2019; Johnson et al.,, 2016, Bush et al., @14; Martin et al., 2010; Ringer

et al., 2006) the model exhibits afitit in rainfall over the Indiarpeninsula, the eastern Indian Ocean south of the Equator
and the Maritime Continenthaexcesver the Indian Oceato the north of the Equatoin the eastern South China Sea
(SCS) andthe western Pacific, and excess precipitation over rfmintains bordering the Tibetan platedinese are

accompanied by a weak Somali jet that diverges into an anticyclonic anomaly over India, excessive westerlyr flow ove

! This operational NWP configuration includassmall number of scientifidifferences from GA6.0see Walters et al.
(2017).
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southeast Asia, the SCS and across the Philippines into the western Pacific, and a esroicauic deficit in precipitation

over soutkasterrChina, southern Japan, Korea andHast China Sea.

Johnson et al. (20) analysed the climatological Jure August (JJA) seasonal mearrorsin a hindcast ensemble from
GloSea5 and showed that they are similar to those seen both in climate models including the MetUM (Sperber et al., 2013
and in other statef-the-art seasonal forecast systems. Figure 1b shihe JJA climatologicagrrorsfrom the current
GloSea5 23/ear operational hindcast ensemble initialised each year on the four start dates imh&ppiattern correlation

for rainfall errors between Fig.s 1b and 1a is 01B8s confirms once again thalespite the initialisation and the relatively

short lead time, the hindcast J¥rors are very similar in pattern, and (with the exception of the Indian region) in
magnitude, to those from the-$@ar freerunning simulation (Fig 1a).

Johnson et al.2017) commented that the seasonal meamrsover the Indian regioare largely due to a climatologically

late onset of the monsoon in the model, which reduces the precipitation over and around India in May and June. Figure 1(c t
h) showserrorsin the dine, July and August climatologies from GC2 and from the GloSea®&3operational hindcast
ensemble (at ~1 month lead time for each month, i.e. using the 4 start dates in May, June and July respetibhalithis

lead time is shorter than for tiBA mean shown in Figure Lbrhis shows thatwhile the rainfallerrorsover the Indian
regionas a wholein both GC2 and GloSea%re indeedargestin June,and the pattern correlations between the rainfall
errors in GC2 and GloSea5 for June (0.66), July (0.81) and August (0.87) arbdilgthe magnitude of the monttayrors

and the differences between the three months are noticeably sm&leS@a5

The differences between GloSea5 and GC2 in the Indian region particularly in June (GC2 shows a weakened Somali Jet an
much larger rainfall deficit than GloSea5) are consistent with the differdnetsgeen GloSea5 an@MIP5 models
commented by Johnson et €017), who considered these attributable in part to a smadethernArabian Sea col&ST

errorin GloSea5Figure 2 shows therrorsin SST againsOISSTv2observations (1993 to 2015) in JJA and for June, July

and August for GC2 and GloSea5 as in.Hig Cold errorsin the northern Arabian Sea are seen in both simulations,
particularly in June, but they are considerably larger in G@&athayil et al. (2013) showed that, in CMIP3 models, such
errorsdevelop in winter due to anomalously strong nadsterly winter monsoon winds advecting cold, dry air from the
Eurasian land mass over the Arabian Sea. Their analysis suggested that excessive rainfall in the equatorial Indian Ocean a
anomalously cold winter continental surface temperatures in the Ciitligls both contribute to threrthernArabian Sea

cold SSTerror. Levine et al. (2013) showed ththiese errorspersist into spring and early summer and are associated with a
weake monsoon circulation anteducedmonsoon precipitatian nitialisation ofthe GloSe&® hindcastsn spring prevents

the growth of a larg&ST error, thereby reducing the circulation and rainfall errors over the Indian réb@mrnne and

Turner 2012; Levine et al. 2013, personal communication R. Levine)

The freerunning and initialised models are consistent in developing colde8®Fsaround the Maritime Continent, the

South China Sea and the central and eastern Indian Guehmarm SST errors in the western Indian Ocewaen just over

a month aftemitialisation. An SSTerrordipole pattern resembling that of the positive Indian Ocean Dipole (I0OD; Saji et al.,

1999) is apparent in the seasonal hindcasts but is much stronger in thenfrmg simulation. This is consistent with the

6
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circulation anoraly pattern shown in Fig. 1 which strongly resembles the atmospheric component of the IOD
teleconnection: southasterly anomalies along the Sumatran coast and easterly anomalies along the Equator. Previous work
(e.g. Marathayil et al., 2013; Johnson et 2017) has shown that this SS&rror pattern is associated with a coupled
interaction between excessive rainfall in the central equatorial Indian Ocean, excessive eastienhllovinds and
increased upwelling that shoals the thermocline in the &ast.additional northeasterly wind anomalies in the western
Indian Ocean in GC2 exacerbate tbisor pattern.Johnson et al. (207} showed that this coupled mean stterresults in

errors in the representation of the 10D as a mode of variability inmtbael, redudng its ability to predict the Indian
monsoon circulation.

Rodriguez and Milton (2019) showed that local errors in moisture convergence/divergence over the Maritime Continent
region also contribute to the development of circulation and raerfiagrs in the eastern Indian Ocean, the South China Sea,
western Pacific and southeast China in atmospbele simulations. It is likely that, in the coupled system, these
atmosphere errors drive a cooling response in the SSTs which further conttibdegeases in rainfall and anomalous
moisture divergence through coupled feedbacks.

The largest differences between the freening and initialised simulations are seen in the central North Pacific, where the
cold SSTerrorsin the freerunning GC2 siralation are much larger than in GloSea5. Sedorsare common among
CMIP5 models: Wang et a{2018) showed that they are associated with overly strong surface winds driving excessive
evaporation, combined (in summer) with a deficit in downward soldatiad at the surface. While Wang et al. (2018)
showed that, in CMIP5 models the cadorsare present throughout the year (but largest during JJA), the initialisation of
GloSea5 in spring limits the extent to which these can develop during the sumntesn@verall, the pattern correlations
between the SST errors in GC2 and GloSea5 for the region shown, in June (0.52), July (0.59), A&yastd J.BA (0.66),

are moderate.

Despite the differences relateddoors which develop in the winter in GG discussed abovihere are many areas where

the similarity between the monthly error patterns amehth lead time and the seasonal mean error pattern demonstrates
that the errors develop quickly and then persist to longer timescales in this coggleldimthe following subsections we
demonstrate how a range of configurations within the seamless modelling system can be used to shed light on variou:

aspects and drivers of these errors.

3.2 Regional climate modelling

To investigatdirst thelocal ard remote sources agbme ofthe errorsidentified inSect 3.1, we use regional climate model
(RCM) simulations with different domain sizes, centred over China and forced at the lateral boundaries wli: Ry
re-analyses, and usirtgne-varying, observed SSTs instead of an ocean model. Such experiments isolate the effects of any
remote errors in an AGCM that are located outside the RCM domain from those developing within the(@idmtie goal

of testing theeffectsof the simulatd climate in different remote areas on tbatcal area of interestfhe RCM simulations

are performed at 0.44° x 0.44° resolution, similar to that of the A@QW6 simulation (0.833° x 0.556°), so that the

7
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comparison between RCM and AGCM isolates thmalaand remote forcing of errors over these two regions during the
EASM. Karmacharya et al. (2015) used this approach to investigate local and remote sources oelMetslMthe SASM

region. They showed that the equatorial Indian Ocean is a key dfidadian rainfall errors although errors over the
Himalayan foothills also played a rodend there was evidence of locatlyiven errorsthat were thought to be related to the
model 6s inherent difficulties i nland.éqvineoadduMaitim(®) tisbdesimidar ur n ¢
methods to show that remagerorscontribute significantly to the poor simulation of Indian monsoon lows and depressions.
The RCM domains useith the present studgre shown in Fig3. While somedomainboundaies cross through the steep
orography of the Himalayagroducing some erroneous valuasclose proximityto the boundarysuch effectsoccur far
enough away from the area of interest (Chimathis casgto haveminimal influenceon the resultsFigure 4 shows the
climatological errorsin JJA from the AGCMN216 and the RCM Chinaknd ChinalSE (which includes the Chinal,
ChinalE and ChinalS regiorddmairs. Although the magnitude of the error differs in placég drror pattern for JA in

the AGCMN216 (top left) is very similar to that seen in the coupled simulations (Rig.the pattern correlation between

the rainfall errors in AGCMN216 and those in GC2.0 for JJA (over the region shown in &igs10.7Q This suggests that
neithe the change between GAB (the atmosphere component of GC2a0d GA7.0(used in AGCMN216), nor the
atmospher@cean couplinghasa major impact on the overatrorpattern.This is consistent with Walters et al. (20H9d
Williams et al. (2017who sowed reductions in the magnitude of in the JJA rainfall bias in this region betweefl &6
GA7.0 (attributed to the inclusion of a stochastic physics package and changes to convection and warm rain microphysics]
and between GCQand GC30, respectivel, but little change in their pattern.

The local RCM simulation, ChinalFig. 4, upper right panel)favours southerly andsouthwesterly anomaliever
southeast China, the South China Sea and the PhilippineaBgéaa more widespread wetror than theAGCM. This
includes much of the steep orography along the southern andesmtdrn edges of the Tibetan Plateau, and most of
southern ChinaTlhe circulation anomalies over southeast China and the surrounding seas in Chinal are opposite to those ir
the AGCM, suggesting that the characterigticor of a weakened southwesterly flow and rainfall deficit over southeast
China and the East China S&& not locally driven.

Extending the domain to the south and east (ChinalSE) contributesenstéilly anomalgé and a dryerror over the
middle/lower Yangtze River Basiffig. 4 lower right panél, although this does not recover the fAIGCM error (Fig. 4,

lower left panél. Neither of the experiments using the ChinalE and ChinalS domains indivicmattiputenortheasterly
anomalieg(Fig. 5lower middle and centre right panglidicating that the source of these anomalies is the smasdtern
sector of this domainHowever, the astward extension in Chinaldbes producen anomalous lovevel easterly wind
component towards eastern Champart of an anomalous cyclonic flow over the western Pacific, representing a weakening
and northward displacement of tiléestern Nath Pacific Subtropical HighWNPSH). There isassociated drying over land

ard increased rainfall offshoreThe southward extension in ChinalS contribwtesikly both to thewesterly anomalies
across the South Chin@&& and to the easterly anomalies overniiddle/lower Yangtze River Basin, but both of these are

strengthened when the domain is extended both to the south and the east, thereby including in addition the whole of norther

8



Indonesia. Extending the Chinal domain todbhah and westo include nore of the Indian monsoon region, including the
Arabian Sea and part of the western equatorial Indian Ocean (ChinalW and Chirtebh8%/o promote dry anomalies
260 compared with thsecontributed locally by Chinal itself (Fig.,8)hile drying and anticycldn anomalies emergaver the
Indian region (particularly in ChinalSW) that are similar to the climatological errors in this region seen in Figure 1.
Extending the domain northwards (ChinalN) contributes additional southwesterly anomalies and soma &otlgern
China. Peliminary experiments with much larger RCM domaifmot shown)suggest a role for even more remote influence,
perhaps through the circuglobal teleconnection (Wu et.aR016). The main effects of the different domain extensions
265 analy®d are summarised in Table 2.
A limited number of RCM experiments was carried out in which the RCM was initialised eacbrny&aday, in order to
determine how quickly the influence of local processes and remote teleconnections became apparedbriraing)lthe
differences between the-igitialised and fregunning experiments were minimal (not shown), indicating a rapid and robust
evolution of theatmospherenodel towards these systemagicors The development of errors in the first few weekeaft
270 initialisation is explored further in the next section.
This analysis illustrates howndRCM with different lateral boundary locations can be used to shed light on the local and
remote sources of systematic error in a climate model. For the EASM, we find that much of the circulation andrramfall
pattern seen in theift GCM is not driven locally but is related to errors arising mainly to the south and east of the region,
i.e. over the Maritime Continent, South China Sea and the Western Pahifids in contrast with the previous published
275 studies using this technique over tBASM regon (described above) which indicated more local sources to many of the
errors.Levine and Martin (2018) showed thée inclusion of East Asia in the domain centred over India made very little

difference to the mean state errors over India.

3.3Developmert of errors in initialised seasonahindcasts

Having identified that in much of the ASM region tlkerors appear to develop rapidly and persist thereafter to long
280 timescales, we nowlemonstrate hownitialised hindcastgan be usetb examine their developent and evolution during
the first few weeks after initialisationVe first make use of th&loSea5seasonal hindcast ensembiehich consists of 7
members per start dater four start dates per month and covers &8 period from 1992015. h orderto reduce the
effects of internal variability, we average the ensemble mean precipitation, winds and SSTs into pentads and average bot

the model and observational fields over the hindcast period.

285 3.3.1 ASM region as a whole

Figures6 and 7 show the climatilogical development of rainfall, wind and SSaisorsin the seasonal hindcast ensemble,
pentad by pentad, following initialisation on 25th May. Anomalously warm SSTs and excess precipitation occur in the SCS
and western Pacific soon after initialisatiovith cold anomalies and deficient precipitation around the Maritime Continent.

The circulation anomalies initially show divergence over the Maritime Continent and southerly anomalies into the SCS. As

9
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the hindcasts progress, the cold/dry anomalies ardumdviaritime Continent expand westwards and northwards and the

southerly anomalies develop into westerly anomalies that form the southern flank of an anomalous cyclonic pattern over the

western Pacifiavhich represents the weakening and displacement OMKBSH The westerly anomalies intensify as the

SASM onsets at the start of Jurihis is related torticyclonicanomalieshatdevelopover India rapidly after initialisation

andareassociated with a weakening of tBASM trough combined withexcessive rainfall over the steep orography of the

eastern Himalaya that promotes drying over the head of theoB&gngal Levine and Martin (2018) showed that the

MetUM typically underestimates the number, and rainfall contribution from, monsoon ladegnessions, which also are

unable to progress across northern India. In the absence of these features, rainfallBagofiiRengal is reduced and that

over theMyanmar orography is increased, with an associated acceleration of the westerly flesvtherBay of Bengal and

southeasAsia into the South China Seghis converges with the southerly anomalies from the Maritime Continent region,

promoing further rainfallandcreating a positive feedback that develtpswesterly winderror (extension bthe westerly

jet) across the GS and the Philippines into the western Pacifictwin cyclonic error develops over the SCS and western

Pacific in early June, developing northwards and causing the northeasterly anomalies over southeast China that wer

highlighted in previous sectionfositive rainfallerrors also appear over the Indian Ocean to the south of the Indian

peninsula in mid/late May, associated witle anomalous northerly winds from the penins(dad an increasing drgrror

ther@ convergingwith the anomalous easterly winds from the eastern equatorial Indian (EEHD). By mid-June, the

patterns of rainfall and windrrorsclosely resemble the lortgrm June climatologicarrorsin the freerunning simulations

(Fig. 1 and Fig 4).

Figure7 shows similar analysis of the S&frors Warm anomalies develop immediately in the SCS and western Pacific,

associated with the positive rainfairorsseen in Fig6. Warm anomalies also develop in the Bay of Bengal soon after

initialization, particubrly in the head of the Bawhere the rainfalland cloudare reduced and warm anomalous winds

converge from northern IndidCold anomalies develop around the Indonesian islamdkover the northern and western

edges of the Arabian Se®ver the first 15 dys of the hindcast, the sotghstern Bay of Bengal wasmvhile the cold

anomalies around the Indonesian islasgeead westwards and northwartismporarily creating aveaknorth-south dipole

across the Equator ithe EEIO. However, insubsequent pentads the warm anomalies are replaced with colderirSSTs,

association withincreasing soutieasterly anomalies along the Sumatran coastamaging 850 hPa wind anomalies and a

negative rainfallerror across the whole of the Maritime Corgit. Warm SSTerrorsdevelop in the western equatorial

Indian Ocearand central and eastern Arabian $gamid-June, creating theastwestdipole error pattern seen in the long

term climatologicakrrors while cold errors persist along the northern aedtern Arabian Sea coasts

We find thatthe error patternsdevelop in a similar wawhen using start dates of 25th June, 25th July and 25th A(rgptst

shown) Thi s i

ndi

cates

t hat

they

a r during the rmdnaoan tseagammresistant with o f

their similarity to those in the freminning coupled simulation’We now examine the error evolution in different parts of the

ASM region separately.
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3.32 East Asian Summer Monsoon

Figure8 shows pentad rainfallvindsand SSTs averagexver various different regions, from hindcast ensembles initialised

on different start dates betwe@h April (0409) and 25th August (0825), along with similar timeseries for GPCP and TRMM
rainfall observationsERA-I winds and OISSTv2 SSTdror start dags in April, he SST in the SCitially warms
excessively, before cooling systematically into a cold error through the JJA 4€&g08a). For start dates in late May
onward, the SSappears to be initialised systematically warmer than the observations but to cool thérkafpeak warm

SST error coincides with the broadscale seasonal transition that is heralded by the South China Sea summer monsoon ons
as determined by the rewat of the 850 hPa winds over the Sti&t (climatologically) occurduring pentad 28seeFigure

9) in the criterion suggested by Wang et al. (2004). The SST cooling after this transition coincides with an acceldration of t
westerly winds into a positéverror for all start datd§ig. 8b). In response both to this and to the additional convergence of
moi sture into the SCS from the Mariti me @astarts witle anpositivet h e
errorand increases thereaft particularly in the hindcasts initialised in May and June.

The East Asian monsoon Index (EASMI: see Wang et al., 2008) decreases rapidly after initialisation in all hindcasts (Fig
8d), indicatingthe weakening and displacement of the WNPSH. Separafidinis index into its two componenfed boxes

on Fig.9) reveals that this is driven mainly by the increasingly excessive westerly flow in the southernm(kitioiash

lines in Fig.8d), which extends from southeast Asia across the SCS and thepRigitiinto the western Pacifimcluding

the SCS box in Fig8b, andlargely coincidngwi t h t he #APhi |l i ppinesd region8.n wh
However,Fig. 6 shows thahe hindcasts also rapidly develop an eastenlgrin the nathernmost boxXdashed lines in Fig.

8d), which extends from southern China across the East China Sea and to the south.ofhlapana characteristic
systematic error of the EASM in M@ffice modelsand is associated with a lack of northward advano¢mithe Meiyu

rain band and a deficit in the seasonal mean rainfall Zdgng et al., 2020Ylartin et al, 202Q) This easterly error is the
northern part of the cyclonic anomaly that begins in the SCS in response to anomalous divergence from amtbnesia
expands northwards and eastwards as t he afdlismaalysscafirmse st e
the suggestion from the RCM simulationsSect.3.2, that the errors in the EASM over China are driven largely by errors

arisingto the south and east of the regi®his will be explored further using relaxation experiments in sect@n 3.

3.33 Equatorial Indian Ocean

Figure 7 showedhat, in hindcasts initialised from late May onwards, there is an isltgit warming inthe Bay of Benga
which is replaced by a slight cooling within the first 6 pent&isling of the SSTs within the Maritime Continent spreads
westwards to the south of the Equatdrile warmer SST anomalies develop in the western Indian Ocean, bothangegp
increasing westerly wind anomalies from the EBHOwever,similar analysis using start dates in late April and early May
shows a slightly different development in the first ~15 days of the hin(smestFigs 10 and11): the anomalous divergence

and rainfall deficit over the Indonesian islands is much more localised and takes longer to spread westwards and northwards
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There is greater and more widespread warming of the southern Bay of Bengal, while the cold anomalies south of the Equatc
off the Sumatran coast do not start to develop uatibund20™ May. Figure 8e confirms that the SSTs to the north of the
Equator(red dashed box on Figl® and11, last panelvarm substantially over the first few pentads for all of the April and
early May stardates before cooling and ultimately developing a cold error, while for later start dates there is only a short
period (2 or 3 pentads) of initial slight warming before a similar cooling begins and persists for the rest of the season. In
contrast, he SSTsin the EEIO to the south of the Equat@Fig. 8f; red solid box on Fig.40 and 11, last panél cool
systematically for all start dates.

Examination of the 850 hPa winds in Fig. 10 shows that the initial warming in the &It the north of the Equatdor

the late April start date is associated with a developing raiefakss in the western Indian Ocean deficit in the east.

This is followed by westerly anomalies along the equatorial region and, by pentaddetheasterly anomalies from
southeastAsia, opposing the mean flogFig. 9). After pentad 28, this is replaced by westerly/southwesterly anomalies
(accelerating the mean flow) and a developing positive rainfall ,emdh an additional inflow to the region from
southeasterly anomalies alotige Sumatran coasFor start dates after this seasonal transition (Fig. 6,8gthe wind
anomalies are persistently westerly/southwesterly with an increasing positive rainfadiretrcsoling SSTSThis is thought

to beonce agaimelated to the ssanal transition that takes place around-iMiy and marks the start of the Asian monsoon
seasor(Wang et al. (2004)-ig. 9). Prior to this transition, the mean state {@wel winds over the equatorial Indian Ocean

are westerly and the mean flow over the Indonesian islands is Wealoted by Ding and Chan (2005), the onset of the
South China Sea summer monsoon is very abwigh a rapid switch from easterlies to westerlies over the South China Sea
and a rapid expansion nosffastwards of the southesterlies from thé&EIO across the Indochina Peninsula. In hindcast
ensembles initialised after this transiti@fig. 6, 7), when theeasterlylow-level flow over theEEIO south of the Equator is
stronger there is a more widespread anomalous divergence over the Maritime Continent and more rapid cooling of the SSTs
to the west of Sumatr@his analysis illustratethat the monsooarrordevelopmenin initialised hindcastsan bedependent

on the stage of the monsoon seasmwell aon the lead time of the hindcast. Orihe broadscale seasonal transition has
occurredtheerrorpatterngdevelop in asimilar mannerregardless ofhe initialisation date.

The development of errors in thrthernBay of Bengal and Arabian Sea is also somewhat different in the hindcasts
initialised beforeand aftethe seasonal transitiom the earlietinitialised hindcastgFig. 10) excessive ainfall appears over

the Eastern Himalaya soon after initialisation and is associated with anomalous convergence from the south that combine
with developing nortiveserly anomalies over northern India into an anticyclonic earat deficient rainfalbverthe whole

Bay. This persists until the seasonal transition at pentad 28 and thefaaftdiscussed abovepgvelops into westerly
anomalies in a similar way to the hindcasts initialised ofi @8y (Fig. 6). At the same time, anticyclonic errors also
dewelop over the Arabian Sea #se positive rainfall error forms in the western equatorial Indian Ocearthaentiean

westerly flow over theequatorial Indian Oceathatturns into soutkeasterly flow off the coast @omalia(Fig. 9) weakens

(Fig. 10). Cooling of SSTs in the northern Arabian $&present soon after initialisation addvelops into a larger and more

widespread cold error than in the lateitialised hindcastsMarathayil et al. (2013) suggested that such cooling (in winter
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and spring)is related to advection of tedry and toecold air from Pakistan and surrounding regions, aided by erroneous
strengthening of the winds (seen in Flig), leading to excessive evaporatidgtowever, once @ain, this pattern changes

after the seasonal tratisn and ultimately develops in a similar way to the lamdtialised hindcasts.

3.4 Development oferrors in initialised NWP hindcasts

Further information on the development of these errors can be gleaned through théindeastts from the Met Gffc e 6 s
NWP mode] in both atmospherenly and coupledonfiguratiors. The atmospherenly runs(UNCPLDNWP, see Table 1)

are #day operational forecastshile the coupled model hindcagGPLDNWRP)are run for 15 days. In both cases, theras

one ensemble ember per dayun in neatreal time since 1 May 201®esults shown irsect 3.2 indicated that therrors
developing in atmosphewnly configurations closely resemble those in the coupled atmospbeam models. However,
SSTerrorsare also identified, so it is important to understand the extent to which these are driven by, and feed back upon,
the atmosphic errors As an example of the use of these NWP hindcasts, we examine the development of SST and wind

errors in the Indian Ocean regiaamd their sensitivity to horizontal resolutian,a 2016 case study.

3.4.1 Influence of horizontal resolution

The amosphere components of both UNCPLDNWP and CPLDNWP are configufed3at® x 0.156%esolution, which is
considerably higher than that in GC2.0 and GloS8&%2, so we first consider how this affects the error developmant.
discussed above, the developmei the errors inparts of the ASM regiorover the first ~15 days of hindcast differs
according to whether the hindcasts are initialised before or after the broadscale seasonal transition. This is fuatieelr illust
by composite analysis of SST and 10nmds at forecast lead times of 1, 5 and 15 days o€fPEDNWP hindcasts, over a
period of 10 to 15 days on either side the broadscale seasonal transitior2)Higpr12016, thevalidity dates chosen are 10

to 19 May (6Gtb28f due §). (dradter o

Figure 2(a-c) shows the emergence of SST and surface wind errors Indtem Ocearbefore the transition. At day 1 the
biases are smalshowing in part the discrepancies betweenQHeSTv2SSTs and the analysis SSFOAM, Waters et a.
2014)used to initialise the hindcast#t longer lead times, a large warm bias develops in the EEIO ar8GBewhich is
associated with a weakening of the equatorial westerly flow and the southerly wind in the Bay of Beénigalsame time,

cold SSTs devebp in the northern Arabian Sea and southwesterly wind anomalies develop along the Somalian coast, in a
similar manner to that seen in GloSea5 (Hif, 1. The emergence of errors after the transition .(ERg-f) shows a
different pattern. A cool bias starts to develop in the Maritime Continent and the adjacent oceasourthtemBay of
Bengal. The error is associat@ith a zonal windanomalyextending from the Bay of Bengal to the tropical Western Pacific
and sotheasterly anomalies along the Sumatran coast and in the central equatorial IndiarObdéarother hand, a warm

bias develops in the equatorial western Indian Ocean, connected with a weakening of the surface wind in theasgion. Th
results are condmnt with the analysis of GloSea5 (K@, 7,10, 11), despite the greater atmospheric horizontal resolution

used in theCPLDNWP hindcastswhich has the potential to reduce the errors through the improved representation of
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orography and coastline3his confirms that the error patterns emerging in the first 15 days, both before and after the

broadscale transition, are robastd largely insensitive to horizontal resolution

3.4.2 Evolution of SST errors in the EEIOin coupled and uncoupled hindcasts

The ctange in evolution offte SST errorsn the northernEEIO box (as used in Fig8e) over the first 15 daysf the
CPLDNWP hindcastsinitialised between May and early Augudtig. 13a)is alsosimilar to that seen in GloSea3n
forecasts initialised in May5STin the northern EEIO boxlevelops a warraerror of around 0.5°C relative tooththe ocean
analyseaused to initialise the coupled foreca@OAM, Waters et a).2014 and to OISSTv2 observed SSTkEhis warm
error manifests itself as a tendency to ungezdict the cooling of SSTia the second half of MayForecasts initialised in
June and July do not have this problem and develop a much weaker warenr@Siithin the first 15 daysmostly around
0.1°C, again casistent with the results for GloSedb fact, SSTs follow the observed cooling and levelifigduring June
and July reasonably wellhe warming of SSTs relative to the ocean analyses during the second half of May stems, at least
partly, from underrepresentinghe coolingthat isseen in ERA5That coolingis relatecto increased surface heat laising
that period(Fig. 13d). However, inCPLDNWRP, excessive downward solar radiatignot shown)and undefestimaed
turbulent (i.e. latent and sensible) heat flu¢eg. Fig. Be) contribuk to a reduction irthe netsurface fluxout of the ocean
during this periodThe error in turbulent fluxes can be partly traced to a weak surfaceewordFig. 13c). Errorsin ocean
processes likely also contribute to SST errdfesemay besurfacedriven @ue to theveak surfacevind bias Fig. 13c) or
causedy deficiencies irocean processés.g. vertical mixing)Shallowerrors in ocean mixed layatepthwould exacerbate
warming of SSTcaused ¥ surface flux errorsFigure 13 confirms a lack of deepeningf the mixed layer in the model
early in the period, consistent with the weslnd bias during that periodn future work we will examine the contribati
from ocean processes in more detalil.

By comparing surface heat flux errors from coupled and atmospinéyeforecasts in this period we can determine the
importance of aksea coupling in the development of surface flux er(brg. 13d,e). For most ofthe time,the evolution of
surface flux errors is very similar between coupled and uncoupled configurations. This suggests that coupled feedbacks ar
of limited importanceherein the development of surface flux errors. The main exception is during tbedskalf of May,
when the strongest warm S&Tror develops. In this perigdhedifferences imet surface heat flux arglirface latent heat
flux error between CPLDNWP and UNCPINWP are unusually large, differing by S0 W m? (Fig. 13e). Coupled
feedba@ks cause reduced latent heat loss CPLDNWP, compared to ERA5(positive values in Fig. 3e), while
UNCPLDNWP shows excessiveooling from surface latent heat flugnegative valuesn Fig. 13e), consistent with a
positive 10m wind biasn UNCPLDNWP (Fig. 13c). Further work is needeid clarify how ths coupled feedback opates
including he use of targeted sensitivity tests in order to separate the different comp@héntxample illustrates how
coupled and uncoupled initialised forecasts carubed to hme in on some of the lorstandingerrorsseen the ridian

Ocean.
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3.5 Regional nudging experiments to assess sourceseofor

From the analysis shown previous sectionswe hypothesise that the reduced rainfall andmalousoutflow from the
Maritime Continent and Indian regions play a role in the development of the circudatasin both the EASM and the

Indian Ocearat the start of the monsoon seaswhile the erors in theSASM region appear to arise localljn order to test

this hypothesis, we conduct a series of atmospbiehe sensitivity experiments using the nudging/relaxation methodology
described in Rodriguez et al. (2017). This involves relaxing the terappur es and winds back to
relaxation time scale at all/l mo d e | |l evel s. Assuming a |
simulations then gives an indication of the role played by the nudged regiomearrdhsthat occur in the Control in other
locations(Klinker 1990).

3.5.1 Free-running simulations

We apply this methodologijrst to climate simulations, using th&A7.0 atmospher®nly configurationAGCM-N96 (see

Table 1) We wuse four different nudging regions, referred
Monsoonodo (SASM) and A Mar i tTheseaegi@hs werei chosen based onMiE )analyses gnisexctioss.
3.2 and 3.3 which indicated thidte Maritime Continent region may be influencing the development of errors in the EASM,
and that the Philippines and Indonesia region may contribute both independently and jointly. For the SASM region, previous
publishedstudies using the RCM had indicatidtht many of the errors were localllyiven and had only a minor influence

on the wider ASM, so the influence of nudging in this region is also exantioedhese experiments, the horizontal winds

and potential temperature at all model levels are reléeett to ERAInterim reanalyses and the simulations are run for
around 20 years, from 1/9/1988 to 1/1/2009

Figure 14(a,b) shows the climatological differences in 850 hPa winds and precipitation between the Control and Nudged
experiments duringJ®, forthe A Phi |l i ppinesd and Al ndonesiad regions. T
promotes westerly anomalies extending from the South Asian monsoon westerly jet across the Philippines into the westert
Paci fic, whil e t he tésRdditidnal pcpeleratos of these \gesterlp winas as part of an anomalous
cyclonic circulation that includes nortfesterly anomalies over southern China. Both regions promote excess rainfall over
the eastern SCS and the western Padtigure 14(c,d) shows theesultsfor the SASM and MC regions. These suggest that
errors arising locally over the SASM region are directly responsible for the anticyclonic anomaly and deficit in rainfall ove
India and formuch ofthe error pattern in rainfall over thegeiatorial Indian Ocean. The SASM region also promotes the
acceleration of the westerly winds across the SCS into the western Pacific and the @ositinerainfall in those regions.

The Maritime Continent regioas a wholg@romotes acceleration of theesterly winds and increased rainfall across the SCS

and the western Pacific, and an anticyclonic anomaly that represents weakening and eastward displacement of the WNPS

region. The influence of the Maritime Continent region, and particularly the Indanewsilands, in promoting the
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southeasterly(easterly) wind anomalies in the eastern(central) Indian Ocean, asedugg8stt 3.2 and3.3, is also
confirmed by these results.

This analysis suggests that there are both local and remote contributorsA8Nherrors seen in the MetUM model
simulations. The experimenitsdicatethat Indonesia and the oceans around the Philippines play a separate, but interacting,
role in the development of theserorsduring the seasonal transition towards the Asian summoasoonThe SASM region

helps to reinforce those erramhile also developing the majority of its circulation and rairgatbrslocally.

3.5.2 Initialised simulations

The finudgingd methodol ogy can al so bteckse imfluenesdf aiparticilan i t i
region on the development efrorselsewhereWe show here, as an example of this methodology, the influence of the
APhil i ppi nesusedihBddL3p.1) ondtee igrowth of remotely forced model systematicrsraver China, the
western Pacific and the Maritime Continent, over the firstlags of NWP2016 atmospher@nly simulations(see Table 1)
conducted during Juindugust 2016 (Fig15). Consistent with the analysis of GloSeaupled modehindcasts in Fig6,

the total mean error (forecast minus analysis) in the surface wind for forecast days 1, 5, and 15 156& &igshows the

gradual emergence of the systematic errors. This includes erroneous equatorial easterlies west of Sumatra, extending
80°E, and a large error in the western Pacific, east of the Philippines that extends north tetriyg@icsiin an ewneous

cyclonic pattern that reflects the weakening of the WNPSH. Other swiadeerrorsare shown in the Maritime Continent,

the Bay of Bengal and theestern equatorial Indian Ocean off the African coast

On day 1, the contribution of the PHL to ttugal error is very small, mostly confined to the PHL region as expected, but by
day 5 of the NWP forecasts the PHL errors are responsible for forcing mean errors beyond the nudged region, such as tr
erroneous cyclonic wind in the Western Pacific subttepas well agrrorsin the Maritime Continent. These errors are
consolidated by day 15 of the forecast (Fif (di f)). For completeness, we also show the contribution to the total error
from the areas outside the PHL nudging domain.(E&fgii)). A smaller area of erroneous cyclonic circulation in the
Pacific occurs just south of Japan by day 5, that indicates that the systematic error in the WNPSH alsothascattra
origins. Other winderrorsnot forced by the PHL region include the easterliestwf Sumatra andrrorsin the Bay of

Bengal and the Western equatorial Indian Ocean off the African coast.

Similar experiments have been carried out with the other regions identifgatir8.5.1. These als@onfirm that thelocal

and remote contribigns from those regiongo the circulation errors in the ASMemerge in the first 85 days of the
forecastsThese experiments illustrate the important role played by certain regions in the development, from an early stage,
of systematierrorsin the ASM.Future work will include applying the nudging technique to GloSea5 hindcasts in order to
trace the influence of specific regions on the developmeetrofson seasonal timescaldslentifying such key regions
provides a focus for future process analysi®del development and evaluation which may ultimately improve the model

forecasts for the ASM as a whole.
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4 Summary

We have demonstrated the application of a hierarchical approach to investigating the sources of systematic errors in th
Asian summer momso n . A range of <configurations within the Met
study the evolution of errors, separate their local and remote contributions, analyse the role of model resolution and
atmospher@cean coupling and to stad identify processes requiring attention. While not exhaustive, this work paves the
way for further, targeted, process analysis and sensitivity tests as part of future model development. A flow diagram
summarising this approach is shown in Figure 16.

Our analysis suggests that there are both local and remote contributors to theerA&®@dseen in the MetUM model
simulations. The experimeniisdicatethat Indonesia and the oceans around the Philippines play a separate, but interacting,
role in the developm of errorsin the EASM, whilein the SASM regionthe errorsappear to benainly driven locally
Furthermore, therrors in theSASM regionhelp to reinforcahe errorsin the EASM.Although many of the same systematic

error patterns have been found in atmosploalg simulations (e.g. Rodriguez and Milton, 2019), SST errors also
contribute, both at initialisation and through their development in a coupled response to the ciranthtminfallerrors

The Equatorial Indian Ocean develops a south@hg) I northwest(wet) rainfall error pattern and an east (coidjvest

(warm) SST error pattern. These originate from a negative rainfall error and divergent anomalies over thee Mariti
Continent and a positive rainfall error and convergent anomalies ovesresiternéentral equatorial Indian Ocean, the latter
beingaccompanied byn anticyclonic error and deficient rainfall over the Indian regidre anticyclonic error over India

(which develops rapidly after initialisation) is associated with a weakening of the monsoon trough and a reduction in the
number, and rainfall contribution from, monsoon lows and depressions, which also are unable to progress across norther
India. This, comimed with excessive rainfall over the steep orography of the eastern Himalaya that promotes convergence
from the south and drying over the head of the BaBengal results in reduced rainfall over the Bay while that over the
Myanmar orography is increasewith an associated acceleration of the westerly flow across the Bay of Bengal and
southeasfAsia into the South China Sea. This converges with the southerly anomalies from the Maritime Continent region,
promoting further rainfall and creating a positfeedback that develops a westerly wind error (extension of the westerly jet)
across the SCS and the Philippines into the western Pacific. TherS®€sEEIO and in the SO®spond to these changes

by (ultimately)cooling In the EEIQthisis exacerbat&by an ocean mixed layer that is too shallow.

While further analysis is needed to investigate the processes involved and how theyrapmaesented in the modelse

have narrowed down some of the regions responsible which will allow us to targetdetailed investigation§Ve have
identified particular model errors whose origlie clearly in the atmospheric compongewhile other errors appear to have

an origin in the ocearCoupled feedbacks exacerbate such ereord alsomake it difficult to unambiguously identify
misrepresentation dafither atmosphere arcean processem addition, iases over land and ocean can evolve differently

and his will modify the landsea temperature contrast with a possible impact on the A&SMChen and Bordoni2016

Lutsko et al, 2019. The nudging technique, applied separately over land and sea poirlts shed further light on the role
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of errors in langsea temperature contra$his will be explored in future work, as well applyingnudging of the ocean

model separately from, and together with, the atmosphere.

We have als@hown that the development of the errors in the first few weeks depends on when the hindcasts are initialised
in relation to the broadscale monsoon transition tyygically occurs in midMay. This is evident in the EEIO and the SCS,

and also in the Arabian Sea and northern Bay of Befigp@d. may have implications for monsoon forecasting on short and
mediumrange timescales, particularly when coupled NWP modeds used.In future work we will use sensitivity
experiments to explore the separate and interacting role of atmosphere and ocean in the development of errors in each
these regionsFinally, consistent with previous studies using this model (e.g. Johesah 2016),we find that these
systematic errors and their development are largely insensitive to changes in horizontal restdafida the improved

representation of orography and coastlines in the higher resolution models.

5 Conclusions

In this stuly we have demonstrated the use of a range of modelling tools and techniques aimed at understanding the source
of error in monsoon regions, using the specific example of the ASM errors in the MetUM model. The tools and techniques
allow close examinationfahe error development after initialization, the separation of the roles of local processes and
remote teleconnections, the identification of the contribution from errors developing in particular regions to the ASM error
as a whole, and understanding bé trole of atmospheracean couplingWhile there have been several works that use
initialized modelling frameworks to diagnose the originsystematic errors in the Asian summer monsoon (such as those
referenced in the Introduction), the use afasiety of techniques such as those described here that includes both coupled and
atmospherenly configurations and regional modelling to analyse the development and sources of particular errors on a
range of timescales has not, to our knowledge, been dentedstra

This analysis methodology benefits from the use of a seamless modelling ,swdiere different configurations of a
modelling system that are used for forecasting on different timescales share very similar physical and dynamical
formulations. This atlws the development of systematic errors to be studied on a range of timescales, and the roles of
resolution and oceaatmosphere coupling to be studied, without the complication of different physical parameterizations or
dynamical cores that other muitiodel studies might include. This approadsoallowsthe whole suite of modets benefit

from improvementsthat ultimately result from better understandiof§ the errorsand informed targeted, model
development.

Our study highlights a number of diffetetechniques that can be employed to investigate the sourceedsierrorin a
particular region.Once these are known, further work can be done to explore the local processes contributing to this
behaviour and their sensitivity to changes in physicahmpaterizations in the modeWhile further work is clearly
necessary, we hope that this work inspires other modelling groups to carry out similar analysis with their own models in

order that some of the major, lofagting, systematierrorsin GCMs can ultimately be reduced.
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Codeand dataavailability

Due to intellectual property right restrictions, we cannot provide either the source code or documentation pé#pers for
Met Office Unified Model (MetUM). The MetUM is available fose under licence. For further information on how to
apply for a licence sedtps://www.metoffice.gov.uk/research/approach/collaboration/unifiedel/partnershiflast access:

585 16 July 2020)JULES is available under licence free of charge. HRather informationon how to gain

permission to use JULES for resegralposes, sedttps://jules.jchmr.org/softwar@nddocumentationThe model

code for NEMO v3.4 is available from tINEMO website (www.nemocean.eu). The model code for CICE is
freely available from the United States Los  Alamos National Laboratory
(http://oceans1l.lanl.gov/trac/CICE/wiki/SourceChddodel dataused in this studgpre archived at the Met Office, and

590 are available to research collaborators upon request.
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Table 1: Model configurations use in this study.

Configuration Atmosphere Ocean resolution Notes
Resolution (longitude x
(longitude x latitude)
latitude)
GC2.0 0.833° x 0.556°| ORCAO025 tripolar| 30-year coupled climate simulatidarced by
grid: 0.25 x 0.25 | perpetuapresentday greenhouse gases and
between 80BON | aerosolgdetails in Williams et al., 2015). GC2.0 i
comprised of GA6.0& GL6.0(Walters et al.
2017), GO5.0(Megann et al2014)andGSI6.0
(Rae et al.2015).
GloSea5GC2 0.833° x 0.556°| ORCAO025 tripolar| 23-year hindcast ensemble (192816) from
grid: 0.25° x 0.25 | operational longange forecast system
between 808B0N | (MacLachlan et al, 2015).
RCM GA7.0 0.44° x 0.44° N/A Regional climate model forceat lateral boundaries
by 6-hourly ERA reanalyses from 1982008.
Domains shown in Fig.,3ach uses rotated north
pole at61°N, 296.3°E
NWP GAG6.1 hindcasts | 0.234° x 0.156° N/A 7-day hindcasts initialised once per dhyough
(denoted JJA of 2016 GA6.lincludes a small number of
UNCPLDNWP) scientific differences from GA6.(seeWalters et
al,, 2017)
NWP GC2.0 hindcasts | 0.234° x 0.156°| ORCAO025 tripolar| 15-day hindcasts initialised e per day through

(denoted CPLDNWP)

grid: 0.25 x 0.25
between 80BON

JJA of 201§ Vellinga et al., 2020)

AGCM GA7.0 0.833° x 0.556° N/A 20-year atmospherenly climate run forced by

(denoted AGCMN216) observed SST49892008 GA7.0 is described by
Walters et al. (2019).

GA7.0 relaxation 1.88° x 1.25° N/A 20-year atmospherenly climate rus forced by

experimentgdenoted observed SST49892008 relaxed to ERA with

AGCM-N96) a 6-hourly relaxation time scalgithin specific
regions(showninFig. 14)Jd enot ed A NU
compared with Gntrol at same resolution

NWP GA®6.1 hindcast 0.833° x 0.556° N/A 15-day hindcasts initialised once per day through

relaxation experiments
(denoted NWF2016)

JJA of 2016 relaxed to ERA with a 6hourly
relaxation time scaleithin specific regions
compared with Control at same resolution
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Table 2: Summary of the errors developing within the Chinal domain of the RCM, and the effects of extending the domain

boundaries on either side of the Chinal domaiscompared with the effects of Chinal itself as shown in Figure 5.

ChinalN (includes Chinal):

Some additional southwesterly
anomalies and drying over southe
China.

ChinalW (includes Chinal):

Some additional dry rainfall
anomalies over southern China.
Increase irndia dry rainfall
anomalies.

Chinal:

Southerly and souttvesterly
anomalies over southeast China, {
South China Sea and the Philippir
Sea.

More widespread wet error than th
AGCM over southern steep
orographic edges of Tibetan
Plateau, and most obsthern
China.

The circulation anomalies over
southeast China and the

surrounding seas in Chinal are
opposite to those in the AGCM.

ChinalE (includes Chinal):

Anomalous lowlevel easterly
wind component towards
eastern China as part of
weakening and ndmtvard
displacement of the WNPSH.

Associatedncrease in rainfall
over land andlecreased rainfal
offshore.

ChinalSW/(incl. Chinal, ChinalS|
Chinalw):

On top of ChinalS and ChinalwW
impacts, further increase in India
dry rainfall anomalies due to
inclusion of more areas that
contribute to AGCM dry India bias
and additional drying over souther
and eastern China

ChinalS(includes Chinal):

Weak contributions to westerly
anomalies across the South Ching
Sea and to the easterly anomalies
and dryingoverthe Yangtze River
Basin.

ChinalSE((includes Chinal,
Chinals, ChinalE):

Contributes nortfeasterly
anomalies (not present in
ChinalE and Chinal@s
WNPSH is further weakened
and displaced

Additional dying over the
middle/lower Yangtze River
Basin.
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Figure 1: (a,b) JJA, (c,d) June, (e,f) July and (g,h) August climatologicarrors in precipitation (against GPCP observations) and
850 hPa winds (against ERAnNterim reanalyses) from the current GloSea5 23year operational hindcast ensemble initialised each
year on four start dates (1, 9, 17, 25) in April, May, June and July respectively, with 7 members per start date.
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Figure 4: (top) JJA climatological (19892008) precipitation and 850hPa winderrors in the AGCM-N216 simulation and the
Chinal RCM simulation vs TRMM and ERA-Interim (obs). (bottom) Effects of extending the domain towards the south and east:
(left) ChinalSE minus obs (right) C hinalSE minus Chinal. Colour bar indicates precipitation differences (mm/day) and vectors
indicate differences in 850 hPa windsNOTE difference in contour intervals and vector scale for lower right panelNon-shaded
area highlights Chinal region lightly shaded area highlights ChinalSE regiordarker shaded area highlights areas not covered by
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820

Figure 8: Climatological spin-up of various quantities over key regions in GloSea5 hindcast ensembles initialised 8n25 April
(0409,0425) 9, 25 May (0509,0525),9, 25 June (0609,0625),9, 25 July (0709,0725),9, 25 August 0809,0825), 7 members for
each, averaged over 1993015: (a)SSTin South China Sea8°-18°N, 1102120°E); () 850 hPa zonal wind over SCS box used by
Wang et al (20@) (5°-15°N, 110°-120°E); (c) Rainfall over the Philippines box (7.5%-15°N, 1152155°E); (d) EASMI: 850 hPa zonal
wind difference (22.5232.5°N, 110°140°E)7 (5°-15°N, 902130°E), () SST in EEIO northern box (2°-15°N, 87°-96°E); (f) SST in
EEIO southern box (12S-2°S, 78°-98°E). Pentad SST is shown from OISSTv2, pentad rainfall from GPCP and TRMM
observations, and EASMI from ERA-l. For EASMI, the solid lines indicate the index, while thalashed line indicates the northern
box, dotdash indicates southern boxBlack dashedhorizontal lines indicate monthly averages from freeunning GC2 coupled
model simulations. Day of the year is calculated using the Gregorian calendar (without leap years); day 121 corresponds kéay.
Vertical dotted lines indicate the start of each month.
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Figure 9: Pentad evolution of 850 hPa winds (ERAnterim) and rainfall (GPCPv2) through the broadscale seasonal transition
towards the Asian summer monsoon season, heralded by the reversal of wind direction over the South China Sea which typically
occurs araund pentad 28 (Wang et al., 2004). The red boxes on the final panel indicate the northern (solid) and southern (dashed)
regions that are used in the calculation of the East Asian Summer Monsoon Index (see Wang et al. (2008) andggig.
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Figure 10: Devdopment of climatological errors in 850 hPa winds and precipitation (against ERA and GPCPv2), pentad by
830 pentad after initialisation on 25" April . The red boxes indicate thenorthern (dashed) and southern (solidEEIO boxes used in Fig.
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Figure 12: SST error (colours, °C) and 10m wind errors (arrows) from CPLDNWP simulations with respect toOISSTv2 in
composites before 10-19 May; top row) and after (10 i 23 July; bottom row) the broadscale seasonal transitionn 2016 for
840 forecast lead times of 1, 5 and 15 days.
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