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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 thestAsia-SummerMeonsoon{EASMASM region in the MetUM are similar
between multdecadal climate simulations and seasonal hindcasts initialised in spring. Analysis of the development of these
errorson bothshortrange and seasonal timescdi@fowing model initialisation suggests thatthdhe Maritime Continent

and the oceans around the Philippines play a role in the developnmeasdf EastAsiasummermonsoonerrorsg with the

Indian summer monsooregion providing an additional contributionvhile the errors over the Indian summer nuwrs

region itself appear to arise locallRegional modelling with various lateral boundary locations helps to separate local and

remote contributions to therrors while regional relaxation experiments shed light on the influenaarofsdeveloping

within particularareason theregion as a whole
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1 Introduction

Despite many advances in weather and climaoelelling over the past decades, systematic errors remain prevalent in key

regions such as the Asian Summer Mons@8perber et al., 2013puchsystematic erroreave been shown in past studies

to develop rapidly, often within the first few days of siatidn, and can persist to climate timescalesy. Martin et al.,

2010; Rodriguez and Milton, 2019This has important implications for forecasting on a wide range of timescales, and for

climate projections, in regions where millions of people rely om skasonal rainfall for their water 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; Radwdalmer, 2007; Phs et al, 2004). Such

studies allow the immediate influence aifnospherenodel physical parametrisations to be identified without the complex
feedbacks from circulatioerrorswhich develop over longer timescales. This approachbeaparticularly useful where

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 through feedbacks between atmosphere andraceattendedange and seasonal predictions,
tracking the development of systematic errors through the coupled atmespbareryosphere system and across
timescales ranging from inddual weather events through insaasonal to seasonal variationsisa 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. (20223Y.

et al. (2005) demonstrated that both the atmosphere and ocean components of coupled models contribute to the developme
of errors, on different timescales and iiffetent regions and 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 al. Z014) 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 -@esteloping cold phase and sledeveloping 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 confirm that easterly wind@tsesive warm
SSTerrorsin the tropical Atlantic from the first month onwardis.a global study analysing daily to ftisannual timescales

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

On subseasonal to seasonal timescales, there will be contributions to systematic errors both from local processes and fron
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 attime replacing surface fluxes in a coupled model with daily observed or teddiétlds;
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regional climate modelling with a range of lateral boundary locations (Levine and Martin, 2018; Karmacharya et al., 2015)
global or regional relaxation experimeiidinker et al., 1990; Rodriguez et al., 2017,20®nd fApacemaker o e
(where a climate model is forced by observed sea surface temperature variations in a specific region, but atolved to

freely everywhere else; e.g., Deser et al. 2@vang et al., 2018; Amaya et al., 2019).

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

day atmospherenly hindcasts. These showed the gradual emergence, over the 15 dagkeyf slystematic errors seen in

the moisture transport/divergence from freaning simulations of the same model. Some of the errors are large even at day

1, supporting previous results from e.g. Keane et al (2019) that errors in local parameterisesigohyisie key drivers of
monsoorerrorsrather than remote forcing errors of the circulation. Rodriguez and Milton (2019) further investigated which
errors were driven from the Maritime Continent (MC) region by using regional relaxation experimentshehgneds and
temperatures over the MC region were relaxed back to reanalyses. This revealed that deficiencies in tropical convection ove
the MC region start to contribute to errors in the Asian monsoon circulation within the first 15 days of thesihdvase

and Martin (2018) used a regional climate model centred over India and forced by reanalyses at the lateral boundaries t
show that remoterrors (particularly, excessive convection over the equatorial Indian Ocean and poor representation of
preairsor disturbances transmitted from the Western Pacifiojribute significantly to the poor simulation of monsoon low
pressure systems in the Met Office model.

In the present studywe illustrate howa combination of many of the techniques outlined almarebe used to analysiee
development of monsoaarrors their local and remote drivers and feedbadie take advantage of the range of Met Office
model configurations covering timescales from days through seasons to decades. These share a comrmalncdyaamél
similar physical parametrisations as ©part of t heWeMe 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 ensemble during the first few
pentads following initializationand by investigating the individual and interacting salé various remote regions in the
development of orsin both atmospherenly and coupled model configurationhile our study focusses on systematic
errors in the Asian summer monsoon, similar methods could be applied to other monsoon, -amahsuon, regions.

Section 2 describes the data and metheesl, whileSect 3 documents the results of the various experimentSett.4 we

discuss the results atioeirimplications for targeted model development.

2 Data and methods

The model configurations and simulations used in this study are summarised in TEtgerlnning climate simulations

usingMet Office coupled atmospherecean configuration Global Coupled version 2 (GC2.0; Williams et al, 2015), forced
by presentlay geenhouse gases and aerosols and covering several decades, are used initially in order to illustrate the mode
errors of interest to this study. The atmosphere component of GC2@tiOffice Unified Model (MetUM)Global
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Atmosphere 6.0 (GA6.0; Walters dt,&2017) which is coupled to theloint UK Land Environment SimulatofJULES
Best et al., 20113nd theNEMO (Nucleus for Europeaklodelling of the OceanMadec, 2008pcean ancCICE (Hunke
and Lipscomb, 20043eaice modelsThe model is configuredt N216resolution(0.833°in-longitude x0.556°latitude and
0.556%in-longitude(which is approximately 80 km at the equatan the horizontalfor the atmosphere and the ORCAO0.25
tripolar grid{6-25%for the oceanOn points of reqular zonal and nional grid spacing the ocean resolution is 0.25°, while

the tripolar grid ceases to be a regular grid on points poleward oTBévertical resolution is 85 levels for the atmosphere

and 75 levels for the ocean. Comparison is made againstifiBm (ERA-I; Dee et al., 2011and ERA5 (Copernicus
Climate Change Service, 2017) reanalyfsesvinds, the Global Precipitation Climatology Project pentad dataset version 2.2
(GPCP v2.2; Xie et al., 2003; Adler et al., 2068 theTropical Rainfall Measuringfission 3B42 product, version7A

(TRMM; Kummerow et al., 1998; Huffman et ap10; Huffman and Bolvin, 2013pr precipitation, and NOAAdaily

Optimum Interpolation Sea Surface Temperature v2 (OISSTv2; Reynolds280ad)-—and-HadlSST11-menthly-sea-surface

In order to study the development eifrors after initialisation, we make use of a hindcast endenflom 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 theufmeieg simulations described abovéhe

standard operational hindcast set includes seven members per start date, four start dates (1, 9, 17, 25) per month, and rt
from 19932016. A Stochastic Kinetic Energy Backscatter scheme (SKEB2; Bowler et al. 2009) is used to introduce small
grid-level perturbations throughout the integrations to create ensemble spread. The atmosphere and land components a
initialized from daily ERAI reanalyses at 0.75° x0.75° resolution, while the ocean and sea ice models are initialized from
the GloSea5 ocean @rsea ice analysis using GloSea5 Global Ocean 3.0, which is driven by-l| ER 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 regionelimate model (RCM)
configurationbased-en-GAZ-@Walers—et-al;—2019)oreed forcedat thelateralboundaries by ®ourly ERA interim re

analy®s and at the surfaday observed sea surface temperatures (SSTs) from OISSTv2, and run at 0.44° x Gl4d46res
(approximately50km¥b0 km, which is similar to (but slightly higher than) that of thi16GC2.0 and GloSeaglobal
models-GAZ.0). The RCM was onlyconfigured atGA7.0 (Walters et al., 2019\hich includes changedrom GAG6.0,to

both modelphysics and dynamics that are both incremental developments and targeted improvements to address critica

errorsthat included a persistent dry bias over the Indian subcontinent. While some progress was made_ifiocBA7.0
modelstowards reducing thoserers, the overall pattern of ASkfrorsinvestigated in the present study remains, justifying
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 constrained by-ffourly ERA at the lateral boundaries, but within the domain the model runs freely after
initialisation and is therefore able to develeporsdue to local processes and feedbacks, despite the constraint from the
boundaries. By adjusting the locations of the latb@indaries and comparing between RCM simulations,agadhsta
correspondin@0-year glebalatmospher@nly global climatemodel (AGCM) GA7.0 simulationusing-GA7Z-at resolution

4
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0.833° longitude x 0.556° latitudelenoted AGCMN216), the contribution to the systematerorsfrom different regions

can be ascertained. This technique was applied by Karmacharya et al. (2015) and Levine and Martin (2018) for
understanding sources efrorin the mean statdéntraseasonal variability andansoon low pressure systems in the South
Asian Summer MonsoeiiSASM). Hence in this study we centre our RCM domain over China to investigate the sources of

error in the East Asia Summer monsdBASM).

We study the evolution adrrorsafter initialisationin the GloSea5 season hindcassembles with different start datasd,

in addition, initialised7 to 15day numerical weather prediction (NWP) hindcasts using atmosphéreand coupled
configurationsof GA6.1%/GC20 at N768-resolution{0.234° longitude x 0.156-° latitude @pproximately 26 km at the
equator) These are initialised every day betweenMay and19 Septembe?016 and each run for 15 dafiellinga et al,

2020. The dayl, day2, etc hindcasts can be combined to provideasonal climatology for each lead timed the use of

the same atmosphere model configuration in the coupled and atmespheféndcasts allows the role of coupling to be
ascertained

To shed light on the drivers of systemagicors we make use of h finudgi ngd technique desc
Milton (2019). A20-year,free-running, atmospherenly, model simulation using GA7 & N96-herizentaresolution(1-25°
n-atitude-and-11..88° in-longitude— x 1.25° latitude(approximately 200 km at thequator denoted AGCMN96) is relaxed

back to analyses over regions from where we consider significant systematic errors may originate and affect other region:

through remote teleconnection. Model winds and potential temperatures are nudged back-ltovERA 6hourly
relaxation time 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 nudgediamdgree

parts of the simulatiorSimilar nudging experiments are also carried out kldp hindcasts initialised once per day through

JJA of 2016 using the NWBAG6.1 atmospher@nly configurationat N216-resolution{0.833° longitude x 0.556° latitude
(denotedNWP-N2162016; see Table ) in order to examine how the influence from the nudged region is manifest in the

development of therrors

3 Resultsand discussion
3.1Climatological errors in the Asian summer monsoa

Figure 1a shows June gugust(JJA) mean climatological errors in rainfall and 850 hPa wiimdhe 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., 2038hnson et al., 2012017 Bush et al., 2014; 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

! This operationaNWP configuration includesa small number of scientifidifferences from GA6.0see Walters et al.
(2017).
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and the Maritime Continenthaexcessover the Indin Ocearto the north of the Equatomn 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 anticyclonimagyh@ver India, excessive westerly flow over
southeast Asia, the SCS and across the Philippines into the western Pacific, and a eycloand deficit in precipitation

over soutlkeasternChina, southern Japan, Korea andHast China Sea.

Johnson etla(2017) analysed the climatological June to August (JJA) seasonal ereansin 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 shows the JJA climatolegioed from the current

GloSea5 23/ear operational hindcast ensemble initialised each year on the four start dates imh&ppihttern correlation

for rainfall errors between Fig.s Hnd 1a is 0.88This confirms once again that, despite 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. (200) 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 June, July and August climatologies from GC2 and from the GloSeg@&a®perational hindcast
ensemble (at ~1 month lead time for each month, i.e. using the 4 start dates in May, June and July respeetivelythis

lead time is shorter than for the JJA mean shown in FiguyeThis shows thatwhile the rainfallerrors over the Indian

regionas a wholen 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) arbdtiythe 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) arensistent with the differencesetween GloSea5 an@MIP5 models
commented by Johnson et al. (ZDlwho considered these attributable in part to a smatiehernArabian Sea col&ST

errorin GloSea5Figure 2 shows therrorsin SST againsHadtSSTOISSTV2 observations (1993 to 2015) in JJA and for

June, July and August for GC2 and GloSea5 as in EigCold errorsin the northern Arabian Sea are seen in both
simulations, particularly in June, but they are considerably larger in B&@&thayil et al. (2013) showed that, in CMIP3
models, suclerrorsdevelop in winter due to anomalously strong na#sterly winter monsoon winds advecting cold, dry

air from the Eurasian land mass over the Arabian Sea. Their analysis suggested tisateeraiadall in the equatorial

Indian Ocean and anomalously cold winter continental surface temperatures in the CMIP3 models both contribute to the
northernArabian Sea cold SS@rror. Levine et al. (2013) showed thitese errorspersist into spring andarly summer and

are associated withwaeake monsoon circulation anetducedmonsoon precipitatiarinitialisation ofthe GloSe& hindcasts

in springprevents the growth of a lar@ST error, thereby reducing the circulation and rainfall errors over tidéh region

(Levine and Turner 2012; Levine et al. 2013, personal communication R. Levine)
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The freerunning and initialised models are consistent in developing colde8®Fsaround the Maritime Continent, the

South China Sea and the central and eadtetian Oceanand warm SST errors in the western Indian Ocewen just over

a month after initialisation. An SSArrordipole pattern resembling that of the positive Indian Ocean Dipole (IOD; Saji et al.,
1999) is apparent in the seasonal hindcastgsbutuch stronger in the fre@nning simulation. This is consistent with the
circulation anomaly pattern shown in Fig. 1 which strongly resembles the atmospheric component of the 10D
teleconnection: southasterly anomalies along the Sumatran coast astdraanomalies along the Equator. Previous work
(e.g. Marathayil et al., 2013; Johnson et al., Z0das shown that this SSdrror pattern is associated with a coupled
interaction between excessive rainfall in the central equatorial Indian Ocean, \exceasferly lowevel winds and
increased upwelling that shoals the thermocline in the &hst.additional northeasterly wind anomalies in the western
Indian Ocean in GC2 exacerbate thisor pattern.Johnson et al. (207 showed that this coupled meaateerrorresults in

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

Rodriguez and Milton (2019) showed that local errors in moisture convergence/divergendbdeoWaritime Continent

region also contribute to the development of circulation and rainfall errors in the eastern Indian Ocean, the South, China See
western Pacific and southeast China in atmospbele simulations. It is likely that, in the couplegstem, these
atmosphere errors drive a cooling response in the SSTs which further contributes to decreases in rainfall and anomalou
moisture divergence through coupled feedbacks.

The largest differences between the freening and initialised simulatienare seen in the central North Pacific, where the
cold SSTerrorsin the freerunning GC2 simulation are much larger than in GloSea5. uahisare common among
CMIP5 models: Wang et a(2018) showed that they are associated with overly strong susfiacks driving excessive
evaporation, combined (in summer) with a deficit in downward solar radiation at the surface. While Wang et al. (2018)
showed that, in CMIP5 models the c@dorsare present throughout the year (but largest during JJA), theigaitiah of
GloSeab in spring limits the extent to which these can develop during the summer nionthsll, the pattern correlations
between the SST errors in GC2 and GloSea5 for the region shown, in June (0.52), July (0.59), A&y astd 0.540.66),

are moderate.

Despite the differences relatedeiors which develop in the winter in GG discussed abawhere are many areas where

the similarity between the monthly error patterns aimdhth lead time and the seasonal mean error pattamonstrates

that the errors develop quickly and then persist to longer timescales in this coupledimtigefollowing 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 investigatdfirst thelocal and remote sources @ime ofthe errorsidentified inSect 3.1, we use regional climate model

(RCM) simulations with different domain sizes, centred ovaen&lnd forced at the lateral boundaries with ER6Ahourly

7
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re-analyses, and using tinvarying, observed SSTs instead of an ocean model. Such experiments isolate the effects of any
remote errors in aatmospherenly-globalmodelAGCM) that are locatedutside the RCM domain from those developing
within the domain(with the goal of testing theffectsof the simulated climate in different remote areas on émtral area

of interest) The RCM simulations are performed at 0.44° x 0.44° resolution, sitaléhat of theAGCM-N216-GAZ0

AGCM simulation (0.833° x 0.556°), so that the comparison between RCM and AGCM isolates the local and remote forcing

of errors over these two regions during the EArmacharya et al. (2015) used this approach to investigate local and
remote sources of MetUMrrorsin the ndian-mensee8ASM region. They showed that the equatorial Indian Ocean is a key
driver of Indian rainfallerrors although errors over the Himalayan foothills also played aawtethere was evidence of
locally-driven errorsthat were thog ht t o be related to the model ds inheren
rainfall over land. Levine and Martin (28)Lused similar methods to show that remeterscontribute significantly to the

poor simulation of Indian monsoon lowsdadepressions.

The RCM domains useit the present studgre shown in Fig3. While somedomainboundaries cross through the steep

orography of the Himalayaproducing some _erroneous valuasclose proximityto the boundarysuch effectccur far

enough away from the area of interest (Chiimathis casgto haveminimal influenceon the resultsFigure 4 shows the
climatological errorsin JA from the AGCMN216 and the RCM Chinalnd ChinalSE (which includes the Chinal,
ChinalE and ChinalS regigrdiomairs. Although the magnitude of the error differs in placég drror pattern for JA in

the AGCM-N216 (top left) is very similar to that seen in the coupled simulations {fifi); thepattern correlation between
the rainfall errors iIM\GCM-N216 and those in GC2.0 for JJA (over the region shown in &igg1.7Q This suggests that
neither the change between GAGthe atmosphere component of GCZand GA7.0(used in AGCMN216), nor the

atmospher@cean couplinghasa major impact oithe overallerror pattern.This is consistent with Walters et al. (20H9d

Williams et al. (2017Wwho showed reductions in the magnitude of in the JJA rainfall bias in this region betwedhaBé6

GA7.0 (attributed to the inclusion of a stochastic phggpackage and changes to convection and warm rain microphysics)

and between GCQand GC30, respectivelybut little change in their pattern.

The local RCM simulation, ChinalFig. 4, upper right panelfavours southerly andsouthwesterly anomalieover

southeast China, the South China Sea and the PhilippineaB&aa more widespread wetror than theAGCM. This

includes much of the steep orography along the southern andesasidrin edges of the Tibetan Plateau, and most of
southern ChinaThe circulation anomalies over southeast China and the surrounding seas in Chinal are opposite to those ir
the AGCM, sggesting that the characterisgcror of a weakened southwesterly flow and rainfall deficit over southeast
China and the East China Sm& not locally driven.

Extending the domain to the south and east (ChinalSE) contributesenstéily anomalies ana dry error 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 individuattiputenortheasterly
anomalies(Fig. 5lower middle and centre right panglidicating that the source of these anomalies is the smadtern

sector of this domaintHowever, the astward extension in Chinaldbes producen anomalous lovevel easterly wind

8
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componentowards eastern Chires part of an anomalous cyclonic flow over the western Pacific, representing a weakening
and northward displacement of tiiéestern North Pacific Subtropical HiglWNPSH). There isassociated drying over land

ard increased rainfall fishore The southward extension in ChinalS contribwtesikly both to thewesterly anomalies
across the South Chine&&not-shewn)and to the easterly anomalies over the middle/lower Yangtze River Basin, but both
of these are strengthened when the donsa@xtended both to the south and the east, thereby including in addition the whole
of northern Indonesia. Extending the Chinal domain tonthwhsouh and westhas-little-impaetto include more of the
Indian _monsoon region, including the Arabian Sea pad of the western equatorial Indian Ocean (ChinalW and
ChinalSW)tends to promote dry anomalieempared witlthe-anomalieghosecontributed locally by Chinal itself (Fig.,5)

although-Chinal\W-does-contributkile drying and anticyclonic anomalies ememer the Indian region (particularly in
ChinalSW) that are similar to the climatological errors in this region seen in FiguEgténding the domain northwards

(ChinalN) contributesdditional dry—+ainfatiscuthwesterlyanomalieseverand some drying irsouthern ChinaHowever,

preliminanPreliminary experiments with much larger RCM domaisot shown)suggest a role for even more remote
influence, perhaps through the circigiobal teleconnection (Wu et.aR016)2016). The main effects of the different

domain extensions analysed are summarised in Table 2.

A limited number of RCM experiments was carried out in which the RCM was initialised eacbryg@aday, in order to
determine how quickly the influence of local processes and remote teleconnections became apparent. For all domains, th
differences betweethe reinitialised and fregunning experiments were minimal (not shown), indicating a rapid and robust
evolution of theatmospheranodel towards these systemagicors The development of errors in the first few weeks after
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 syshatic error in a climate model. For the EASM, we find that much of the circulation and rairdall

pattern seen in theul 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 Qatinent, South China Sea and the Western Padific is in contrast with the previous published

studies using this technigue over t8ASM region (described above) which indicated more local sources to many of the

errors.Levine and Martin (2018) showdtatthe inclusion of East Asia in the domain centred over India made very little

difference to the mean state errors over India.

3.3 Development oferrors in initialised_seasonahindcasts

Having identified that in much of the ASM region tkerors appearto develop rapidly and persist thereafter to long
timescales, we nownake-use—afemonstrate hovinitialised hindcastsan be usedo examine their development and
evolution during the first few weeks after initialisatioWe first make use of th&loSea5seasonal hindcast ensemble
which consists of 7 members per start diefour start dates per month and covers &@8&r period from 1992015. h
order to reduce the effects of internal variability, we average the ensemble mean precipitation, w8§saimio pentads

and average both the model and observational fields over the hindcast period.

9
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3.3.1 ASM region as a whole

Figures6 and7 show the climatological development of rainfall, wind and S&fersin 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 afieitialisation, with 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
the hindcasts progress, the cold/drypmalies around the Maritime 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 dispment of the WNPSHIhe westerly anomalies intensify as the
South-Asian-summer-monso8ASM onsets at the start of Jurikhis is related toricyclonicanomalieghatdevelopover

India rapidly after initialisatiormand areassociated with a weakeninfjtbe SASM trough combined with excessive rainfall

over the steep orography of the eastern Himalaya that promotes drying over the head of dhé&8&ayal Levine and

Martin (2018) showed that the MetUM typically underestimates the number, and raimimlbation from, monsoon lows

and depressions, which also are unable to progress across northern India. In the absence of these features, rainfall over 1

Bay of Bengal is reduced and that over kyanmar orography is increased, with an associatedexatiein of thewvesterly
winddlow acrosghe Bay of Bengal ansoutheasfsia premeténto the South China Se#his converges with the southerly

anomalies from the Maritime Continent regigmomotng further rainfall_and creating a positive feedback that develops

athe westerly winderror (extension of the westerly jet) across tH@Sand the Philippines into the western Pacifictwin
cyclonic error develops over the SCS and western Pacific in early June, developimgandstand causing the northeasterly
anomalies over southeast China that were highlighted in previous sePusits/e rainfallerrorsalso appear over the Indian
Ocean to the south of the Indian peninsula in mid/late May, associatedhwitmomalous artherly winds from the
peninsula(and an increasing drgrror there converging with the anomalous easterly winds from the eastern equatorial

Indian Ocean(EEIO). By mid-June, the patterns of rainfall and wiradrors closely resemble the lorgrm June

climatologicalerrorsin the freerunning simulations (Figl and Fig 4). This-analysis-confirms-the-suggestionfrom-the RCM

and east of

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, while-esldparticularly in the head of the Bayhere the rainfaland cloudare reduced and warm anomalous

winds converge from northern Indi€old anomalies develop around the Indonesian islaads$ over the northern and

western edges of éhArabian SeaOver the first 15 days of the hindcast, the sa#bktern Bay of Bengal waswhile the

cold anomalies around the Indonesian islaspi®ad westwards and northwartemporarily creating aeak north-south

dipole everacross the Equator ithe EEIO. However, in subsequent pentads the warm anomalies are replaced with colder

SSTs,in association withincreasing soutleasterly anomalies along the Sumatran coast diverging 850 hPa wind
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anomalies and a negative rainfatroracross the whole dghe Maritime Continent. Warm SSarrorsdevelop in the western

equatorial Indian Oceamnd central and eastern Arabian $yamid-June, creating theastwestdipole error pattern seen in

the longterm climatologicakrrors while cold errors persist along the northern and western Arabian Sea coasts

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

shown) This indicates that they ar duringthe mdnasoentseaamrsistanrwith o f |

their similarity to those in the freminning coupled simulationdoweversimilar-analysis-using-start-dates-in-late-April and

a¥a' nom a S

an coast de
nd mid

3.32 East Asian Summer Monsoon

Figure 118 shows pentad rainfallwinds and SSTs averaged over various different regions, from hindcast ensembles
initialised on different start dates betwe@hApril (0409) and 25th August (0825), along with similar timeseries for GPCP
and TRMM rainfall observation€ERA-1 winds and OISSTv2SSTs.For start dates in Aprilhe SST in the SCitially

warms excessively, before cooling systematically into a cold error through the JJA @$égsbhe8a). For start dates in late

May onward, the SSappears to be initialised systematically warii@n the observations but to cool thereaffére peak

warm SST error coincides with the broadscale seasonal transition that is heralded&bys&ié&outh China Sea summer

monsoononset, as determined by the reversal of the 850 hPa winds over thg=§CStihat (climatologically) occurs

during pentad 28seeFigure 9) in the criterion suggested by Wang et al. (2004). The SST cooling after this transition

coincides with an acceleration of the westerly winds into a positive error for all start(é&te8b). In response both to this

and to the additional convergence of moisture into the
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region (Fig.11e8c) starts with a positiverror and increases thereafter, 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
11d8d), indicatingthe weakening and displacentenf the WNPSH. Separation of this index into its two compongats

boxes on Fig9) reveals that this is driven mainly by the increasingly excessive westerly flow in the southernmésbtbox

dash lines in Fig8d), which extends from southeast Asiar@ss the SCS and the Philippines into the western Pacific

including the SCS box in Fig-28b, andlargely coincidngwi t h t he APhi |l i ppinesodo region i
(Fig. 42€8c). However,Fig. 6 shows thathe hindcasts also rapidly wiop an easterlerror in the northernmost box

(dashed lines in Fid), which extends from southern China across the East China Sea and to the south. Ghigapaa

characteristic systematic error of the EASM in Ndéfice modelsand is associated with a lack of northward advancement of

the Meiyu rain band and a deficit in the seasonal mean rainfallZlkeamng et al., 2020Martin et al, 202Q)This easterly

error is the northern part of the cyclonic anomaly that begins in tReirsfesponse to anomalous divergence from Indonesia

and expands northwards and eastwards as the @hs@mlgsisous

confirms the suggestion from the RCM simulatiom$ect.3.2, that the errors in tHeASM over China are driven largely by

errors arising to the south and east of the redibrs will be explored further using relaxation experiments in sectn 3.

3.3.3 Equatorial Indian Ocean

Figure 7 showedhat, in hindcasts initialised from late Manwards, there is an initiglight warming in the Bay of Benda

which is replaced by a slight cooling within the first 6 pent&@imling of the SSTs within the Maritime Continent spreads

westwards to the south of the Equatdrile warmer SST anomalieevelop in the western Indian Ocean, both in response to

increasing westerly wind anomalies from the EBBHDwever,similar analysis using start dates in late April and early May

shows a slightly different development in the first ~15 days of the hintksestFigs 10 and11): the anomalous divergence

and rainfall deficit over the Indonesian islands is much more localised and takes longer to spread westwards and northward:

There is greater and more widespread warming of the southern Bay of Bengal, while the cold anortalésren&quator
off the Sumatran coast do not start to develop antiind20" May. As-discussed-aboveid-SSTs-inth&EEIOto-thesouth

of the-EgquatoiFig 00 ematica Or-3 art-datds-contrast fie o-the-north-of the Equai g e)

warmsubstantially-ever-the first few pentadsFigure8e confirms that the SSTs to the north of the Equaeat dashed box

on Fig.s10 and11, last panelwarm substantially over the first few pentads for alth€ April and early May start dates

before cooling and ultimately developing a cold error, while for later start dates there is only a short period (2 disB penta

of initial slight warming before a similar cooling begins and persists for the rest sé#isenln contrast, te SSTs in the

EEIOto the south of the Equat@¥ig. 8f; red solid box on Fig.$0 and11, last panélcool systematically for all start dates.
Examination of the 850 hPa winds in Eigz-anrdl0 shows thathisthe initial warmingin the EEIObox to the north of the

Equatorfor the late April start date is associated with a developing raiafaltss in the western Indian Ocean deficit

andn the east. This i®llowed bywesterly anomalies along the equatorial region and, byagetit,northeasterly anomalies
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from southeast Asia, opposing the mean flgkig. 9) After pentad 28when-the-broadsecale-seasenal-transition-oeecurs),

this is replaced by westerly/southwesterly anomalies (accelerating the mean flow) and a developiegraiogall error,

with an additional inflow to the region from southeasterly anomalies along the SumatranFooasart dates after this

seasonal transition (Fig. &ig. 8¢) the wind anomalies are persistently westerly/southwesterly with an imggassitive
rainfall error

We-examineand cooling SSTsThis is thought to bence agairrelated to the seasonal transition that takes place around
mid-May and marks the start of the Asian monsoon se@s@amg et al. (2004)ig. 9). Prior tothis behavieur-irtransition,

the mean state lodevel winds over the equatorial Indian Ocean are westerly and the mean flow over the Indonesian islands

is weak.As noted by Ding and Chan (2005), the onset of the South China Sea summer monsoon isipenyigba rapid

switch from easterlies to westerlies over the South China Sea and a rapid expansieastodinds of the southesterlies

from the EEIO across the Indochina Peninsula. In hindcast ensembles initialised after this traifFsitid 7), when the

easterlylow-level flow over theEEIO south of the Equator is strongehere is amore detailwidespread anomalous

divergence over the Maritime Continent and more rapid cooling of the SSTs to the west of Shinmtaalysis illustrates

that the monsooarrordevelopmenin initialised hindcastsan bedependent on the stage of the monsoon seasonell as

on the lead time of the hindcast. Orthe broadscale seasonal transition has occutinedyrror patterrs developin a 2016
case-studysingsimilar mannerregardless of the initialisation date.
The development of errors in tmorthernBay of Bengal and Arabian Sea is also somewhat different in the hindcasts

initialised beforeand aftethe seasondtansition.In the earliefinitialised hindcastgFig. 10) excessive rainfall appears over

the Eastern Himalaya soon after initialisation and is associated with anomalous convergence from the south that combine

with developing nortiveserly anomalies owenorthern India into an anticyclonic errand deficient rainfalbver the whole

Bay. This persists until the seasonal transition at pentad 28 and thefeaftgiscussed abovegvelops into westerly

anomalies in a similar way to the hindcasts initedison 2% May (Fig. 6). At the same time, anticyclonic errors also

develop over the Arabian Sea th® positive rainfall error forms in the western equatorial Indian Ocearthantiean

westerly flow over theequatorial Indian Oceatimatturns into soutkeasterly flow off the coast dbomalia(Fig. 9) weakens

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

widespread cold error than in the laieitialised hindcastsMarathayilet al. (2013) suggested that such cooling (in winter

and spring) is related to advection of 4y and toecold air from Pakistan and surrounding regions, aided by erroneous

strengthening of the winds (seen in Fid), leading to excessive evaporatidtowever, once @ain, this pattern changes

after the seasonal transition and ultimately develops in a similar way to thmigédised hindcasts.

3.4 Development oferrors in initialised NWP hindcasts

Further infamation on the development of these errors can be gleaned through thehusenol cast s from t he

NWP model in both atmospherenly and coupledonfiguratiors. The atmospherenly runs(UNCPLDNWP, see Table 1)
are Fday operational forecastahile the coupled model hindcastseerd CPLDNWP) are run for 15 days. In both cases,
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therewas one ensemble member per day in neaireal time since 1 May 201&esults shown irsect 3.2 indicated that
the errorsdeveloping in atmosphemnly 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 atmospfie errors As an example of the use of these NWP hindcasts, we examine the development of SST

and wind errors in the Indian Ocean regiamd 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 configufed3dt® 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 developmsnt.

discussed above, the developmentS&fiihe errors inparts ofthe EEIOASM region over the first ~15 days of hindcast

differs according to whether the hindcasts are initialised before or after the broadscale seasonal transition. This is furthe
illustrated by composite analysis of SST and 10m winds at forecast lead times of 1, 5 and 15 daysgfitdeeN\WR
N768CPLDNWP hindcasts, over a period of 10 to 15 days on either side the broadscale seasonal transiti@h fog. 1

2016, thevalidity dateschasn ar e 10 t o 190tvBy Jufiyef(drmaéderand 1

Figure 2(ac) shows the emergence of SST and surface wind errors igghgindian Ocearbefore the transition. At day 1

the biases are smasihowing in part the discrepancies betweenQHeSTv2 SSTs and the analysis SS(FOAM, Waters et

al., 2014)used to initialise the hindcast#t longer lead times, a large warm bias develops in the EEIO andahéme
ContinenSCS which is associated with a weakening of the equatorial westerlydtaivthe southerly wind in the Bay of

Bengal. At the same time, cold SSTs develop in the northern Arabian Sea and southwesterly wind anomalies develop along

the Somalian coast, in a similar manner to that seen in GloSea35L(kit]). The emergence of errors after the transition

(Fig. 12d-f) shewshows a different pattern. A cool bias starts to develop in the Maritime Continent and the adjacent ocean in
the southernBay of Bengal. The error is associateith a zonal windanomalyextendingfrom the Bay of Bengal to the
tropical Western Pacifiand southeasterly anomalies along the Sumatran coast and in the central equatorial Indian Ocean
On the other hand, a warm bias develops in the equatorial western Indian Ocean, connected withregvedakersurface
wind in the region. Tase results are consistent with the analysis of GloSea5&f&if. 7, 10, 11), despite the greater
atmospheric horizontal resolution used in K&/P-N768CPLDNWP hindcasts-cenfirming which has the potential to

redwe the errors through the improved representation of orography and coadthiisesonfirms that the error patterns

emerging in the first 15 days, both before and after the broadscale transition, areanoblastiely insensitive to horizontal

resolution

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

The change in evolution ohé SST errorén the northernEEIO box (as used in Figtie8e) overthe first 15 day®of the
coupled NWPN768CPLDNWP hindcastsnitialised between May and early Augybig. 13a)is alsosimilar to thatseen in
GloSea5 In forecasts initialised in May, SSh the northern EEIO boxdevelops a warrerror of around 0.5°C relative to
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both the ocean analysegsed to initialise the coupled forecafEDAM, Waters et a).2014-) and to OISSTv2 observed

SSTs This warmerror manifests itself as a tendency to ungezdict the cooling of SST# the second half of May
Forecasts initialised in June and July do Imave this problem and develop a much weaker warme3&rwithin the first

15 days mostly around 0°LC, again consistent with the results for GloSdaSact, SSTs follow the observed cooling and
levelling-off during June and July reasonably wdlhe warming of SSTs relative to the ocean analyses during the second
half of May stems, at least partly, from undepresentinghe cooling that isseen in ERA5 That cooling is relatedto
increased surface heat lahgring that periodFig. 13d). However, inCPLDNWP, excessive downward solar radiatigmot
shown)and undefestimaed turbulent (i.e. latent and sensible) heat flufeg. Fig. Be) contribue to a reduction irthe net
surface fluxout of the ocean during this periothe error in tusulent fluxes can be partly traced to a weak surface wind
error (Fig. 13c). Errorsin ocean processes likely also contribute to SST erftvssemay besurfacedriven @ue to thewveak
surfacewind bias Fig. 13c) or causedby deficiencies inocean processdg.g. vertical mixing) Shallow errors in ocean
mixed layerdepthwould exacerbatevarming of SSTcaused  surface flux errorgrigure 13 confirms a lack of deepening

of the mixed layer in the model early in the period, consistent withwdrakwind bias during that periodin future work we

will examine the contribution from ocean processes in more detail.

By comparing surface heat flux errors from coupled and atmospinéyeforecasts in this period we can determine the
importance of aisea coupling in the development of surface flux er¢(big. 13d,e). For most of the timethe evolution of
surface flux errors is very similar between coupled and uncoupled configurations. This suggests that coupled feedbacks ar
of limited importancehere in the development of surface flux errors. The main exception is during the second half of May,
when the strongest warm S&Tror develops. In this perigdhedifferences imet surface heat flux argurface latent heat

flux error between CPLDNWP and/NCRLDUNCPLDNWP are unusually large, differing by 800 W m? (Fig. 13e).
Coupled feedbacksause reduced latent heat laissSCPLDNWP, compared to ERAZpositive values in Fig. 3e), while

UNCPLDUNCPLDNWP shows excessivenoling from surface latertteat flux(negative values Fig. 13€), consistent with
a positive 10m wind biasin UNSPLBDUNCPLDNWP (Fig. 13c). Further work is needetb clarify how thHs coupled

feedback opetes including tie use of targeted sensitivity tests in ordesdparate the different componerithis example

illustrates how coupled and uncoupled initialised forecasts can be useai¢drnon some of the lorgtandingerrorsseen

the Indian Ocean.

3.45 Regional nudging experiments to assess sourceseofor

From the analysis shown iBect-3-2-and3.-3previous sectionswe hypothesise that the reduced rainfall andmalous
outflow from the Maritime Continent and Indian regions play a role in the develapof the circulatiorerrorsin both the

ASMEASM and the Indian Oceaat the start of the monsoon seasonile the errors in th€ASM region appear to arise

locally. In order to test this hypothesis, we conduct a series of atmosphlgresensitivity expriments using the
nudging/relaxation methodology described in Rodriguez et al. (2017). This involves relaxing the temperatures and winds

back to analyses with a 6 hourly relaxation time scal e
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bet ween the Control and the ANudgedo simulations then ¢

errorsthat occur in the Control in other locatiofidinker 1990).

3.45.1 Free-running simulations

We apply this methodologfjrst to climate simulations, using th&A7.0 atmospher@nly configurationGAZAGCM-N96
(see Table 1)We use four different nudging regiofsee-Fi—14);,, r ef erred to as the #APhilip
Asi an Summer Monsoonodo (SASM) a n d Thiadd aegions wareecho€e0 aséd e the o

analysis in sections 3.2 and 3.3 which indicated that the Maritime Continent region maluéecinf the development of

errors in the EASM, and that the Philippines and Indonesia region may contribute both independently and jointly. For the

SASM region, previougublishedstudies using the RCM had indicated that many of the errors were {ddabiyy and had

only a minor influence on the wider ASM, so the influence of nudging in this region is also exafrarethese

experiments, the horizontal winds and potential temperature at all model levels are relaxed backrttefiRAeanalyses

and thesimulations are run for around 20 years, from 1/9/1988 to 1/1/2009

Figure1514(a,b) shows the climatological differences in 850 hPa winds and precipitation between the Control and Nudged
experiments duringJA, for the #fAPhilippisnesthasna md ndlotnessaggewetgit
promotes westerly anomalies extending from the South Asian monsoon westerly jet across the Philippines into the westert
Pacific, while the APhilippineso r estilyoindspy paringd anecasomalodsl i t i
cyclonic circulation that includes nortfesterly anomalies over southern China. Both regions promote excess rainfall over
the eastern SCS and the western Padfigure 1514(c,d) shows theresultsfor the SASM and MQegions. These suggest

that errors arising locally over the SASM region are directly responsible for the anticyclonic anomaly and deficit in rainfal
over India and fomuch oftheerrorpattern in rainfall over the equatorial Indian Ocean. The SASM region also promotes the
acceleration of the westerly winds across the SCS into the western Pacific and the @wsitinerainfall in those regions.

The Maritime Continent regioas a what promotes acceleration of the westerly 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 regjoand particularly the Indonesian islands, in promoting the
southeasterly(easterly) wind anomalies in the eastern(central) Indian Ocean, asedlugg8stt 3.2 and3.3, is also
confirmed by these results.

This analysis suggests that there are both laoal remote contributors to the ASktrorsseen 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 trsition towards the Asian summer monso®he SASM region

helps to reinforce those errasile also developing the majority of its circulation and rairgatbrslocally.
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3.45.2 Initialised simulations

The fAnudgingd met hodol oigliged simulatiorss lasdaised te traakpthe linfluerte of a particalar t
region on the development efrorselsewhereWe show here, as an example of this methodology, the influence of the
APhilippines wsedirr3d B345.1-endiisplayed(in—Fig-14) on the growth of remotely forced model
systematic errors over China, the western Pacific and the Maritime Continent, over the-fiests1&f NWPN2162016
atmospher@nly simulations(see Table 1gonducted during Juirdugust 2016 (Fig1615). Consistent with the analysis of
GloSeabcoupled modehindcasts in Figs6, the total mean error (forecast minus analysis) in the surface wind for forecast
days 1, 5, and 15 (see Figgl5(ai c)) shows the gradual emergence of the systematic errors. Thislés erroneous
equatorial easterlies west of Sumatra, extending to 80°E, and a large error in the western Pacific, east of the Rfatippines t
extends north to the stthopics in an erroneous cyclonic pattern that reflects the weakening of the WNRBét. srface

wind errorsare shown in the Maritime Continent, the Bay of Bengal andviistern equatorial Indian Ocean off the African
coast

On day 1, the contribution of the PHL to the total error is very small, mostly confined to the PHL regionchsdexqe 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 subtropics, as weltrassin the Maritime Continent. These errors are
consolidated by day 15 of the forecast (Figl5 (di f)). For completeness, we also show the contribution to the total error
from the areas outside the PHL nudging domain.(E&5(gii)). A smaller area of erroneous cyclonic circulation in the
Pacific ocars just south of Japan by day 5, that indicates that the systematic error in the WNPSH also -rapieatra
origins. Other winderrorsnot forced by the PHL region include the easterlies west of Sumatrereordin the Bay of

Bengal and the Westerg@atorial Indian Ocean off the African coast.

Similar experiments have been carried out with the other regions identifgatir8.45.1. These als@onfirm that thelocal

and remote contributionBom those regionsgo the circulation errors in the ASMemerge in the first A5 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 ngahg technique to GloSea5 hindcasts in order to
trace the influence of specific regions on the developmesetrofson seasonal timescaldglentifying such key regions
provides a focus for future process analysis, model development and evaluation \aficitimately improve the model
forecasts for the ASM as a whole.

4 Summary-and-Conelusiors
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Our analysis suggests that there are both local and remote contributors=6SheASM errorsseen in the MetUM el

simulations. The experimenitsdicatethat Indonesia and the oceans around the Philippines play a separate, but interacting,
role in the development dfeseerrorsduringn the EASMseasenwhile in the SASM region{in-whichthe errorsareappear

to be mainly driven locally-helps Furthermore, therrors in theSASM region help to reinforcethesdhe errorsin the

EASM. Although many of the same systematic error patterns have been found in atmasphesenulations (e.qg.
Rodriguez and Milton, 2019FST errors also contribute, both at initialisation and through their development in a coupled
response to the circulation and rainfaltors

y Bpothsib
development-of-these-lorgianding-monsoon-errorShe Equatorial Indian Ocean develops a south@hag) i northwest

(wet) rainfall error pattern and an east (coldivest (warm) SST error pattern. These originate from a negative rainfall error

and divergent anomalies over the Maritime Continent and a positive rainfall error and convergent anomalies over the

westernéentral equatorial Indian Ocean, the latter beiogompanied bgn anticyclonic error and deficient rainfall over the

Indian regim. The 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 pgress across northern India. This, combined with excessive rainfall over the steep orography of the

eastern Himalaya that promotes convergence from the south and drying over the head of ahd8&&yal results in

reduced rainfall over the Bay while thaver the Myanmar orography is increased, with an associated acceleration of the

westerly flow across the Bay of Bengal aswltheasiAsia into the South China Sea. This converges with the southerly

anomalies from the Maritime Continent region, promofimgher rainfall and creating a positive feedback that develops a

westerly wind error (extension of the westerly jet) across the SCS and the Philippines into the western Pacific. ihhe SSTs

the EEIO and in the SCfespond to these changes (ojtimately) cooling In the EEIQ this is exacerbated 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 dowrome ofthe regions respaible {(mainly-the-Maritime-Continentand-Philippines—regiowdlich will
allow us to target future detailed investigationge haveslse-demenstrated-thatit-is-maiidgntified particular model errors

whose origis lie clearly inthe atmospheric componethtatis-responsiblewith while other errors appear to have an origin

in the ocearproviding-. Coupled feedbacks exacerbate such eramd alsomake it difficult to unambiguously identify

misrepresentation dadither atmosphere arcean processel adlition, bases over land and ocean can evolve differently

and this will modify the landsea temperature contrast wilseupled-feedback-which-mainhy-exacerbptessible impact on
theerrors:ASM (e.q.Chen and BordonR016 Lutsko et al, 2019. Thenudging technique, applied separately over land and

sea pointscould shed further light on the role of errors in ls® temperature contradtis will be explored in future

work, as well agpplyingnudging of the ocean model separately from, and hegetith, the atmosphere.

18



585

590

595

600

605

610

We have alsehown 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 tyjgitally occurs in midMay. -FinalhThis is evidenin the EEIO and

the SCS, and also in the Arabian Sea and northern Bay of Bdiniglmay have implications for monsoon forecasting on

short and mediumnange timescales, particularly when coupled NWP models are laskdure work we will use sensitiwit

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.qg. Johnson et al, ¥l @pd that these

systematic gors and their development are largely insensitive to changes in horizontal resaletipite the improved

representation of orography and coastlines in the higher resolution models

5 Conclusions

In this study we have demonstrated the use of a range of modelling tools and techniques aimed at understanding the sourc

of error in monsoon regions, using the specific example of the ASM errors in the MetUM model. The tools and techniques

allow close eamination of the 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 undeasitding of the role of atmospheoeean couplingWhile there have been several works that use
initialized modelling frameworks to diagnose the originsygtematic errors in the Asian summer monsoon (such as those

referenced in the Introduction), the usfeavariety of techniques such as those described here that includes both coupled and

atmospher®nly configurations and regional modelling to analyse the development and sources of particular errors on a

range of timescales has not, to our knowledgen lobeenonstrated.

This analysis methodology benefits from the use of a seamless modelling ,sysdtema different configurations of a
modelling system that are used for forecasting on different timescales share very similar physical and dynamical
formulatiors. This allows 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 leér multtmodel studies might include. This approat$oallowsthe whole suite of modets benefit

from improvementsthat ultimately result from better understandiong§ the errorsand informeg targeted, model
development.

Our study highlights a numbef different techniques that can be employed to investigate the sourcesdeferrorin 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 physical parameterizations in the mod&éfhile 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, lohasting, 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 for us@der licence. For further information on how to
615 apply for a licence sdatps://www.metoffice.gov.uk/research/approach/collaboration/unifiedel/partnershiglast access:

16 July 2020)JULES is available under licence free of charge. Rmther 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
620 (http://oceansll.lanl.gov/trac/CICE/wiki/SourceCpddodel dataused in this studwgre archived at the Met Office, and

are available to research collaborators upon request.
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Table 1: Model configurations used 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 808BON | 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 808B0ON | (MacLachlan et al, 2015).
RCM GA7.0 0.44° x 0.44° N/A Regional climate model forced at lateral boundal
by 6-hourly ERAI 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 day through
(denoted JJA of 2016 GA6.lincludes a small number of
UNCPLDNWP) scientificdifferences from GA6.(seeWalters et
al.,, 2017)
NWP GC2.0 hindcasts | 0.234° x 0.156°| ORCAO025 tripolar| 15-day hindcasts initialised once per day through

(denoted CPLDNWP)

grid: 0.25 x 0.25

JJA of 2016 Vellinga et al., 2020)

between 80SBON

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° x1.25° N/A 20-year atmospherenly climate rus forced by

experimentgdenoted observed SST49892008 relaxed to ERA with

AGCM-N96) a 6-hourly relaxation time scaleithin specific
regions(showninFig. 14)dd e not ed i N
compared with Control at same resolution

NWP GAG6.1 hindcast 0.833° x 0.556° N/A 15-day hindcasts initialised once per day through

relaxation experiments
(denoted NWP2016)

JJA of 2016relaxed to ERA with a 6hourly
relaxation time scalithin specific regions
compared with Control at samesolution
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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 domaisompared with the effects of Chinal itselfas 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 in India dry rainfall
anomalies.

Chinal:

Southerly and souttvesterly
anomalies over southeast China, 1

ChinalE (includes Chinal):

Anomalous lowlevel easterly
wind component towards

South China Sea and the Philippir

eastern China as part of

Sea.

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

The circulation anomads over
southeast China and the
surrounding seas in Chinal are
opposite to those in the AGCM.

weakening and northward
displacement of the WNPSH.

Assocatedincrease in rainfall
over land andlecreased rainfal
offshore.

ChinalSW (incl. Chinal, ChinalS,

ChinalS(includes Chinal):

ChinalWw):
On top of ChinalS and ChinalW

Weak contributions to westerly
anomalies across the South Ching

ChinalSE (includes Chinal,
Chinals, ChinalE):

Contributes nortfeasterly

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

Sea and to the easterly anomalies

anomalies (not present in

and dryingover the Yanqgtze River

ChinalE and Chinal®ys

Basin.

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 ERAnterim reanalyses) from the current GloSea5 23/ear operational hindcast ensemble initialised each
year onfour start dates (1, 9, 17, 25) in April, May, June and July respectively, with 7 members per start date.
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(a) JJA bias: GC2 (b) JJA bias: GloSea5
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Figure 2: As Fig 1 but for sea surface temperature, compared againstaetSSTOISSTv2 observations
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Figure 3: Domains used in Regional ClimatéModel experiments. Chinal is the smallest, central domain, with the other domains
obtained by extending this to the north, south, east and west. All RCM simulations use a 0.44° x 0.44° resolution grid amdtated
pole at 61°N, 296.3°ECoordinates for each region are shown in the forme( j« 4/, where (o n¢ s the position of the

lower left hand corner of the region (in rotated pole coordinates) anddl ,fl, is the number of grid points in the e and «

direction. Chinal is the central (and smallest) domain, and is included in all other domains. ChinalW, ChinalE, ChinalsS,

ChinalN are extensions of Chinal to the west, east, south and north respectively. ChinalSW overlaps with the ChinalS and
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ChinalW (and Chinal) regions, extending into both south and west directions. ChinalSE overlaps with the ChinalS and ChinalE
(and Chinal) regions, extending into both south and east directions.
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Figure 4: (top) JJA climatological (19892008) precipitation and 850hPa wincerrors in N21&he 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) Chinal SE 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
Chinal and ChinalSE domains.
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