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Abstract. Six climate simulations of the Met Office Unified Model Glol&timosphere 6.0 and Global Coupled 2.0 config-
urations are evaluated against observations and reamalgta for their ability to simulate the mean state and yegetr
variability of precipitation over China. To analyze the siimity to air-sea coupling and horizontal resolutionmnasphere-
only and coupled integrations at atmospheric horizontdltgions of N96, N216 and N512 (corresponding®00, 90, and
40 km in the zonal direction at the equator, respectivelg)aralyzed. The mean and interannual variance of seasaal pr
cipitation are too high in all simulations over China, bufprove with finer resolution and coupling. Empirical Orthogb
Teleconnection (EOT) analysis is applied to simulated amgkeoved precipitation to identify spatial patterns of tenafly
coherent interannual variability in seasonal precigitatiTo connect these patterns to large-scale atmospheticcaupled air-
sea processes, atmospheric and oceanic fields are regoegsade corresponding seasonal-mean timeseries. Alllations
reproduce the observed leading pattern of interannualathirariability in winter, spring and autumn; the leadingtfern in
summer is present in all but one simulation. However, onlfwia simulations are the four leading patterns associatéial wi
the observed physical mechanisms. Coupled simulatiortsigamore observed patterns of variability and associates rob
them with the correct physical mechanism, compared to githere-only simulations at the same resolution. Howevegy fin
resolution does not improve the fidelity of these patterntheir associated mechanisms. This shows that evaluatimgtel
models by only geographical distribution of mean prectmitaand its interannual variance is insufficient. The EOalgsis
adds knowledge about coherent variability and associathemisms.
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1 Introduction

Rainfall over China is mainly influenced by the East Asian &wanMonsoon (EASM), characterized by southerly winds, and
the East Asian Winter Monsoon (EAWM), featuring northerhynds. Annual mean precipitation decreases from southeast to
northwest China. Precipitation exhibits a strong seasoy@k, as well as substantial intraseasonal, interanmddacadal
variability. Droughts, floods and cold surges severely icaplae lives of millions of people by affecting water resairnan-
agement, infrastructure and the ecological environmeng(id et al., 1998, 1999; Huang and Zhou, 2002; Barriopedab,et
2012; Huang et al., 2012hb). Therefore, regional interahmagability (IAV) of rainfall is likely to cause more damagto
human life, agriculture and infrastructure than a slowlgroding mean state arising from climate change.

A complex mixture of physical mechanisms and a highly sfigtiariable climate and orography make it difficult for
General Circulation Models (GCMs) to correctly reproduice geographical distribution of precipitation and its abiiity
over China. Precipitation is influenced by local air-searattions over the South China Sea (SCS), by tropical artdogital
circulation systems (Ding, 1994; Zhou et al., 2011), andddgdonnections to modes of variability in the Indian andifitac
Oceans.

The modulation by the El Nifio Southern Oscillation (ENSO3 baen studied for many years. Developing El Nifios fa-
vor droughts in northern China (Huang and Zhou, 2002). A we&AWM has been associated with El Nifio, and a stronger
monsoon with La Nifia (Zhang et al., 1996; Wang et al., 2000m&er flooding in the Yangtze River valley can occur during
the decaying stage of El Nifio (Wang et al., 2001; Zhang e2@Dy7; Xie et al., 2016). In southern China, following EI Njfio
spring rainfall increases (Zhang et al., 2016), while autuainfall is reduced (Zhang et al., 2013; Wang and Wang, REx3
tratropical teleconnection patterns also affect intesahnainfall variability over East Asia (Chen and Huang, 201u et al.,
2002; Tao et al., 2016; Wang and Feng, 2011).

During recent decades GCMs have become more complex byiegupldynamical ocean models and including more, and
more complex, sub-grid scale parameterizations. GCM assad efforts, such as the third and fifth Coupled Model basr-
parison Projects (CMIP3 and CMIP5, Meehl et al., 2007; Tegtal., 2012), show that large biases remain in the sinoratf
the East Asian monsoon (Sperber et al., 2013). Over Chinaenoent GCMs produce cold near-surface temperature diase
and excessive precipitation. In addition, GCMs underestnthe southeast-northwest precipitation gradient arcegtimate
the magnitude and spatial variability of 1AV, with little ahge from CMIP3 to CMIP5 (Jiang et al., 2005, 2016).

Increases in computational power allow GCMs to run at irgiregdy finer horizontal resolution. Previous studies have
investigated the effect of resolution on the fidelity of timwwation of rainfall and 1AV in China. Jiang et al. (2016)ogiped
coupled GCMs participating in CMIP3 and CMIP5 into groups<o2° (222 km),2°-3° (222—334 km) and> 3° (334 km)
resolution and found that finer resolution improved GCM figifor winter, spring, and autumn precipitation over China
Jiang et al. (2016) found no resolution sensitivity for gpéation in summer. This is consistent with Song and Zhdl.@),
who examined the simulation of the EASM in CMIP3 and CMIP5 @gphere-only GCMs and found no evidence for a
relationship between model fidelity and resolution (ragdiom ~22-500 km). In their analysis of CMIP5 coupled models,
Chen and Frauenfeld (2014) also concluded that horizoaesallution did not influence climatological precipitatiomda AV
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over China. On the other hand, Li et al. (2015) performed seseaf experiments with the Community Atmosphere Model
(CAMb) at resolutions of T42 (310 km at the equator), T1065(kéh), and T266 (50 km). At finer resolution, spatial patterns
of rainfall along the southern edge of the Himalayas became mealistic, and a large positive precipitation bias ®ehst of
the Tibetan Plateau reduced significantly, due to morestgabirography. Based on experiments with a regional cémabdel

at resolutions of 45—-240 km and keeping all other settingstidal, Gao et al. (2006) also found that horizontal retsmiuof 60

km or finer was important to accurately simulate monthly mga&eipitation over China. By comparing to a set of simulagio
with variable resolution along with degraded-resolutiopdgraphy, they concluded that the improvement was duetterbe
resolved physical processes rather than a better resapedraphy.

In contrast, few studies have directly assessed the effées-sea coupling on the fidelity of East Asian precipiatiIn
experiments with coupled and atmosphere-only GCMs, Mze@&) found that including coupling is important for cotthgc
simulating the long auto-decorrelation time of daily ralhin summer monsoon regions. However, coupled modelggteuo
correctly represent the seasonal cycle of SSTs and thekpatiern and magnitude of ENSO SST anomalies (Latif e2@01;
Bellenger et al., 2014). Errors in position or amplitude gfiatorial ENSO SSTs have substantial impacts on telectionsc
to rainfall in CMIP1/2 (AchutaRao and Sperber, 2002) and E8/(Cai et al., 2009) models. Gong et al. (2014) found that the
spatial structure and amplitude of ENSO-related SST arniemate key factors for the ENSO-EAWM relationship in CMIP5
models. Even in atmosphere-only models and in the abser88Dbiases, observed rainfall patterns associated withCENS
are poorly captured, with little or no improvement from CNI® CMIP5 (Langenbrunner and Neelin, 2012).

Improvements in GCMs rely on continuous evaluation at tigéoreal scale, as well as understanding the physical presess
that must be captured to reliably simulate regional clinzate its variability. The latter is particularly importamtrfa densely
populated country such as China. Previous studies havelyressessed the ability of GCMs to simulate the distribution
of mean precipitation and its interannual standard denabver China. This study adds a comprehensive assessmira of
leading patterns of coherent precipitation variabilitalhseasons, using Empirical Orthogonal Teleconnecti@il(Eanalysis.
EOT analysis objectively identifies regions in China thaivglstrong coherent 1AV in seasonal precipitation. Rotstatyal.
(2010) showed that EOT analysis is useful for assessingmagclimate variability in GCMs through analysis of thedeay
patterns of Australian annual rainfall. In a previous stugtgphan et al. (2017a) performed EOT analysis on 19512007
resolution gridded precipitation data over China in allssee. Their results serve as a benchmark for our model asspss

Changes in the physics schemes between different modeisijpating in CMIP experiments may obscure the direct affec
of changes in resolution or the addition of air-sea couplifierefore, we analyze simulations with Met Office Unifieddéb
(MetUM) Global Atmosphere 6.0 and Global Coupled 2.0 corrfigions at resolutions of N96, N216 and N512 (corresponding
to ~200, 90, and 40 km in the zonal direction at the equator); iphyparametrizations remain unchanged. This allows us to
focus on the effects of coupling and resolution. We aim tamenshree questions: (i) do simulations produce observéeins
of regional precipitation variability? (ii) are those matis associated with the observed physical mechanisnis#s (ihe
fidelity of these patterns and their associated mechanisnsstive to horizontal resolution and/or air-sea couging
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Section 2 describes the model simulations, observatictal ets and analysis methods. Section 3 presents modes imas
seasonal mean precipitation and 1AV; Sect. 4 reports biaste teleconnection to ENSO. Results from the EOT anabss
shown in Sect. 5. Section 6 is a discussion; Sect. 7 sumnsatieemain results.

2 Data and methods
2.1 MetUM simulations

We analyze two AMIP-style simulations from 1982—2008 abhatsons of N96 {.875° x 1.25°, 208 kmx 139 km in longitude
and latitude at the equator) and N2D638° x 0.55°, 93 km x 62 km). We refer to these as A96 and A216, respectively. They
use the Global Atmosphere configuration 6.0 of the MetUM (GWAalters et al., 2017), driven by monthly mean sea surface
temperatures (SSTs) from the Reynolds product (Reynoldls,&007) and varying solar, greenhouse gas and aerosoidsr

as observed in 1982-2008.

The coupled simulations use the Global Coupled configuréi® of the MetUM (GC2, Williams et al., 2015). We analyze
two GC2 simulations at N96 and N216 resolutions in the atrnesg referred to as C96 and C216, that are initialized with
present-day ocean data (EN3; Ingleby and Huddleston, 280d)spun-up sea-ice and land surface conditions. We further
analyze two coupled simulations (C512a and C512b) at N&ddlugons (0.35° x 0.23°, 39 km x 26 km). Both are initialized
with ocean conditions from a previous N512 simulation, bithwan offset of 55 years to sample different phases of década
variability. The coupling frequency is 3 hours and the oaesolution is fixed at 0.250n the ORCAO025 tri-polar grid (Madec,
2008).

The four GC2 simulations are present-day control simutatiasing emissions and solar forcing with constant 1990egalu
and are integrated over 100 years. Observed 1961-201%jpat¢icin trends over China do not exceed 2 mm yédn any
season in any region (Wang and Yang, 2017). The interanraxalbility of the EOT timeseries are typically two orders of
magnitude larger. Therefore, differences in the appliedifig between the GA6 and GC2 simulations can be assumed¢o ha
negligible effects on the results. Table 1 summarizes thelsitions. Figure 1 shows the grid-point mean orographighiet
each resolution. As described in Walters et al. (2017), sdlogographic boundary layer drag, flow blocking and grawave
drag are parameterized in the MetUM. With finer resolutionre@rorography is resolved explicitly, and less is parandr

2.2 Empirical Orthogonal Teleconnections

In a previous study, Stephan et al. (2017a) performed EOTysinaon 1951-2007 gridded APHRODITE precipitation data
(see Sect. 2.3). Unlike Empirical Orthogonal Functions D which are orthogonal in space and time, EOTSs are ortiago
either in space or time (Van den Dool et al., 2000). To ingedd coherent temporal rainfall variability, we first cortgothe
China-averaged timeseries of rainfall anomalies and bdardhe grid point that best explains its variance (SmitQ4®). All
MetUM precipitation data are interpolated to the APHRODIgiid to allow for a comparison with observations. We chose
the APHRODITE grid so that the observed EOT patterns do nahgé from the ones reported in Stephan et al. (2017a).
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To quantify the spatial coherence of rainfall we correlai@fall anomalies at each grid point with this so-calledebpsint.

To compute EOTs of second and lower orders, we remove allehigitder EOT timeseries from all points in the domain
by linear regression and then repeat the above steps. Weuterap to three EOTs because lower-order patterns explain
only small amounts of variance. The EOT method identifiegfrehdent regional patterns of coherent rainfall varigbilihe
associated timeseries can be used to connect the patteregianal and large-scale atmospheric and coupled atmosphe
ocean mechanisms, as Stephan et al. (2017a, b) demonstmra@dna, and as was previously shown for other regions {{gmi
2004; Rotstayn et al., 2010; Klingaman et al., 2013; King e814).

It is important to note that EOT analysis does not maximizegarcentage of explained space-time variance, resuhiing i
several benefits: i) the associated timeseries are comhcspecific grid points, ii) the lack of spatial orthogonhalneans it
is possible to find more than one EOT that explains variantkedrsame area, iii) because EOTSs are orthogonal only in time,
the method is less sensitive to the choice of the spatial doma

Connections between rainfall patterns and drivers arebksted by linearly regressing atmospheric and oceanidfiel
onto timeseries corresponding to each EOT pattern. We shgressions associated with a one standard deviation s&rea
in an EOT timeseries, but all discussions hold for negativenzalies in the EOT timeseries, with the opposite sign. \We us
Spearman’s rank correlations because the rainfall dataaineormally distributed.

To test whether MetUM simulations reproduce observed patfeve interpolate simulated precipitation to the APHRDDPI
grid, and regress China-wide seasonal precipitation agsimulated and observed EOT timeseries. If the lineard®egrattern
correlation coefficients between simulated and observgebssion maps are greater than a subjectively chosen thdesh
0.38, we consider them a match. This value was chosen bepatisens with a smaller correlation were located far awasnfr

the respective observed pattern.
2.3 Observational data and indices

Seasonal-total precipitation for winter (DJF), spring (MA summer (JJA) and autumn (SON) over China is obtained them
Asian Precipitation - Highly-Resolved Observational Datagration Towards Evaluation (APHRODITE) data set (Yaiaet al.,
2012). Itis along-term (1951-2007), continental-scaly/geoduct with a resolution of 05x 0.5°, produced from rain-gauge
data. Before the data are gridded, an objective qualityrobptocedure is applied (Hamada et al., 2011). Previoudiesu
confirmed the high quality of the data (Rajeevan and Bhat@92Brishnamurti et al., 2009; Wu and Gao, 2013). The rain
gauge network in China is dense except in climatologically régions, i.e., northwest China and the Tibetan Plateae [s
Yatagai et al. (2012) for a map of rain-gauge locations]. sy, EOT patterns tend to peak in climatologically wetoegi
and all EOTs in this study are in areas of high-density otz&ms.

We show regressions onto the EOT timeseries of surfaceypefRrc), 200 hPa geopotential height44) and 850 hPa
wind from the European Centre for Medium-Range Weatherdasting Interim global reanalysis (ERA-Interim, from now
on also referred to as observations), available. st x 0.7° resolution from 1979-2007 (Dee et al., 2011). We computea are
averages of §cin the Northwest Pacific (NWP, 10-30I, 120-170 E) and 500 hPa geopotential height{g) in 25-45 N,
120-140 E, to connect patterns of rainfall variability with circtilan anomalies in the NWP and around Japan, respectively.
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SSTs for 1870-2010 are obtained from thex11° Hadley Centre sea Ice and SST data set (HadISST; Rayney 20@R8).
We average linearly detrended SSTs in the South China Seg, (25 N, 100-120 E) and in the eastern tropical Pacific
(Nifio3.4, 5 S-5 N, 190-240 E) to associate rainfall anomalies with ocean variability.

As a proxy for convective activity we show regressions on@TBimeseries of seasonal mean °2:52.5° interpolated

satellite-retrieved outgoing longwave radiation data RpLiebmann and Smith, 1996), available for 1974-2013.

3 Climatology

MetUM GAG6 and GC2 show substantial biases in seasonal mesipgation and IAV (Fig. 2). Observed DJF mean precipi-
tation does not exceed 300 mm anywhere in China, but all sitionis show substantially larger amounts. A96 produces wet
biases 0100 mm and~50-100 % larger AV in southwest and southeast China. Iisingaesolution from N96 to N216 in
coupled (C216 vs. C96) and atmosphere-only (A216 vs. ASBlikitions improves biases near orography in southwestaChin
(compare Fig. 1). Positive biases in seasonal mean pratguitand IAV in the N512 simulations are confined to southeas
China. Observed IAV is largest along the southeast coasin 196 and A216 it peaks further north along the eastern Yang
basin. In this area, higher resolution increases the pediias in 1AV by~50 %, as is also seen between C96 and C216. This
may be related to orographically-forced precipitationgt.al., 2015). However, adding coupling and resolution seiodshift
areas of high IAV further south, closer to where high vatigbis observed. C512a and C512b still overestimate ofeskerv
variability, but regions of high variability agree betteithvobservations, i.e. they are located in the southeasthaiaCand
south of the Yangtze valley.

The positive precipitation bias in MetUM GA6/GC2 is consrdt with a weaker than observed EAWM circulation (not
shown). Because the EAWM circulation is strongest in the tawaposphere over coastal East Asia (Ding, 1994), we coenput
the spatial correlation coefficient (r) and the normalizsatsmean square error (e) of simulated relative to obsemeitlional
winds at 10 min (2%5-40° N, 120°—140 E) plus (10-25 N, 110°-130 E), as in Jiang et al. (2016). Increasing resolution
from N96 to N216 improves the spatial correlation and redube error (r=0.75, €=0.84 in A96 versus r=0.93, e=0.59 in
A216; r=0.64, e=1.02 in C96 versus r=0.82, e=0.82 in C216)iMprovement is seen from C216 to C512. The most drastic
improvement occurs in the SCS where there are strong sbythiases in N96 of over 4 ms. These southerly wind biases
are greater in the coupled simulations due to a strongeleweBacific subtropical high.

In MAM the spatial patterns of seasonal mean precipitatiwh [&V are similar in observations and simulations. All sknu
lations show positive biases in mean precipitation and p&fticularly in southeast China south of the Yangtze Riwigere
the bias in A96 is>400 mm, double the observed precipitation; variability Isoadoubled. Increasing resolution to N216
reduces wet biases in southwest China in the GA6 and GC2.liagugt N96 and N216 reduces wet biases in southeast China;
however, there is little change between C216 and C512.

In JJA climatological observed rainfall decreases fromtlseast to northwest China; variability is highest in theteias
Yangtze valley. In A96 total rainfall is too high and the isels are too zonal, creating large wet biases in southwesiaCh
and the Tibetan Plateau, consistent with the poor simulaifdhe southeast-northwest precipitation gradient in E8&nd
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CMIP5 (Jiang et al., 2016). 1AV is doubled compared to obatons in south China and the Yangtze valley. In most areas
biases become small with finer resolution and coupling; G2IcBC512 compare well with observations except for a wet bias
in south China. To measure the strength of the EASM circutatve again follow Jiang et al. (2016) and compare 850 hPa
meridional winds in 20-40° N, 105-120 E. The EASM is too weak in all simulations, which results in @ak northward
transport of moisture and positive precipitation biasesomth China (not shown).

In SON observed total rainfall in southeast China0-300 mm, and rainfall variability is relatively spatydhomogenous
compared to the other seasons. In A96 total precipitatichitarvariability are realistic in the eastern part of soagteChina,
but wet biases become large toward the Tibetan Plateave®iagduce with resolution and coupling.

Comparing GA6 and observations using their common recaidgbedoes not change the above findings. In summary, mean
precipitation and 1AV tend to be too high in the MetUM. Finesolution reduces biases near steep topography, partjcula
southwest China. Adding coupling reduces wet biases alomgdstern Yangtze valley in DJF and JJA, and in southeasaChi
in MAM.

4 Teleconnection to ENSO

Since ENSO has an important influence on IAV in China, paldityiin DJF, MAM and JJA (see Sect. 1), we how examine
how well the MetUM captures climatological SSTs and thedeimection to ENSO. The annual mean SST bias in the coupled
simulations (Fig. 3) is characterized by cold biases in ththern hemisphere and a warm bias in the Southern OceaseThe
biases are associated with an Inter-Tropical Convergeane ATCZ) that is displaced to the south over the Atlantid knalian
Ocean (Williams et al., 2015). In C512 the Indian Ocean hdgyhtsvarm bias, when in C96 and C216 it has a slight cold
bias. Compared to C96, C216 and observations, SSTs in thieatdacific and tropical Atlantic are also warmest in C512
(Fig. 3). GC2 compares favorably with other CMIP5 modelsli@wger et al., 2014), simulating an approximately correct
spatial pattern of ENSO SSTs, albeit with slightly weakertalzlity in the central Pacific, a power spectrum with freqaies
within the observed range (3—7 years), and good seasomatliymaximum (minimum) variability in boreal winter (spgh
(Williams et al., 2015). For our four GC2 simulations spexifiy, the ratios of simulated to observed standard denatof
DJF SSTs in the Nifio3.4 region are 0.61 (C96), 0.71 (C2162@pand 0.83 (C512b).

In observations, ENSO is positively correlated with DJFcjp#ation in southeast China (Fig. 4). A96 produces enkdnc
rainfall in southeast China in DJF in response to ENSO, liriaximum is shifted to the eastern Yangtze valley and seghw
China is too dry. A216 produces only a slightly better agreenwith observations. C96 has no significant teleconnedto
ENSO; C216 and C512 on the other hand compare well to obgmmgat

The observed rainfall pattern in MAM consists of anomalgudtly areas in southeast China and anomalously wet areas
in eastern China in response to ENSO. All simulations reyceda dipole pattern, but statistically significantly irased
precipitation to the north of the Yangtze valley is only see@216 and C512.

DJF Nifo3.4 is positively correlated with precipitationttre following JJA along the central Yangtze valley. A96 skow
increased precipitation along the Yangtze River, but alsmutheast China. In A216 precipitation is also increassguitheast
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China, and reduced in southwest China and between the YaagtzHuaihe Rivers. All coupled simulations show a very weak
teleconnection to ENSO. Only in C96 are there positive atiesa the Yangtze valley. Observed JJA circulation andesal
following DJF ENSO are characterized by a strong anticyiclairculation in the western North Pacific (Fig. 5). Dynaalic
mechanisms proposed for this anticyclonic circulatioriuide suppressed convection over the western equatorididde
to a weakened Walker circulation during El Nifio (Zhang et #96), Rossby waves triggered by SST anomalies over the
western tropical Pacific (Matsuno, 1966; Gill, 1980; Wanglet2000), and the nonlinear atmospheric interaction eetvwthe
annual cycle and ENSO variability (Stuecker et al., 2013,52Xie and Zhou, 2017). Explanations for the long persisten
include local wind-evaporation-SST feedback (Wang et26Q0) and the delayed Indian Ocean warming (e.g., Yang,et al.
2007; Xie et al., 2009). A96 and A216 produce northeastedie@r southeast China instead of southwesterlies (Figutih
may be associated with a weak western North Pacific subtabpigh that does not extend far enough westward (not shown).
The pattern of the circulation response in GC2 is similarllatesolutions and scales with the strength of ENSO variigbil
(Fig. 4). Over southeast China there are weak southwesténliC96 and C216. In C512 westerlies are present over thereas
Yangtze-Huaihe basin. Pacific wind anomalies in GC2 are monal compared to GA6, and compare better to observations.
Hence, the JJA response to ENSO is sensitive to couplingyditetUM configuration produces the observed response.

Observed rainfall anomalies in SON show a dipole of wet caonl in southern China and dry conditions in central China.
The simulations show no consistent response to ENSO. Howiae observed SON EOTSs in this study are not related to
ENSO.

Coupling and higher resolution improve the teleconnediiBENSO in DJF and in MAM, but the teleconnection is poor in

JJA in all simulations.

5 EOT results

Based on APHRODITE data, Stephan et al. (2017a) identifieddminant regions of observed coherent 1AV in seasonal pre-
cipitation in China, and linked that variability to largeade and regional mechanisms. They analyzed only EOTsxb&tired
at least 5 % of the total space-time variance, which resiftédo patterns in DJF, JJA, SON, and three in MAM. They found
connections to ENSO for DJF precipitation variability imga parts of eastern China (DJF Obs-1), MAM precipitatiori-va
ability in southeast China (MAM Obs-1), and JJA precipdatiariability in the southern Yangtze River valley (JJA €i)s
Relationships to extratropical wave propagation were doion DJF along the southeast coast of China (DJF Obs-2), MAM i
the Yangtze region (MAM Obs-2) and the northern parts oferasChina (MAM Obs-3), and for large areas of eastern China
in SON (SON Obs-1). JJA 1AV in the northern areas of the Yaagegion (JJA Obs-2) and SON IAV in the coastal area of
southern China (SON Obs-2) were associated with local pregsiomalies.

Here, we compare simulated and observed EOTSs for each sgeson. Results based on APHRODITE observations will
be denoted 'Obs-1’, 'Obs-2, 'Obs-3’, and results based odehsimulations will be denoted by the simulation identified
the order of the EQT (e.g., 'A96-2’ stands for the seconceoEOT in A96).
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5.1 Winter
5.1.1 Patternl

Obs-1 describes rainfall variability in large areas of eastChina (Fig. 6) and explains 34 % of the space-time vagialds
associated with ENSO, with a correlation coefficient of OM#h DJF Nifio3.4 (Table 2). The Walker circulation is weagdn
with negative Bec anomalies in the eastern tropical Pacific and positive atiesia the western tropical Pacific (r=0.42 with
the NWP Recindex, Table 2). The EAWM is weakened, and anomalous soutavlies along the coast of southeast China
transport moisture from the Bay of Bengal and the SCS (novehowvhere SSTs are anomalously warm (r=0.40 with SCS
SST index, Table 2).

All simulations reproduce the leading spatial pattern (Blg with pattern correlation coefficients between 0.856A&nd
0.94 (C96, C512a), and similar percentages of explainednee (Table 2).

The C216 and C512 EOT timeseries are statistically sigmifigacorrelated with Nifio3.4, SCS SST and NWE-E with
correlation coefficients similar to observations (Table@lpbal regressions of SST anddg on DJF EOT 1 confirm ENSO
signals (not shown). C96, A96 and A216 miss the connectioBN&O. This result is expected, because only C216 and
C512 have a realistic teleconnection to ENSO in DJF (SectNdde that for observations, the correlation to Nifio3.4ri/0
0.44, so ENSO explains only40 % of the variance in the EOT timeseries. There are posfiye anomalies over Europe,
northern Africa and northeast Asia, and negative anomaliesthe Middle East and southern China in ERA-Interim. &mi
extratropical 4y perturbations exist in all simulations. Such perturbatioan arise from a variety of pathways and are not
always connected to ENSO.

5.1.2 Pattern2

Obs-2 peaks along the southeast coast with another areh@rferd rainfall variability further north along the codsexplains

12 % of the space-time variance, and is associated with Iy @ver China, positive §c over and to the east of Japan
(fourth row in Fig. 7), negative OLR anomalies over the waestgjuatorial Indian Ocean and positive OLR anomalies dwer t
eastern equatorial Atlantic Ocean (not shown). Stephah @GL7a) showed that the pressure distribution is comsistith a
wavenumber-3 Rossby wave originating over central Africthe Arabian Sea and propagating across China and Japan into
the Pacific.

A pattern with a peak along the southeast coast is found i6A226, C216 and C512b. Only A96 produces a coastal pattern
with separate southern and northern areas of covariabiility A96 pattern has a correlation of 0.53 with Obs-2, lean the
other simulations [between r=0.70 (C96) and r=0.83 (C21@jily in A96 is the base point situated inside the northeeaar
The pattern describes between 8 % (A216) and 14 % (C512bgafithce-time variance in the simulations.

In A216, C216 and C512b the pattern is weakly correlated BRSO (Table 2). In C96 northward moisture transport
is associated with low pressure over South Asia (Fig. 7). 9 Anshore flow is created by high pressure over the Korean
peninsula (Fig. 7). We conclude that the simulations thptuza Obs-2 do not associate precipitation with the colerge-
scale driving mechanism. The pressure anomalies assbevitteObs-2 are not present in any of the simulations.
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5.2 Spring
5.2.1 Patternl

Obs-1 explains 20 % of the total space-time variance withak fie southeast China (Fig. 8). Northeastward flow along the
western side of an anomalous anticyclone in the tropicatemesPacific transports moisture into southern China (Fjg. 9
Stephan et al. (2017a) showed that the 850 hPa circulatibigird strongly resembles the antisymmetric 'C-mode’ reseo

to ENSO, even though the EQT timeseries itself is not siganifily correlated with Nifio3.4, but only with SSTs in the SCS
(r=0.31, Table 3). The C-mode circulation is characterizgd strong anticyclone in the NWP, resulting from the nordine
interaction between the annual cycle of wind and SST and EX8i@bility (Stuecker et al., 2013, 2015).

All simulations show a leading EOT that resembles the oleskone (Fig. 8), but with westward shifts of the EOT base
points. Simulations have weaker precipitation variapilit southern China than observations, which could have itapo
consequences for river discharge on the southern slopé® ehountainous terrain of southeast China (Fig. 1). Pattern
relations range from 0.43 (C512b) to 0.83 (A216). The pateplains a similar fraction of variance in simulations and
observations, between 16 % (C96) and 26 % (C512b).

All simulated EOTs lag ENSO (Table 3), and their circulateoromalies in the NWP show strong similarities to the observa-
tions in terms of the wind direction along the southeasti@fag. 9). Correlations with DJF Nifio3.4 are largest in A9&E)
and A216 (0.66). All simulations produce the leading pattErMAM precipitation variability for the correct physicetason.

5.2.2 Pattern2

Obs-2 is centered along the Yangtze valley, with varigbiit opposite phase in southeast China (Fig. 8). It explaif &
the total space-time variance and is associated with anrdpymospheric wave train in the high and midlatitudes réates
significant upper-level divergence over the Yangtze Rivet eonvergence over the coastline of south China. Stephaln et
(2017a) showed that,g, anomalies are consistent with a Rossby wave pattern of édlarigin.

Meridional dipoles are found in A216 and all coupled simiolas. C216 and C512a best match the observed pattern with
pattern correlations of 0.71 (C216) and 0.87 (C512a), amdesi explained variances of 9 % (C216) and 8 % (C512a). In
C96 and C512b, the phase of the dipole is reversed and patiggiations are therefore negative (-0.47 for C96 and-tb8
C512b). We consider those to be matches as well, as the digims BOT pattern and timeseries are arbitrary.

Simulations do not match Obs-2¢ anomalies (not shown). C96-2 is associated with lggacRRnd a cyclonic circulation
anomaly over the coast. C512b-2 is associated with anomalasterly flow along the Yangtze River driven by higladover
central China. A216-2, C216-2 and C512a-2 are associatidand;, ridge over Japan (JPNs4y index in Table 3) and an

anomalous anticyclonic circulation.
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5.2.3 Pattern 3

Obs-3 rainfall anomalies are found in large areas of ea&téina (Fig. 8). This pattern explains 7 % of the total spacet
variance. It has a correlation of 0.36 with the preceding Nift63.4 index, consistent with Fig. 4. Southeastward pgagiag
waves from high latitudes and northeastward propagatingsvicom south China terminate over Korea and Japan in arregio
of high pressure, indicating blocking. Stephan et al. (2) BErgue that these waves are likely triggered by anomalpusterial
heating associated with a decaying ENSO state.

Only two simulations, C216 and C512b, partly produce thigegpa, with pattern correlations of 0.59 and 0.65. In these
simulations anomalously dry conditions exist in southehin@ but not in Obs-3. In the simulations, the pattern is 3sba
ciated with ENSO, but there exist significant OLR anomalied Rossby wave sources over Africa (not shown), significant
extratropical upper-tropospheric geopotential heiglunaalies (not shown), and anomalously high pressure ovemJ@i®N

Zs00 index in Table 3), indicating that these simulations pradObs-3 for the correct reason.
5.3 Summer
5.3.1 Pattern1

Obs-1 explains 12 % of the total space-time variance andittesacoherent precipitation variability along the southéangtze
valley (Fig. 10). It lags ENSO with a significant correlatiof0.38 with DJF Nifio3.4, and with JJA SCS SSTs (0.42) and JJA
NWP Psec (0.4), respectively (Table 4). The positive NWE:Panomaly and the associated anticyclonic circulation giteen

the summer monsoon circulation, as discussed in Sect. 4.

A96, A216, C96, C216 and C512a produce similar leading patteith pattern correlations between 0.66 (C512a) and 0.75
(A96, C96) (Fig. 10 and Table 4). The A96-1 area is larger tinambservations, and the total explained variance (23 %) is
almost double the observed value. The other simulations &gplained variances closer to observations between 9 %2¢}5
and 15 % (C96). Only C512b does not capture this pattern.

Only C96 produces a significant correlation with DJF Nifip&kbeit a weak one (r=0.2). This is expected because C96
is the only simulation with a significant projection of Yamgtvalley rainfall onto DJF Nifio3.4 (Fig. 4). In all simulertis,
as in observations, the pattern is accompanied by an anamaltticyclonic circulation in the NWP (not shown). C96 and
C512a also show areas of significantly increasgget EFhat extend far eastward into the North Pacific (Table 4). 96 AA216
and C216 this circulation is more locally confined. All GCthsiations associate the pattern with warm SSTs in the SCS, as

in observations (Table 4). This is consistent with the maeueate JJA circulation response to ENSO in GC2 than in GA6
(Fig. 5).
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5.3.2 Pattern 2

Obs-2 peaks along the northern reaches of the Yangtze \&ilgy10). Precipitation variability in this region is as$ated with
increased B-c over a small area of south China that creates a regional lmagospheric circulation anomaly with increased
westerlies along the Yangtze River.

The only simulation with a pattern of coherent IAV in the fn Yangtze valley is C512b, with a pattern correlation of
0.65 with Obs-2. The pattern is C512b-3, but it explains dlamfraction of variance as Obs-2 (4 % and 5 %, respectively)
Note that C512b is the only simulation that didn’t capturd Qbs-1. Pressure and circulation anomalies in C512b-3aspre
further into the North Pacific than in observations (not shpw

5.4 Autumn
5.4.1 Patternl

Obs-1 describes rainfall anomalies in the eastern Yanggiem and an area to the southwest. The observed patterirexpl
13 % of the total space-time variance (Fig. 11). It is asgediavith a high pressure anomaly southeast of China and exdyth
flow into southeast China. Significantly increased pressypeesent both at the surface and in the upper troposphigré 2Jy.

The observed pattern exists in all simulations, but thelspestward extension of the area of coherent rainfall is prigent
in A96, A216 and C512bh. This explains the higher patternetations in these simulations (0.75-0.82), compared teetho
where variability is confined to the Yangtze (0.60—0.67)e Bimulations with the southwest extension explain morexae
(15-30 %) than the others (7—13 %).

Fig 12 shows that in observations the high pressure anonvaly eastern China and the western North Pacific is part of
a wave pattern with another positive anomaly over Europeaandgative anomaly over northwestern China and Mongolia.
Partial agreement with these anomalies is seen in all strankaexcept in A96. In A96 the pattern corresponding to Qls-
associated with ENSO; A96 has a correlation of 0.4 with th&l$0fi03.4; Rrc and %y9 anomalies over the eastern tropical
Pacific are typical of El Nifio (Fig. 12). C216-2 and C512b-& also weakly correlated with SON Nifio3.4. The connections
to ENSO in A96, C216 and C512b are consistent with Fig. 4.

5.4.2 Pattern2

Obs-2 explains 9 % of the total rainfall variability in SONitlwva base point located near the coast of southern ChinalEjg
It was associated with anomalously high OLR in the westerpital Pacific, indicating suppressed convection.

A96 and all GC2 simulations also produce patterns centersduth China. They explain between 7 % (C512b) and 14 %
(A96) of the space-time variance. The smallest patterretaion of 0.68 is found in C512a, where the base point igesthif
northward. In A96, EOT 2 describes a dipole between the Yanghd the Huaihe Rivers. A216 misses the pattern.

As in the observations, the patterns in C96, C216 and C5Ihssociated with high OLR in the western tropical Pacific
(not shown). The lack of this signature in A96 and C512a poiota different physical mechanism. In C512a the subtrbpica
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westerly jet stream over East Asia is shifted northward gmkttlevel divergence over the Yangtze Basin and southkeimeC
drives a lower-tropospheric anticyclonic circulation pe®utheastern China. In A96 the precipitation anomaly otitie
associated with any statistically significant circulatfeature.

5.5 Summary of EOT results

To summarize model performance for EOTSs, Fig. 13 shows ttierpa that each simulation was able to produce (circled) an
the ones that it missed (crosses). For the former it showpdttern correlations with the observed pattern, and tHerdifice

in the percentages of explained space-time variance. lcarges indicate that a simulated pattern is associateld avitimilar
physical mechanism as in observations, according to thexagts presented above.

All simulations produce the leading patterns of variapilit DJF, MAM and SON. The leading pattern in JJA is also présen
in all simulations except for C512b. C96 and C512a captwebserved mechanisms for all leading patterns. C96 andaC512
also produce the secondary patterns in MAM and SON; in C@arlsludes associated mechansims. In addition, C96 preduce
the secondary pattern in DJF.

A96 produces six of the nine observed patterns, two of theth thie observed mechanism. A216 also produces six, three
of them with the observed mechanism. C96 and C512b (C512dupe seven (eight), five (four) of them associated with the
observed mechanisms;

Thus, by these measures C216 is the best-performing sioulaspecially as all patterns in C216 have pattern cdroela
coefficients of 0.59 or higher. One may further conclude &88 has the poorest performance.

Comparing A96 to C96 and A216 to C216 shows that couplingeimees the number of simulated patterns and the number
of patterns associated with the observed physical meahnanis contrast, there is no evidence that simulated 1AV fisne

from a higher horizontal resolution.

6 Discussion

In addition to examining the horizontal distributions ofaneprecipitation and its interannual standard deviatidvét Office
GCM simulations, we performed a comprehensive assessrhém: teading patterns of coherent precipitation variapiln
all seasons using EOT analysis. The EOT method is robustde lasiases in mean precipitation. For example, A216 has the
greatest bias in 1AV in DJF (Fig. 2). In A216 IAV is greatesttire eastern Yangtze valley, and not&t11° E, the location
of the base point of the leading pattern in A216. ConsisgeimlFig. 6 regressed rainfall is greatest in the easterrgi‘an
River basin, not at the base point. We search for the pointist explains the area-averaged timeseries; while aféagye
variability tend to contribute most to this timeseries, lase point in A216 remains close to the observed point. Aairoase
is in JJA, when IAV peaks in south China in all simulationst along the Yangtze valley as is observed. Neverthelessofive
six simulations produce a leading pattern that peaks indbthern Yangtze River valley.

We measured the similarity between simulated and obserattdrps by pattern correlation coefficients and differsrine
explained space-time variance. These are important arettdlg metrics, but they are relatively insensitive to draphtial
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shifts in the patterns of anomalous rainfall. For some pakumses of simulated precipitation data, such shifts neyriportant
(e.g., hydropower); a more detailed analysis is warrarfedthermore, we used correlations with indices of atmosphe
and oceanic variability, and regressions of atmosphefidsfiento EOT timeseries, to argue whether or not two pattaras
associated with similar physical mechanisms. To suppartctassifications, we analyzed lead-lag regressions oftiaddi
fields for observations and all simulations (including SSIR, surface wind, surface temperature, wind at 850 hPah®a0
200 hPa, Zq0, Z200, column-integrated moisture flux, divergence of horizontad at 200 hPa, Rossby wave sources, wave
activity flux). This additional information supported thiagsifications we presented.

A related problem is that precipitation is inherently a lgggenomenon and affected by more than one process. One Examp
is Obs-1 in DJF, which is correlated with Nifio3.4, but alsows substantial extratropical circulation anomalies thaly
be unrelated to ENSO. In some simulations this pattern walated with Nifio3.4, but in others only the extratropical
circulation anomalies were statistically significant.dtgossible for a simulation to fail to reproduce a signifigaimysical
mechanism in observations, but to reproduce an alternateehanism that is not significant in observations. There bey
value in simulations that produce observed patterns buhedeading mechanism.

We analyzed one GC2 and one GA6 simulation each at resodutibN96 and N216, but two GC2 simulations at N512.
These GC2 simulations differ only in their initial conditi; both span 100 years. Their climatological mean rairzfad
IAV are almost identical (Fig. 2). The teleconnection to EN also similar except in SON, when Nifio3.4 in C512a is
negatively correlated with rainfall anomalies in centralif@, while C512b Nifio3.4 is positively correlated with aradies
in southeast China (Fig. 4). Nevertheless, it is clear frag E3 that patterns of rainfall variability and their casisee as
different between C512a and C512b as they are between aay mir of simulations. This has several implications. t-irs
integrations over 100 years may not be long enough to elimiefects of internal variability. Mean state biases aloaenot
explain the discrepancies: the two simulations have sinbilases in SST (Fig. 3), monsoon circulation, and the sedson
cycle of precipitation (not shown). The importance of ingdrvariability was previously highlighted by Deser et &012),
who estimated that half of the inter-model spread in prej@aimate trends for air temperature, precipitation, azallsvel
pressure during 2005-2060 in the CMIP3 multi-model ensenslidue to internal variability. Alternatively, the obsedwecord
used in this study is not long enough to robustly estimateipitation variability.

A mode of internal multi-decadal variability relevant tasistudy is the Pacific Decadal Oscillation (PDO). ENSO affec
precipitation variability in all seasons in observations all simulations. However, the PDO modulates the effe&N&O on
East Asian precipitation during JJA, DJF and MAM (Zhang etE)97; Wang et al., 2008; Yang and Zhu, 2008; Wu and Mao,
2016). For instance, Wu and Mao (2016) showed when ENSO a@&Bin phase, MAM rainfall anomalies in south China
are strongly correlated with ENSO. In contrast, when ENS@RDO are out of phase, the ENSO-precipitation relationship
over China weakens or becomes insignificant. All simulaisimowed a significant correlation between their leadintgpabf
MAM precipitation variability and the preceding DJF Nifid3but observations did not. The absence of a significan¢tzdion
with Nifio3.4 in the observations may be attributed to the Pb®average value of the observed leading MAM EOT timeserie
in units of standard deviations is 0.45 for El Nifio-PDO+ (@ns), —0.43 for El Nifio-PDO- (10 years), 0.00 for La Nifia-PDO
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(8 years) and —0.38 for La Nifia-PDO- (7 years). This examipbevs that modes of internal multi-decadal variability céayp
an important role.

To diagnose the PDO in the simulations we computed anomafi€®ecember—-May mean detrended SSTs north 6f 20
N in the North Pacific. We computed the first EOF of these anmsiahfter weighting them by the cosine of latitude and
interpolating to al® x 1° latitude-longitude grid. Fig. 14 shows regressions ofa@teded and 10-year lowpass filtered SST
anomalies against the principal component timeseries liservations (1871-2010 HadISST) and the coupled simuaktio
The observations show typical PDO SST anomalies with oppagined variability in the North Pacific and along the caint
and eastern equatorial Pacific. In the simulations, eqiaht8ST anomalies are very weak. In C512, the SST patternein th
North Pacific is not correct and explains only half of the &age as in observations. This shows that the PDO in the aduple
simulations differs from the observed PDO. It is plausilblattthis creates biases in the ENSO-precipitation relakigmover
China.

7 Summary

This is the first study to assess GCM simulations over Chirtarims of their ability to reproduce not only the geographica
distributions of mean rainfall and its interannual varigpi(1AV), but also the leading patterns of coherent préeifion vari-
ability by applying Empirical Orthogonal TeleconnectidedT) analysis. We used EOT analysis to identify strong cetter
regional rainfall variability, and regressions of atmosph fields and SSTs onto the EOT timeseries to identify datext
physical processes. Accurately simulating such varighdicrucial if GCMs are to be used to understand the risk sdislirous
climate impacts such as droughts and floods. We examined limate simulations of MetUM GAG6 at resolutions of N96
(A96, 200 km) and N216 (A216, 90 km), and four of GC2 at horiabmesolutions of N96 (C96, 200 km), (C216, 90 km)
and N512 (C512a and C512b, 40 km) (Table 1). For all seasangested how well simulations produce observed patterns of
regional precipitation variability, and whether thesetgats are associated with the same physical mechanismshadssm
Stephan et al. (2017a) for observations.

Positive biases in simulated seasonal mean precipitatiohA/ of ~100 % are found in all seasons (Fig. 2), particularly in
southern China. In most seasons and areas increasingties@nd adding air-sea coupling improve biases, partiutear
orography in southwest China. These findings are consigtiégniLi et al. (2015) and Gao et al. (2006), indicating thattée
resolved orography and more resolved physical processgdath play a role depending on season and location. The fact
that the sensitivity of model performance to resolution eadpling varies seasonally and depends on the area of shtesy
explain the lack of consensus among previous studies ompertance of resolution.

ENSO is the main driver of IAV in China in DJF, MAM and JJA. Theepence and strength of the teleconnection to ENSO
is sensitive to coupling and resolution (Fig. 4). In MetUNupling and resolution improve the teleconnection to ENBO i
DJF and in MAM, but it remains poor in JJA in all simulations.

All simulations accurately capture the leading patterntfesved DJF precipitation variability over southeast @tgkig. 6),
but only two (C216 and C512) have a significant relationshih ®NSO (Table 2). Nevertheless, all simulations are simil
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to observations in their associated extratropical cittara, indicating that simulated DJF precipitation vaifigpis linked to
similar physical processes as in observations (Fig. 7)ohtrast, simulated DJF precipitation variability along $outheast
coast (Fig. 6) is not driven by the observed mechanisms {ig.

All simulations correctly produce the leading pattern of MAainfall variability in southeast China in response to ENS
(Fig. 8). The second pattern, a meridional dipole, is foumdli simulations except A96, but no simulation associat@sth
observed anomalies (Fig. 8). The third leading pattern inM/focated in northern China, is captured by C216 and C512b an
associated with observed anomalies (Table 3).

Five simulations produce the leading pattern of JJA préatipin variability, located in the southern Yangtze vallEig. 10),
but only C96 is weakly correlated with DJF Nifio3.4. Assaeibbbserved SST anomalies in the SCS and atmospheric ressur
and circulation anomalies are present in C96 and C512a& bl

All simulations except A96 capture the leading pattern oNJ®ecipitation variability along the Yangtze River and@sate
it with extratropical wave disturbances similar to obséores (Fig. 11). The second pattern in SON peaks in soutli&aisia
and is found in all simulations except in A216, but only C98,16 and C512b associate it with observed processes.

Overall, coupled simulations capture more observed petighvariability and associate more of them with the corpbgfts-
ical mechanism, compared to atmosphere-only simulatibtieessame resolution (Fig. 13). In our six simulations, dfein
resolution within the range N96-N512 (200—40 km) do not ¢jeathe fidelity of these patterns or their associated meshemi
Evaluating climate models in terms of the geographicarithstion of climatological mean precipitation and its irgenual
standard deviation is insufficient; attention should alsghid to associated mechanisms. This conclusion even favltise
two C512 simulations that differ only in their initial oceatate. Their mean rainfall and its 1AV are almost identi¢ag( 2),
but patterns of rainfall variability and their causes araldferent between C512a and C512b as they are between any two
other simulations. Further research is needed into whatesasuch different model behavior, particularly when tlegesno
apparent differences in mean state biases between thesgnitations. C216 is the best-performing simulation imgiof
reproducing the most patterns with the highest patterretadion coefficients of 0.59 or higher, and in terms of repigdg

the most observed mechanisms (Fig. 13 and Sect. 5.5). 8yndae can conclude that A96 has the poorest performance.
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Figure 1. Grid-point mean orographic height for (left) N96 (middle) N216 angh®) N512 horizontal resolution.
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Figure 2. Climatological seasonal total precipitation (gray contours) and inteedratandard deviation (shading) for 1951-2007 observa-
tions (top) and the full length of each simulation. The season is indicatee dbhe panels.
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Figure 3. Annual mean SST bias in the coupled simulations relative to observati8ne+{2010 HadISST).
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Figure 4. Regression of DJF precipitation against observed or simulated DJF Mi(ieR), lagged regression of MAM precipitation against
preceding DJF Nifio3.4 (middle left), lagged regression of JJA pretiguitagainst preceding DJF Nifio3.4 (middle right), regression of
SON precipitation against SON Nifio3.4 (right). Stippling indicates confieléaels exceeding 95 %.
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Figure 5. Regression of observed or simulated JJA 850 hPa wind against edsmrgimulated normalized DJF Nifio3.4. Observations use
1982-2008 to match the years of the atmosphere-only simulations. &inalicate the wind direction and are drawn where wind speeds
exceed 0.2 ms'.
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Figure 6. Shading shows regressions of DJF precipitation against observéchaated EOT timeseries. Also shown are positive (solid
lines) and negative (dashed lines) correlations of the full (leadingpodeesidual (higher order) precipitation-anomaly timeseries with the
EOT base point exceeding 0.8 (magenta), 0.6 (orange), 0.4n{jgEee EOT base point is marked by the orange inverted triangle. The top
three (bottom two) rows show patterns that have a linear correlationdeaffexceeding 0.38 with the first (second) observed pattern. The
number next to the simulation name above each panel indicates the btdersamulated EOT pattern.
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EOT timeseries. The top three (bottom two) rows are for EOTs matchingshésiecond) observed pattern. All shown values are significant

at the 90 % confidence level.
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Figure 8. Shading shows regressions of MAM precipitation against observetnulated EOT timeseries that have a linear correlation
coefficient exceeding 0.38 with Obs-1 (top), Obs-2 (middle) or Ofise®om). Also shown are positive (solid lines) and negative (dashed
lines) correlations of the full (leading order) or residual (higher Drgescipitation-anomaly timeseries with the EOT base point exceeding
0.8 (magenta), 0.6 (orange), 0.4 (green). The EOT base poirdrisah by the orange inverted triangle. The number next to the simulation
name above each panel indicates the order of the simulated EOT pattern.
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Figure 10. Shading shows regressions of JJA precipitation against observéahadated EOT timeseries. Also shown are positive (solid
lines) and negative (dashed lines) correlations of the full (leadingrpodeesidual (higher order) precipitation-anomaly timeseries with
the EOT base point exceeding 0.8 (magenta), 0.6 (orange), @dn()giThe EOT base point is marked by the orange inverted triangle. The
top three (bottom) rows show patterns that have a linear correlationaesffexceeding 0.38 with the first (second) observed pattern. The
number next to the simulation name above each panel indicates the btdersamulated EOT pattern.
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Figure 11. Shading shows regressions of SON precipitation against observéaduated EOT timeseries. Also shown are positive (solid
lines) and negative (dashed lines) correlations of the full (leadingpodeesidual (higher order) precipitation-anomaly timeseries with the
EOT base point exceeding 0.8 (magenta), 0.6 (orange), 0.4n{jgEee EOT base point is marked by the orange inverted triangle. The top
three (bottom two) rows show patterns that have a linear correlationdeaffexceeding 0.38 with the first (second) observed pattern. The

number next to the simulation name above each panel indicates the btdersamulated EOT pattern.
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Figure 12.Regressions of £¢ (shading) and %, (contours at intervals of 0.02 m, pink: positive, green: negativajrsgnormalized SON

EOT timeseries corresponding to Obs-1. All shown values are sigrifitaine 90 % confidence level.
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Figure 13. Observed patterns a simulation was able to produce (circles) and thehandésmissed (crosses). For patterns that could be
reproduced, the y-axis gives the pattern correlation coefficient axtéxis shows the difference in the percentages of explained spage-tim
variance. Large circles indicate that a simulated pattern is associated withaa physical mechanism as in observations.
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Figure 14. Regression against the PDO index of December—-May mean detrendeldvepass-filtered 10 years) SST anomalies for
observations (1871-2010 HadISST) and the coupled simulations. éWrskalues exceed the 90 % confidence level. The PDO index is
the principal component of the leading EOF of December—-May mearrdkid SST anomalies north of 28 in the North Pacific; the

explained variance is shown above the panel. See Sect. 6 for more.details
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Table 1. The resolution, integration length, and type of ocean coupling are listalfeimulations. All simulations have 85 vertical levels

with a model lid at 85 km. The resolution of the ocean is 0.8% all coupled simulations.

Simulation | Resolution | Resolution at Equator [km] Integration length (years) Coupling to ocean

A96 N96 208 27 (1982-2008) atmosphere-only

A216 N216 88 27 (1982-2008) atmosphere-only
C96 N96 208 100 coupled
C216 N216 88 100 coupled
C512a N512 39 100 coupled
C512b N512 39 100 coupled
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Table 2. Performance statistics of simulated EOTs compared to observationgfodlumn (1) observed (Obs) and simulated (labeled by
simulation name) EOT patterns; numbers indicate the order of the EOTrpg@¢dinear pattern correlation coefficient of simulated and
observed precipitation anomalies, (3) explained space-time variatice BOT pattern, (4) standard deviation of the EOT timeseries, (5)-(7)
Spearman’s rank correlation of the EOT timeseries with the (5) Nifio3His&x, (6) SCS SST index and (7) NWReR index (defined

in Sect. 2.3). Correlation coefficients in (5)-(7) are shown only whew #re significant at the 90 % confidence level, and marked with an

asterisk for confidence levets95 %.

Pattern corr.| Expl.Var.[%)] | Stddev.[mm]| DJF Nino3.4 SST| DJF SCS SST| DJF NWP Rgc
Obs-1 34 76 0.44 0.40 0.42
A96-1 0.85 29 7 -—— -—— -——
A216-1 0.93 37 90 - —— -——— - ——
C96-1 0.94 32 92 -—— 0.34 -——
C216-1 0.93 34 94 0.42 0.46 0.27
C512a-1 0.94 32 106 0.40 0.39 0.34
C512b-1 0.93 31 104 0.21 0.32 0.20
Obs-2 12 65 e - -
A96-3 0.53 9 40 - - -
A216-3 0.76 8 82 0.32* 0.48 0.31"
C96-2 0.70 10 70 - - -
C216-2 0.83 9 67 0.24 0.28 -——
C512b-2 0.79 14 93 0.29 0.29 0.26
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Table 3. Performance statistics of simulated EOTs compared to observationsAfbt. i@olumn (1) observed (Obs) and simulated (labeled
by simulation name) EOT patterns; numbers indicate the order of the E@Fmd?2) linear pattern correlation coefficient of simulated and
observed precipitation anomalies, (3) explained space-time variatice BOT pattern, (4) standard deviation of the EOT timeseries, (5)-(7)
Spearman’s rank correlation of the EOT timeseries with the (5) DJF NAf®ST index, (6) MAM SCS SST index and (7) MAMg index
over Japan (defined in Sect. 2.3). Correlation coefficients in (5+€&3hown only when they are significant at the 95 % confidence level.

Pattern corr.| Expl.Var.[%)] | Stddev.[mm]| DJF Nifio3.4| MAM SCS SST | MAM JPN Z50¢
Obs-1 20 116 -—— 0.31 -———
A96-1 0.64 25 192 0.56 0.44 0.38
A216-1 0.83 24 211 0.66 - -———
C96-1 0.53 16 174 0.38 -—— 0.50
C216-1 0.73 18 191 0.32 0.29 -———
C512a-1 0.72 20 199 0.22 0.22 0.22
C512b-1 0.43 26 223 0.39 0.37 0.42
Obs-2 8 113 -——— - -
A216-2 0.50 13 83 -——— - —— 0.68
C96-2 —0.47 13 163 -—— -—— -——
C216-2 0.71 131 -——— - —— 0.34
C512a-2 0.87 223 -—— - —— 0.20
C512b-2 —0.38 12 156 -——— -——— -——
Obs-3 7 34 0.36 -——— 0.52
C216-3 0.59 6 49 -—— -—— 0.43
C512b-3 0.65 4 55 -——— - 0.34
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Table 4. Performance statistics of simulated EOTs compared to observation#fo€dlumn (1) observed (Obs) and simulated (labeled by
simulation name) EOT patterns; numbers indicate the order of the EOTrpg@¢dinear pattern correlation coefficient of simulated and
observed precipitation anomalies, (3) explained space-time variative BOT pattern, (4) standard deviation of the EOT timeseries, (5)-(7)
Spearman’s rank correlation of the EOT timeseries with the (5) DJF N4f®ST index, (6) JJA SCS SST index and (7) JJA NWR-ihdex
(defined in Sect. 2.3). Correlation coefficients in (5)-(7) are shawywhen they are significant at the 95 % confidence level.

Pattern corr.| Expl.Var.[%] | Stddev.[mm]| DJF Nifio3.4 | JJA SCS SST| JJA NWP Rgc

Obs-1 12 193 0.38 0.42 0.40
A96-1 0.75 23 296 - ——— - -
A216-1 0.71 10 207 _——— - -
C96-1 0.75 15 211 0.20 0.37 0.29
C216-1 0.72 11 210 - — —— 0.21 - — ——
C512a-1 0.66 9 182 - 0.25 0.24
Obs-2 5 137 e -
C512b-3 0.65 4 155 - ——— - -
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Table 5. Performance statistics of simulated EOTs compared to observation®©fr Solumn (1) observed (Obs) and simulated (labeled
by simulation name) EOT patterns; numbers indicate the order of the E@Imp4?2) linear pattern correlation coefficient of simulated and
observed precipitation anomalies, (3) explained space-time variartbe &OT pattern, (4) standard deviation of the EOT timeseries, (5)

Spearman’s rank correlation of the EOT timeseries with the SON Nifio3t&tbaignificant at the 95 % confidence level.

Pattern corr.| Expl.Var.[%)] | Stddev.[mm]| SON Nifi03.4
Obs-1 13 100 -——
A96-1 0.75 30 100 0.40
A216-1 0.82 25 108 - ———
C96-1 0.67 13 106 -——
C216-2 0.60 7 71 0.33
C512a-2 0.62 7 95 -——
C512b-1 0.79 15 122 0.27
Obs-2 9 104 - ———
A96-2 0.78 14 76 - ——
C96-2 0.85 12 97 -——
C216-1 0.73 13 130 - ——
C512a-1 0.68 11 88 —-——
C512b-2 0.73 7 89 0.34
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