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Abstract
TheSilkRoadpattern (SRP) is analysedon intraseasonal timescales over summerusing empirical
orthogonal functions (EOFs)of themeridionalwindat 200 hPa.Thefirst twoprincipal components
explain almost equal amounts of variance, henceboth are required to represent the intraseasonal SRP.The
associated spatial loadings are 90°outof phasewith eachother, providing evidence that propagating
oscillations are anaturalmodeof variability of the intraseasonal SRP.This is supportedbyHovmöller
diagramsof themeridionalwindat 200 hPa andbyphase diagramsof thefirst twoEOFs,whichboth show
apredominantly eastward-propagating oscillation.Theoscillations are identified asplausibly beingRossby
waves bymeansofwaveguide theory.The subtropicalwesterly jet andEastAsian rainfall patterns are found
tobedependent on thephaseof the oscillation:wet anomalies occur to the east of troughs in the jet,which
are also regionswhere local jet entrances causeupper-level divergence via an ageostrophic circulation.Dry
anomalies occur to thewest of troughs,which are regionsof upper-level convergence.The time-delayed
locationof the summerMeiYu front relative to its climatology is dependent on thephase of theoscillation:
when there is anupper-level trough locatedover theKoreanPeninsula, theMeiYu front is likely to be
located furthernorth thannormal 3–8days later, before returning to its climatological position.This
suggests that the phaseof the intraseasonal SRPacts as apotential sourceof predictability of the locationof
theMeiYu front,whichmight allow forbetter predictionof the associated rains.

1. Introduction

The Silk Road pattern (SRP) is a large-scale summertime teleconnection of the upper-level winds over Europe
andAsia (Enomoto et al 2003). It is amanifestation of the Rossbywaves that form in the subtropical westerly jet
(SWJ), where the SWJ acts as awaveguide due to themeridional change in zonal winds (Hoskins and
Karoly 1981, Enomoto et al 2003, Stephan et al 2018). It can be considered as the Asian branch of the
circumglobal teleconnection (Ding andWang 2005). On seasonal timescales, it has been shown to have an effect
on rainfall patterns over Asia (Wang et al 2017, Stephan et al 2018).

The SRP is commonly studied using empirical orthogonal function (EOF) analysis, inwhich the EOFs are
calculated using themeridional winds at 200 hPa, as these capture the Rossbywavemotion. The EOF analysis is
normally performed onmonthly (e.g. Yasui andWatanabe 2010) or seasonal (e.g. Stephan et al 2019) timescales,
inwhich the purpose is to determine the activity of the SRP over a given summer season and, for example, link
this to Asian rainfall (e.g.Wang et al 2017, Stephan et al 2019). It is less commonly studied on intraseasonal
timescales—in Stephan et al (2019) they performed analysis on daily-mean time periods, although the purpose
of their studywas to analyse the effect of interannual SRP variability on its daily variability. InDing andWang
(2007), intraseasonal variations of the Eurasian summerwave train are analysed using daily EOF analysis, and
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they found that therewas evidence of ‘an eastward and equatorward propagation of a Rossbywave train from the
northeasternAtlantic to East Asia’. However, their analysis domain is substantially larger than ours, and hence
their centres of action do not alignwith the ones wefind.

The purpose of this study is to analyse the SRP on intraseasonal timescales, by performing EOF analysis on
the daily upper-levelmeridional winds. Following previous results at seasonal timescales, wewill identify links
between the intraseasonal SRP and East Asian precipitation. Furthermore, links have beenmade between the
seasonal SRP and the location of theMei Yu front (MYF) (Kosaka et al 2011), which is a summertime large-scale
atmospheric front, oriented approximately zonally andwhich travels north acrossmuch of East Asia fromApril
to August. On short timescales the location of theMYF can have a strong effect onChinese rainfall (Volonté et al
2021, 2022), which studies of the seasonalmeanwill not be able to detect. Therefore, wewill perform a novel
investigation of whether there are links on intraseasonal timescales, determining whether there is a time-delayed
or lagged relationship between the intraseasonal SRP and the location of theMYF relative to its climatological
location. This will provide some evidence of short-timescale predictability between the intraseasonal SRP and
East Asianweather systems, and shed light on the role of some extratropical drivers on theMYF. Recent years
have seen several occurrences of extremely heavy rainfall over East Asia (e.g. Ding et al 2021, 2021, Volonté et al
2021), highlighting the need to assess the predictability of such events.

In section 2we briefly describe the datasets and EOF analysis that we employ. In section 3, we present our
findings, giving evidence for a propagating phase relationship of the intraseasonal SRP and then describing its
effect on East Asianmeteorology.Wefinishwith a brief summary and discussion in section 4.

2.Data andmethods

For the upper-level winds and divergence, we use the 200 hPa hourlyfields fromERA5 (Hersbach et al 2020) for
the summermonths of June-July-August (JJA) over the years 1979–2020, on a horizontal resolution of 0.25°.We
take four hourlyfields per day at 0000, 0600, 1200 and 1800UTC and average these to a dailyfield.We use the
Global PrecipitationMeasurement (GPM) IntegratedMulti-satellitE Retrievals forGPM (IMERG;Huffman
et al 2020) dataset for precipitation observations, for JJA over 2000–2020, using the ‘Final’ version, which is
suitable for scientific analysis.

The EOF analysis is performed on the daily 200 hPameridional wind field fromERA5.We perform the
analysis as described inWilks (2011) and implemented by Pedregosa et al (2011). As in Stephan et al (2019), we
use a domain of 30–130 °E, 20–60 °N.We also tested the analysis on the seasonal JJA-mean of themeridional
windfield, which produced similar results to previous work, althoughwe do not show the results here.

Todetermine the locationof theMYF,weuse data from the front detection algorithmdevelopedbyVolonté et al
(2022),which is an automated algorithmbasedon themeridional gradient of equivalent potential temperature at
850 hPa and is designed todetect theEastAsian summermonsoon front—the summertimewesternportionofwhich
is theMYF.Wecalculate theMYF’s latitudinal locationoverChinaby averagingover longitudes of 112–122 °E, and
define the front as beingnorthwardor southwardof its climatological position if it is over 0.75 standarddeviationsof
its daily variability from its climatological position for the timeof year.Wedetermine the lead-lag relationship
between the intraseasonal SRPand theMYFbyproducing a lagged contingency table (Cassou2008, Lee et al2019)
basedon thephases of the intraseasonal SRPand the locationof theMYFrelative to its climatology.

3. Results

3.1. Propagating oscillations of the intraseasonal SRP
The EOF analysis that we employ is a statistical tool that detects the principal components that explain themost
variance of the analysed data. In this section, we present evidence of a phase propagation of the intraseasonal
SRP, through EOF analysis of the upper-levelmeridional winds. This result arises as a natural interpretation of
the EOF analysis; we did not specifically set out tofind phase propagations. Figure 1 shows a scree plot
(Wilks 2011) for thefirst 10 daily EOFs. It is clear that EOF1 and EOF2 explainmuchmore variance than the
remaining EOFs and notable that they explain almost identical amounts of variance. This is reminiscent of the
findings ofWheeler andHendon (2004), inwhich they developed a phase diagram for theMJO—i.e. there are a
coupled pair of EOFs that are ‘degenerate’ and therefore cannot be used in isolation.Wenote that inWheeler
andHendon (2004) such a pair of EOFswith almost equal explained variances indicated that the EOFs should be
well suited for describing a travellingwave, and this also applies here. For seasonal EOFs (not shown), there is far
greater variance explained by the first EOF (35%) than the second (15%), which indicates that only the first EOF
is needed on a seasonal timescale.When analysing a larger domain that encompasses ours, Ding andWang
(2007) found that thefirst three EOFs are degenerate, although the difference in domainsmeans that their

2

Environ. Res. Commun. 5 (2023) 015003 MRMuetzelfeldt et al



centres of action are displaced from the canonical SRP centres of action. Furthermore, they found that their
EOFs 2 and 3 formed an intraseasonal oscillation, which they associatedwith a propagating Rossbywave train.

Figure 2 shows the spatial loadings of daily EOF1 and EOF2, alongwith their values through a transect
running approximately through their centres of action, where all values have been scaled by the standard
deviation of their principal components (PCs). Fromfigure 2(c), it is notable that the two EOFs are
approximately in quadrature (i.e., 1

4
of a wavelength,λ, or 90° out of phase with each other). This indicates that

thefirst two EOFswould bewell suited to representing waves of any phase or propagatingwaves in the upper-
levelmeridional winds. Daily EOF1 loadings are very similar to the same for seasonal EOF1 (Stephan et al 2019)
(note, the sign of the spatial loadings is arbitrary). EOF2 bears a strong similarity to seasonal EOF2 aswell (not
shown). Fromfigure 2(c), we estimate thewavelength of EOF1 to be 52° of longitude at 36°N, orλx= 4700 km.
EOF2 has a very similar wavelength.

Figure 3 showsHovmöller plots for four selected years, as well as the overlayed projections of EOF 1 and 2.
The years were chosen to emphasize certain features: 1980 has clear signs of an eastward-propagating oscillation
frommid to late June; 1981 shows some oscillations travellingwestward. 1984 and 2016are the years with
strongest andweakest seasonal SRP respectively (see Stephan et al (2019) for 1984; 2016 not shown).We note
that 2016was a yearwith heavyMei Yu rainfall, although the possible connection between this and theweaker
seasonal SRP is not explored further here.

1980 shows clear signs of eastward propagation, particularly towards the end of June. This is detected by
daily EOFs 1 and 2. Evenwhen the EOF amplitudes are small (e.g. in August), there are signs of propagating
oscillations. The late-June oscillation has a phase speed of approximately 5° longitude per day (at 40 °N) or
approximately 5 m.s−1 (estimated by fitting lines to theHovmöller diagrams). This is consistent withHunt et al
(2018), inwhich they found a phase speed propagation of 4.7 m.s−1 along the SWJ inwinter. 1981 shows some
signs of westward propagation, at the start of July, which is picked up by the EOF analysis. This appears to be a
wave packet, and the EOFs are detecting its group velocity; eastward propagating features are apparent at the
same time (e.g. 40–50 °E, at the start of June).

1984 has a strong positive phase of EOF1 (comparefigures 2(a)with 3(c)—the spatial pattern of EOF1 is
dominant) from20 July onwards, and sporadic strong phases of EOF1 before this. There areweaker signs of
propagating oscillations, e.g. aroundmid-July. 2016 has strong negative phase of EOF1 (see figure 2) frommid-
August onwards, and some strong negative phases of EOF1 before this. Interspersedwith these are clear signs of
propagating oscillations. These examples illustrate that there is considerable variability in the intraseasonal SRP,
and that eastward andwestward propagation, as well as being stationary, are possible. Analysis of all other years
(not shown) shows that eastward propagation appears to be dominant.

Figure 1. Scree plot of thefirst 10 EOFs, showing the explained variance as a percentage as well as error bars calculated as
n

2 , where n

is the number of samples (Wilks 2011, Section 12.4). This follows from considering the sampling properties of the eigenvalues under
the assumptions of very large sampling size, and that their distribution is unbiased andmultivariate normal. Here, we use them as a
visual indicator of the expected error, noting that the first two EOFs clearly lie within their respective error bars.
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Figure 2. Spatial loadings of daily EOF1 and EOF2 (a and b), scaled by one standard deviation of their corresponding PC to have units
ofm.s−1. Themagnitude of the loadings along a transect running through their centres of action (c). The transect is shown by the
dashed line in (a) and (b).

Figure 3.Hovmöller plots for four selected years showing propagation of oscillations. Anomaly ofmeridional wind (v) at 200 hPa
along the transect shown infigure 2(a) and b is shown by red and blue coloured contours. Positive andnegative phase of daily EOF1
and EOF2 are shown by solid and dashed black contours respectively, with contour levels set to±1 and±2 standard deviations.
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Figure 4(a) shows a phase diagramof PCs 1 and 2, in a similarmanner toWheeler andHendon (2004).We
have labelled the phases according to their location infigure 4(a): magnitude<1 is phase 0; phases 1–4 are
definedwheremagnitude>1 and by quadrants where 1 is positive PC1, 2 is negative PC2 etc. The reasonwe
chose to label 2 as negative PC2 is becausewewished the phases 1, 2, 3, 4 to appear in successionwith the
dominant propagation direction, and a clockwise rotation represents an eastward propagation. The year 1980 is
highlighted (also shown infigure 3); in JJA it shows a clear clockwise (eastward) propagation.

Figure 4(b) shows the distribution of angular rotation between each day—i.e., if the progression on the phase
diagram is−12° (clockwise) for one day, it will contribute to the−10 to−20° bin in the density plot. Figure 4(b)
shows that negative (i.e. clockwise, representing eastward propagation) rotations aremore likely than positive,
for both days where there is a strong combined EOF 1 and 2 and for all days. For both distributions, themean is
significantly different from zero, using a two-sided t-test with a 5% rejection level. For days wheremagnitude
>1, there are approximately three times asmany days where the propagation is eastward compared towestward
(1490 compared to 425 days). In both cases, themodal angle is−10 to−20° (N.B. this is angle of rotation of
phase per day, not longitude; conversion to degrees longitude per day or phase speed can be performed by taking
thewavelength in degrees longitude ormetres respectively). This corresponds to a phase speed of 1.5 m.s−1 to
3.0 m.s−1 eastward. Phase speeds of propagatingwaves travelling between 4.5 m.s−1 and 6 m.s−1, i.e. including
5 m.s−1 as found above in the analysis offigure 3 for the propagating wave, occur 8.7%of the timewhen
magnitude>1 and 8.2% forwhenmagnitude<1.

Previous studies have shown that the SWJ can support Rossbywaves (Enomoto et al 2003,Hunt et al 2018),
and this has been postulated as an active process on the SWJ over summertime (Ding andWang 2007, Li and
Lu 2017,Wang et al 2017).We therefore performed analysis of the expected phase speed of thewave disturbance,
assuming thewave is a Rossbywave and that the SWJ acts as awaveguide (Hoskins andKaroly 1981, Enomoto
et al 2003). Fromwave theory of the linearized baratropic vorticity in the presence of awaveguide, a Rossby

wave’s phase velocity is given by = -
b

+
c Up k l

eff

2 2 , whereβeff= β−Uyy, andUyy is the secondmeridional

derivative of the zonal wind (Enomoto et al 2003).We calculatedU by taking the value of themean zonal wind at
200hPa over the years 1979–2020 fromERA5 in the domain bounded by the contour ofU= 20 m.s−1 where
U> 20 m.s−1, and likewise forUyy.We estimate k from the zonal wavelength of EOFs 1 and 2:λx= 4677 km,
giving k= 1.34× 10−6 m−1, andwe take l= 0 for assumed nomeridional propagation.β is calculated at 36.5 °
N.This gives a theoretical phase velocity of 0.12 m.s−1, which is lower than the observed value here for the
detected propagatingwave. However, it is close to the value derived from themode of the rotation angles in
figure 4, and is well within the uncertainty defined by the half-width of the PDF. Thus, this provides limited
evidence that the daily EOF analysis could be detecting the phase of propagating Rossbywaves formed in the
SWJwaveguide.

3.2. SWJ and East Asian precipitation conditional on phase of the intraseasonal SRP
Wehave identified that the intraseasonal SRP can have different phases. Here, we ascertain the effect of these
phases on East Asian precipitation patterns. Figure 5 shows precipitation and upper-level winds conditional on

Figure 4.Phase diagram for daily EOFs 1 and 2 for all years in 1979–2020 (a), and a PDF of daily angular rotation of phase (b). For (a),
all years apart from 1980are shown in grey, and 1980 is highlighted—a red circle denotes 1 June, and a green square denotes 31 August,
with June, July andAugust shown in red, blue and green respectively. For (b), angles are binned into 10° bins and the top axis shows
the equivalent phase speed calculated from awavelength ofλx = 4677 kmdetermined fromfigure 2.
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the phase of the daily EOFs 1 and 2. Phase 0, corresponding towhen there is little intraseasonal SRP activity, is
close to themean over the given period from2000–2020 (not shown), and shows prominent features such as
heavy rainfall over the coast ofMyanmar, theWesternGhats in India and theHimalayas, associatedwith the
Indian summermonsoon. Associatedwith the East Asian summermonsoon, large areas of rainfall are present
over China, although the rainfall is lighter than the heavier rainfall caused by the Indian summermonsoon.

For the SWJ, a trough progressing eastward is clear during phases 1–4, centred over approximately 90 °E,
110 °E, 120 °E and 130 °E respectively. These longitudes correspond to the locations of the EOF spatial loadings
infigure 2. The trough is associatedwith a region of upper-level convergence upstream (west) and divergence
downstream (east). These are likely due to ageostrophic effects at the jet exit and entrance regions respectively.
Upper-level convergence is associatedwith subsidence. Correspondingly, these are regions of negative rainfall
anomaly (e.g. phase 4 over China and the Yellow Sea). Conversely, regions of divergence are associatedwith

Figure 5.East Asian precipitation, SWJ andupper-level divergence conditional on the phase of daily EOFs 1 and 2. Left column shows
how each composite precipitation fieldwas calculated: (a)was themean over all points in phase 0 (i.e. magnitude< 1), and (b)–(e)
show the difference between the phase in question (shown by red in left column) and phase 0 (shown by blue). For (b)–(e), coloured
contours showprecipitation differences, with statistically significant differences shown by stippling using a two-sidedWilcoxon-
Mann-Whitney rank-sum test with a 2% rejection level (Wilks 2011, pp. 159–161). Purple lines show the position of the SWJ, using
200 hPawind speeds contoured at 20 and 30 m.s−1. Green solid and dashed lines show regions of upper-level (200 hPa)divergence
and convergence respectively, with values of absolutemagnitude exceeding 1 × 10−6 s−1 shown. The divergence fieldwas smoothed
using averaging over 10 × 10 grid boxes (with a horizontal grid length of 0.25°) to remove some of its noise.
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upwardmotion, which is co-locatedwith areas of heavier rainfall (e.g. phase 3 over the Yellow Sea and the
Korean Peninsula).

Each phase shows a distinct pattern of rainfall fromphase 0 (significant at a 2% level, using aWilcoxon-
Mann-Whitney test, unless indicated). Some notable features are that phase 1 hasmore precipitation over large
regions of inlandChina, including the Yangtze river basin (YRB). Li and Lu (2017) also found connections
betweenYRB rainfall anomaly and themeridional anomalies of the jet, however their analysis was performed on
monthly data and so theywere investigating the same phenomenon on a different timescale. Phase 2 has higher
rainfall over thewestern end of theHimalayas, and the Yellow Sea andKorean Peninsula. Phase 3 has again
higher rainfall over the Yellow Sea and theKorean Peninsula, as well as over the Sea of Japan, although these are
not statistically significant. Phase 3 also has lower rainfall over inlandChina. Phase 4 has a large dry anomaly
over China, and a very large and strongwet anomaly over the Philippine Sea. Phase 4 shows increased rainfall
over the Tibetan Plateau. This is consistent withWang et al (2018), who show a filtered upper-level geopotential
height anomaly which is equivalent to our phase 4 (compare their figure 2(a) andfigure 2(a) above). Thus, the
phase of the intraseasonal SRP is a driver of East Asian rainfall when analysed overmultiple years, and a plausible
mechanism—the upper-level convergence and divergence driving large-scale descent and ascent respectively—
linking the two has been established.

To further explore themechanism, figure 6 shows vertical cross sections over the region roughly alignedwith
the trough infigure 5(d) (phase 3) averaged over 120–130 °E. This region encompasses the Yellow Sea (33–40 °
N), whichwewill focus on here. The dry andwet anomalies in the Yellow Sea seen infigure 5 are clearly visible.
The dry anomalies can be seen in phase 1 between 28–39 °Nand phase 4 between 34–43 °N.Thewet anomalies
are evident in phase 2 between 35–45 °Nand phase 3 between 33–43 °N.Themaximumdry anomaly is
approximately a factor of 2 smaller, and themaximumwet anomaly is approximately 50% larger than the
precipitation in phase 0. The dry anomaly is associatedwithweaker (phase 1) or even negative (phase 4) vertical
motion, and thewet anomaly is associatedwith stronger than phase 0 verticalmotion. Both dry anomalies are
associatedwith upper-level convergence, consistent with our hypothesizedmechanism, although this is weak for
phase 1. For bothwet anomalies, there is substantial divergence aloft.

The position of the SWJ varies across the different phases, although the stronger 20 m.s−1 contour does not
show a great degree ofmovement on its southern edge. The SWJmaxima in phases 1 and 2 are 5° further north
than for phases 3 and 4. The northern edges of both contours shows a clear progression through the phases, with
maximumextent at phase 1 andminimumat phase 3, consistent withfigure 5. The location of the downward
vertical winds and upper level convergence is clearest in phase 4, and is consistent with the trough being located
further east than the cross-section domain and our proposedmechanism.

Further south of the Yellow Sea, phase 4 shows a very strongwet anomaly from20–31 °N,with amaximum
anomaly being approximately twice as large as the phase 0 precipitation. This is associatedwith stronger than
phase 0 (or any other phase) updraughts at around 500 hPa for this region. The circulation appears to be
associatedwith an overturning circulation that extends further south than 20 °N, and so outside our analysis
domain. This could occur because the intertropical convergence zone (ITCZ) extends further northwards in this
phase, leading to ascent in our domain and divergence aloft.

3.3. Lagged location ofMYF conditional on phase of the intraseasonal SRP
Given the evidence for apropagating intraseasonal SRPphase and its effect onEastAsianprecipitation,wewish to see
whetherwe can link the intraseasonal SRPphase to theMYF, a dominantmodeofEastAsian summer atmospheric
variability. Additionalmotivation for this analysis is providedby the result ofVolonté et al (2022),who showed that
the locationof theMYFwas influencedby the SWJona seasonal scale, andhence investigating their interactionon
shorter timescalesmight help to shed light on themechanismsof this.Weconsider the locationof theMYFrelative to
its climatology at a laggednumber of days after aparticular intraseasonal SRPphase. Figure 7 shows a lagged
contingencyplot of the locationof theMYFrelative to its climatological location for eachphase of the intraseasonal
SRP, as inCassou (2008) andLee et al (2019). This is calculatedbyusing an indexof eachphaseof the intraseasonal
SRP, the leading variable, and comparing thiswith the indexof theMYF location for different lags.Asdescribed in
section2,wedefine three possibilities for the locationof theMYF—northward, southward and close to climatology
—only thefirst twoare shown.Two statistical significance testsmust bemet for thebars tobe shaded: aχ2 test on the
distributions being significantly different at the 99%significance level, and aGaussiannormal test on the value being
significantly different from0%at a 95%significance level (Cassou2008).

Two intraseasonal SRP phases stand out as having strong, statistically significant effects on the northward
relative location of theMYF— 2 and 4. 3–10 days after the occurrence of phase 2, the front is significantly less
likely to be northward of its climatological location (left column). In phase 4, fromdays 3–8, the front is
significantlymore likely to be northward of its climatological location (left column). Note, it is possible for an
individual lag to bemore likely for both northward and southward—it implies that it is less likely to be close to its
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climatological location (not shown). In both cases, theMYF returns to its climatological location after 8 or
10 days.

Two possibilities suggest themselves for the approximately 3-day delay. Thefirst is that, because of the
eastward propagating nature of the some intraseasonal SRPwaves, e.g. 3 days after phase 2, its trough and upper-
level divergence wind patterns are affecting the location of theMYF. For example, it could be that the location of
the upper-level convergence (figure 5) is driving subsidence that causes lower-level divergence, which in turn
means theMYF is less likely to be relatively further north. The second is that, because the SWJ is further north
than theMYF, any effects (such as the one justmentioned) take time to influence the front. It could also be a
combination of the above; further investigation on this point is needed in a future study.

4. Summary anddiscussion

Daily EOF analysis of themeridional winds at 200 hPa taken fromERA5was performed, andwe linked the phase
of the propagating features to East Asian precipitation patterns and the location of theMei Yu front (MYF).

Figure 6.Vertical cross section showing the SWJ,meridional and vertical wind, divergence and precipitation conditional on the phase
of daily EOFs 1 and 2, averaged over 120–130 °E. Purple lines show SWJ contoured at 10 and 20 m.s−1, and the purple circle shows the
position of themaximum.Arrows show themeridional (v) and vertical (w)wind (scale top right). Green solid and dashed lines show
divergence and convergence respectively, with values of absolutemagnitude exceeding 5 × 10−7 s−1 shown. Blue dashed line shows
the precipitation for phase 0 in all panels, and blue solid lines shows the precipitation conditional on phase for (b)–(e).
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From the EOF analysis, we presented compelling evidence for the intraseasonal SRP being a naturalmode of
variability of the SWJ. The daily EOF analysis naturally determined that two EOFswere needed to describe the
upper-levelmeridional winds, indicating that the phase of the oscillation can take any value and all phases are
equivalently likely, as would be caused by a propagating wave. Daily EOF1 bears a strong resemblance to seasonal
EOF1 fromprevious studies. Propagatingwaveswere also found to be common. Themodal direction of
propagation is eastward, and the phase speed of propagating oscillations is approximately 5 m.s−1 eastward.
Usingwave analysis based on linearized baratropic vorticity and SWJwaveguide theory, we presented limited
evidence that thewaves are possibly Rossbywaves.

The intraseasonal SRP has an effect on the upper-level divergence, through local jet entrance and exit
regions, and ageostrophic dynamics. It consequently has an effect on East Asian precipitation patterns through
induced subsidence and upwardmotion of air. Some of the prominent precipitation signals are: wet anomalies
over inlandChina for phase 1; wet anomalies over thewesternHimalayas, Yellow Sea andKorean Peninsula for
phase 2; wet anomalies over the Yellow Sea, Korean Peninsula and Sea of Japan for phase 3; and strongwet
anomalies over Philippine Sea for phase 4. Thus, the phase of thewave is seen to be important for East Asian
precipitation patterns.With a focus on the Yellow Sea, thewet and dry anomalies over this regionwere found to
be closely related to the phase of the intraseasonal SRP, and the associated circulation patterns and upper-level
convergence and divergence.

We found some signs of predictability: the lagged relationship between the intraseasonal SRP phase and
relative location ofMYF indicate that theMYF is partially controlled by extratropical drivers. In particular, phase
4 leads relative northward location of theMYF by 3–8 days. Furthermore, the propagation of waves indicates
that theremay be another source of predictability; if a propagating wave is detected, and there is a known
response to a later phase of thewave, then a few days later this responsemay be predicted, although this was not
explored further here.

Figure 7.Contingency plot of relative occurrence of anomalous (a)northward or (b) southwardMYF location as a function of lag time
following the intraseasonal SRP phase, after Cassou (2008) and Lee et al (2019). Green and yellow shading shows significant positive
and negative relationships respectively, where significance is determined by applying aχ2 test on the distribution and aGaussian
normal test on the value difference from 0%occurrence. Dashed lines are shown to aid visualization but do not denote significance.
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Ourwork here shows that the phase of waves on the SWJ is important for East Asianmeteorology. This
differs fromprevious work, inwhich the phase is assumed to be stationary or quasi-stationary (Enomoto et al
2003, Stephan et al 2019), and the important aspect was taken as being the group velocity of thewaves in those
studies. Undoubtedly the group velocity is important, as this determines the energy transport by thewave, but
herewe show that so too is its phase, and that daily EOF analysis provides a simplemeans of diagnosing this wave
activity. Furthermore, it is interesting to note that the first two EOFs of the intraseasonal SRP correspond to the
first two EOFs of the seasonal SRP, but that the explained variance of these is the same for the intraseasonal SRP
and not for the seasonal. This indicates that there is amechanism that acts to anchor the intraseasonal SRP in the
locationwhere it appears on seasonal timescales, such as perhaps anchoring due to orography or anchoring
arising due to the location of whatever is generating variability in the intraseasonal SRP. Such amechanism
would be a good candidate for future study.Oneway of investigating this could be to perform low-pass filtering
on the intraseasonal SRPwith different thresholds for the cut-off frequency, to see how the intraseasonal and
seasonal SRPs are related.

We calculated the theoretical phase speed of thewaves above from themeanfields describing the SWJ. It
would be possible to perform a similar calculation on the daily fields, and relate this to the observed phase change
of the intraseasonal SRP. The hypothesis would be that, as the SWJ strengthened, the phase speed of thewaves
would increase, and so onewould expect to see a propagatingwave under these circumstances.Wemade some
attempt to perform this analysis (not shown), but the results were inconclusive and showed little correlation
between the theoretical and observed phase speed. Refinement of this technique could provide the basis of
interesting future work and lead to another source of predictability of East Asian precipitation.

Here, we analysedwaves on the SWJwithout determiningwhat excited them. It would be of great interest to
seewhat effect large-scale drivers of East Asianweather had on the intraseasonal SRP; drivers that have been
shown to affect the seasonal SRP include Indian summermonsoon (Beverley et al 2021) and theNorthAtlantic
oscillation (Liu et al 2020). This could further increase the predictability windowof East Asianmeteorology, and
the intraseasonal SRP as introduced here provides ametric for evaluatingmedium-range to seasonal forecasts.

Finally, ourwork here has been based on reanalysis and observations. Evaluating the intraseasonal SRP in
atmosphericmodels could determinewhether they realistically represent the relevant processes, and if they
correctly reproduce the effects on East Asianmeteorology. High-resolution simulations struggle to properly
represent East Asian precipitation (Muetzelfeldt et al 2020), and this could be, in part, due to their failure to
correctly represent the large-scale drivers, such as the phase of the intraseasonal SRP.
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