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Abstract
The Silk Road pattern (SRP) is a leading mode of Eurasian atmospheric vari-
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ability in boreal summer. It remains challenging for many models to predict the
temporal phase of the SRP. This study investigates whether the forcing mech-
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anism of the SRP can explain SRP prediction difficulty. Rossby-wave sources

Department of Geography and Resource
Management, The Chinese University of
Hong Kong, Hong Kong, China
4

APEC Climate Center, Busan, South
Korea
5

Pusan National University, Busan, South
Korea
6
Atmospheric, Oceanic and Planetary
Physics, University of Oxford, Oxford UK

Correspondence
Chi-Yung Tam, Earth System Science
Programme, The Chinese University of
Hong Kong, Hong Kong, China.
Email: francis.tam@cuhk.edu.hk

(RWS) associated with the SRP are first identified in a reanalysis. An idealised
barotropic model is then used to test wave propagation from all identified RWS,
to isolate the relevant forcing locations of the SRP, namely the RWS hotspots.
In addition to previous findings, a new hotspot in the central North Pacific is
located, which can force the SRP by westward dispersion of a zonally elongated
Rossby wave. Furthermore, a new mechanism of the Indian summer monsoon
in forcing the SRP is discovered. Results also suggest that Rossby-wave propagation by itself only explains a small fraction of the SRP amplitude, consistent
with baroclinic energy conversion from the mean state, which has previously
been shown to be vital for SRP growth—not represented in the idealised model.
Seasonal hindcasts from the Pusan National University (PNU) coupled general
circulation model are also analysed. The hindcasts can predict the SRP spa-
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tially but not temporally. Within a seasonal timescale, the hindcast develops an
upper-level mean-state wind bias compared with the reanalysis, which is shown
by the barotropic model to affect RWS hotspot locations of the SRP. While the
reanalysis SRP is associated with North Atlantic sea-surface temperature (SST)
anomalies, the hindcast SRP is associated with tropical Pacific SST. Wind biases
in the North Atlantic jet exit, subtropical western Pacific, and tropical Pacific are
found to alter wave propagation from the North Atlantic and the North and tropical Pacific, respectively, and can explain the association of the SRP with different
SSTs in the reanalysis and hindcast. This sensitivity of hotspots to mean-state
winds is proposed to reduce SRP prediction skill.
KEYWORDS
forcing mechanism, idealised model, mean-state bias, Rossby wave, Rossby-wave source, seasonal
prediction, Silk Road pattern
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I N T RO DU CT ION

The Silk Road pattern (SRP) was first identified by Lu et al.
(2002, their figure 2) as a teleconnection in the upper-level
meridional wind over North Africa and Eurasia along the
midlatitude westerly jet in boreal summer. The SRP can be
understood as a stationary Rossby wave along the Asian
jet (Enomoto et al., 2003, their figure 5b), where the jet
acts as a waveguide (Ambrizzi et al., 1995, their figure 17).
A pattern closely related to the SRP is the boreal summer
circumglobal teleconnection pattern (CGT), which is the
summertime equivalent of the wintertime circumglobal
teleconnection pattern first identified by Branstator, (2002,
their figure 15). The CGT manifests itself as the second
leading empirical orthogonal function (EOF) of interannual variability of 200-hPa geopotential height over the
entire Northern Hemisphere (Ding and Wang, 2005, their
figure 4). While the CGT exhibits a zonal wavenumber 5
(k = 5) structure in June and August, in July the wavenumber over North America increases slightly (Ding and Wang,
2005, their figure 5). This is due to the weaker mean-state
waveguide over the northeast Pacific (their figure 13) and
results in a structure closer to k = 6. Nonetheless, the
centres of action over Eurasia—the SRP—are fixed from
June–August with k = 5 structure (their figure 5), which
is also observed in the seasonal mean (their figure 1). The
near-equivalence of the SRP and CGT over Eurasia is further demonstrated by Zhou et al. (2019) with high spatial
and temporal correlations (0.87 and 0.68, respectively).
These findings allow our Eurasia study to benefit from
both SRP and CGT results from the literature.
Studies have looked at the forcing mechanisms of the
SRP. Using reanalysis, Ding and Wang (2005, their figure
10) and Ding et al. (2011, their figure 8) have proposed
that the Indian summer monsoon (ISM) can force the CGT
through Rossby waves. Using an atmosphere-only model
with prescribed diabatic heating, Yasui and Watanabe
(2010) found that heatings in equatorial Africa, southeast
North America, and the eastern Mediterranean can force
the CGT. Meanwhile, both Ding et al. (2011, their figure 10)
and Yasui and Watanabe (2010, their figures 4b,c) found
that the CGT can also be forced with no preferred forcing
structures. Therefore, unpredictable internal variability is
also another forcing mechanism of the SRP.
Although many climate models can predict the spatial pattern of the SRP, the temporal phase of the SRP is
still unpredictable in seasonal predictions (Lee et al., 2011;
2020a; Kosaka et al., 2012). While unpredictable atmospheric internal variability is a factor, another factor is that
the relationship between the SRP and the more predictable
SST is still unclear. The reanalysis SST associated with a
positive SRP shows colder anomalies in the North Pacific
and the North Atlantic (Yasui and Watanabe, 2010; Kosaka

et al., 2012; Li et al., 2020a, their figures 14, 11a for negative SRP, and 5, respectively). By using an atmospheric
climate model coupled with an ocean mixed-layer model,
Stephan et al. (2019, their figure 7b) found that a warmer or
colder North Atlantic SST modulates the SRP phase distribution. However, the modulation is weak compared with
the large variability in SRP phase, which is probably due
to atmospheric internal variability. Li et al. (2020a) proposed that the continuous Rossby waveguide between the
North Atlantic jet exit and the Asian jet entrance is crucial to the association of the SRP with the North Atlantic
SST. In their climate model with a discontinuous waveguide, they found that their model SRP is less associated
with North Atlantic SST and instead more associated with
tropical Pacific SST (their figure 5). In particular, while
there is no correlation between El Niño–Southern Oscillation (ENSO) and the SRP in reanalysis, there is significant
negative correlation in their model (their figure 6). A better understanding of the role of SST in forcing the SRP
may pave the way for model improvement and better SRP
prediction.
While Yasui and Watanabe (2010) identified diabatic
heating locations relevant to forcing the CGT, this study
identifies Rossby-wave source (RWS) hotspots that can
force the SRP in reanalysis and in a coupled climate model.
Following up on Li et al. (2020a), who showed the association of the SRP with different ocean basin SSTs in
reanalysis and hindcasts from the same coupled model
(i.e., North Atlantic SST and tropical Pacific SST, respectively), we further investigate the forcing hotspot sensitivity to the mean states of reanalysis and hindcast. This study
investigates whether low SRP temporal prediction skill in
hindcasts can be explained by mean-state bias. Section 2
describes the data and the barotropic model patch experiments. Section 3 documents the SRP in reanalysis and
in hindcasts based on key results from Li et al. (2020a).
Sections 4 and 5 use the barotropic model to identify the
RWS hotspots for the SRP, in reanalysis and in hindcasts
respectively, to demonstrate the sensitivity of hotspots to
the mean state. Section 6 presents the conclusion and
discussion.

2
2.1

DATA A N D METH O D S
Data and diagnostics

We use data seasonally averaged over the June–July–
August (JJA) period from 1980–2014. The ERA5 product
(Hersbach et al., 2019) is used for reanalysis. The Pusan
National University (PNU) general circulation model
(Kim and Ahn, 2015) is used to generate seasonal hindcasts over the same summer period. The PNU model is
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fully coupled and includes atmosphere, ocean, land, and
sea-ice components. It is used operationally as part of the
Asian–Pacific Economic Cooperation Climate Centre multimodel ensemble prediction system. Hindcast runs are
initialized on five different dates in May to obtain five
ensemble members. Further details of the initialisation are
described by Kim and Ahn (2015). By analysing the proportion of variance arising from systematic factors that
emerge in the ensemble mean, rather than random noise
in individual ensemble members (Rowell et al., 1995, their
appendix for definition of potential predictability), Li et al.
(2020a, their figure 4) showed potential predictability of
the SRP in the PNU ensemble system. Therefore, this study
follows up on the PNU ensemble mean investigation of the
SRP, where all ensemble members are averaged with equal
weight.
The RWS is computed according to Sardeshmukh and
Hoskins (1988):
(
)
RWS = −∇ ⋅ V𝜒 𝜁 = −V𝜒 ⋅ ∇𝜁 − 𝜁∇ ⋅ V𝜒 ,
(1)
where V𝜒 is the divergent wind and 𝜁 is the absolute vorticity. The first term on the right is vorticity advection by the
divergent wind and the second term is vortex stretching.
The seasonal mean RWS is calculated based on monthly
mean 200-hPa horizontal winds, then averaged over the
season. The difference is small if we calculate the RWS
from the seasonal mean winds.
To facilitate comparison of our results with the more
commonly known CGT, we define the SRP to have the
same phase as the CGT according to Ding and Wang
(2005), which is opposite in phase to the SRP defined by
Enomoto et al. (2003). All datasets are interpolated to a
common grid of 2.8◦ by 2.8◦ before analyses.

2.2
Barotropic model patch
experiments
The barotropic model is obtained from O’Reilly et al.
(2018). The model integrates on a single pressure level the
damped barotropic vorticity equation,
(

)
𝜕
+ VΨ ⋅ ∇ 𝜁 = F + S − 𝛾𝜁 − 𝜇∇4 𝜁,
𝜕t

(2)

where VΨ is the rotational velocity, 𝛾 is a linear damping
coefficient with a value of (10 days)−1 , and 𝜇 is a biharmonic diffusion coefficient of 2.4 × 1016 m4 ⋅s−1 . The model
mean-state vorticity is computed from the 200-hPa JJA seasonal mean horizontal winds. Both F and S are forcings
constant in space and time. F is the sign-reversed quantity obtained from the first time-step change in absolute
vorticity in an experiment not forced by any S. Therefore,

for each JJA mean state used in this study (either reanalysis or hindcast ensemble mean), a different value of F is
applied in order to maintain the chosen mean state. The
model equation is solved by spectral harmonics with a
triangular truncation at wavenumber 42.
The term S is an idealized patch forcing. For each mean
state we run 1,024 experiments in total, with each forced by
an Si resembling a Green’s function, where i ranges from
1–1,024 in integers. Based on Barsugli and Sardeshmukh
(2002), each patch has a 2D cosine-square form,
(
Si (𝜆, 𝜙) = Acos

2

𝜋 𝜆 − 𝜆i
2 𝜆w

)

(
2

cos

𝜋 𝜙 − 𝜙i
2 𝜙w

)
,

(3)

within the rectangle spanned by 𝜆i ± 𝜆w in longitude and
𝜙i ± 𝜙w in latitude, where 𝜆i and 𝜙i specify the centre of
each patch, and 𝜆w and 𝜙w are the half-widths in longitude and latitude, respectively. Outside the rectangle, Si is
set to zero everywhere. The advantage is that the distance
between the centres of neighbouring patches equals the
half-width of the cosine-square, so that a uniform plateau
of forcing can be achieved upon addition of neighbouring
patches. Each patch is 11.2◦ wide zonally (2 × 𝜆w ) and 5.6◦
wide meridionally (2 × 𝜙w ), such that each patch is small
enough to trigger k = 5 waves like the SRP, as well as large
enough to be resolved by the barotropic model spectral
truncation. Together the patches cover all longitudes with
32 patches and all latitudes with 32 patches, resulting in a
total of 1,024 experiments. To investigate remote forcings
of the SRP, we use an amplitude A of 2×10−11 s−2 , which
is similar to typical reanalysis RWS anomalies associated
with the SRP away from the centres of action (see Figure 1e
later). We remove the zonal mean forcing at each latitude
before putting it into the barotropic model, because we are
after the forcing of Rossby waves rather than zonal mean
circulation anomalies.
Using a similar model setting, O’Reilly et al. (2018,
their section 2b) found that the forced Rossby waves can
propagate circumglobally and reach a quasisteady state
after about two weeks. This setting allows investigation of
stationary Rossby-wave propagation, from a forcing and on
a mean state that are both stationary in time. A similar
approach has been used by Li et al. (2020b; 2020c) to evaluate the impact of different forcings and mean states on
Rossby-wave propagation.

3
SILK ROAD PATTERN IN
REANALYSIS AND HINDCASTS
We shall reproduce and describe some key results from
Li et al. (2020a). An EOF analysis of 200-hPa meridional
wind within 0–150◦ E, 20–60◦ N is performed with cosine
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F I G U R E 1 Silk Road pattern in reanalysis and hindcast, and the associated dynamical features. (a,b) 200-hPa meridional wind
regressed on to the standardised SRP principal component (shading), for reanalysis and hindcast ensemble mean, respectively. Black
contours denote the 200-hPa climatological zonal wind, with positive solid and negative dashed and with intervals every 10 m⋅s−1 . (c,d) SST
and (e,f) 200-hPa Rossby-wave source regressions, with black contours denoting 200-hPa SRP meridional winds with intervals
every 0.5 m⋅s−1 . Dots in (a–f) denote the 95% confidence level based on a two-sided Wald test with t-distribution. (g,h) Stationary
wavenumber (K s ) calculated from the climatological 200-hPa zonal wind. The solid contour denotes K s =5 and black dots denote 200-hPa
easterly zonal wind [Colour figure can be viewed at wileyonlinelibrary.com]

latitude weighting, which is similar to the methodology
in Yasui and Watanabe (2010). The first mode (EOF1) in
the reanalysis is shown in Figure 1a by linearly regressing the 200-hPa meridional wind on to the standardised EOF1 principal component (PC), and resembles the
SRP as identified in Lu et al. (2002, their figure 2). This
mode explains 0.27 of the variance and is well separated
from EOF2 according to North’s rule (North et al., 1982).
Figure 1c,e shows the SST and RWS, respectively, regressed
on to PC1.
The spatial pattern of the hindcast ensemble mean
EOF1 (Figure 1b) resembles the reanalysis EOF1 with
a spatial correlation of 0.63 within the EOF box. While
the hindcast pattern exhibits a smaller wavenumber over
North America compared with the reanalysis, the centres
of action from Europe eastward to the Sea of Japan closely
resemble the reanalysis. Therefore, the hindcast EOF1 also

resembles the SRP. This mode explains 0.25 of the variance and is also well separated from EOF2. Its interannual
correlation with the reanalysis SRP is close to zero (Li
et al., 2020a, their figure 2a), meaning that the hindcast
has little skill in predicting the temporal phase of the SRP.
The associated SST and RWS (Figure 1d,f, respectively)
also differ from the reanalysis. In particular, whereas the
reanalysis PC1 correlates strongly with a North Atlantic
SST index but weakly with a tropical Pacific SST index,
the hindcast PC1 shows the opposite (Li et al., 2020a, their
figure 6).
During JJA, the hindcast runs develop climatological biases in both 200-hPa zonal and meridional winds
(Figure 2a,b respectively). The zonal wind bias can cause
waveguide bias, which can affect Rossby-wave propagation such as the SRP. We calculate the stationary total
wavenumber K s from the 200-hPa zonal wind. Following
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F I G U R E 2 Climatological biases of the upper-level mean-state winds in the hindcast. (a) 200-hPa zonal wind bias (shading) and
climatological zonal wind in reanalysis (solid contours every 10 m⋅s−1 ). (b) 200-hPa meridional wind bias (shading) and climatological
meridional wind in reanalysis (solid contours every 3 m⋅s−1 ) [Colour figure can be viewed at wileyonlinelibrary.com]

Hoskins and Karoly (1981, their equation 5.16),
(
Ks =

𝛽M
uM

)1∕2

⎛ 2Ω 2
⎜ a cos 𝜙 −
=⎜
⎜
⎝

1
𝜕
𝜕
𝜕y cos2 𝜙 𝜕y
u
cos 𝜙

(

u
cos2 𝜙
cos 𝜙

)

1∕2

⎞
⎟
⎟
⎟
⎠

,
(4)

where 𝛽M is cos 𝜙 times the meridional gradient of the
absolute vorticity, and uM is the basic zonal velocity using
a Mercator projection. Waves with total wavenumber Ks∗
are trapped by waveguides bounded by K s =Ks∗ (Hoskins
and Ambrizzi, 1993, their figure 2e), and waves are evanescent in easterlies. As proposed by Li et al. (2020a, their
figure 9), zonal wind bias near the North Atlantic jet
exit (reproduced here in Figure 2a) can result in a discontinuous K s = 5 waveguide for k = 5 waves such as the
SRP, which may hinder wave propagation induced by the
North Atlantic SST to force the SRP. This is reproduced
in Figure 1h, where the K s = 5 waveguide is disconnected
over the Iberian Peninsula in the hindcast (near 0◦ E, 40◦ N)
but is continuous in the reanalysis (Figure 1g). In addition, zonal wind bias in the subtropical western Pacific
(near 150◦ E, 15–30◦ N) may favour westward dispersion
of zonally elongated waves from the tropical Pacific to

force the SRP. This is seen in Figure 1h, where the evanescent region between the subtropical western Pacific and
Asian jet (135–165◦ E, 15–30◦ N) is reduced compared with
the reanalysis (Figure 1g). Therefore, Li et al. (2020a)
concluded that the role of SST in the SRP can be substantially changed depending on the fidelity of hindcast
mean-state winds. To follow up on Li et al. (2020a), this
study investigates the roles of waveguides and RWS on the
SRP more quantitatively, using idealised barotropic model
experiments.

4
BA ROTROPIC EXPERIMENT
RESULTS FO R THE REANALYSI S
SILK ROAD PATTERN
4.1

Linear sum of patch experiments

We match the wind response of each of our patch experiments to the reanalysis SRP (Figure 1a, and reproduced
in Figure 3a). For our 1,024 experiments, each with a forcing Si (Section 2.2), we calculate a weighting (wi ) by taking
the dot product between the meridional wind quasisteady
state response (averaged between days 16 and 20) from
each patch forcing (vi ) and the reanalysis SRP 200-hPa

6
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F I G U R E 3 Barotropic model patch
experiment results for the reanalysis Silk Road
pattern. (a) 200-hPa meridional wind (m⋅s−1 )
regressed on to the standardised principal
component of reanalysis SRP. (b) Linear sum of
the 200-hPa meridional wind response (m⋅s−1 )
of all patch experiments that matches the SRP
pattern in (a) best. The spatial correlation
between (a) and (b) within 0–150◦ E, 20–60◦ N is
given in parentheses in the panel title of (b). (c)
Linear sum of the 200-hPa Rossby-wave source
(RWS) (s−2 ) corresponding to (b). (d) Reanalysis
SRP RWS that has the same sign as (c)
(shadings, s−2 ). RWS that is of opposite sign is
set to zero and is dotted. (e) Same as (d), but
multiplied by the absolute value of the weights
used in the linear sums in (b) and (c) [Colour
figure can be viewed at wileyonlinelibrary.com]

meridional wind (v),
wi =

vi ⋅ v
.
v⋅v

(5)

The dot products are computed over the region
0–150◦ E, 20–60◦ N (same region as EOF identification of
the SRP), and with cosine latitude weighting. A weighting
value of 1 means that the forcing induces a meridional

wind response that matches the reanalysis SRP exactly.
The weightings are then used to sum all the patch
experiments linearly, to find the best-matched response
(vmatch ) to the reanalysis SRP achievable by the barotropic
model,
∑
wi vi
vmatch = ∑ i
,
(6)
i |wi |
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F I G U R E 4 Selected barotropic model individual patch experiments with reanalysis mean state. Meridional wind response to (a)
positive forcing at 259◦ E, 29◦ N, (b) positive forcing at 0◦ E, 13◦ N, (c) negative forcing at 79◦ E, 24◦ N, (d) positive forcing at 180◦ E, 24◦ N. All
forcings have amplitude 2×10−11 s−2 . The top figure shows the steady-state response averaged between days 16 and 20, and the bottom figure
shows the Hovmöller diagram (days against longitude) with latitudinal averaging between 20◦ and 60◦ N [Colour figure can be viewed at
wileyonlinelibrary.com]

and the associated forcing of the best-matched response,
∑
Smatch = ∑i
i

wi Si
|wi |

.

(7)

The weighted response (Figure 3b) matches the SRP
(Figure 3a) with a spatial correlation of 0.46 within
0–150◦ E, 20–60◦ N. The correlation is not perfect, which is
a limitation of our barotropic model experiments. Beyond
the SRP in Eurasia, the circumglobal k = 5 pattern is also
reproduced. This is consistent with a K s = 5 waveguide
being continuous circumglobally (Figure 1g). The amplitude is weaker than the reanalysis SRP (Figure 3a) and
will be discussed in Section 6. The experimental forcing
hotspots for the SRP, represented by the weighted forcing in Figure 3c, have a banded and tilted structure. The

banding is consistent with forcings at different locations
generating different SRP phases. The banding also exhibits
a k = 5 structure, which is qualitatively consistent with the
k = 5 structure in the weighted response (Figure 3b) with
a southwestward shift. There is a large tilt from the Tropics into the extratropics in the North Atlantic, and this,
together with the southwestward shift, is suggestive of the
tropical Atlantic favourably forcing the SRP. This tilt is also
consistent with the phase tilt of Rossby waves propagating
northeastward from the Tropics into the extratropics.
We then compare the reanalysis RWS in the reanalysis SRP (Figure 1e) with the experimental hotspots in
Figure 3c. In Figure 3d, the reanalysis RWS are retained
in regions where they agree in sign with the experimental hotspots. Regions where they are of opposite signs are
set to zero and are dotted. While the reanalysis RWS in the
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F I G U R E 5 Barotropic model patch experiment responses for opposite forcings with the same reanalysis mean state, to demonstrate
qualitatively the linearity of the response to forcing. (a) 200-hPa meridional wind response to a patch forcing of +2×10−11 s−2 at 0◦ E, 13◦ N. (b)
Same as (a) but with a patch forcing of −2×10−11 s−2 . (c) Sum of (a) and (b); note the different colour bar with smaller range. (d–f) Same as
(a–c), but for forcings at 180◦ E, 24◦ N [Colour figure can be viewed at wileyonlinelibrary.com]

retained regions can force the SRP by Rossby-wave propagation, the reanalysis RWS in the dotted regions cannot
force the SRP. Not all reanalysis RWS are SRP forcings, as
some reanalysis RWS may be the SRP itself or the response
to the SRP. Therefore, our method identifies SRP forcing
regions from all the reanalysis RWS.
There are two factors in forcing a large-amplitude
SRP, namely the amplitude of the reanalysis RWS and
the effectiveness of the forcing region, as indicated by the
relative amplitudes of the experimental SRP hotspots. To
account for both factors, we multiply the reanalysis RWS in
Figure 3d by the absolute values of the weights (|wi | from
Equation 5) to obtain the reanalysis RWS hotspots for SRP
(Figure 3e).
The largest amplitudes of reanalysis RWS hotspots
are co-located with the SRP, such as that over the eastern Mediterranean Sea, which has also been identified by
Yasui and Watanabe (2010, region K in their figure 13). We
also find remote hotpots in equatorial Africa and North
America, in agreement with Yasui and Watanabe (2010,
regions C and I respectively in their figure 13). Hotspots

are stronger over the North Atlantic than the North Pacific,
consistent with the reanalysis SRP being associated more
with the North Atlantic SST than the tropical Pacific SST
(Figure 1c). The negative RWS near 60◦ W, 30◦ N and the
positive RWS further north near 45◦ N have also been identified by Yasui and Watanabe (2010, regions H and J respectively in their figure 13) with less importance compared
with forcings in the eastern Mediterranean Sea, equatorial
Africa, and North America.

4.2

Individual patch experiments

To illustrate wave propagation from our RWS hotspots for
the SRP in Figure 3e, we highlight a few cases. Figure 4a–c
shows the responses to the hotspots in North America,
equatorial Africa, and the Indian summer monsoon (ISM)
region, respectively. The responses indeed project on to
the SRP and also with a k = 5 structure. A Hovmöller diagram shows that the waves propagate with eastward group
velocity. While waves from North America and equatorial

LI et al.

9

F I G U R E 6 Barotropic model
patch experiment results for the hindcast
Silk Road pattern. (a) 200-hPa
meridional wind (m⋅s−1 ) regressed on to
the standardised principal component of
hindcast SRP. (b) Linear sum of the
200-hPa meridional wind response
(m⋅s−1 ) of all patch experiments that
matches the SRP pattern in (a) best. The
spatial correlation between (a) and (b)
within 0–150◦ E, 20–60◦ N is given in
parentheses in the panel title of (b). (c)
Linear sum of the 200-hPa Rossby-wave
source (RWS) (s−2 ) corresponding to (b).
(d) Hindcast SRP RWS that has the same
sign as (c) (shadings, s−2 ). RWS that is of
opposite sign is set to zero and is dotted.
(e) Same as (d), but multiplied by the
absolute value of the weights used in the
linear sums in (b) and (c) [Colour figure
can be viewed at wileyonlinelibrary.com]

Africa project more strongly on to the SRP over Europe and
western Asia, waves from the ISM project more strongly
on to the SRP over east Asia.
In addition to the hotspots found in previous studies, we also present a new hotspot in the central North

Pacific (Figure 4d). The eastward wave dispersion from
this hotspot only reaches North America and is weak over
the North Atlantic and Europe. However, the westward
wave dispersion from this hotspot reaches eastern Asia and
projects on to the SRP, with a northerly wind east of 120◦ E

10
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F I G U R E 7 Waveguide with stationary wavenumber (K s ) four in the hindcast. Shadings denote K s calculated from the climatological
200-hPa zonal wind in the hindcast and black dots denote 200-hPa easterly zonal wind. Solid contours denote K s = 4 [Colour figure can be
viewed at wileyonlinelibrary.com]

F I G U R E 8 Selected barotropic model individual patch experiments with hindcast mean state. Meridional wind response to (a)
positive forcing at 326◦ E, 13◦ N, (b) negative forcing at 79◦ E, 24◦ N, (c) negative forcing at 158◦ E, 29◦ N, (d) positive forcing at 236◦ E, 7◦ N. All
forcings have amplitude 2×10−11 s−2 . The top figure shows the steady-state response averaged between days 16 and 20, and the bottom figure
shows the Hovmöller diagram (days against longitude) with latitudinal averaging between 20◦ and 60◦ N [Colour figure can be viewed at
wileyonlinelibrary.com]
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and a southerly wind west of 120◦ E. Rossby waves typically
have eastward group velocities, but under some occasions
westward dispersion is allowed (Hoskins and Ambrizzi,
1993; O’Reilly et al., 2018). Li et al. (2020a, their figure 10a)
showed that, for zonally elongated waves, westward group
velocities are found along the southern flank of the Asian
jet. These waves have a larger zonal extent than the evanescent region of easterlies in K s in the western North Pacific
(Figure 1g), and can propagate westward into east Asia and
project on to the SRP.
In linearly summing the responses and forcings in our
patch experiments in Figure 3b,c, we have assumed that
the barotropic model response to the forcing is linear. We
check the linearity assumption in Figure 5 by considering the barotropic model responses to forcing hotspots
of opposite signs in equatorial Africa and the central
North Pacific (same hotspots from Figure 4b,d, respectively). The responses to positive and negative forcing
show qualitative linearity, with the sum being an order of
magnitude smaller than the responses (Figure 5c,f). Therefore, the linear summation of our patch experiments is
valid.

5
BAROTROPIC EXPERIMENT
R E S U LT S FO R T HE H IN DCAST SILK
ROAD PATTERN
5.1

Linear sum of patch experiments

We repeat the same procedure, but replace the reanalysis
SRP meridional wind with the hindcast ensemble mean
SRP meridional wind for Figure 6a, and replace the reanalysis SRP RWS with the hindcast ensemble mean SRP RWS
for Figure 6d. The weighted response (Figure 6b) matches
the SRP with a spatial correlation of 0.55 within 0–150◦ E,
20–60◦ N. However, circumglobally it shows k = 4 instead
of k = 5. This is related to the upper-level climatological
wind bias. While the K s = 5 waveguide is discontinuous
between the North Atlantic jet exit and the Asian jet
entrance (Figure 1h), the K s = 4 waveguide is continuous circumglobally (Figure 7) and supports k = 4 in the
weighted response.
The weighted forcing (Figure 6c) exhibits k = 4, consistent with the weighted response. As k decreases (from
5 to 4), the tilt from the Tropics to the extratropics is
also reduced. Compared with the reanalysis patch results,
where the tilt is suggestive of the tropical Atlantic forcing the SRP (Figure 3c), in the hindcast patch results the
tilt is suggestive of both the tropical Atlantic and tropical
Pacific forcing the SRP. Therefore, experimental hotspots
of the SRP are sensitive to upper-level mean-state winds
(Figures 3c and 6c).

The largest amplitude of hindcast RWS hotspots of
the SRP is again co-located with the SRP (Figure 6e), in
agreement with the reanalysis patch result (Figure 3e).
However, remote hotspots in equatorial Africa and North
America, which are found in the reanalysis patch result
(Figure 3e), are not found in the hindcast patch result.
Over the oceans, the hotspots are now stronger over
the North and tropical Pacific than the North Atlantic,
consistent with the hindcast SRP being more associated
with the tropical Pacific SST than the North Atlantic SST
(Figure 1d).

5.2

Individual patch experiments

Responses from three hotspots in the tropical Atlantic
(Figure 8a), ISM (Figure 8b), and tropical Pacific
(Figure 8d) all show northerly winds in central Eurasia
north of the Indian subcontinent, which matches the
SRP northerly winds in the hindcast (Figure 6a). All our
selected individual patch experiments show a k = 4 wave.
Hence the southerly winds on either side match the hindcast SRP less well, and are consistent with the weighted
response (Figure 6b). The ISM again shows the strongest
response, similar to the case of the ISM with the reanalysis
mean state (Figure 3c).
While the response from the western North Pacific
hotspot shows strong eastward group velocity, it also
shows a weaker westward group velocity of zonally elongated waves (Figure 8c), and projects on to the SRP with
northerly winds east of 120◦ E and southerly winds west of
120◦ E. This westward propagation is also more prominent
than in the reanalysis mean state (Figure 4d), consistent
with the evanescent region between the Asian jet and
the subtropical western Pacific being reduced in the hindcast mean state (Figure 1h) compared with the reanalysis
(Figure 1g).
Figure 6e shows a hindcast RWS hotspot for the SRP
in the tropical Pacific, which is not found in the reanalysis
(Figure 3e). K s theory predicts that waves in such a tropical easterly (black dots in Figure 1h) are evanescent and
cannot escape from the Tropics to the extratropics. However, our barotropic model experiment shows eastward
wave propagation from the tropical Pacific to force the SRP
(Figure 8d). The hindcast mean state shows a southerly
wind bias in this region (Figure 2b), which may transfer
RWS northward and allow the triggering of extratropical waves from the forcing embedded within the tropical
easterly (Wang et al., 2005). Therefore, in addition to the
aforementioned stronger westward propagation, this tropical Pacific hotspot can also explain why the hindcast SRP
is associated more with the tropical Pacific SST, compared
with the reanalysis.
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F I G U R E 9 Anomalous zonal winds associated with the Silk Road pattern in reanalysis and hindcast. 200-hPa zonal wind regressed on
to the standardised SRP principal component (shading). Black contours denote 200-hPa SRP meridional winds with intervals every 0.5 m⋅s−1 .
Dots denote the 95% confidence level based on a two-sided Wald test with t-distribution [Colour figure can be viewed at
wileyonlinelibrary.com]

6
CO N C LUSION AN D
DISCUSSION
This study investigates the forcing mechanism of the
Silk Road Pattern (SRP), and identifies the relevant forcing locations of the SRP—Rossby-wave source (RWS)
hotspots—from all RWS associated with the SRP using a
barotropic model. We then compare the RWS hotspots of
the SRP for a reanalysis and a seasonal hindcast system, to
investigate the sensitivity of such hotspots to upper-level
mean-state wind bias as exhibited by the hindcast. Under
our idealised barotropic model experiment framework,
climatological biases in both upper-level zonal and meridional winds are found to influence Rossby-wave propagation of the SRP. As a result, the association of the SRP with
different SST in the reanalysis (North Atlantic) and hindcast (tropical Pacific), and subsequently the poor temporal
prediction of the SRP in the hindcast, can be explained.
Our first key finding is the RWS hotspots of the SRP in
the reanalysis (Figure 3e). In addition to hotspots in equatorial Africa and North America, which are also found in
Yasui and Watanabe (2010), we find a new hotspot in the
central North Pacific (Figure 4d). Zonally elongated waves
can propagate westward into Asia and force the SRP. We
also find that, due to a mean-state zonal wind bias in the
subtropical western Pacific, such westward energy propagation is more prominent in the hindcast experiments
(Figure 8c).
We also identify the ISM as a hotspot in both reanalysis and hindcast. Using only observations, the ISM has
previously been proposed as a forcing for the SRP (Ding
and Wang, 2005; Ding et al., 2011, their figures 15 and 11,
respectively), through the monsoon–desert mechanism
(Rodwell and Hoskins, 1996). This mechanism suggests
that, as a response to the intense monsoon convection of
the ISM, there is westward dispersion of Rossby waves
at the upper level, which extends to the eastern Mediterranean and induces descent. The associated upper-level
convergence then acts as a secondary RWS to force the SRP.
Enomoto et al. (2003, their figures 8 and 12, with their SRP

being defined in the opposite phase to ours) also provided
experimental evidence for an anomalous descent over the
eastern Mediterranean in forcing the SRP. Our mechanism
is different, because our barotropic model is single-level
and does not allow descent to generate secondary RWS.
While westward dispersion from the ISM towards the eastern Mediterranean is also found in our reanalysis ISM
experiment (Figure 4c), our experiment suggests that the
ISM can force the SRP by eastward wave propagation from
the ISM directly, without involving secondary RWS in the
eastern Mediterranean. Therefore, this is a new result.
Compared with the equatorial Africa and North America
hotspots, our ISM hotspot shows the strongest response.
This is different from Yasui and Watanabe (2010, their
figure 13), who found ISM forcing to be secondary to equatorial Africa and North America forcing. This could be
because their ISM forcing region is too large and also covers South China (their region E), so their response to ISM
forcing may be mixed with their response to South China
forcing. In comparison, our patch forcing can isolate the
ISM better.
Next we discuss the sensitivity of our results to the
patch forcing amplitude. Our amplitude is chosen to be
similar to typical RWS anomalies associated with the
reanalysis SRP (Section 2.2). To account further for small
RWS fluctuations around this amplitude, we may consider
scaling all patch amplitudes by a small factor 𝜖, which
is not too far from unity. We have demonstrated qualitative linearity in wave responses to 𝜖 within this range in
Figure 5, so wave responses will be scaled by factor 𝜖. By
Equations 5 and 6, the weights as well as the best-matched
response are also scaled by factor 𝜖. Consequently, scaling the patch forcing amplitude by 𝜖 should also scale the
best-matched response by 𝜖. However, even if the patch
forcing amplitude is scaled by 𝜖, consistent with small fluctuations in reanalysis RWS, the best-matched response is
still ten times smaller than the reanalysis SRP amplitude
(Figures 3b and a, respectively). Kosaka et al. (2009, their
table 2) showed that baroclinic energy conversion from
the mean state to the waves, when integrated from the
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surface to 100 hPa, can replenish the total energy of SRP
monthly anomalies within a week to compensate for its
dissipation. As our barotropic model is single-level, baroclinic energy conversion from the mean state to the SRP
is not represented, which may explain our weaker SRP
amplitude. Omission of barotropic effects involving a nonstationary mean state in our barotropic model may also be
another explanation. Therefore, our second key finding is
that Rossby-wave propagation in a stationary mean state
can only explain a small-amplitude SRP.
We now discuss the choice of mean states in our
barotropic model experiments, and whether there are any
prominent changes in the mean states during the SRP.
Figure 9 shows the 200-hPa zonal wind regression on to the
standardised SRP time series, for both reanalysis and hindcast ensemble mean. The zonal winds are consistent with
both the phase and amplitude of SRP meridional winds.
For example, in the reanalysis (Figure 9a), the meridional
dipole of zonal winds at 60◦ E and the zonal dipole of
meridional winds to the east and west of 60◦ E together
form the anticyclone at 60◦ E as part of the SRP. Similarly,
the meridional dipoles of zonal winds at 30◦ and 90◦ E
form two cyclones as part of the SRP. This suggests that
these zonal winds are part of the SRP instead of mean-state
changes, and should not be included in the mean-state jets.
The zonal wind amplitude is also five times weaker than
the hindcast jet bias (Figure 2a). Therefore, it is unlikely
that zonal winds associated with the SRP can affect SRP
propagation and amplitude as substantially as the hindcast
jet bias. It is well known that La Niña is associated with
a prominent poleward jet shift circumglobally (Lu et al.,
2008, their figure 2c). Although the hindcast SRP is associated with a La-Niña-like SST (Figure 1d), the jet shift is
weak and is consistent with the correlation between hindcast SRP and ENSO being only 0.41 and not higher (Li
et al., 2020a, their figure 6f). Consequently, this justifies
our choice of mean states in the barotropic model experiments without including the zonal winds associated with
the SRP.
Our third key finding is the sensitivity of experimental
forcing hotspots of the SRP to the mean state (Figures 3c
and 6c). This implies that the upper-level mean-state wind
bias developed in seasonal prediction models may reduce
the SRP forecasting skill. For example, a positive RWS
anomaly in equatorial Africa can force a positive SRP in
reanalysis based on barotropic model experiments (positive at 0◦ E, 13◦ N in Figure 3c). However, even if our
seasonal forecast model predicted such a forcing for a particular JJA season, the mean-state bias would result in a
negative SRP based on the barotropic model experiment
(negative at 0◦ E, 13◦ N in Figure 6c), instead of a positive
SRP.
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While we have compared only one climate
model (PNU) with the reanalysis, our result may have
wider implications. In CMIP5 historical runs and future
projections, jet latitudes in both the North Atlantic and
North Pacific show large differences across models (Barnes
and Polvani, 2013, their figure 2). As highlighted in our
study, the forcing hotspots of the SRP are sensitive to the
mean-state winds in these basins. Therefore, it is possible
that mean-state biases also affect SRP forcings and thus
SRP representation in CMIP5 models.
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