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Linking the subseasonal variability of the
East Asia winter monsoon and the
Madden-Julian Oscillation through wave
disturbances along the subtropical jet

% Check for updates

Junyi Xiu'?3, Xianan Jiang® < & Renhe Zhang?

Despite an urgent demand for reliable subseasonal-to-seasonal (S2S) predictions to guide disaster
preparedness, our current climate models show limited S2S prediction skill, particularly for
precipitation, due to an inadequate understanding of the key processes that drive regional S2S
variability. Here we demonstrate that the leading subseasonal variability mode of precipitation over the
East Asian Winter Monsoon (EAWM) region is not only closely tied to the activity of the Madden-Julian
Oscillation (MJO), but also linked to precipitation and temperature extremes worldwide, influenced by
a circumglobal Rossby wave-train along the subtropical westerly jet. Despite a close phase-lock
relationship between the MJO and subseasonal EAWM precipitation, our findings indicate that the
MJO itself may only play a minor role in the subseasonal EAWM variability. Given its significant impact
on the S2S variability of global weather extremes, we call for coordinated community efforts to
enhance the understanding and prediction of the circumglobal Rossby wave-train.

Weather and climate extremes, such as heavy precipitation, severe droughts,
heat waves, and cold spells, have tremendous environmental and socio-
economic impacts. There is growing evidence that the occurrence patterns of
these extreme events, including their frequency, intensity, location, and
timing, have changed due to human-induced climate change'. As a result,
accurate predictions of these extreme events with a lead time of 2 weeks to one
season, known as subseasonal-to-seasonal (S2S) predictions, have become an
active area of research, and an urgent need for disaster preparedness, risk
management, and informing policy-making for climate mitigation™.

In general, the strongest S2S variability in precipitation occurs in the
tropics, often associated with the Madden-Julian Oscillation (MJO)*>°. Most
recently, there has been an increasing community effort to explore the
predictability of precipitation on S2S timescales in densely populated
regions over the extratropics, such as East Asia, the west coast of North
America, and the Mediterranean Sea Region’"°. For East Asia, while the
strongest precipitation usually occurs during the summer monsoon season,
extreme precipitation during winter, characterized as an active period of the
East Asian Winter Monsoon (EAWM), can also result in severe meteor-
ological hazards, including prolonged cold spells, freezing rain, and
snowstorms.

The S2S variability in winter precipitation over East Asia is generally
linked to the southward migration of circulation patterns over the mid-to-
high latitudes of the Eurasian Continent'*’, often accompanied by cold-air
outbreaks, and/or influenced by the tropical MJO'**'*". While the essential
role of the MJO for the S2S variability of precipitation over East Asia has
been recently questioned”, a critical question remains unaddressed
regarding the observed phase-lock relationship between subseasonal
EAWM precipitation and MJO convection as previously reported'’*"****,
Specifically, peak subseasonal EAWM precipitation is typically observed
when enhanced MJO convection occurs over the Eastern Indian Ocean.

In this study, we illustrate that the fluctuations in EAWM precipitation
and the activity of the MJO over the equatorial Indian Ocean tend to
synchronize due to eastward-migrating Rossby wave disturbances along the
subtropical jet stream, leading to a close phase-lock relationship between
these two phenomena. The MJO itself, however, may only play a relatively
minor role in driving the subseasonal variability of EAWM precipitation.
This same Rossby wave-train pattern along the subtropical jet, which
extends from the west coast of Europe to North America, links the sub-
seasonal variability of EAWM to other densely populated extratropical
regions, such as the west coast of North America and the Mediterranean Sea
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Region. These findings have significant implications for improving S2S  (November-April) over the East Asia region (18°-37°N, 90°-140°E; red box
prediction of winter extreme events worldwide, for example, over the west ~ at day 0 in Fig. 1a), where strong local S2S variability in precipitation has
coast of North America, where a breakthrough in S2S prediction of winter ~ been previously reported”*”. The leading mode of subseasonal pre-
precipitation is urgently needed to guide local water managers coping with  cipitation variability, with a prevailing period of about 25 days, is repre-
recent prolonged droughts™". sented by the first pair of EEOF modes that are 90° out of phase (see

“Methods” for details, also Supporting Figs. S1 and S2). Its evolution pattern

Results can thus be illustrated using lag-regression patterns of the 10-90-day-fil-
The leading subseasonal variability mode of precipitation asso-  tered rainfall anomalies in relation to the time series of the principal com-
ciated with the EAWM ponent associated with the first leading EEOF mode (EPC,).

To identify the leading subseasonal variability mode of precipitation asso- The leading subseasonal mode of precipitation over East Asia is

ciated with the EAWM, we conducted an extended empirical orthogonal  characterized by a north-south dipole pattern of anomalous rain belts that
function (EEOF) analysis on the 10-90-day filtered anomalous precipitation  extend from Southeastern China to Japan/Korea, with a gradual south-
from the Tropical Rainfall Measuring Mission (TRMM)® for the period  eastward propagation over time (Fig. 1a). The peak positive precipitation
from 1998 to 2016. This analysis focuses on the extended boreal winter ~anomalies in this region occur on day 0, accompanied by southwesterly
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Fig. 1 | Evolution of anomalous precipitation and winds associated with sub- over East Asia (the red box at day 0). The total anomalies on the left column are

seasonal EAWM precipitation variability. Anomalous precipitation (shaded with  separated into MJO-related anomalies (middle column, b) and non-MJO anomalies
the color bar on the right; units: mm day; based on TRMM) and 850 hPa winds ~ (right column, c). Areas with dark gray dots indicate precipitation anomalies sur-
(vectors with the scale on the upper-right; speed less than 0.05 m s~ are omitted) passing the 95% statistical significance level based on their corresponding correla-
associated with the leading subseasonal precipitation variability mode over East Asia  tion coefficients using the Student’s t-test. See Methods for details on identifying the
during boreal winter (left column, a). These evolution patterns are derived by lead-  leading subseasonal EAWM precipitation mode and the separation of the MJO-
lag regressions of 10-90-day filtered precipitation and wind anomalies against the  related and non-MJO components.

EPC, corresponding to the EEOF; mode of 10-90-day filtered winter precipitation
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a) Evolution of MJO Precip & 850hPa q

b) Evolution of MJO vertical q
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Fig. 2 | Initiation of the MJO over the western equatorial Indian Ocean associated
with the EAWM precipitation variability. a Longitude-time evolution of MJO-
related precipitation anomalies (shaded; units: mm day'; based on TRMM) and
850 hPa MJO-related specific humidity anomalies (q; contours with intervals of
0.1 x 107" gkg ', dashed if negative with zero contours omitted). Both variables are
averaged over 15°S-15°N; (b) Pressure-time cross-sections of MJO-related (shaded
with units of 10 gkg ') and non-MJO (contours with intervals of 0.2 x 10" gkg ™/,
dashed if negative with zero contours omitted) specific humidity anomalies over the
western equatorial Indian Ocean (55-65°E; 15°S-15°N); (c) similar to (b) but for
MJO-related (shaded with units of 1072 Pa s™') and non-MJO (contours with

intervals 0f 0.03 x 107> Pa s™") vertical velocity anomalies; (d) 850-500 hPa vertically
averaged non-MJO components of anomalous specific humidity (shaded; unit:
10 "' gkg '), winds (vectors; see the scale on the upper-right of the panel; vectors with
wind speed less than 0.05 ms ™" omitted), and vertical p-velocity derived based on the
quasi-geostrophic omega-equation (contours with intervals of 0.3 x 10 Pas™},
dashed if negative with zero contours omitted). The labels “A” and “B” denote
centers of the two cyclones over the Arabian Sea and East Asia, respectively, along
the circumglobal Rossby wave pattern. Areas with dark gray dots indicate anomalies
surpassing the 95% statistical significance level for MJO q in (a), non-MJO qin (b, d),
and non-M]JO vertical velocity in (c), respectively.

anomalous low-level winds that converge onto the area of convection, with
an anticyclone to the east and a cyclone to the west of the enhanced pre-
cipitation center (Fig. 1a). The southwesterly low-level winds, on one hand,
transport abundant moisture from southern China and the western Pacific
to support vigorous convection; on the other hand, the upward motion
induced by the quasi-geostrophic circulation also plays a critical role in
promoting enhanced convection over East Asia (to be discussed in Fig. 2).
Notably, the anomalous precipitation and circulation patterns observed on
day -8 largely mirror those on day 4, but with opposite signs, consistent with
a period of ~25 days for the leading subseasonal mode of EAWM pre-
cipitation (Supporting Fig. S2).

Associated with the evolution of EAWM precipitation, the devel-
opment of enhanced convection is observed over the western equatorial
Indian Ocean near 60°E on day 8; it then gradually intensifies and pro-
pagates eastward along the equator towards the Maritime Continent after
day 4 (Fig. 1a), exhibiting typical characteristics of the MJO. Between day
0 and day 4, strong precipitation occurs over East Asia as the enhanced
MJO convection reaches the eastern equatorial Indian Ocean, corre-
sponding to MJO Phase 3 according to the Wheeler-Hendon MJO
index”®. These results are largely in alignment with many previous studies
that highlight the MJO’s significant role in driving the subseasonal
variability of EAWM precipitation'*' ™.

Role of the tropical MJO for the subseasonal variability of EAWM
precipitation

To quantify the contribution of the MJO to the leading mode of subseasonal
variability in EAWM precipitation, we employed a regression-based
approach to derive daily precipitation and circulation anomalies asso-
ciated with the MJO (see “Methods”). By performing lag-regressions against
the EPC; time series, we can obtain the evolution patterns of MJO-related
precipitation and circulation anomalies linked to the leading subseasonal
variability mode of EAWM precipitation (Fig. 1b).

The typical evolution of the MJO linked to the subseasonal variations in
EAWM precipitation is clearly evident in Fig. 1b. It shows the onset of
enhanced MJO convection over the western equatorial Indian Ocean before
day -4, followed by its intensification and gradual eastward movement along
the equator after day -4, and finally crossing the Maritime Continent after
day 4. However, the precipitation and circulation anomalies related to the
MJO are largely confined to the tropics and show rather weak signals over
the EAWM region. This suggests that the MJO may not significantly con-
tribute to the subseasonal variability of EAWM precipitation. Figure lc
further illustrates the evolution of the residual precipitation and circulation
anomalies after removing the MJO signals from the total, highlighting the
non-MJO signals linked to subseasonal precipitation variability over East
Asia. The similarity in the evolution features of precipitation and circulation
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anomalies over East Asia between Fig. 1a, ¢ further confirms a relatively
minor role of the MJO in driving the subseasonal variability of EAWM
precipitation. Precipitation anomalies associated with the MJO explain
about 10-15% of total 10-90-day precipitation variances over the EAWM
region (Supporting Fig. S5). Further analysis indicates that the MJO’s
contribution to subseasonal variability of EAWM precipitation varies
slightly throughout the winter months, ranging from a maximum con-
tribution of ~18% in December to a minimum contribution of around 8% in
March (figure not shown).

While this result largely aligns with the findings of Yao et al., which
indicate that the MJO accounts for about 10% of subseasonal precipitation
variability in East Asia, it contradicts many previous studies that highlight
the critical role of the MJO in subseasonal variability of precipitation over
the EAWM region. Differences are also noted between this study and Yao
etal.: While Yao etal. (ref. 17; their Fig. 1a) found that enhanced subseasonal
precipitation over Southern China is largely collocated with low-level
cyclonic circulation, our analysis indicates that the anomalous positive
precipitation center is typically located between an anticyclonic circulation
to the east and a cyclonic circulation to the west (Fig. 1, day 0). Furthermore,
the circumglobal Rossby-wave pattern related to subseasonal variability of
EAWM precipitation, which will be further described below, was not evi-
dent in Yao et al., possibly due to an earlier generation of reanalysis dataset
used in their study"”.

Triggering of the MJO by circulation patterns associated with
EAWM precipitation

The strong link between increased subseasonal precipitation in East Asia
with active MJO convection over the Indian Ocean, but the relatively minor
role of the MJO in driving the subseasonal variability of EAWM pre-
cipitation, suggests that either the onset of tropical MJO convection is
triggered by subseasonal EAWM variability, or that both the MJO and the
subseasonal fluctuations in EAWM precipitation are influenced by shared
large-scale factors. Previous research has suggested that subseasonal varia-
bility of the EAWM, such as the southward propagation of cold surges, can
initiate tropical convection and the MJO, particularly over the western
Pacific and Maritime Continent regions'”’~"". In contrast, the initiation of
MJO convection, as illustrated in Fig. 1b, occurs over the western equatorial
Indian Ocean before day -4. In this section, we will closely investigate the
detailed processes that lead to MJO initiation over the western equatorial
Indian Ocean in relation to the evolution of subseasonal variability of
EAWM precipitation.

Figure 2a illustrates the time-longitude evolution of MJO-related
precipitation anomalies along the equator, based on the lag-regression
patterns shown in Fig. 1b (shaded). The eastward propagation of the MJO
associated with the subseasonal EAWM precipitation is clearly evident,
especially over the Indian Ocean, with the maximum precipitation
anomalies located over the eastern Indian Ocean over 80-100°E from day 0
to day 5. In line with the eastward movement of convection, MJO-related
moisture anomalies at 850 hPa also exhibit a systematic eastward propa-
gation over the Indian Ocean (see contours in Fig. 2a; refer to Methods for
details on how these MJO-related anomalous fields were extracted). Nota-
bly, the phase of moisture anomalies slightly leads precipitation anomalies
by about 2-3 days, indicating the well-known process of moisture pre-
conditioning during the MJO development. For example, prior to the onset
of active MJO convection over the western equatorial Indian Ocean near
60°E, which occurs between day -10 and day -5, enhanced moisture
anomalies associated with the MJO begin to emerge between day -15 and
day -10 (Fig. 2a).

The evolution of vertical moisture profiles associated with the MJO
over the western Indian Ocean is further illustrated in Fig. 2b (shaded),
which closely aligns with the anomalous upward motion associated with the
MJO (Fig. 2c¢, shaded). Notably, the onset of positive MJO moisture
anomalies over the western Indian Ocean between day -15 and day -10
(Fig. 2b, shaded) tends to follow non-MJO moisture anomalies that peak
~10 days earlier (Fig. 2b, contours). These non-MJO moisture anomalies are

closely linked to a peak of non-MJO anomalous upward motion in the lower
troposphere between 850 hPa and 500 hPa (Fig. 2c contours), indicating
that the initiation of the MJO over the western equatorial Indian Ocean can
be triggered by the non-MJO circulation anomalies.

To further illustrate how the non-MJO circulation can initiate MJO
convection over the western equatorial Indian Ocean, and taking into
account the strongest signals in the non-MJO moisture (Fig. 2b) and vertical
velocity (Fig. 2c) anomalies confined to the lower troposphere, Fig. 2d
presents anomalous non-MJO winds (vectors), moisture (shaded), and
vertical velocity derived based on the quasi-geostrophic equation™” (QGw;
contours) averaged between 850 and 500 hPa and from day -15 to day -10.
The non-MJO low-level moistening during this period, which is critical for
the MJO initiation as shown in Fig. 2b, is primarily evident over the Arabian
Sea between the equator and 20°N, in the southeastern portion of a cyclonic
circulation (Marked as “A”) as part of a wave-train linked to the EAWM.
Enhanced moisture in this region can be attributed to the QG upward
motion over the eastern part of the cyclonic circulation “A” (Fig. 2d, con-
tours) that is primarily driven by the warm temperature advection, and
horizontal moisture advection by southerly anomalous winds (figures not
shown). Since the MJO convection is largely driven by moisture anomalies
as depicted by the “moisture mode” theory for the MJO**, the increased
moisture in the lower troposphere over the Arabian Sea is expected to
facilitate the development of deep convection associated with the MJO, e.g.,
by reducing the dilution of rising thermal plums, thereby triggering the
onset of the MJO. In contrast, over the northwestern part of the cyclone “A”,
which includes northwestern India, the Middle East, and East Africa, pre-
vailing non-MJO anomalous downward QG motion and northerly winds
lead to the drying of the lower troposphere.

A very similar cyclonic circulation pattern is observed over East Asia at
this time (“Mark B”, Fig. 2d). The dryness over the EAWM region is linked
to downward QG vertical motion on the west of the cyclone, consistent with
a suppressed phase of the EAWM precipitation (see Fig. 3, day -12). In
contrast, a wet condition and associated enhanced precipitation occur over
the western North Pacific (WNP) to the east of the Philippines, associated
with QG upward motion in the southeast of the cyclonic circulation “B”
(Fig. 2d). These findings clearly suggest that the initiation of MJO convec-
tion over the western equatorial Indian Ocean and the subseasonal varia-
bility of EAWM precipitation can be similarly influenced by Rossby wave
disturbances along a zonally elongated wave-train pattern.

While the extratropical origin of the MJO has been suggested by pre-
vious studies, using either case studies™* or model experiments” ™, results
in this study clearly demonstrate that a subtropical Rossby wave-train, when
passing over the northern Indian Ocean, can trigger tropical MJO con-
vection. Figure 2b indicates that the growth of MJO moisture perturbations
over the western Indian Ocean tends to follow the peak phase of non-MJO
moisture and vertical velocity anomalies; however, the detailed processes
underlying the phase lag between the MJO and non-MJO moisture
anomalies require further investigation. In addition to thermodynamic
processes, there is also a possibility that the extratropical Rossby wave dis-
turbances centered over the Arabian Sea, as shown in Fig. 2d, could directly
induce equatorial Kelvin wave responses, potentially through a “Sverdrup
effect”, which could in turn trigger the initiation of MJO convection over the
equatorial western Indian Ocean, as proposed by a recent idealized mod-
eling study™.

The global Rossby-wave pattern linking the EAWM with weather
extremes worldwide

Considering the crucial role of the subtropical Rossby wave pattern in
connecting tropical MJO activity over the Indian Ocean and the subseasonal
variability of EAWM precipitation, we further examine the detailed char-
acteristics of this subtropical Rossby wave-train in this section, particularly
from a large-scale perspective. Figure 3 illustrates the global distribution of
500 hPa wind alongside surface precipitation and temperature anomalies
linked to the evolution of subseasonal EAWM precipitation. It is clear that
the subtropical Rossby wave pattern over the Asian sector, which connects
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Fig. 3 | Global precipitation and temperature anomalies associated with sub-
seasonal EAWM precipitation variability. Similar as for the left column in Fig. 1
but for total anomalous precipitation (shaded with units of mm day ', based on
GPCP), wind at 500 hPa (vectors with speed less than 0.08 m s ™' omitted), and

surface temperature (blue and red dots for positive and negative values; see the
legend on the right). For precipitation and surface temperature, only anomalies
surpassing the 95% statistical significance level are plotted.

MJO initiation over the Indian Ocean and the EAWM precipitation as
previously discussed, is part of a global Rossby wave pattern featuring a
wavenumber of 6. This Rossby wave pattern extends from the North
Atlantic, traversing the Mediterranean Sea Region, India, East Asia, the
North Pacific, and reaching all the way to North America and the Gulf of
Mexico, largely following a waveguide along the subtropical westerly jet
(Fig. 4). This wave pattern exhibits eastward propagation with a phase speed
of about 3° per day over the Indo-Pacific sector (figure not shown). Given a
wavelength of about 70 longitude degrees of the Rossby wave train in the
Asian sector, determined by the distance between the two centers of cyclonic
circulation masked as “A” and “B” in Fig. 2d, this propagation speed aligns
well with the observed subseasonal period of ~25 days associated with
EAWM precipitation variability.

While a strong link between the Rossby wave pattern and precipitation
in the EAWM and tropical Indo-Pacific regions is again illustrated in Fig. 3

(shaded), widespread impacts of this Rossby wave pattern on precipitation
anomalies extend well beyond the Indo-Pacific sector. These impacts can be
observed in several areas, including the west coast of the Iberian Peninsula,
the Mediterranean Sea Region, the North Pacific, Alaska, the west coast of
North America, the Gulf of Mexico, and even in equatorial west Africa and
the Amazon Basin in South America. For instance, during the peak phase of
the subseasonal EAWM precipitation on day 0, reduced precipitation
anomalies occur near the Mediterranean Sea Region, over the north Pacific
and Alaska, and in the Gulf of Mexico. Conversely, enhanced precipitation is
noted over the west coast of the Iberian Peninsula, in the west coast of North
America, and in the Amazon Basin.

In addition to precipitation, this circumglobal Rossby wave pattern also
significantly affects surface temperatures (color dots in Fig. 3). For instance,
from day -12 to day 0, coinciding with the shiftin EAWM precipitation from
a negative to a positive phase, a patch of cold surface temperature anomalies
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Fig. 4 | Energy sources of the Rossby wave-train along the subtropical jet.

a Similarly as in Fig. 1a based on lead-lag regressions against EPC, of the leading
subseasonal EAWM precipitation mode, but for evolution of geopotential height
anomalies (shaded; color bar on the right with units of gpm) and associated hor-
izontal wave activity fluxes at 500 hPa (vectors with the scale on the upper-right;
amplitude less than 0.2 m* s> omitted); (b) Evolution of pressure-longitude cross-
sections of geopotential height anomalies (shaded) along with the vertical and zonal
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components of wave activity fluxes (vectors, see the scale on the upper-right with
units of m*s~? for the horizontal and 10> m? s * for the vertical components,
respectively). Variables in (b) are averaged over 25°-40°N where the subtropical
westerly jet is located over the Eurasian sector. Areas with dark gray dots indicate
anomalies surpassing the 95% statistical significance level for geopotential height
anomalies.

gradually intensifies and moves southeastward from the Mediterranean Sea
Region to the Middle East and North Africa. Additionally, on day -12 and
day -8, a so-called “Warm Arctic-Cold Continent” pattern in surface tem-
perature anomalies is discerned over North America, occurring alongside
suppressed precipitation over East Asia. This “Warm Arctic-Cold Con-
tinent” pattern has been identified as a leading mode of subseasonal
variability for wintertime surface temperatures over North America and
plays a crucial role in influencing regional temperature extremes and Arctic
sea ice’ ™",

To illustrate the energy sources sustaining the subseasonal cir-
cumglobal Rossby wave pattern, Fig. 4a shows the evolution of geopotential
height (¢) anomalies and wave activity fluxes (WAF*; see “Methods”) at
500 hPa associated with the subseasonal EAWM precipitation. It is evident
that the alternating positive and negative ¢ anomalies along the wave train
are primarily aligned with the subtropical jet stream waveguide (contours in
Fig. 4a). Due to the presence of the Tibetan Plateau, the southward shift of
the subtropical jet over the Indian sector creates a unique environment that
interacts with the tropics, thereby initiating tropical MJO convection, as
discussed earlier.

On day -12, the strongest ¢ anomalies and WAF are found over the
North Pacific/North American sector; however, these anomalies sig-
nificantly weaken afterwards. By day -8, wave disturbances in the Eurasian
sector begin to intensify, associated with the formation of an anomalous
high over the Iberian Peninsula and a strong injection of WAF into the
entrance region of the subtropical jet near North Africa and the Medi-
terranean Sea Region. A strong divergence in WAF is seen over the west

coast of the Iberian Peninsula on day -8 (Fig. 4a), with relatively weak wave
fluxes from upstream. This suggests that the intensification of the Rossby
wave-train downstream may be closely associated with the development of
the anomalous high over the Iberian Peninsula. Additionally, the presence
of positive ¢ anomalies over both the Iberian Peninsula and the western
North Atlantic near 60°W, along with negative ¢ anomalies over Iceland at
day -8, strongly resembles a positive phase of the North Atlantic Oscillation
(NAO), indicating a potential role of the NAO in generating the cir-
cumglobal Rossby wave train along the subtropical jet stream. After day -8,
the eastward propagation of the Rossby wave energy downstream along the
subtropical jet becomes clearly apparent. By day 0, strong wave dis-
turbances, which exhibit reversed signs compared to those observed on day
-12, re-emerge over the North Pacific and North America (Fig. 4a).

The evolution of the Rossby wave pattern and the associated WAF is
further illustrated in Fig. 4b by showing the vertical-longitude profiles of ¢
anomalies and WAF averaged over the latitude belt between 25°N and 40°N,
where the subtropical jet stream is primarily located over the Eurasian
sector. The downstream propagation of Rossby-wave energy, peaking
around 250 hPa, and a gradual eastward amplification of wave disturbances
are again clearly evident. It is particularly noteworthy that the relatively weak
WAF in the central North Pacific on day -8 suggests that processes asso-
ciated with the formation of the anomalous high over the Iberian Peninsula,
a southern lobe of a positive NAO pattern, may play a critical role in
energizing the downstream Rossby wave train along the subtropical jet.

Note that a zonally-extended Rossby wave pattern along the sub-
tropical jet over the Eurasian sector during boreal winter has been widely

npj Climate and Atmospheric Science| (2025)8:185


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-025-01076-y

Article

Fig. 5 | A schematic demonstrating the crucial role
of the circumglobal Rossby wave pattern asso-
ciated with the leading subseasonal variability
mode of EAWM precipitation and the
subseasonal-to-seasonal precipitation variability
over global extratropics. Contours: the
wavenumber-6 circumglobal Rossby wave pattern as
represented by 300 hPa meridional v-wind anoma-
lies based on regressions onto the EPCI1 at day 0.
Shaded: standard deviations of 10-30-day filtered
daily precipitation during boreal winter (see the
color bar). The selection of a band-pass filtering of
10-30 days here is based on the consideration of the
prevailing period of about 25 days of the leading
subseasonal precipitation variability mode over
East Asia.

mm/day

reported in the variability of monthly or seasonal mean circulation
anomalies”™, or on the synoptic time-scale associated with extreme pre-
cipitation and temperature events over East Asia’ . However, relatively
few studies have examined the subseasonal variability of the Rossby wave
train along the subtropical Asian jet and its impact on global precipitation
during the boreal winter season. While the subseasonal Rossby wave pattern
along the subtropical jet can generate the subseasonal variability of EAWM
precipitation and the tropical MJO as shown in this study, previous studies
suggest that the EAWM precipitation variability and the MJO itself could
also play a crucial role in triggering and maintaining these extratropical

Rossby wave patterns™”.

Discussion

Despite the urgent need for accurate S2S predictions to guide disaster pre-
paredness and climate mitigation policy-making, our current S2S prediction
skill remains limited, especially for precipitation, partially due to a lack of
understanding of the key processes that govern regional S2S variability.
Focusing on the S2S variability of winter precipitation over East Asia in this
study, we illustrate that the leading subseasonal variability mode of EAWM
precipitation is not only synchronized to MJO activity over the Indian
Ocean, but is also closely linked to subseasonal variations of precipitation
and surface temperature around the globe, through modulations by
eastward-migrating Rossby wave-trains along the subtropical westerly jet.
As further shown by Fig. 5, beyond the tropical region, where intense tro-
pical convective variability occurs, the strongest subseasonal variability of
precipitation in the extratropics is primarily observed along the latitudinal
belt associated with the circumglobal Rossby wave pattern. This is parti-
cularly noticeable in regions influenced by local topography along coastal
areas, such as the west coast of the Iberian Peninsula, the coastal regions
around Mediterranean Sea Region, the Bay of Bengal, Southeast China,
Japan, and the west coast of North America.

Particularly, the southward displacement of the subtropical westerly jet
over the Indian region, influenced by the topographic effects of the Tibetan
Plateau, creates a unique environment for the interaction between this
subtropical Rossby wave-train and tropical convection. For instance, during

the suppressed phase of subseasonal precipitation over the EAWM region, a
lower-tropospheric trough is observed over the Arabian Sea around 20°N as
part of the Rossby wave-train (Figs. 2d and 3a). Over the southeastern
portion of the anomalous cyclonic circulation between the equator and
15°N, enhanced moisture anomalies are discerned, associated with quasi-
geostrophic anomalous ascending motion resulting from warm tempera-
ture advection and horizontal moisture advection linked to the south-
westerly anomalous winds (Fig. 2d). As a result, the MJO convection begins
to develop over the western Indian Ocean, intensifying as it propagates
eastward along the equator. After about 10 to 12 days, the previous cyclonic
Rossby wave pattern over the Arabian Sea moves eastward into East Asia,
leading to enhanced precipitation associated with the EAWM. At the same
time, the MJO convection reaches the eastern Indian Ocean. This transition
reveals a phase-locking between the heightened subseasonal precipitation in
East Asia and the active MJO convection over the eastern Indian Ocean, as
has been previously reported. However, a breakdown of the total sub-
seasonal EAWM precipitation into an MJO-related component and a non-
MJO component indicates that the MJO itself may only contribute up to
18% of total subseasonal EAWM precipitation variability. Despite the
MJO’s relatively minor role in influencing subseasonal EAWM precipita-
tion, the predictability that it provides can still be valuable for making
accurate S2S predictions of EAWM

In light of the profound influence of the circumglobal Rossby wave-
train on the subseasonal variability of precipitation and temperature, these
wave patterns can serve as critical sources of predictability for S2S predic-
tions across extensive regions along the subtropical westerly jet. For
instance, despite experiencing severe, prolonged droughts over the west
coast of North America in recent years, our state-of-the-art climate models
show limited skill for S2S predictions of winter precipitation in this
area'>*”, Historically, the El Nifio-Southern Oscillation (ENSO) has been a
primary factor for seasonal prediction of winter precipitation over the west
coast of North America, with wet conditions during El Nifio winters and dry
conditions during La Nifia winters®*'. However, the unexpectedly wet
condition in California during the 2022/2023 winter coincided with a La
Nifia state over the eastern Pacific, which was not predicted by our major
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prediction systems™. Recent analyzes indicate that the extremely wet con-
dition over the west coast of North America during the 2022/2023 winter
was closely linked to eastward-propagating Rossby wave disturbances from
East Asia along the subtropical westerly jet”, as discussed in this study. The
connection between cross-Pacific short Rossby wave-trains, which are
independent from ENSO, and the S2§ variability of precipitation over the
west coast of North America has also been documented in several recent
studies'>™***. This provides further evidence of the importance of cir-
cumglobal Rossby wave-trains for S2S predictions of global weather and
climate extremes.

The results in this study suggest that the development of the cir-
cumglobal Rossby wave train related to the subseasonal variability of
EAWM precipitation is closely tied to the formation of an anomalous high
near the Iberian Peninsula, resembling a southern branch of the circulation
anomalies during a positive phase of the NAO (Fig. 4, day -8). This thus
indicates a potential pathway for NAO influences on the MJO via the
circumglobal subtropical Rossby waves. However, the positive NAO-like
pattern about eight days prior to the peak MJO convection over the eastern
Indian Ocean (i.e.,, Wheeler-Hendon MJO Phase 3) as suggested in this
study contradicts previous findings*>*, which indicated that enhanced MJO
convection over the Indian Ocean typically follows a negative phase of the
NAO pattern over the Atlantic sector. Further investigations are needed to
fully understand these discrepancies. One possible explanation is that the
results of this study are associated with the subseasonal variability of EAWM
precipitation; therefore, the NAO-like patterns and the MJO events cap-
tured here could represent only a small subset of all NAO and MJO events.
This is supported by a sharp spectral peak around 25 days associated with
the leading subseasonal EAWM precipitation mode (supporting Fig. S2), in
contrast to a broad spectrum over the 20-50 days of the MJO (figure not
shown), suggesting that part of MJO events could be independent from the
subseasonal EAWM variability. Also, previous modeling studies have sug-
gested that NAO conditions are not necessary for exciting the circumglobal
Rossby waves™”. It would be interesting to examine the percentage of MJO
events over the IO initiated by the circumglobal subtropical Rossby waves,
and the percentage of the circumglobal Rossby waves associated with
the NAO.

While the subtropical circumglobal Rossby wave-train related to
subseasonal EAWM precipitation shows largely similar characteristics to
those previously reported for monthly or seasonal mean anomalies, dif-
ferences in the Rossby wave patterns across various time scales are also
evident. For example, while a global wavenumber-5 structure of the cir-
cumglobal Rossby wave train has been noted based on monthly or seasonal
anomalous fields during boreal winter*, this study identifies a wavenumber-
6 pattern in the subseasonal Rossby-wave train (Fig. 3, also Fig. 5). As
previously discussed, the unique wavelength (~70°) and propagation phase
speed (3° per day) of the subseasonal Rossby wave pattern over the Indo-
Pacific sector determine a prevailing time-scale of about 25 days for winter
precipitation over East Asia. Therefore, the large-scale factors that influence
the formation, amplitude, and phase of these subtropical circumglobal
Rossby wave patterns on the subseasonal time scale may differ from those on
monthly and seasonal time scales, necessitating further investigations. A
better understanding of the origins and predictability of the subseasonal
Rossby wave disturbances is essential for improving S2S predictions
worldwide.

Caveats of this study are also noted, particularly regarding the method
used to extract convection and circulation signals associated with the MJO
based on lag-0 linear regressions. Previous research has indicated that
extratropical responses to tropical convection can take one to 2 weeks to
develop due to the propagation of the tropically excited Rossby waves into
the extratropics™****”, Additionally, the responses in the extratropics to the
MJO can be influenced by the large-scale mean state, such as the strength
and location of the jet stream®*”7. Consequently, the linear regression
approach employed in this study may overlook MJO signals related to these
nonlinear processes. Moreover, it is challenging to disentangle the inter-
active processes among the subseasonal EAWM variability, the subtropical

Rossby wave-trains, and the MJO through observational analysis alone.
Future studies should include numerical experiments to better understand
the interactions among these systems.

Methods

Observational datasets

Daily variables from the European Centre for Medium-Range Weather
Forecasts (ECMWTF) ERA-5 reanalysis” are used to characterize large-scale
patterns associated with the subseasonal variability of precipitation over
East Asia. These valuables include surface air temperature, 3D geopotential
height (¢), meridional and zonal winds (u, v), vertical velocity (w), and
specific humidity (q) on 1.5° x 1.5° horizontal grids and 37 vertical pressure
levels from 1000 to 1 hPa.

Daily precipitation data from the TRMM (version 3B42)™ are used to
extract the leading mode of the subseasonal variability of precipitation
associated with the EAWM and the MJO. Precipitation from the Global
Precipitation Climatology Project (GPCP)” is used to characterize global
precipitation anomalies associated with the leading subseasonal variability
mode of EAWM, considering its global coverage.

Analyses in this study mainly focus on the extended boreal winter from
November to March during the period of 1998-2016. To extract the sub-
seasonal variability signals, a 10—90-day band-pass filtering”® is applied to
daily anomalies of each variable after removal of the climatological annual
cycle (annual mean plus three leading harmonics).

The leading subseasonal variability mode of the East Asia winter
monsoon

Instead of an empirical orthogonal function (EOF) analysis used in many
previous studies”, we employ an extended EOF (EEOF) analysis””® of
10-90 day filtered daily TRMM precipitation anomalies during the
1998-2016 winters (November-March) to identify the dominant sub-
seasonal variability mode of EAWM precipitation. The EEOF is essentially
the same as the EOF, just using an extended covariance matrix with the daily
data during all these time lags. The EEOF analysis is conducted over the
region of 17.5°-35°N and 95°E-140°E (see the red box in Fig.la at day 0)
with a time lag of 31 days. The derived eigenvectors based on the EEOF
analysis, therefore, contain a series of evolution patterns of the leading
modes. As shown in Figs. S1 and S2, the first and second modes (EEOF; and
EEOF,), with a same prevailing period of 25 days (0.04 cycle/day), explain
about 4.9% and 4.7% of the total subseasonal precipitation variances,
respectively, and thus represent the same leading subseasonal mode of the
EAWM precipitation with a 90-° phase difference. In this study, various
large-scale variables associated with the evolution of the leading subseasonal
precipitation mode over East Asia are derived by lag regressions of their
corresponding 10-90-day filtered anomalies against the principal compo-
nent of the EEOF, (EPC,).

Identification of the MJO and its associated signals

To examine the role of the MJO in contributing to the subseasonal
variability of EAWM precipitation, we decompose the total anomalous
precipitation pattern associated with the subseasonal EAWM pre-
cipitation variability (Fig. la) into two components: precipitation
anomalies associated with the MJO (Fig. 1b) and dependent from the
MJO (the non-MJO component; Fig. 1c), with the non-MJO precipita-
tion anomalies derived by subtracting the MJO component from the total
precipitation anomalies.

Since we focus on the remote influences of MJO convection on the
EAWM, and considering the caveat of the Wheeler-Hendon MJO index due
to blended low-frequency variability signals’, we employ an EOF analysis of
daily precipitation anomalies for 1998-2016 winters (November-March) to
identify the dominant MJO convective signals. The EOF analysis of 10-90-
day filtered TRMM precipitation anomalies is conducted over the equatorial
Indo-Pacific region, 15°S-15°N, 40°-160°E, where MJO convection is most
active. The two leading EOF modes capture typical anomalous rainfall
patterns of the MJO at their different phases during its eastward
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propagation, i.e., with enhanced MJO convection over the eastern equatorial
Indian Ocean in EOF; and the Maritime Continent in EOF, (Supporting
Fig. $3). The two leading principal components (PC; and PC,) are then used
to derive typical patterns of any 2D or 3D variable (Z) associated with the
two leading EOF modes of the MJO by regressing the daily 10-90-day
filtered anomalies of the variable (Z') on to PC, and PC,, and obtain their
regressed patterns of RegZ; and RegZ, corresponding to the 1st and 2nd
leading modes of the MJO, respectively. As an example, Supporting Fig. S4
illustrates regressed anomalous winds at 850 and 200 hPa, as well as geo-
potential height anomalies at 500 hPa onto the PC, time series. Anomalies
of the variable Z associated with the MJO (Z,,;,) on a particular day for
1998-2016 winters can then be derived by the regression patterns nor-
malized by the amplitude of PC; and PC, on that day, i.e.,

Z’mjo = RegZ, XPC, + RegZ, X PC,

Meanwhile, anomalous fields that are independent of the MJO (i.e., the non-
MJO component Z,,, ,;,) can be obtained by subtracting the MJO-related
components (Z;njo) from the total 10-90-day filtered anomalies (Z'), ie.,
Zyon_mio =L — Z,,- Note that a similar regression approach was used in
ref. 17 to derive precipitation and circulation patterns associated with the
MJO, but based on the Wheeler-Hendon MJO index. Supporting Fig. S5
illustrates standard deviations of daily precipitation during boreal winter
associated with the MJO reconstructed using this approach, along with the
percentage of the total variability of 10-90-day filtered precipitation
anomalies explained by the MJO.

The evolution patterns of the variable Z, as well as its MJO and non-
MJO components, associated with the leading subseasonal variability mode
of EAWM precipitation can be further derived by lag-regressions of Z/, Z;nja,

von_mio against the time series of EPC,, respectively, as shown in Fig. 1 for
the precipitation and 850 hPa winds.

Wave activity flux (WAF)

An analysis of the 3D WAF is conducted to explore possible energy sources in
sustaining the subtropical Rossby wave rain associated with the subseasonal
variability of EAWM precipitation. The calculation of 3D WAF is based on
the W-vector following Takaya and Nakamura®, which is expressed as

U v + V(v vy, )
U(vew vy, ) + V(v
U —v) V(v

_ P
2|0

where ' is the perturbation stream-function (), derived based on lag-
regressions of 10-90 day filtered ' against the EPC,; of the leading
EAWM precipitation mode; U and V are winter mean zonal and
meridional winds, respectively; f, is the Coriolis parameter; N? is the
buoyancy frequency; p is the normalized pressure by 1000 hPa; and the
subscripts represent partial derivatives in the corresponding x, y and z
directions.

Data availability

The ERA5 data was downloaded from the website: https://cds.
climate.copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=
overview (10.24381/cds.bd0915c6). The daily GPCP precipitation
data can be assessed at https://www.ncei.noaa.gov/products/climate-
data-records/precipitation-gpcp-daily (DOI: 10.7289/V5RX998Z).
The daily TRMM 3B42 precipitation data was downloaded from
https://disc.gsfc.nasa.gov/datasets/ TRMM_3B42_7/summary (DOI:
10.5067/TRMM/TMPA/3H/7).
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