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Six major summer monsoon floods occurred in the Yangtze Basin during

1992-2024 compared to only one during 1960-1991. This significant increase
in hydroclimatic extremes, which affected millions of people, is closely linked
to a 50% enhancement in quasi-biennial variability in East Asian summer
monsoon rainfall and associated Yangtze River discharge. This quasi-biennial
variability is strongly coupled with intensified tropical baroclinic wave activity
in the Indian Ocean under enhanced ENSO forcing. During the later period,
amplified westward propagating downwelling baroclinic Rossby waves in
late boreal spring and summer strongly suppressed vertical mixing and
entrainment in the western tropical Indian Ocean, maintaining anomalously
warm sea surface temperatures. This anomalously warm ocean enhanced local
atmospheric convection and tropospheric heating, which remotely strength-
ened the western Pacific subtropical high via atmospheric Kelvin wave pro-
cesses, thereby increasing moisture transport and summer monsoon rainfall
over the Yangtze River Basin. A 70% increase in the phase speed of the bar-
oclinic Rossby waves during the later period also favoured the seasonal phase
locking of ocean wave-driven tropical Indian Ocean warming with the East
Asian summer monsoon.

M Check for updates

In the years following a positive Indian Ocean Dipole (I0D) (occur-
ring with or without a positive phase of the El Nifio-Southern
Oscillation, ENSO), anomalously warm sea surface temperature (SST)
in the western tropical Indian Ocean and associated enhanced con-
vection exert a strong influence on the East Asian summer monsoon
(EASM) circulation by modifying the position and strength of wes-
tern Pacific subtropical high (WPSH)'®. This often leads to cata-
strophic flooding in the Yangtze River Basin’. Notable summer
monsoon flood events in the past three decades occurred in 1995,
1996, 1998, 1999, 2016, and most recently, in 2020. Beyond affecting
millions of people, extreme discharge from the Yangtze River also
exerts a profound impact on the marine environment of the East

Asian Marginal Seas, with lasting consequences for fisheries and
coastal economies in the following season®’. The physical mechan-
isms responsible for the anomalously warm western tropical Indian
Ocean during late spring and early summer, preceding the onset of
the East Asian summer monsoon, are still not well resolved. In some
years, such warming is followed by the development of positive
ENSO and 10D events*®?, as seen in 1998 and 2016. In other years,
such as 2020, similar warm SST anomalies develop following a
positive 10D without a concurrent significant ENSO signal>. While
many studies interpret SST anomalies as a result of coupled
ocean-atmosphere feedback', others highlight the dominant role of
ocean dynamics over atmospheric processes in initiating them>°™.
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The dominant tropical Indian Ocean modes namely, IOD and the
Indian Ocean Basin (IOB) mode are tightly coupled to tropical wave
dynamics, specifically the equatorial Kelvin (fast component) and
Rossby (slow component) wave components'>”. The strength of these
waves is often significantly modulated by ENSO-driven anomalous
wind stress curl forcing. In particular, the forced Rossby waves
strongly interact with those reflected from the eastern boundary,
influencing the overall westward propagation of energy across the
basin'***. While the Kelvin-Rossby (K-R) wave cycle is impacted by
ENSO timescales, its intrinsic or natural frequency lies predominantly
in the quasi-biennial (QB) band (1.2-3 years or ~14-36 months)'*'°,
Thus, QB-timescale waves are not exclusive to 10D or IOB years, but
their amplitudes are markedly enhanced during these events™.
Menezes and Vianna'* comprehensively explained how this band cap-
tures the leading mode of baroclinic Rossby and Kelvin wave activity in
the tropical Indian Ocean. They showed that leading mode variability
at QB timescale is highly correlated with the 10D index with correlation
coefficients of 0.6 or higher, indicating the dominant role of these
waves underlying the 10D phenomena. Notably, earlier studies have
also highlighted the QB nature of the EASM"%°, suggesting a potential
dynamical linkage with QB-timescale tropical Indian Ocean wave
activity.

Recent studies suggest a fundamental shift in the Indian Ocean’s
dynamical processes and their coupling with atmospheric variability in
recent decades, particularly since the 1990s, as reflected in the rising
frequency of “early plOD” events and the associated EASM
extremes'>?, Concurrently, the QB band of ENSO variability has been
reported to strengthen since the 1990s, driven by an increased influ-
ence of North Atlantic SST variability associated with the positive
phase of the Atlantic Multidecadal Oscillation?”2°, However, the role of
enhanced QB-ENSO variability in modulating tropical Indian Ocean
wave dynamics and its downstream impacts on the EASM remains
poorly understood. Between 1992 and 2024 (which we designate “Late
period”), extreme rainfall events and corresponding Yangtze River
Discharge (YRD) under western pole warming increased significantly
compared to 1960-1991 (designated “Early period”) (Fig. 1a). The
rationale for selecting these two contrasting periods is detailed in the
Results section. Focusing on the QB band, which captures the domi-
nant tropical Indian Ocean wave signals, this study examines changes
in the characteristics of Kelvin and Rossby waves between the two
periods and evaluates their subsequent impacts on EASM variability.

Results

Characteristic change in YRD and its association with ENSO,
10D, and 10B

Figure 1a presents the long-term (1960-2024) monthly (black) and
seasonal mean (June-July-August -JJA denoting the peak discharge
months) (olive) anomalous river discharge (in m3/s) recorded at the
Datong station (30.77°N, 117.62°E), with anomalies calculated by
removing the climatological annual cycle based on the entire period.
The frequency of extreme discharge events has increased markedly
since the 1990s, particularly during 1990-2000 and 2010-2024. In the
Early period, above-normal JJA discharge events (exceeding the 75th
percentile) occurred in1962,1970, 1973,1977, and 1983, with only 1983
classified as extreme (exceeding the 90th percentile). In contrast,
during the Late period, above-normal events were observed in 1993,
1995, 1996, 1998, 1999, 2002, 2010, 2016, 2019, 2020, and more
recently in 2024 with 1995, 1996, 1998, 1999, 2016, and 2020—excee-
ded the 90th percentile, highlighting a substantial rise in both the
frequency and intensity of discharge extremes in recent decades
(Fig. 1a). An increase in extreme below-normal discharge events is also
noted during the Late period relative to the Early period highlighting
an increase in the overall variability of EASM rainfall and the associated
Yangtze River discharge”. It is important to note that, in this study, the
term extreme YRD events refers to anomalous seasonal extremes in

JJA-mean YRD, rather than to individual river discharge events asso-
ciated with extreme rainfall. With a monthly resolution dataset, we
primarily focus on the interannual variability of river discharge and its
extreme anomalies.

The contrast between the Early and Late periods becomes more
apparent when focusing on the QB timescale. Figure 1b presents the
3-year rolling standard deviation of QB-filtered (1.2-3 years) YRD (in
m3/s), Yangtze River Basin-averaged rainfall, and the amplitude of the
first complex empirical orthogonal function (CEOF) mode derived
from ORASS5 sea surface height (SSH). This leading CEOF mode (CEOF1)
captures the dominant propagating wave signals in the tropical Indian
Ocean, which are discussed in greater detail in the following section.
Figure 1b demonstrates that enhanced QB-timescale variability in YRD
coincides with extreme discharge events, highlighting the role of QB-
scale processes in modulating hydrological extremes. Notably, this QB
variability is nonstationary, intensifying markedly after the 1990s. This
pronounced increase in QB variability (approximately by 50%) in both
rainfall and river discharge over the Yangtze River Basin provides a
compelling rationale for defining two distinct periods, Early
(1960-1991) and Late (1992-2024), during which the nature of QB
variability differs fundamentally. The rolling 3-year mean amplitude of
the QB-band SSH CEOF1 also exhibits a marked increase (also
approximately by 50%) after the 1990s, closely following the observed
variability in QB-scale YRD. Therefore, in remainder of this manuscript,
we focus on differences in QB-scale variability in YRD between the
Early and Late periods, with particular emphasis on its relationship
with Indian Ocean wave dynamics.

Indian Ocean wave activity at QB timescale is known to be strongly
amplified associated with the 10D, ENSO, and I0B climate modes,
quantified respectively by the Dipole Mode Index (DMI), Nifio-3.4
index, and 10B index (see Data Availability)"*"*. The indices of these
climate modes and their lagged influence on the EASM highlight the
role of amplified wave dynamics and their broader impacts. Figure 1c
and d illustrates how the lagged relationship between these modes and
YRD differs between the Early and Late periods. Figure 1c and d shows
the lagged correlations of the detrended DMI, Nifio 3.4, and 10B indi-
ces with detrended monthly YRD across various target months®. To
isolate the Indian Ocean influence, the ENSO component was removed
from the DMI and IOB indices using orthogonal linear regression
technique following Jarugula and McPhaden®. The orthogonal
regression method better captures the linear relationship between two
coupled variables that both contain observational errors. The first
column of Fig. 1c shows that JJA YRD was most significantly correlated
(r > 0.3) with the positive 10D at a lag of 8-12 months (i.e., the previous
year’s July-November) during the Early period, shifting to a lag of
8-10 months (i.e., September-November) in the Late period. This
indicates that the impact of pure IOD events on YRD remained con-
sistent between the Early and Late periods; however, the lag between
peak positive IOD and above-normal river discharge shortened by
approximately one month. The correlations between YRD and both the
Nifio-3.4 and IOB indices became significantly stronger during the
boreal winter and spring months (November-April) in the Late period
(second and third columns of Fig. 1c). For the IOB, a positive correla-
tion between the March-May IOB index and July-September River
discharge was already present during the Early period; however, in the
Late period, the March-May IOB index became more strongly corre-
lated with JJA river discharge, indicating a quicker YRD response to this
climate mode by approximately one month. Notably, no consistent lag
relationship between ENSO and YRD existed during the Early period,
whereas in the Late period this relationship became significantly
stronger. These changes suggest a significant enhancement in the
coupling between Pacific and Indian Ocean variability and the EASM
system during the Late period. The observed changes in the lagged
responses of YRD to Indian Ocean variability indicate a shift in the
underlying tropical Indian Ocean wave characteristics, while the
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enhanced coupling with ENSO further suggests changes in the asso-
ciated forcing on these waves, which are examined in detail in the
subsequent sections.

The surface mixed layers in the Seychelles-Chagos Thermocline
Ridge (SCTR) marked by the black box in Fig.2a (enclosed by 55°E-75°E
and 12°S-5°S) in the southwestern tropical Indian Ocean and the
eastern equatorial Indian Ocean near Java-Sumatra are highly sensitive
to baroclinic wave induced shallow thermocline displacements.
Atmospheric forcing during IOD and ENSO events is known to energize
the K-R wave cycle, resulting in pronounced surface warm anomalies
in these regions'” The lag and intensity of these warm anomalies
following the 10D and ENSO depend strongly on the location and

strength of the atmospheric forcing, as well as the phase speed of the
K-R waves'**?°, Therefore, in the following sections, we primarily
concentrated on the characteristics and forcing of these dominant K-R
waves which eventually lead to contrasting EASM variability during
two periods.

Strengthening of variability the QB band

The lower panels of Supplementary Fig. la-1c show the change
in standard deviation of ORAS5-SSH, ORASS depth of 20 °C isotherms
(D20 serves as a well-established proxy for thermocline depth in tro-
pical oceans), and EN4-D20, between the Early and Late periods
across three distinct frequency bands: annual (10-14 months), QB

Yangtze River Discharge Variability recorded at St, DATONG [30.77°N,117.62°E]
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Fig. 1| Relationship between Yangtze River discharge (YRD) and El
Nifio-Southern Oscillation (ENSO), Indian Ocean Dipole (I0D), and Indian
Ocean Basin (I0B) mode. a Time series of anomalous YRD (m3/s) recorded at the
Datong station (30.77°N, 117.62°E). Extreme discharge years are identified based on
a two-standard-deviation threshold from the climatological mean. The blue and
olive lines represent the quasi-biennial (QB; 1.2-3 years) and June-August (JJA)
mean anomalous river discharge, respectively. b Three-year rolling standard

deviation of QB Yangtze River Basin precipitation, YRD, and the amplitude of the
CEOF1 mode from ORASS sea surface height (SSH). ¢, d Cross-correlation coeffi-
cients (dots represent p < 0.05) as a function of lead time and target month,
computed between detrended YRD and three detrended climate indices: the Dipole
Mode Index (DMI), the Nifio 3.4 index, and the IOB index, for the (c) Early
(1960-1991) and (d) Late (1992-2024) periods. The linear effect of the Nifo 3.4
index on the DMI and 10B indices was removed using orthogonal regression.
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Fig. 2| Changes in quasi-biennial (QB) variability between the Early (1960-1991)
and Late (1992-2024) periods. a Difference in the QB standard deviation between
the Late and Early periods for ORAS5 SSH [m], ORAS5 D20 [m], EN4 D20 [m], ORASS5
SST [°C], ERSST SST [°C], and GPCC rainfall [mm/day]. Shaded areas indicate
regions where the difference in standard deviation is statistically significant

CEOF1 Phase Angle[°]

CEOF1 Phase Speed [m/sec]

(p <0.05) based on Levene’s test, rejecting the null hypothesis of equal variances
between the two periods. b, ¢ Amplitude, phase, and phase speed associated with
the leading complex EOF (CEOF1) mode of QB-filtered SSH during the early (b) and
late (c) periods. The region enclosed by the blue and black dashed lines denotes the
Seychelles-Chagos Thermocline Ridge region (SCTR; 50°E-75°E, 12°S-5°S).

(14-36 months), and ENSO-scale (36-96 months). Notably, the most
pronounced increase is noted in the QB band, primarily observed
across the latitudinal band of the SCTR and along the Java-Sumatra
coast (upper panel, Fig. 2a). In contrast, for the low-frequency ENSO
band, enhanced variability is primarily confined to the SCTR region
(Supplementary Fig. 1). Supplementary Figs. 2 and 3, together with the
lower panel of Fig. 2a, present the standard deviation of ORAS5-SST,
ERSST, CHM rainfall, and GPCC rainfall, (see Data Availability section)
similarly filtered into the three frequency bands and compared across
the two periods. Notably, among the three frequency bands, SST
variability in the tropical Indian Ocean and rainfall variability over the
EASM region are most pronounced at the QB timescale. The lower
panel of Fig. 2a reveals a substantial increase in QB-SST variability
between the Early and Late periods, particularly in both the western
and eastern poles of the equatorial Indian Ocean. Moreover, we

observed marked enhancement in QB-scale rainfall variability over the
EASM region, especially in the Yangtze River Valley (Supplementary
Fig. 3 and Fig. 2a).

To examine the propagation characteristics of energetic bar-
oclinic waves in the tropical Indian Ocean, we performed CEOF analysis
on QB band-filtered ORAS5 SSH anomalies for the Early and Late per-
iods following Menezes and Vianna'. CEOF1 accounted for 36 and
53.5% of the total QB band variance in the Early and Late periods,
respectively (Fig. 2b, c), indicating strengthening of the dominant
mode approximately by 50% over time along with increased QB
variability.

Supplementary Figs. 4 and 5 show the second and third CEOF
modes, which captures westward-propagating signals at higher
latitudes™. Since the total variance explained by these higher-order
modes is substantially smaller, our focus here is primarily on the
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leading mode and its associated propagation features. Importantly,
the temporal evolution of the CEOF1 mode amplitude was also in phase
with YRD variability (Fig. 1b), suggesting a potential linkage between
leading-mode oceanic wave dynamics and continental hydrological
response. The SCTR region exhibits the maximum amplitude of the
first propagating mode (Fig. 2b, c). As shown in the first column of
Fig. 2b, ¢, the amplitude structure of CEOF1 becomes more zonally
aligned during the Late period, possibly indicating an enhancement in
the zonal wavelength. The second column of Fig. 2b, c illustrates the
corresponding spatial phase structure, which displays a latitudinally
varying westward-propagating pattern, a fundamental characteristic of
baroclinic Rossby waves®'. Notably, the Rossby wavefront in the SCTR
region appears sharper in the Late period than in the Early period. The
third column of Fig. 2b, c presents the phase speed of CEOF1, com-
puted from spatial and temporal phase gradients. In the equatorial
Indian Ocean, the CEOF1 phase speeds are predominantly positive,
indicating the presence of eastward-propagating equatorial Kelvin
waves. Overall, CEOF1 represents the cycle of K-R waves in the tropical
Indian Ocean. Since the Kelvin wave component is very fast and diffi-
cult to resolve properly in the monthly ORAS5 and EN4 datasets, we
primarily focused on the slow-moving baroclinic Rossby wave com-
ponent and identified their characteristic changes between the Early
and Late periods.

Changes in baroclinic Rossby wave characteristics in the tropical
Indian Ocean

We observed a significant increase in the westward phase speed of
CEOF1 during the Late period, especially along the SCTR latitude band
(Fig. 3a). In Supplementary Fig. 6a, similar phase speed differences
were noted using QB-filtered EN4 D20 data. Notably, the eastward
phase speed shows a significant increase near the western and eastern
boundaries of the equatorial Indian Ocean (Fig. 3a). Although a slight
reduction in eastward phase speed can be observed over the central
equatorial Indian Ocean, it remains small relative to the high mean
phase speed of Kelvin waves. It is important to note though that D20
variations in both ORAS5 and EN4 do not adequately capture equa-
torial Kelvin wave signals (Supplementary Fig. 5).

Using the entire study period (1960-2024) based CEOF1
(explaining 47% of the total QB-band variance), we identified eight
distinct phases of CEOF1 propagation (Figs. 3b and 4a, see Methods for
detail explanations). Across all eight phases, we observed a consistent
increase in westward phase speed over the SCTR region (derived from
the spatial phases over the SCTR), suggesting that both the upwelling
and downwelling components of the baroclinic Rossby waves have
accelerated in recent decades (Fig. 3b, ¢ see Methods). Notably,
variability in the westward SCTR phase speed during phases 4, 5, and 6,
corresponding to the downwelling phase, has intensified significantly
during the Late period, indicating a greater variability in propagation
speed than its upwelling counterpart. Figure 3c presents the temporal
evolution of SCTR phase speed and CEOF1 amplitude during
1960-2024, highlighting an intensification in westward phase speed
and its variability, along with a larger amplitude since the 1990s.
Importantly, these periods of enhanced phase speed coincide with
intervals of intensified CEOF1 activity.

To further verify the observed enhancement in westward phase
speed, Fig. 3d (upper panel) presents phase-longitude composites of
QB-SSH anomalies during active CEOF1 phases (see Methods). Here,
we observe that in the Late period, the phase transitions between
successive phases occur more rapidly along the longitudes than during
the Early period, indicating an acceleration of the wave cycle. To obtain
an independent estimate of westward phase speed separate from the
CEOF analysis, we present in Fig. 3d (bottom panel) lag composites of
SSH anomalies, centred on the time of maximum SSH anomaly in the
SCTR region (50°E-75°E, 12°S-5°S), using a threshold of one standard
deviation. From these composites, we tracked the time-lag position of

the peak anomaly for each longitude between 55°E and 85°E to esti-
mate the mean westward propagation speed. This independent
method also confirmed a significant increase (approximately by 70%)
in the westward phase speed over the SCTR, from 0.16 ms™! in the
Early period to 0.27 ms™1 in the Late period. Consistent changes were
also observed in the CEOF1 of EN4-D20, as presented in Supplemen-
tary Fig. 6d.

Mixed-layer heat balance associated with an amplified and
accelerated wave cycle and its downstream impacts on the YRD
The QB-SSH anomalies across the eight CEOF1 phases (Fig. 4a) illus-
trate the K-R wave cycle during the early and late periods. In the late
period, stronger anomalies extend farther zonally across all phases,
indicating an enhanced wavelength, consistent with the observed
increase in the mean phase speed of the baroclinic Rossby waves.
Importantly, the enhanced phase speed and wavelength are also evi-
dent in the normalized zonal wavenumber-frequency spectra of SSH
anomalies across the Indian Ocean basin (35°E-125°E, 15°S-15°N),
where the normalized power is strongly enhanced at zonal wave-
number one during the Late period (Supplementary Fig. 7).

The K-R wave cycle is manifested as major climate modes when
amplified as noted by previous studies'>. In Fig. 4a, the propagation
of baroclinic waves and their manifestation in QB-SST anomalies are
presented. The positive and negative phases of the IOD and IOB appear
at different stages of the K-R wave cycle. In Supplementary Fig. 8a and
Fig. 4a, we observed that the positive and negative phases of the 10D,
denoted by the DMI index above and below one standard deviation,
respectively, predominantly occurred during CEOF1 phase 3 and phase
7. Similarly, the active phases of positive and negative 10B pre-
dominantly appeared in CEOF1 phases 5 and 1 or 2, respectively.
Notably, the QB-SST anomalies closely match the overall detrended
SST anomalies across all CEOF1 phases, highlighting the dominant role
of the QB-scale K-R wave cycle in interannual SST variability of tropical
Indian Ocean (Supplementary Fig. 9).

The faster and zonally longer downwelling baroclinic Rossby
waves during the late period (Figs. 3d and 4a) produced anomalous
SST warming over a broader area of the tropical Indian Ocean basin,
particularly during CEOF1 Phase 6. In this phase, the downwelling
Rossby waves exit the SCTR region, initiating thermocline shoaling,
while the reflected Kelvin waves deepen the thermocline along the
Sumatra-Java coast, thereby activating thermocline-SST feedback
processes. During the late period, the amplified and longer down-
welling Rossby waves in the SCTR anomalously suppressed vertical
entrainment and diffusive mixing at the mixed-layer base due to the
reduced vertical temperature gradient associated with a deeper ther-
mocline. Supplementary Figs. 10-12 present the deseasoned and
detrended mixed-layer heat budget components across the Indian
Ocean basin, derived from ORASS for the eight CEOF1 phases during
the early and late periods and their differences (see Methods). Con-
sistent with previous studies, subsurface processes largely compen-
sate surface heat fluxes over the SCTR region across most phases®>°.
The late-minus-early differences (Supplementary Fig. 12) further show
that the strongest positive SST tendency in the SCTR occurs during
CEOF1 Phase 6 and is dominated by reduced vertical entrainment and
diffusive mixing. Moreover, Supplementary Figs. 13 and 14 indicate
that this suppression is primarily driven by the weakened vertical
temperature gradient associated with a deeper thermocline.

Since the K-R wave cycles are also phase-locked with the seasonal
cycle, the probability of certain phases occurring is higher in specific
months. The acceleration of the wave cycle significantly alters this
probability distribution. In Fig.4b, we presented the joint probability
distribution of each active phase, month-wise, for the Early and Late
periods. In certain months, this probability was five times higher than
the unbiased probability of 0.01 (1/96), denoting the phase-locked
wave cycle. It shows the propagation differences of the forced Rossby
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wave signal following the CEOF1 phase 3 (+10D condition) from the
preceding year September-November to phases 5 (+10B condition)
and 6 in the following year June-August. In the Late period, this pro-
pagation is considerably faster, with phase 6 emerging ahead of the
EASM onset, leading to warmer SST anomalies in the SCTR region. The
differences between the Early and Late periods shown in Fig. 4b also
largely explain the changes in lag correlations between YRD and 10D

70
Lon[°]

and IOB (Fig. 1c, d), where we noted a shorter lag between +I0D (CEOF1
phase 3), +10B (CEOF1 phase 5) and JJA river discharge (CEOF1 phase 6).

During above- and below-normal YRD years (defined as +1 stan-
dard deviation of JJA discharge), the May-August K-R wave cycle
preferentially occupies Phases 6 and 2, respectively, indicating that
these phases favor extreme YRD conditions (Supplementary Fig. 8b).
This preferential occurrence disappears during normal years, although
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Fig. 3 | Changes in the westward phase speed of baroclinic Rossby waves as
evident in the leading complex EOF (CEOF1) mode of quasi-biennial timescale
sea surface height (QB-SSH) between the Early (1960-1991) and Late
(1992-2024) periods. a Changes in the phase speed of the CEOF1 mode [m/sec].
The region enclosed by the black dashed lines denotes the SCTR region (S0°E-75°E,
12°S-5°S). b Change in the mean and standard deviation of westward CEOF1 phase
speed over the SCTR across eight CEOF1 phases. The shaded region denotes the
downwelling phases of baroclinic Rossby Waves over the SCTR region. (c) Time
series of CEOF1 phase speed and the amplitude over the SCTR. Dashed and dotted

horizontal lines represent the means for the Early and Late periods. d (Top) Hov-
moller plot showing longitudinal propagation of QB-SSH anomalies averaged
between 5°S and 12°S across eight CEOF phases during. (Bottom) Composite lagged
propagation of QB-SSH [m], centred on anomalous peaks (exceeding one standard
deviation) over the SCTR. Here, the black dashed line denotes the mean westward
phase speed of QB-SSH over the SCTR region, estimated using a best linear fit. The
black dotted lines represent the 95% confidence interval of the fitted slope
(approximately + 0.04 ms™! for both periods).

Phases 2 and 6 retain higher probabilities due to seasonally locked
propagation. QB-YRD anomalies exhibit their strongest positive cor-
relation with CEOF1 amplitude and strongest negative correlation with
CEOF1 phase speed at Phase 6, implying that higher-amplitude, faster
K-R waves enhance QB-scale YRD (Supplementary Fig. 8c). This rela-
tionship remains robust across both Early and Late periods.

To understand how the anomalous SST in K-R wave-cycle phase 6,
impact the QB scale YRD variability dynamically, we presented QB-YRD
correlated SSH, SST, SLP, MFD, E-P, and SSS during the Early and Late
periods, and their differences between Early and Late period in Fig.5.
QB-YRD-correlated SSH anomalies consistently exhibit a K-R wave
cycle Phase-6 pattern over the tropical Indian Ocean during both the
Early and Late periods, indicating a consistent and robust linkage
between K-R wave cycle and QB-YRD variability. The associated SST
anomalies across the Indian Ocean basin are strongly coupled to QB-
YRD activity, with above-normal YRD events occurring most frequently
during Phase 6, during which positive QB-SST correlations over the
eastern equatorial Indian Ocean persist in both periods. During the
Late period, these correlations expand into the central and western
Indian Ocean, coinciding with enhanced warming of the region asso-
ciated with the faster and amplified wave cycle. The enhanced QB-YRD
correlation with central and western tropical Indian Ocean QB-SST
anomalies during the Late period is also reflected in a strengthened
negative correlation with QB-SLP anomalies over the central-western
tropical Indian Ocean, indicating intensified deep convective activity.
During anomalously high QB-YRD years in the Late period, enhanced
deep convection over the western-central tropical Indian Ocean
excites a Matsuno-Gill-type atmospheric response, in which an east-
ward-propagating equatorial Kelvin wave strengthens the anomalous
WPSH and thereby contributes to anomalous YRD events, consistent
with the previous literatures on the downstream impacts of tropical
Indian Ocean heating”*~*°. The QB-scale moisture flux divergence,
evaporation—precipitation, and SSS identify the western Indian Ocean,
northern Bay of Bengal, and WPSH as key moisture source regions,
whose influence becomes more pronounced during the Late period
(Fig. 6). Overall, the dynamical linkage between the K-R wave cycle, its
associated climate modes, and QB-scale YRD variability remains con-
sistent during the Early and Late periods but intensifies during the Late
period due to the amplification and acceleration of the K-R wave cycle
(Fig. 1c, d). Supplementary Fig. 15 shows significant phase coherence
between QB-SST and QB-YRD over the tropical Indian Ocean even
during the Early period, consistent with significant lag correlations
between YRD and the IOD-10B (Fig. 1c, d). During the Late period, this
coherence strengthens and extends into the tropical central-eastern
Pacific, indicating enhanced Pacific influence. This interpretation is
further supported by a strengthened ENSO-YRD relationship in sea-
sonally stratified statistics and a marked increase in QB amplitude over
Nifo3.4 (Supplementary Fig. 16).

Potential drivers of increased westward phase speed in the SCTR
and amplification of the K-R wave cycle

Changes in the ocean stratification, can significantly alter the bar-
oclinic Rossby waves speed®. To examine whether changes in ocean
stratification contribute to the acceleration of westward phase speed
in the SCTR, we estimated the theoretical first baroclinic-mode Rossby

wave speed using the WKBJ approximation, derived from the mean
buoyancy frequency (N2) profiles down to 3,500 m at each grid point
(see Methods). Zonal (60°E-100°E) and meridional (12°S-5°S) mean
profiles of the derived phase speed are shown in Fig. 7a and d, with
corresponding spatial distributions in Supplementary Fig. 17. The
meridional profiles of phase speed from CEOF1-ORAS5 SSH and CEOF1-
D20 EN4 broadly agree with theoretical estimates in both the Early and
Late periods. However, the magnitude of the theoretical phase speed
change is approximately an order of magnitude smaller (~1/10th) than
the observed changes in CEOF1 (Fig. 7b, c, e, f), suggesting that
changes in stratification alone cannot fully explain the observed
acceleration. Likewise, changes in upper ocean circulation also provide
no obvious explanation for the acceleration of baroclinic Rossby waves
during the Late period (Supplementary Fig. 18a).

The atmospheric forcing, especially between 75°E and 100°E,
plays a critical role in modulating Rossby wave propagation and is
known to introduce discontinuity in phase speed along these
longitudes'®***°. This longitudinal band often acts as a zone for the
reinjection or initiation of Rossby waves'* (Supplementary Fig. 18b). As
shown in Supplementary Fig. 18b, wind stress curl variability peaks at
the QB timescale and has increased substantially between 75°E and
100°E in the Late period, along within the ENSO band, particularly
along 10°S. In Supplementary Fig. 18c, d, we assessed the phase
coherence between QB wind stress curl and QB wave signals, using
both ORAS5 SSH and EN4 D20 anomalies. Here we note that the phase
coherence has increased along the eastern edge of the SCTR
(75°E-90°E, 15°S-10°S) in the Late period suggesting an enhanced
coherent QB forcings to the southeast of the SCTR are the most
probable drivers of the enhanced wave speed, especially along the
southern SCTR. The decreased phase coherency at the centre of the
SCTR also signifies an accelerated propagation of the forced baroclinic
waves, leading to altered seasonal phase locking. Although this study
identifies enhanced QB-WSC variability as the most probable drivers
of the enhanced phase speed, further focused scientific investigations
are required to evaluate and establish this proposed hypothesis.

The enhanced phase coherence between QB Nifio3.4 and QB-
WSC, and between QB-YRD and QB-WSC, highlights the role of ENSO in
strengthening QB-WSC forcing along 75°E-100°E in the tropical
Indian Ocean, which likely amplified and accelerated the K-R wave
cycle during the Late period (Supplementary Fig. 19). Recent studies
suggest that temperature anomalies in the northern tropical Atlantic,
coupled with the Atlantic Multidecadal Oscillation, are responsible for
the amplification of ENSO biennial variability?> 2.

Discussion

A marked increase in extreme YRD flood events is observed during the
Late period (1992-2024) compared to the Early period (1960-1991),
coinciding with an approximately 50% enhancement in QB variability
of rainfall over the Yangtze River Basin and tropical Indian Ocean wave
activity. We find that the lagged relationships between YRD and major
climate modes, the 10D, ENSO, and IOB change significantly from the
Early to the Late period, driven by pronounced changes in K-R wave
characteristics. Although the dynamical linkage between the K-R wave
cycle and YRD remains robust throughout the record, it is substantially
strengthened during the Late period under enhanced QB-ENSO
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Fig. 5 | Downstream impacts of the Kelvin-Rossby (K-R) wave cycle on quasi-
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and Late (1992-2024) periods. QB-YRD correlated QB-scale sea surface height
(SSH; ORASS), sea surface temperature (SST; HadISST), mean sea level pressure
(SLP; ERAS), moisture flux divergence (MFD; ERAS; negative values indicate con-
vergence leading to enhanced rainfall), evaporation-precipitation (E-P; ERAS5), and
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sea surface salinity (SSS; ORASS5) (top to bottom) during the Early and Late periods,
along with their differences. Boxes denote regions relevant to QB-YRD variability
in-terms of moisture sources, including the western Pacific subtropical high
(WPSH), western tropical Indian Ocean (WTIO), and northern Bay of Bengal (nBOB).
Dotted regions indicate statistical significance at p < 0.05 based on the effective
number of degrees of freedom (N¢), following Xue et al.°.

forcing. Li et al?® and Huyan et al.”” have also suggested that the

relationships between the EASM and ENSO, and between the EASM and
Indian Ocean SST anomalies, have strengthened over the past decades.
Recent studies also suggest that this enhanced QB periodicity in ENSO
is linked to tropical North Atlantic SST variability associated with the
state of the Atlantic Multidecadal Oscillation'?**>2**1, Qur analysis
further reveals that, alongside K-R wave amplification, the phase
speed of baroclinic Rossby waves increased by approximately 70%
over the SCTR region from the Early to the Late period, favouring the
seasonal phase locking of ocean wave-driven tropical Indian Ocean
warming with the EASM. Although variations in the observational data
assimilated in reanalyses can introduce spurious variability, the
observed intensification in QB-scale processes in this study is unlikely
to result from such effects. In summary, this study identifies QB-scale
Indian Ocean wave dynamics as a key driver of YRD variability at
interannual timescale, highlighting a substantial oceanic control on the
EASM (Fig. 8). These findings also highlight the importance of accu-
rately representing Indian Ocean wave processes in climate models to
improve prediction of monsoon-related hydrological extremes under
ongoing climate change. Although the present study did not explore
the contribution of anthropogenic climate change to the observed

dynamical changes in the tropical Indian Ocean between the Early and
Late periods, its role is likely significant and requires more thorough
investigation.

The specific cause of the observed acceleration of baroclinic
Rossby waves in tropical Indian Ocean during the Late period remains
unresolved in this study and is an open question. Although we high-
light enhanced ENSO-driven QB-scale WSC forcing as a plausible dri-
ver, this relationship requires further investigation. Moreover,
QB-scale atmospheric forcing is closely coupled with local convection
and precipitation variability associated with the changes in wave cycle
itself, making it inherently difficult to distinguish cause from effect.
Therefore, targeted numerical modelling experiments are needed to
disentangle these processes. We also observe an increase in the
wavelength of baroclinic Rossby waves accompanied by an increase in
their phase speed. However, free-wave theory alone cannot account
for the overall acceleration of the K-R wave cycle. In linear theory, the
phase speed of equatorial Kelvin waves is independent of wavelength
and depends solely on the equivalent depth. Therefore, classical
free-wave theory is insufficient to explain the observed acceleration of
the K-R wave cycle in such fully coupled and externally forced system,
where nonlinear processes may also play an important role. It is also
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Fig. 6 | Column moisture flux divergence (MFD) and transport (MFT) associated
with quasi-biennial timescale Yangtze River discharge (QB-YRD) derived
from ERAS. QB-YRD regressed MFD (negative values indicate convergence leading
to enhanced rainfall) (kg m=2 s71) and MFT (kg m~1 s71) during (a) total
(1960-2024), b Early (1960-1991) and c Late (1992-2024) periods. Dotted regions
and black arrows indicate statistical significance at p < 0.05 based on the effective
number of degrees of freedom (e, following Xue et al.'°. The QB-YRD-regressed
MFD and MFT identify the western Pacific subtropical high (WPSH), western tro-
pical Indian Ocean (WTIO), and northern Bay of Bengal (nBOB) regions as the key
moisture source areas. Their contributions are evident in both the Early and Late
periods and become more pronounced during the Late period.

important to note that, due to the monthly temporal resolution of the
ORASS5 and EN4 datasets, the present study could not resolve the
detailed characteristics changes in equatorial Kelvin waves, although
their amplification during the Late period is clearly evident.

Methods

Analysis of QB timescale

To analyse baroclinic Rossby wave dynamics, this study primarily
followed the methodology of Menezes and Vianna'*. Menezes and
Vianna™ utilised monthly sea level anomalies obtained from satellite
observations to investigate baroclinic Rossby wave behaviour in the
tropical Indian Ocean. We here used the SSH anomalies and the
depth of the 20°C isotherm (D20) from ORASS reanalysis. Since
ORASS is a model-based product, we substantiated our analysis with
D20 data from EN4, which is an observation-based product. While we
primarily present SSH-based results in the main manuscript, both
ORASS and EN4 datasets are in overall agreement regarding the key
findings. SSH is emphasised here because it allows us to identify
changes in Kelvin wave properties, which are not adequately cap-
tured through D20 variations alone. As suggested by Menezes and
Vianna', QB (1.2-3 years or 14-36 months) variability predominantly
reflects energetic first barocliniccmode Rossby and Kelvin wave
propagation across the tropical Indian Ocean basin. Therefore, this
specific time band has been filtered using an FFT-based algorithm. To
assess the significance of the QB frequency band in displaying bar-
oclinic wave characteristics in the tropical Indian Ocean, Supple-
mentary Fig. 1a, 1b, and 1c (upper panels) show the standard

deviation of anomalies from ORAS5-SSH, ORAS5-D20, and EN4-D20,
filtered into three distinct frequency bands: annual (10-14 months),
QB (14-36 months), and ENSO-scale (36-96 months), after removal
of the seasonal cycle. As evident from these figures, the standard
deviation peaks in the QB band, indicating that baroclinic Rossby
wave activity is most prominent at this timescale, consistent with
Menezes and Vianna™.

CEOF analysis and K-R wavecycle

To identify propagating wave characteristics during Early
(1960-1991) and Late (1992-2024) period, we employed CEOF ana-
lysis on QB-timescale ORAS5-SSH, ORAS5-D20 and EN4-D20 fol-
lowing Menezes and Vianna'. CEOF analysis was conducted using the
XEOFs package written in the Python programming language
(https://xeofs.readthedocs.io/en/latest/). The phase speeds of CEOF1
are derived separately for the two periods (Fig. 2c, d). While the
results indicate an overall increase in the dominant mode’s phase
speed during the Late period (Fig. 3a), the structural differences
between the CEOF1 modes from the two periods suggest that further
validation was needed. To further validate our findings, we per-
formed a CEOF analysis over the entire study period (1960-2024),
where the leading mode explained 47% of the total QB band variance.
We then isolated time intervals where the CEOF1 amplitude exceeded
the 25" percentile (denoting active wave propagation) and com-
puted the phase speed in the SCTR for each of these eight active
phases (Fig.3b and Supplementary Fig. 6). We selected this threshold
to retain the full cycle of the K-R wave activity while excluding only
the weakest period. Moreover, since CEOF1 explains a substantially
larger proportion of variance than the second and third modes, this
threshold ensures a robust representation of dominant wave
dynamics (Supplementary Fig. 4).

The eight distinct phases of the K-R wave cycle are defined ana-
logously to the eight phases of the Madden-Julian Oscillation (MJO)
introduced by Wheeler and Hendon*?, based on the first two leading
principal component planes. In the present study, using CEOF analysis,
the two-dimensional phase space is constructed from the real and
imaginary components of the CEOF1. Temporal variations in the real
and imaginary components of the CEOF1 describe the propagation of
the dominant traveling mode across the basin. The phase space is
divided into eight 45° angular sectors, each representing one phase of
the K-R wave cycle. To construct composites of QB-SSH anomalies for
these eight phases, we consider months for which the amplitude of

CEOF1 ({/CEOF1, +CEOF1},, ) exceeds the 25th percentile. This

threshold is chosen to retain the complete K-R wave cycle while
excluding only the weakest periods of activity.

Mixed layer heat budget
T, _ 90—qn 1o (%63
90%a - VT, - V. Td
ot pc,h &_v_‘i h [ A vidz
Horizontal advection —
Surface heat flux Horizontal eddy heat transport )
T,—T_, (Oh 1, 0T
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h <6t Vo VT Won ) =Rz |,

Entrainment Vertical diffusion

The heat budget analysis conducted in this study followed the
approach of Moisan and Niiler*’, using monthly data from ORAS5
reanalysis. To distinguish between surface and subsurface influences
on mixed layer temperature, we categorised the budget terms into
three components: surface processes, comprising net surface heat
flux, horizontal advection and horizontal eddy heat transport within
the mixed layer; unresolved subsurface processes, inferred as the
residual between total temperature tendency and surface processes;
vertical processes, including vertical entrainment and turbulent
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meridionally averaged (12°S-5°S) profiles of first baroclinic-mode free

Rossby wave (cR) and CEOF1 phase speeds [m s™]. (b, e) Meridional and zonal
sections showing differences in first baroclinic-mode free Rossby wave phase speed
due to changes in squared buoyancy frequency (N2 [s?]), (c, f) Meridional and zonal
sections showing differences in westward phase speed [m s] of the CEOF1 mode
computed from ORAS5-SSH and EN4-D20, respectively.

diffusion. The mixed layer depth used in this study was derived from
ORASS reanalysis, based on a density difference criterion of 0.03 kg
m™3. Vertical velocity at the mixed layer base has been parameterized
using the rate of change of D20. The penetrative shortwave radiation in
the mixed layer was parameterized using a two-exponential attenua-
tion formulation**: g_, = gy, [Re™#/% + (1 — R) e"#/%2], where g, is the
surface shortwave radiation, z is depth, R=0.62 is the fractional con-
tribution of the fast-decaying component, k; =0.60m is the shallow
attenuation scale, and k, =20m is the deep attenuation scale. Vertical
turbulent mixing in the base of the mixed layer was calculated using a
constant vertical diffusivity of K,=10"m?s~1, Three components of
the vertical entrainment terms i.e., ENT1, ENT2, and ENT3 represent
entrainment associated with the local mixed-layer tendency, hor-
izontal mixed-layer advection, and vertical heat advection, respec-
tively. Anomalous ENT1 term was further decomposed using
ENTY =9GTD +'GTD +2 GTD' where GTD = Ta-T-# represents the
vertical temperature gradient across the mixed layer.

Estimation of first baroclinic-mode free Rossby wave

phase speed

The vertical modes were calculated using the Dynmodes package
(available at https://www.eoas.ubc.ca/-sallen/AIMS-workshop/modules/
dynmodes.html) from stratification profiles, represented by the squared
buoyancy frequency N? (z) (s2). The modes were computed indepen-
dently at each longitude and latitude using mean-state stratification for
the Early (1960-1991) and Late (1992-2024) periods. Using the WKBJ
approximation, we estimated the first baroclinic-mode gravity wave
speed from the mean buoyancy frequency (N2) profile down to a 3,500-
m depth at each grid point. Based on this gravity wave speed, we then
computed the first baroclinic-mode free Rossby wave phase speed using
the standard dispersion relation under the assumption of zero

background zonal current. Notably, the changes in stratification and
corresponding changes in the theoretical free baroclinic Rossby wave
speed, differed substantially between the model-based ORAS5 SSH and
the observation-based EN4 D20 datasets. Although, the observed CEOF1
phase speed changes were consistent across both datasets in the
western SCTR.

Phase coherence estimation

To quantify the phase relationship between QB-scale wind stress curl
and QB-scale SSH and D20 during the Early and Late periods, we
computed the phase coherence using the Hilbert transform-based
analytic signal approach. If x(¢) and y(¢) are two zero-mean filtered time
series. The analytic signal of each filtered time series was constructed
using the Hilbert transform:

2(6) =x(8) + IH[x(£)] = A (£)eP=® 2
w(t)=y(t)+iH[Y()]= Ay(t)ewy(r) 3)

where #[-] denotes the Hilbert transform, A(t) is the instantaneous
amplitude, and ¢(¢) is the instantaneous phase. The phase difference
A@(t) = @, (t) — ¢,(t) was then computed, and the phase coherence y
was estimated as:

V= “)

e
— e‘Aq)(t)
N t=1

where N is the total number of time steps. The phase coherence y €
[0, 1], with y=1 indicating perfect phase locking and y =0 implying no
phase relationship.
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Enhanced QB-scale EASM rainfall variability and YRD
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Fig. 8 | Schematic diagram explaining the mechanism for the enhancement of
quasi-biennial timescale Yangtze River discharge (QB-YRD) variability during
the Late period (1992-2024) compared to the Early period (1960-1991). The
numbers denote the sequence of processes responsible for this enhancement. (1)
Post-positive Indian Ocean Dipole or combined El Nifio-Southern Oscillation and
Indian Ocean Dipole (IOD/ENSO-10D) related windstress curl forcing intensifies the
downwelling Rossby wave component of the Kelvin-Rossby (K-R) wave cycle. (2)
The forced downwelling Rossby waves propagate westward faster and reflect as an
equatorial Kelvin wave, and this acceleration of the K-R waves favors seasonal
phase locking with the East Asian summer monsoon (EASM) during the Late period.
(3) The longer, amplified, and faster downwelling Rossby waves at CEOF1 phase

6 significantly reduce vertical entrainment and diffusion-driven mixing in the

western-central Indian Ocean. (4) The reduced vertical mixing induces anom-
alously warm SST and associated atmospheric deep convective activity over the
region. (5) The deep convective clouds and associated condensation heating
induce a Matsuno-Gill-type atmospheric Kelvin wave response, (6) which further
intensifies and shifts the western Pacific subtropical high (WPSH) anticyclone. (7)
The western flank of this intensified anomalous anticyclone transports more
moisture toward the Yangtze River basin (YRB), causing heavy precipitation over
the region during the EASM. Following negative IOD/ENSO-IOD events, a similar
sequence of processes associated with upwelling K-R waves leads to drought
conditions in the basin. Overall, intensified and faster K-R waves at QB timescales
enhance QB-scale EASM rainfall variability and the associated river discharge in
the YRB.

Statistical significance testing
The effective sample size (N¢) for QB-scale correlation is derived
based on following equation®,

1 1 28N . ;
T o + N;TPXX(J)()YY(J) (5)

Where N, pyx () and pyy(j) denote the effective sample size and auto
correlations of timeseries X and Y at time lag j respectively. A Student’s
t-test was applied to assess the statistical significance of the difference
in means between the two samples.

Data availability

The ORASS5 ocean reanalysis data used in this study were obtained
from the European Centre for Medium-Range Weather Forecasts
(ECMWF)*. The specific ORASS variables analysed included SSH, SST,
ocean currents, heat flux components, and wind stress terms. These
datasets are publicly available from the Copernicus Climate Data Store
at https://cds.climate.copernicus.eu/. Monthly ocean temperature and
salinity profiles were obtained from the EN4 dataset (version 4.2.2),
provided by the UK Met Office*® Wind stress curl was calculated using
the ERAS monthly reanalysis dataset from the European Centre for
Medium-Range Weather Forecasts®’. YRD data recorded at the Datong
station were obtained from the Ministry of Water Resources of the
People’s Republic of China. Nifio 3.4 (area—averaged SST anomaly over
5°S-5°N, 170°-120°W) and DMI (area-averaged SST anomaly differ-
ence between the western equatorial Indian Ocean: 50°-70°E,
10°S-10°N and the south-eastern equatorial Indian Ocean: 90°-110°E,
10°S-0°) were obtained from the NOAA Physical Sciences Laboratory
(https://psl.noaa.gov/data/timeseries/month/), derived using the

HadISST dataset*®. The I0B index was computed using monthly
ERSSTV5 data*” by differencing the average SSTs over the region
40°E-100°E and 20°S-20°N. The north tropical Atlantic (NTA) (area-
averaged SST anomalies over 0°-15°N, 90°W-20°E) index was calcu-
lated using ERSSTv5 data. The WPSH index in this study was calculated
from ERAS 500-hPa geopotential height anomalies over the sub-
tropical western North Pacific region (e.g., 10°-40°N, 110°E-180°E).
Gridded precipitation data for the Chinese mainland based on gauge
observations (CHM rainfall) were obtained from Han et al*°. The Global
Precipitation Climatology Centre (GPCC) precipitation data used in
this study were provided by the Deutscher Wetterdienst (DWD). The
GPCC Full Data Monthly Product Version 2020, based on rain gauge
observations, is publicly available and can be accessed at https://www.
dwd.de/EN/ourservices/gpcc/gpcc.html.

Code availability
Code used in this study is publicly available via Zenodo at URL https://
doi.org/10.5281/zenod0.18786090.
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