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Reversal of the Tibetan snow-India Burma

trough relationship
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Variations in the winter India-Burma trough (IBT) are associated with local cyclonic anomalies over the
Bay of Bengal and modulated by mid-latitude teleconnections. However, spring IBT variability remains
poorly understand, despite trough-base precipitation being substantially greater than in winter. Here,
we identify a reversal in the spring IBT-Tibetan Plateau snow cover (TPS) relationship around the year
2000. This shift corresponds to eastward displacement of the trough-base before 2000, followed by a
retreat toward the Bay of Bengal. Snow-perturbation experiments and moist potential vorticity
diagnostics show that during 1979-1999, high TPS enhances atmospheric disturbances ahead of the
trough and weakens them near its base. This process hence triggers an eastward displacement of the
IBT. During 2000-2020, high TPS exerts largely opposite effects. Furthermore, the Pacific Decadal
Oscillation (PDO) modulates this IBT-TPS linkage reversal. In the coming decades, a projected shift to
a positive PDO phase is expected to promote IBT eastward displacement, enhancing spring
precipitation in East Asia while increasing drought risk over the Indochina Peninsula. Our results hence
provide a basis for improving seasonal projections and assessing climate risks across monsoon Asia.

Under the blocking effect of the Tibetan Plateau, the subtropical westerly
splits into two branches; its southern branch forms the India-Burma (now
Myanmar) trough (IBT), a semi-permanent low-pressure trough over the
Bay of Bengal that typically emerges during boreal winter and spring'~.
Climatologically, the dominant feature of the global tropics and subtropics
in spring is a system of four prominent troughs (Supplementary Fig. 1a).
Among them, the spring IBT is characterized by the deepest base and
southernmost position. The associated precipitation extends from East Asia
across the entire North Pacific, representing the most extensive rainfall
coverage of any global trough system.

The intensity and positional shifts of the IBT exert a profound influ-
ence on climate anomalies over the Asian continent and western Pacific,
impacting tropical cyclones®, large-scale precipitation™, droughts*’, and
persistent cold spells®. Specifically, the March-April IBT intensity serves as
a reliable indicator for seasonal forecasting of tropical cyclones in the
Western North Pacific and South China Sea®. A stronger IBT is correlated
with above-normal temperature and precipitation in eastern East Asia but
below-normal temperature and precipitation in India’. A weak IBT, on the
other hand, is unfavorable for rainfall in Yunan (a province in China) and is
a major factor behind the region’s extreme drought in 2009-2010°.

The IBT exhibits significant variability across synoptic, interannual,
and interdecadal timescales"*". The cyclonic circulation anomaly over the
Bay of Bengal modulates IBT fluctuations by controlling its vorticity

intensity. On synoptic timescales, the South Asian jet wave train propagates
to East Asia within 4-6 days during winter'"™", modulating this cyclone
anomaly" ™. On interannual timescales, the deepening of the winter IBT is
linked to La Nifia via westerly jet waviness and tropical Kelvin waves™'*", a
linkage may strengthen interdecadally by a negative Pacific Decadal
Oscillation (PDO) phase since 2000". From the land surface, decreased
Tibetan Plateau soil temperature strengthens the winter IBT by affecting
upper-level westerlies'™"”. Importantly, a strengthened winter IBT corre-
sponds to an anomalous cyclone over the Bay of Bengal. The southerlies on
its eastern flank promote rainfall in East and Southeast Asia, whereas
northerlies on its western flank suppress it in South Asia, thereby estab-
lishing a direct link between IBT and Asian precipitation™.

The spring IBT has received less attention than its winter counterpart,
owing to the complex westerly-monsoon interaction during the seasonal
transition’"”', as well as the spring predictability barrier of El Nifio-Southern
Oscillation (ENSO)***, which together present a challenge for isolating and
predicting its dynamics. Notably, the climatological spring IBT exhibits an
~8-fold increase in trough base precipitation and a 1-2-fold downstream
strengthening compared to winter (Supplementary Fig. 1d), which is
attributed to a deeper trough base and a sharper downstream tilting, and a
5-7° northward shift over the western Pacific (Supplementary Fig. 1b, ).
These distinctive features underscore the need to investigate the mechan-
isms governing spring IBT variability.
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Here, we examine the relationship between spring IBT and Tibetan
Plateau thermal forcing, using TPS as the physical driver. This is motivated
by three main considerations: (1) A spring TPS dipole pattern, characterized
by reduced snow in the west and increased snow in the east, favors the
formation of an anomalous cyclonic circulation over the Bay of Bengal®.
Since this system is a key regulator of IBT, such a TPS pattern may establish a
linkage with IBT variability. (2) The spring ENSO predictability barrier
limits the forecast skill during this season’*% however, persistent TPS
anomalies provide a valuable source of predictability’*™ that helps over-
come this barrier. (3) Moreover, spring TPS exerts a prolonged thermal
influence on the Plateau and its surroundings, and hence alters the sub-
sequent Asian monsoon by alternating the intensity of the Plateau’s thermal
and hydrological forcings’**’. Our observational analysis reveals a regime
shift in the TPS-IBT linkage around 2000. Through targeted numerical
experiments and theoretical diagnostics, this study aims to quantify how
TPS anomalies influence the position and strength of the spring IBT, and
how this linkage has changed since 2000. Our work seeks to contribute to
advance in seasonal monsoon projection and regional climate adaptation
strategies.

Results

Regime shift in TPS-IBT linkage

During the extreme low-TPS year of 1996 (—1.50), positive precipitation
anomalies emerged in the IBT downstream sector, whereas during the high-
TPS year of 2011 (+1.50), negative precipitation anomalies occurred
downstream (Supplementary Fig. 2). These contrasting responses motivate
us to investigate the TPS-IBT linkage. Following previous definitions of the
IBT based on 700 hPa vorticity'®"* or geopotential height ', we calculate both
vorticity-based and height-based spring IBT indices (see “Methods”), and
examine their 19-year and 21-year sliding correlations with the TPS index
(Fig. la; the height-based IBT index x (—1)). The results show significant
(p < 0.05) negative correlations from 1979 to 1999. However, by 2010, such
sliding correlations shift to significant (p < 0.1) positive values (centered on
2010, ie., spanning 2000-2020), indicating an opposite regime during
2000-2020.

Spatially, high-TPS years during 1979-1999 correspond to negative
vorticity anomalies at the trough base (Fig. 1d), contrasting with the positive
anomalies in 2000-2020 (Fig. le). This reversal marks a shift from negative
to positive TPS-IBT correlation. Concurrently, high-TPS years in 1979-1999
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Fig. 1| Regime shift in TPS-IBT interannual linkage. a Sliding correlation (19-/21-
year window) between the spring (March-April-May) Tibetan Plateau snow cover
(TPS) and the India-Burma trough (IBT) indices during 1979-2023. IBT indices
derived from 700 hPa geopotential height (multiplied by -1) and vorticity fields.
Horizontal dashed lines: 90% significance thresholds. b Spring wind (vector) and
zonal wind (shading) anomalies at 700 hPa during 1979-1999, obtained by differ-
ences between high and low TPS years. Green contours (10~ gpm): 700 hPa
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geopotential height for high-TPS years (gradient = 59 gpm). Red contours: Low TPS
year conditions (gradient = 52.8 gpm). Height gradient is 11.7% larger during high
TPS years. ¢ As in (b), but for 2000-2020. Height gradients: high-TPS = 53.8 gpm,
low-TPS = 60 gpm; 11.5% smaller during high-TPS years. d, e As in (b, c) but
showing IBT displacement and 850 hPa vorticity (shading). Data sources: NOAA
satellite snow cover and ERAS5 circulation fields.
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Fig. 2 | Modeled impacts of TPS forcing on IBT variations. a Spring geopotential
height (shading) and wind (vector) at 200 hPa in responses to quasi-seesaw TPS
forcing (1979-1999), displayed as the ensemble mean differences

(Pos®y, — Neg™i,). b As in (a), but for coherent TPS forcing (2000-2020;
Pos™®y,, - Neg™™® ;). c~f As in (a, b), but depicting 700 hPa circulation and
temperature responses. All snow perturbation experiments were conducted using

100°
the CESM-LEN (see “Methods”). Black “A”/“C”: Anticyclonic/cyclonic circulation.
Blue “C” and red “W”: cold/warm advection. Black dots and purple vectors indicate
regions with statistical significance at the 95% level (two-sided t-test). Black con-
tours: IBT control zone (700 hPa geopotential height climatology: 3030/
3081.5 gpm). Observational counterparts are presented in Supplementary Fig. 5.

exhibit elevated geopotential height and 11.7% stronger height gradients
than low-TPS years (Fig. 1b and Supplementary Fig. 3), opposing conditions
in 2000-2020, which show reduced height field and 11.5% weaker gradients
(Fig. 1¢). The strengthened pressure gradients during 1979-1999 accelerate
downstream westerlies, whereas weakened gradients post-2000 suppress
them (Fig. 1b, c). These systematic reversals validate a regime shift in the
TPS-IBT relationship.

As a semi-permanent low-pressure system, IBT trough base changes
potentially trigger downstream responses'’. During 1979-1999, high-TPS
years are associated with negative vorticity anomalies at the trough base
alongside positive downstream anomalies, favoring an eastward displace-
ment of the trough base by ~12 longitude (12x111km X cos
(17.5°) = 1270 km; Fig. 1d). Conversely, in 2000-2020, high-TPS years
correspond to positive vorticity anomalies at trough base but negative
anomalies downstream, indicating a strengthening of the trough over the
Bay of Bengal (Fig. le).

Physical processes of TPS impacts on IBT variations

As the “Asian Water Tower™"'”, the Tibetan Plateau snow drives regional
and global climate anomalies via albedo feedback’****** and hydrological
effects”*”. During 1979-1999, a positive-phase TPS index corresponds to
a quasi-seesaw snow pattern, which is defined as positive snow anomalies
over the central-eastern Tibet versus negative anomalies in the west

(Supplementary Fig. 4a). Due to snow-albedo effect, this spatial pattern
induces surface to mid-upper atmospheric cooling anomalies (—0.9 to
—0.1 K) over the central-eastern regions, contrasting with western warming
anomalies (0.2-0.6K; Supplementary Fig. 4c). Conversely, during
2000-2020, a positive-phase TPS index exhibits a coherent snow pattern,
which is defined as widespread positive snow anomalies across the entire
Plateau (Supplementary Fig. 4b), driving consistent cooling anomalies from
surface through mid-upper atmosphere (—1.1 to —0.2 K; Supplementary

Fig. 4d).
Given the interaction between snowpack and atmospheric
circulation®™™*, we conduct four sets of snow-perturbation experiments to

diagnose circulation responses to different TPS forcings (see “Methods”).
During 1979-1999, observations and experiments reveal that the quasi-
seesaw TPS pattern drives an upper-tropospheric cyclonic anomaly east of
the Tibet and an anticyclone anomaly west of the Tibet (Fig. 2a and Sup-
plementary Fig. 5a). This occurs as the enhanced central-eastern snowpack
induces adiabatic cooling, whereas the western reduced snow cover pro-
motes adiabatic heating (Supplementary Fig. 4¢). In contrast, during 2000-
2020, the coherent TPS pattern generates a broad upper-tropospheric
cyclone anomaly across the Tibet (Fig. 2b) via a uniform adiabatic cooling
(Supplementary Fig. 4d).

During 1979-1999, the positive quasi-seesaw TPS pattern triggers a
lower tropospheric anticyclone-cyclone-anticyclone circulation anomaly
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along the southern Tibet (Fig. 2c). Southwesterly anomalies along the
northwestern flank of the western Pacific anticyclonic anomaly (Fig. 2e)
enhance climatological southwesterlies (Supplementary Fig. 1b), accelerat-
ing background flow and hence promoting trough-ahead development. In
addition, these southwesterly anomalies also transport warm advection
ahead of the trough (Supplementary Fig. 6a), causing air expansion and
lower-tropospheric convergence motions via air mass compensation. As
low-level convergence facilitates potential vorticity generation***, positive
vorticity anomalies develop ahead of the trough (Fig. 1d). Concurrently, the
trough base features southerly and cold anomalies (Fig. 2e). Cold advection
(Supplementary Fig. 6a) drives divergent motions, weakening the trough
base through potential vorticity dissipation. Collectively, trough-ahead
development, base weakening, and the 104°E cold/warm advection
boundary (Supplementary Fig. 6a) drive an ~12° eastward displacement of
trough base (Fig. 1d).

During 2000-2020, the positive coherent TPS pattern triggers a lower-
tropospheric cyclonic anomaly south of the Tibet alongside an eastern
anticyclonic anomaly (Fig. 2b). Northeasterly anomalies along this antic-
yclone opposite climatological southwesterlies, weakening airflow ahead of
the trough. These northeasterly anomalies also drive cold advection ahead of
the trough (Fig. 2f and Supplementary Fig. 6b). This process leads to
potential vorticity dissipation, which reduces trough-ahead intensity.
Simultaneously, the cyclonic anomaly (Fig. 2d) strengthens the trough base
through potential vorticity generation, deepening the IBT over the Bay of
Bengal.

MPV perspective on IBT variation
Based on the physical linkages between IBT variations and TPS forcing, we
employ a moist potential vorticity (MPV) framework (see “Methods”) to
quantify the underlying mechanisms*™**. MPV is decomposed into its
vertical component (MPV1) and horizontal component (MPV2), where
MPV1 <0 diagnoses convective instability, while MPV1 > 0 indicates sta-
bility; MPV2 > 0 signifies warm advection, while MPV2 < 0 denotes cold
advection.

During 1979-1999, the positive quasi-seesaw TPS pattern promotes
warm advection ahead of the trough (MPV2 = (1.1 £ 0.3) x 10> PVU; Fig,
3b and Supplementary Fig. 7), accompanied by convective instability

(MPV1=(—3.1%£0.7) x 107> PVU; Fig. 3b) and positive precipitation
anomalies (Supplementary Fig. 6¢). The precipitation associated latent heat
release from mid-level (600-400 hPa) creates a vertical thermal contrast
with lower levels that generates potential vorticity*****, thereby enhancing
positive vorticity anomalies ahead of the trough (Fig. 1d). Conversely, cold
advection dominates the trough base (MPV2 = (—0.7 £0.3) x 107> PVU;
Fig. 3a) with enhanced stability (MPV1 = (0.1 £0.2) x 10~*> PVU; Fig, 3a)
and precipitation suppression (Supplementary Fig. 6¢), resulting in poten-
tial vorticity dissipation. Consequently, this combination of amplified
trough-ahead development and suppressed base conditions drives an
eastward shift of the trough line (Fig. 3c).

During 2000-2020, the positive coherent TPS pattern induces cold
advection ahead of the trough (MPV2 = (—2.2+0.3) x 107> PVU; Fig. 3b
and Supplementary Fig. 7), accompanied by enhanced stability
(MPV1=(4.1+0.6) x 107> PVU; Fig. 3b) and precipitation suppression
(Supplementary Fig. 6d), resulting in potential vorticity dissipation and
consequent trough-ahead weakening (Fig. le). At the trough base,
cold advection (MPV2=(—04%02)x107> PVU; Fig. 3a) promotes
potential  vorticity  dissipation,  while  convective  instability
(MPV1=(—0.7+0.3)x 107> PVU; Fig. 3a) and positive precipitation
anomalies (Supplementary Fig. 6d) enhance potential vorticity generation.
As instability exceeds cold advection by ~75%, net trough base deepening
occurs. Therefore, suppressed trough-ahead alongside amplified trough
base deepening sustains persistent IBT intensification over the Bay of Bengal
(Fig. le). Overall, the MPV analysis confirms that warm advection and
instability ahead of the trough favor IBT eastward shifts before 2000, while
opposite conditions enhance IBT deepening after 2000.

Potential role of PDO in modulating relationship reversal

We identify a reversal in interannual IBT-TPS linkage, shifting from
negative correlation (1979-1999) to positive (2000-2020). This 21-year
transition motivate us to figure out decadal-scale modulations within cli-
mate system. Our analysis shows that spring TPS correlates with a positive
PDO pattern during 1979-1999, but shift to a negative PDO pattern during
2000-2020, with this signature traceable back to the preceding winter
(Supplementary Fig. 8). Notably, the PDO itself undergoes a phase shift
around 2000 (Fig. 4a). When the PDO is in positive phase, the IBT-TPS
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Fig. 4| PDO modulation of TPS-IBT interannual linkage. a Left panel displays the
spring standardized PDO index (10-year running mean based on centered years;
color curve) along with 21-year sliding TPS-IBT index correlations (dots). Solid dots
indicate correlations significant at the 90% confidence level, whereas open dots
represent non-significant correlations. The right panel shows the PDO index from
1979 to 2100, constructed by combing NCAR data (1979-2020) with CMIP5 pro-
jections (2021-2100)""7. b, ¢ Regression patterns 700 hPa geopotential height and
wind anomalies against the positive (+PDO; b) and negative (-PDO; c) phases of the

PDO index during 1979-1999 and 2000-2020, respectively. d, e As in (b, c), but for
partial regression patterns after removing the influence of TPS. Black dots and
purple vectors: 95% significant regions (two-tailed ¢-test). Black contours: IBT
control zone (700 hPa climatology: 3030/3081.5 gpm). Data sources: NOAA satellite
snow cover, ERA5 circulation fields, NCAR PDO index, and CMIP5 PDO index”""".
The original data for the CMIP5 PDO index were obtained from refs. 71,72 (under a
Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License).

correlation is negative, whereas during negative PDO phase, the correlation
becomes positive (left panel in Fig. 4a), implying PDO modulates this
relationship reversal.

The positive PDO phase (1979-1999; Fig. 4b) is characterized by
negative height anomalies over the high-latitudinal North Pacific, but
positive height and anticyclone anomalies spanning the tropical northern
Indian and Pacific Oceans. The southwesterly anomalies along the north-
western flank of anticyclone resemble those associated with high-TPS pat-
terns (Fig. 1b), suggesting a potential role in promoting eastward
displacement of the IBT. Conversely, the negative PDO phase (2000-2020)
exhibits markedly contrasting circulation patterns (Fig. 4c). The Bay of
Bengal cyclonic circulation corresponds closely to high-TPS conditions (Fig.
Lc), enhancing trough base intensification.

After removing the influence of TPS through partial regression, the
PDO-driven circulation anomalies over the northern Indian and north-
western Pacific Oceans are clearly weakened (Fig. 4d, e). Over the Bay of
Bengal (84°E-105°E, 8°N-22°N), the regression coefficient of the PDO index
onto the height field decreases by ~36.1% (from 3.6 gpm to 2.3 gpm) during

1979-1999 and by ~4.3% (from 7.0 gpm to 6.7 gpm) during 2000-2020 after
the TPS is accounted for. This result, together with the fact that spring TPS
forcing alone can generate similar atmospheric circulation pattern across
these regions (Fig. 2), indicates that the TPS acts as a memory mechanism. It
stores PDO signals and releases them during spring through snow-induced
diabatic forcing, thereby altering the locations of the IBT.

Discussions
Winter IBT variations are linked to local cyclonic anomalies and regulated
by mid-latitude teleconnections from tropical forcing'*'*'"**. In contrast,
this work investigates the origins of spring IBT variability using TPS as a
physical driver. The contribution of snow-albedo feedback to elevation-
dependent warming on the Tibetan Plateau™ ™ place our findings within the
wider context of cryosphere-atmosphere interactions across the Himalaya-
Tibetan region.

Variations in the IBT position directly affect precipitation distribution,
highlighting its implication for future drought and flood risks. Under the
negative phase of the PDO (since 2000), the TPS-associated IBT has
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strengthened over the Bay of Bengal, enhancing spring rainfall across South
(~0.6-0.8 mm/day) and Southeast Asia (~0.9-1.2 mm/day; Supplementary
Fig. 6d). This increase in precipitation likely led to a higher incidence of
extreme hydrological events, exemplified by the markedly increased risk of
severe flash floods and geological hazards in western India since 2000*. A
notable recent example is the catastrophic 2022 Pakistan floods, the event
that may have been influenced by anomalous TPS conditions during the
preceding spring”’. Multi-model projections from 21 representative CMIP5
models indicate that the negative PDO phase is expected to persist until the
early 2030 s (right panel in Fig. 4a), suggesting that these elevated flood risks
are projected to persist through 2030.

During the positive PDO phase, the TPS-associated IBT moves east-
ward, which enhances precipitation in the East Asian monsoon region while
reduces rainfall over the Indochina Peninsula due to heightened geopo-
tential heights (Supplementary Figs. 5¢, 6d). Given the recurrent spring
droughts in these areas™”, this reduction in rainfall significantly exacerbates
the risk of drought. Multi-model simulations indicate that from the 2030 s to
the 2080 s, the PDO is expected to transition to a positive phase (right panel
in Fig. 4a), thereby intensifying drought risks across these regions.

Although previous studies identify winter TPS as a precursor to
regional climate anomalies™**”, our analysis shows that the IBT-linked TPS
signal originates from TPS increment during the preceding winter half-year
—not winter TPS (Supplementary Fig. 9). This distinction likely stems from
the stronger adiabatic cooling produced by Tibetan Plateau snow accu-
mulation versus snow cover extent’, making winter half-year snow accu-
mulation a key predictor for spring IBT forecasts.

Notably, although numerical modeling confirms TPS modulates IBT
dynamics (Fig. 2), the IBT (or Bay of Bengal cyclonic circulation) also
influences Tibetan Plateau precipitation***"*. In addition, this study reveals
that the PDO modulates TPS-IBT linkage, but the reversal in the TPS-IBT
relationship occurs around 2000, 1 year prior to the PDO phase shift in 2001.
This implies that TPS-IBT reversal may affect the subsequent phase tran-
sition of the PDO. These complex interactions necessitate further investi-
gation to disentangle their causality, which is crucial for advancing
mechanistic understanding of the TPS-IBT linkages.

Methods

Satellite observations and reanalysis datasets

Three snow datasets were used: satellite-derived weekly snow cover extent
obtained from the National Oceanic and Atmospheric Administration
(NOAA, spanning 1979-2023)"" and the National Snow and Ice Data
Center (NSIDC, covering 1979-2020)*, and model-based ERA5-Land
snow depth data sourced from the fifth generation of ECMWF’s atmo-
spheric reanalysis (ERA5, covering 1979-2023).

Notably, the central-eastern Tibetan Plateau (89°E-103°E,
26°N-36°N) exhibits extensive spring snow cover with high interannual
variability”®. To characterize this variability, we defined the spring TPS
index as the area-weighted mean of snow cover across this region. Index
values were detrended, subjected to interannual filtering and standardized.
All datasets produced TPS indices with coherent fluctuations (Supple-
mentary Fig. 10), showing stronger inter-dataset correlation: 0.96 (NOAA/
NSIDC) and 0.53 (NOAA/ERA5-Land; all p <0.001), confirming robust
interannual variability capture.

Atmospheric variables including wind, vorticity, temperature, geopo-
tential height, specific humidity, and precipitation fields (1950-2023) were
derived from ERAS reanalysis”. For verification, we additionally employed
the National Centers for Environmental Prediction-Department of Energy
Reanalysis-2 (NCEP-R2, covering 1979-2024;)* datasets, yielding con-
sistent findings. Monthly global sea surface temperature data (1870-2024)
were obtained from the HadISST dataset provided by the UK Met Office
Hadley Centre®.

The PDO is defined as the leading Empirical Orthogonal Function of
North Pacific sea surface temperature anomalies, according to Mantua
et al”’. The historical PDO index (1854-2024) was sourced from the
National Center for Atmospheric Research (NCAR). Future projections of

the PDO index were derived from previous studies”"””, which employed 21
representative models from the Coupled Model Intercomparison Project
Phase 5 (CMIP5). Using statistical synthesis and spatiotemporal correlation
methods, these studies produced a PDO time series for the 21st century. This
projected series has been calibrated against observational data to ensure
consistency in phase transitions with the historical record.

Tibetan Plateau snow forcing experiments

While conventional snow-forcing experiments simulate snow effcts via
proxies, such as albedo modifications, diabatic cooling, or atmospheric
divergence’***”, we directly force models with satellite-observed snow
cover anomalies to integrate snow-albedo and hydrological feedbacks. This
approach establishes a more direct physical linkages between TPS forcing
and atmospheric responses. We implement this scheme using the NCAR
Community Earth System Model version 1.2 Large Ensemble (CESM-
LEN)”. The CESM-LEN configuration couples CAM4 (the Community
Atmosphere Model v4) with CLM4.5 (the Community Land Model v4.5),
incorporating ocean and sea-ice components.

Four snow perturbation experiments were performed using satellite-
derived TPS anomalies (see Supplementary Table 2 for details). (1) Positive
quasi-seesaw TPS experiment (Pos*y,): Forced with positive-phase TPS
anomalies (Supplementary Fig. 4a). (2) Negative quasi-seesaw TPS
experiment (NegSSEXP): Forced with negative-phase TPS anomalies. Each
experiment comprised 45 ensemble members. Observational TPS anoma-
lies were imposed over the Tibetan Plateau to drive CESM-LEN, and cli-
matological sea surface temperatures and sea-ice were prescribed to isolate
snow-forced responses. After discarding the initial 25 years as model spin-
up, the final 20 ensemble members were analyzed. Atmospheric responses
to the quasi-seesaw TPS forcing were assessed by calculating the ensemble
mean difference (Pos™gy, - Neg®g,,) to isolate the TPS forcing impacts
(Fig. 2a, ¢, e).

Following the quasi-seesaw experiments, we conducted additional two
coherent TPS forcing experiments. (3) Positive coherent TPS experiment
(Pos®™p): Forced with positive-phase TPS anomalies (Supplementary Fig.
4b). (4) Negative coherent TPS experiment (NegCHREXP): Forced with
negative-phase anomalies. All experimental configurations remained
identical to the quasi-seesaw experiments: 45-member ensembles, pre-
scribed sea surface temperature and sea-ice concentrations, and analysis of
the final 20 equilibrated members. Atmospheric responses were quantified
as the ensemble mean difference (PosCHREXP - NegCHRExp; Fig. 2b, d, ).

MPV diagnosis of TPS impacts on IBT dynamics

Moist potential vorticity (MPV) theory extends the dry Ertel potential
vorticity framework to capture diabatic and baroclinic processes in moist air
masses*’®. This approach quantitatively diagnoses vertical vorticity gen-
eration, tropical stroms, squall lines, and precipitation dynamics**"”".
Validated for phase-changing moist atmospheres, we employ MPV theory
to quantify IBT dynamical development and movement (Fig. 3). Following
established formulations**””*, MPV is defined as:

9, [ovab, odudl,
e b e = I
30
MPV1 = —g (¢, +f) 2= @)
g( P f) op
MPV2 = o390 _ 0430, 3)
“&\pox ooy

where (, denotes relative vorticity, g gravity acceleration, f the Coriolis
parameter, and 0;, equivalent potential temperature, with u and v repre-
senting zonal and meridional wind fields, respectively.

MPV1 diagnoses convective instability: positive values indicate
atmospheric stability, while negative values denote convective instability.
MPV2 quantifies moist baroclinicity; positive values signify warm advection
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whereas negative values indicate cold advection. Since both baroclinicity
and convective instability enhance the generation of vertical vorticity***,
the configuration MPV1 < 0 and MPV?2 > 0 fosters optimal conditions for
trough development.

Definition of the IBT indices
During boreal spring, the IBT trough base lies over the Bay of Bengal,
exhibiting its maximum variability over the region 84°-105°E, 8°-22°N
(Supplementary Fig. 1a). Adopting the winter IBT index methodology based
on 700 hPa vorticity field*'*"*, we define the spring IBT index as the area-
weighted mean 700 hPa vorticity field over this domain. Unlike winter IBT
variability confined primarily to the northern Bay of Begnal*"’, the spring
trough extends eastward into the western Pacific (Supplementary Fig. la,
inset), reflecting enhanced zonal mobility (Fig. 1d, e). To better characterize
this zonal displacement, we introduce a height-based IBT index: the area-
weighted mean 700 hPa geopotential height over 84°~105°E, 8°-22°N.
We employ both the vorticity-based and height-based IBT indices to
investigate their interannual connections with TPS. Sliding correlation
analysis using both indices produces consistent results (Fig. 1a). Sensitivity
tests with 19-year and 21-year moving windows confirm robust transition
timing in this relationship, indicating a statistically significant regime shift in
TPS-IBT linkage.

Statistical analysis

To investigate the physical mechanisms through which TPS influence IBT
variations, we identified high- and low-TPS years using +0.5 standard
deviation thresholds (Supplementary Table 1). Composite analyses of
atmospheric fields were conducted for these selected years. Statistical sig-
nificance was evaluated using a two-sided -test, with composite ¢ statistics
for high- and low-TPS years calculated as:

1 L
NHZixi N, 245%j

b= — (4)
\/Ny TN,
s = (NH_ 1>S%I + (NL B 1)5% (5)
P Ny + N, —2

where Ny and N; denote the sample sizes for high- and low-TPS years,
respectively. sy and s;, represent sample standard deviation for high- and
low-TPS years, respectively. s, indicates the standard deviation across both
groups. The degree of freedom is estimated through:

2 2\2
y, - ts)
i {[@,/NH)Z] N [@/w]}
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We employed partial regression analysis to examine how the PDO
modulates TPS’s independent influence on IBT variability. This method

statistically isolates PDO’s dynamical role by removing TPS-covarying
components through:

(6)

alx,y) =D (PDO(D) - Yi(x,y,0)/ Y (PDO(1])  (7)
t=1 t=1

where « is the partial regression coefficient quantifying PDO’s indepen-
dence influence, and Y denotes the target atmospheric circulation fields. The
regression residuals are calculated as:
PDOres(t) = PDO(t) - ﬁTPSHPDO x TPS (t)> Yres(x> J’: t) = Y(X, )/’
1) — Brps_ppo X TPS (¢). Primed terms (e.g., PDO’) denote deviations from
the temporal mean.

To isolate the interannual TPS-IBT linkage, we applied a high-pass
Butterworth filter with a cutoff frequency of 0.125 year " to both indices and
spatial fields. This filter removes climate variability on timescale longer than

8 years, retaining sub-8-year interannual fluctuation. Additionally, linear
least squares quantified coverability between TPS indices (Supplementary
Fig. 10). Statistical significance of the composite and regression analysis was
assessed using the two-sided Student’s t-test, with p<0.1 and p <0.05
defining the 90% and 95% confidence levels, respectively.

Data availability

The figures and indices used in this study are available on Zenodo™ at
https://doi.org/10.5281/zenodo.17120424; The NSIDC snow cover data are
available at: https://doi.org/10.5067/P7O0HGJLYUQU; The NOAA snow
cover data are available at: https://doi.org/10.7289/V5N014G9; The ERA5-
Land snow depth are available at: https://doi.org/10.24381/cds.68d2bb30;
The ERA5 atmospheric variables at: https://doi.org/10.24381/cds.6860a573;
The Met Office Hadley Centre sea surface temperature are available at:
https://www.metoffice.gov.uk/hadobs/hadisst/; The NCEP-R2 atmospheric
variables are available at: https://doi.org/10.5065/FPR3-MW53; The NCAR
PDO index are available at: https://climatedataguide.ucar.edu/climate-data/
pacific-decadal-oscillation-pdo-definition-and-indices; The future PDO
index is available at https://github.com/atrmli/data.

Code availability

The composite and partial regression analysis were performed using scripts
developed with the Intel® Fortran Compiler, which is publicly available on
Zenodo” at https://doi.org/10.5281/zenodo.17117540. Other codes are
available upon request from the corresponding author.
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