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Abstract

The East Asian Jet (EA]J), a key upper-level westerly wind that controls monsoon circulation and
precipitation patterns within the East Asian summer monsoon system, has undergone multiple
regime shifts since the mid-20th century. While transitions in the late-1970s and mid-1990s are
well documented, a more recent shift in the early 2000s remains less well characterized. Here we
identify a regime shift of the EAJ occurring in 2002/2003 through striking changes, manifested

by an abrupt intensification in both the mean state and interannual variance of the jet. This shift
coincides with significant surface warming over southern China and widespread drying across East
Asia. Our analysis identifies two key features characterizing this transition: strengthening of the
Tibetan Plateau High (TPH) and emergence of enhanced SM—T coupling variability over Inner
East Asia. After 2003, coupling strength exhibits significant correlation with surface energy par-
titioning and lower-tropospheric thermal structure. This coupling variability is closely linked to
jet fluctuations, indicating that enhanced jet variability is strongly mediated by land—atmosphere
(L-A) coupling processes. In addition, the intensified TPH additionally contributes to jet intensi-
fication through modifications in upper-tropospheric circulation patterns. These results highlight
the critical role of L-A interactions in EA]J variability and provide insights into potential linkages
between drought conditions under global warming and monsoon circulation changes mediated
through upper-level atmospheric flow.

1. Introduction

The East Asian summer monsoon (EASM) represents one of the most important and dynamic climate
systems on Earth, exhibiting variability across multiple timescales from interannual to multidecadal
scales and exerting profound impacts on regional ecosystems, agricultural productivity, and extreme
weather events across densely populated regions of East Asia (Huang et al 2007, Tao et al 2014, Lee et al
2017). Of particular scientific and societal importance are decadal transitions within the EASM system,
often referred to as regime shifts, which represent fundamental reorganizations of monsoon circula-
tion and associated precipitation patterns. These regime shifts have been extensively documented, with
major transitions identified in the late 1970s (Lieting and Renguang 2000, Ding et al 2009, Zhou et al
2009, Ding et al 2010, Huang et al 2010, Tao et al 2014) and mid-1990s (Kwon et al 2005, Yim et al 2008,
Ding et al 2009, Wu et al 2010, Chang ef al 2014; Chen and Lu 2014, Dong et al 2016), characterized by
strengthening and weakening of monsoon circulation and shifts in precipitation patterns.

Several studies have identified major EASM regime shifts through detailed analysis of the East Asian
Jet (EAJ), which plays a crucial role in shaping the EASM system (Kwon et al 2007, Lu et al 2011, Lin
et al 2024). The EAJ, characterized as a strong upper-level westerly wind system, fundamentally controls
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monsoon circulation patterns and determines the spatial and temporal distribution of rainfall across
East Asia (Zhang et al 2006, Sampe and Xie 2010, Ha et al 2012, Wang et al 2013, Herzschuh et al 2019).
Previous research by Kwon et al (2007) demonstrated that the EAJ underwent significant regime shifts in
the late 1970s and mid-1990s, strongly linked to substantial changes in precipitation patterns over south-
ern China through barotropic responses of upper tropospheric circulation.

Building upon this foundation, our analysis identifies an additional and previously underexamined
regime shift in the EAJ occurring in 2002/2003, which serves as the primary focus of this study. While
Lin et al (2024) recently reported a sharp increase in EAJ interannual variability since the late 20th cen-
tury, attributing this change primarily to Atlantic Ocean forcing mechanisms, their analysis focused
exclusively on remote oceanic teleconnections without examining the potential role of regional land—
atmosphere (L-A) interactions in driving or modulating this enhanced variability.

Our investigation addresses this knowledge gap by exploring the concurrent emergence of enhanced
soil moisture-temperature (SM—T)coupling over Inner East Asia and its relationship with EAJ variability
changes during the post-2003 period. This research focus is motivated by well-documented observations
of substantial soil moisture decline across East Asia during the same period (Rodell et al 2018, Scanlon
et al 2018, Zhang et al 2020). While land surface conditions have traditionally been viewed as passive
responses to atmospheric forcing, recent numerical studies suggest that soil moisture anomalies can
affect upper-tropospheric circulation patterns through various physical mechanisms (Koster et al 2016,
Martius et al 2021, Shi et al 2021b). However, robust observation evidence for such connections remains
limited. Therefore, our study investigates whether regional L-A coupling is associated with enhanced EA]
variability, complementing the established oceanic forcing mechanisms. This perspective examines poten-
tial relationships between land surface conditions and jet behavior, providing insights into regional pre-
dictability mechanisms not captured by analyses focused solely on remote ocean forcing.

We address two main objectives in this study: (1) characterizing changes in EAJ mean state and vari-
ance during the recent period, focusing on the timing, magnitude, and spatial characteristics of these
changes; (2) investigating the emergence of enhanced L-A coupling variability over East Asia and its
relationship with EAJ behavior changes after 2003; and (3) examining the physical mechanisms that may
link land surface conditions to upper-level circulation patterns through thermodynamic processes.

2. Methods

2.1. Data

We utilize various atmospheric and land surface variables from multiple reanalysis datasets. ERA5
(Hersbach et al 2019) provides monthly zonal wind (U), geopotential height (Z), and air temperature
(T) at each of 37 pressure levels from 1958 to 2020, with a spatial resolution of 0.25° x 0.25°. Our ana-
lysis focuses on the boreal summer (JJA). Lower-tropospheric thickness is calculated from geopotential
height differences between 500 and 1000 hPa to examine thermal structure changes in the lower atmo-
sphere. To validate the robustness of regime shifts, we additionally use zonal wind data from JRA-55
(Kobayashi ef al 2015; 1.25° x 1.25°) and 20CRv3 (Slivinski et al 2019, 1.0° x 1.0°).

Land surface variables, including 2 m air temperature, soil moisture, surface heat fluxes, and net
radiation, are obtained from ERA5-Land (Munoz-Sabater et al 2021, 0.1° x 0.1°). Surface heat fluxes
follow the ERA5 convention where positive values indicate downward (toward surface) direction and
negative values indicate upward (away from surface) direction. Volumetric soil moisture is obtained
by integrating data from all four layers provided by ERA5-Land: 0-7 cm, 7-28 c¢m, 28-100 cm, 100-
289 cm, yielding total column soil moisture from 0-289 cm depth. The whole-column approach is adop-
ted to comprehensively assess regime shifts impacts on the full L-A interaction, as our analysis exam-
ines not only SM-T coupling but also the broader changes in surface energy partitioning including sens-
ible heat flux, latent heat flux and their relationship to deeper soil moisture variations. The Bowen ratio
(sensible/latent heat flux ratio) is also calculated to provide additional context for energy partitioning
regimes.

Monthly precipitation data are from the GPCPv2.3 dataset (Adler et al 2003; 2.5° x 2.5°), cover-
ing 1979-2020. To verify the robustness of precipitation changes, we additionally analyzed two high-
resolution gauge-based datasets: CPC Unified Gauge-Based Analysis of Daily Precipitation (Chen et al
2008, 0.5° x 0.5°) covering 1979-2020, and APHRODITE-I (Yatagai et al 2012, 0.25° x 0.25°) covering
1951-2015. These datasets allow us to confirm the robustness of precipitation variability across different
spatial resolution and data sources. Sea surface temperature (SST) data are obtained from the Extended
Reconstructed Sea Surface Temperature version 5 (ERSSTv5) dataset (Huang et al 2017a; 2° x 2°).
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2.2. Change-point detection algorithm

To identify regime shifts in the EAJ variability, we apply three different change point detection
algorithms to the EAJ index (EAJI) time series: (1) window-based change point detection, (2) cumulative
sum (CUSUM), and (3) Binary Segmentation.

The window-based change point detection algorithm (Truong et al 2020) is designed to detect
changes in statistical properties of a time series. The key advantage of this method is its ability to
identify multiple change points in a single time series without a prior knowledge of the number or loc-
ation of the change points. The algorithm uses a sliding window approach, moving a fixed-size window
along the time series and comparing statistical properties within each window. In this study, we set the
window size to 17 years and focus on detecting decadal-scale mean changes. Statistical significance is
assessed through a bootstrapping procedure, with change points significant when p < 0.05.

Additionally, we employ the CUSUM algorithm (Page 1954), which identifies shifts by accumu-
lating deviations from the mean over time. The strength of the CUSUM method lies in its sensitivity
to detecting relatively subtle mean shifts without relying heavily on window size or prior assumptions
of change point locations. The Binary Segmentation algorithm (Scott and Knott 1974) is also utilized,
which iteratively partitions the data to identify multiple change points by detecting significant deviations
in the mean or variance. This method is efficient in detecting abrupt shifts and is widely used due to its
simplicity and computational effectiveness. For this study, we calibrate both algorithms to detect three
mean-state change points.

2.3. Streamfunction budget analysis
Maintenance of upper-tropospheric stationary eddies were diagnosed using and streamfunction budget
(Chen and Chen 1990). Let any field A be decomposed into a seasonal mean A and anomaly(transient)

)
g’te) at

A’ = A — A. The subscript ‘¢’ indicates the eddy component. Then, the streamfunction tendency (
pressure level p is written as

85;6 =V [V V() + V=V [V (O]} + V=V (V) } =0,

Here, the first term of right-hand side is absolute vorticity advection by the rotational wind (Vy),
the second term is divergence of absolute vorticity flux by the divergent wind (V,,), and the third term
represents transient eddy vorticity fluxes. For the maintenance of stationary wave, the total sum of these
three terms close to zero.

This diagnostic is used for separation of the dynamical roles that are otherwise entangled in
geopotential or wind fields. Divergence term (V2{-V - [V, (f+()] e}) quantifies remote for-
cing by divergence induced by diabatic heating, such as tropical convection, whereas advection term
(V72[=V4 -V (f+()],) captures local rotational redistribution/propagation that often damps the ridge

near its core. Transient term (V2 {—V- (V’C ! ) }) is small for seasonal means and is therefore neg-
e

lected in our analysis. The resulting quadrature (out-of-phase) relation between streamfunction and the
two leading terms provides a mechanistic understanding for stationary wave maintenance—identifying
where energy is supplied or sunk (divergence term) versus adjusted or propagated (advection term).

2.4. SM-T coupling strength
To quantify the strength of L-A coupling, we adopt the approach proposed by Miralles et al (2012),
which assesses the coupling strength through the covariance between near-surface air temperature anom-
alies and the degree of soil moisture deficits. This metric is calculated as the product of the daily anom-
alies in near-surface air temperature (T’) and the change in surface energy balance depending on the
degree of soil moisture deficits (¢').

The coupling strength (7) is calculated as follows:

x :T’*e’:T’*((Rn—AE)'—(Rn—/\Ep)/).

In this formulation, R, refers to the surface net radiation AE is the latent heat flux, and AE, is the
latent heat flux based on potential evaporation (E,) instead of actual evaporation (E). The term ¢
becomes zero when soil moisture is sufficient to meet the atmospheric demand for evaporation, but
increases under dry conditions as the atmospheric demand escalates. The anomalies are expressed as the
number of standard deviations relative to the multiyear climatological mean for each day of the year.

This formulation effectively captures how soil moisture deficits redirect available energy from lat-
ent heat (evapotranspiration) to sensible heat flux, thereby influencing near-surface air temperature.

3
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Figure 1. East Asian Jet Index (EAJI) and regime shift detection. (a) The mean difference (shaded) and the standard deviation dif-
ference (contour) of zonal wind at 200 hPa level (U200) between the past and the recent 30 years (1958—-1987 minus 1991-2020).
The green line indicates the location of the jet axis. Black box covers where we defined as the East Asian Jet region (90°-120° E,
35°-43° N). (b) Bars indicate the timeseries of the EAJI and blue line indicates its sliding standard deviation with 17 years win-
dow. The vertical dashed lines show the regime shift detected by the window-based change point detection algorithm and the
horizontal dashed lines indicates the mean value of each sub-period. (c) Blue lines indicate the meridional displacement of jet
during each regime shift, respectively. It is calculated by the difference of U200 zonal average (U200,) over East Asian longitude
band (90°-120 °E) during 1977/1978 shift (1965-1977 minus 1978-1992; dotted line), 1992/1993 shift (1978-1992 minus 1993—
2002; dashed line), and 2002/2003 shift (1993-2002 minus 2003-2020; solid line). Light gray and dark gray shading show the

ranges of U200, climatology which exceed 20 and 25 m s~ 1.

Values of 7 less than or equal to zero indicate no coupling, while higher values indicate stronger coup-
ling between available soil moisture and atmospheric temperature responses. To calculate the coupling
strength, we first obtain daily-scale values and then aggregate to seasonal-scale values by averaging over
the JJA period.

3. Results

3.1. The notable 2002/2003 EASM regime shift

We define the EAJI as area-averaged zonal wind at 200 hPa over the EAJ region (90-120° E, 35-43° N),
representing the jet exit area downstream of the climatological Asian subtropical jet (Zhang et al 2006;
figure 1(a)). Our region selection is based on robust multidecadal changes observed in both the mean
state and standard deviation of the EAJ between 1958-1987 and 1991-2020 periods. The definition is
also consistent with EAJ regions used in previous studies (Kwon et al 2007, Lin et al 2024), where the
most pronounced changes in jet variability characteristics have been documented.

Application of window-based change point detection (see ‘Methods’) to the EAJI time series reveals
significant regime shifts occurring in 1977/1978, 1992/1993, and 2002/2003 (figure 1(b)). These trans-
itions demonstrate a consistent pattern of interdecadal changes in jet dynamics. The interdecadal mean
of the EAJ increased substantially after 1978, decreased after 1993, and increase again after 2003. This
temporal evolution reflects the complex interplay of multiple factors influencing East Asian atmospheric
circulation, including both regional processes and remote teleconnections (Kim et al 2010, Ha et al 2012,
Lee etal 2017).

Beyond these mean state transitions, the 17 year sliding stand deviation of the EAJI reveals a partic-
ularly striking feature (figure 1(b)). It shows a persistent and systematic increasing trend throughout the
analysis period. An especially sharp and pronounced rise occurs in the early 2000s (figure 1(b)). This
indicates a fundamental change in the nature of EAJ variability. The jet has become increasing unstable

4
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Figure 2. Examination of zonal wind at 200 hPa (U200) field change with respect to the mean state and interannual variance. (a)
The shaded indicates the change of the U200 mean state difference between 1977/1978 shift. (b) Same with (a), except depicting
the difference in the U200 standard deviation during the sub-periods. The contour lines show the climatology of U200 and the
dotted region indicates where the difference exceeds 95% confidence levels. The middle panel (c) and (d) and the bottom panel
(e) and (f) are the same with the upper panel (a) and (b) except they show the difference in 1992/1993 shift and the difference in
2002/2003 shift.

and prone to large fluctuations, with significant implications for weather predictability and extreme
event occurrence across East Asia (Lin et al 2024).

Analysis of mean state changes associated with each detected regime shift reveals important difference
in their characteristics and likely physical mechanisms (figure 2). The 1977/1978 and 1992/1993 shifts
are characterized by clear jet strengthening and weakening, respectively (figures 2(a) and (c)). These are
accompanied by slight meridional displacement of the jet axis (figure 1(c)). These patterns are entirely
consistent with previous studies documenting decadal changes in the EAJ (Kwon et al 2007).

However, the newly identified 2002/2003 regime shift exhibits distinctly different characteristics. This
shift shows a unique pattern characterized by simultaneous increases in both mean jet intensity and
interannual variability (figures 2(e) and (f)). This finding aligns closely with recent work by Lin et al
(2024). They reported a sharp increase in EAJ interannual variability since the end of the 20th century,
providing independent confirmation of our results.

To rigorously assess the sensitivity and robustness of the newly detected 2002/2003 shift, we con-
duct comprehensive comparative analyses using multiple approaches. Sensitivity tests use alternative
EA]J region definitions and comparisons across JRA-55 and 20CRv3 reanalysis datasets (see ‘Methods’).
Validation using CUSUM and Binary Segmentation algorithms (see ‘Methods’) confirms the consistency
of regime shift timing across different datasets, region definitions, and detection methods (figure S1).
This consistency provides strong evidence that the 2002/2003 transition represents a genuine physical
regime shift in the EASM system rather than a statistical artifact.

3.2. From precipitation to land surface processes

Previous studies established that EAJ variability is primarily controlled by regional rainfall patterns over
southern China through diabatic heating and upper-tropospheric circulation responses (figure S2(a);
Kwon et al 2007, Wu et al 2010). The novel finding from our analysis is that this once-robust relation-
ship shows different characteristics after 2003. Analysis of SST anomalies and velocity potential patterns
at 200 hPa level (VP200) reveals fundamentally different tropical forcing between regime shifts (figure
S4). The 1992/1993 shift shows Indian Ocean-to-Pacific propagation of upper-level divergence anom-
alies, while the 2002/2003 shift exhibits the opposite patterns, with Pacific-to-Indian Ocean propaga-
tion. Despite these contrasting forcing patterns, multiple gauge-based precipitation datasets (GPCP, CPC
Unified, and APHRODITE) consistently show minimal precipitation changes over southern China dur-
ing the 2002/2003 shift (figures S2(b) and S3). The limited precipitation response likely reflects offsetting




10P Publishing

Environ. Res.: Climate 4 (2025) 045010 J Nam et al

(a) Z200 difference in 1992/3 shift in 1992/3 shift
P 35 g - 15
| 25 12
0.9
15
0.6
5 0.3
- x
5 -0.3
-0.6
-15
-0.9
-25 a6
AV W -35 -15
90°E 120°E
(c) T2m difference in 1992/3 shift
70°N T i 70°N
;1 2.0 0.10
-
15 0.07
) 1.0 0.04
50°N 50°N -
0.5 - 001 %
¥ -~
= -0.5 -0.01 €
e
-1.0 -0.04
St A
30°N {5~ -1.5 30°N 4~ e -0.07
s -2.0 -0.10
90°E 120°E ° 120°E

Figure 3. Examination of background variables of East Asian Jet and its vertical structure. The figures show the difference in
1992/1993 shift on (a) geopotential height over 200 hPa level (Z200), (b) the vertical structure of the atmosphere (shaded: T,
black contours: Z) which is zonally averaged over East Asian longitude band (90°-120° E), (c) 2 m air temperature (T2m) and
(d) soil moisture (SM) of which estimation range is from 0 to 289 cm depth. The dotted slashed region of each figure indicates
where the difference exceeds 95% confidence levels conducted by bootstrap method and the black box covers where we defined as

the East Asian Jet region. The blue contours in (b) show the climatology for zonal wind in 20 and 25 m s~ 1.

changes in tropical cyclone characteristics: while TC frequency decreased in the 2000s (Ha and Zhong
2015), individual TC precipitation intensity increased (Shan and Yu 2021, Xu et al 2024), resulting in

minimal net change in total TC-induced precipitation—a key component of southern China summer

rainfall. The observed precipitation changes are insufficient to drive the jet intensification through the
established diabatic heating mechanism. This indicates that other mechanisms beyond southern China
precipitation may be driving recent EA] mean changes.

Our analysis shows that the recent EAJ shift is more closely linked to East Asian land surface changes
rather than precipitation-based mechanisms. Examination of atmospheric circulation patterns reveals
distinct differences between the 1992/1993 and 2002/2003 regime shifts (figures 3 and 4).

The 1992/1993 shift features warming anomalies extending from the surface through the mid-
troposphere, particularly pronounced north of the jet axis (figure 3(b)). This warming pattern suggests
that surface-driven thermal forcing induces thermal expansion in the mid-troposphere, leading to anti-
cyclonic circulation anomalies at 200 hPa (figure 3(a)) and contributing to EAJ weakening.

In contrast, the 2002/2003 shift feature significant positive geopotential height anomalies at 200 hPa
centered over the Tibetan Plateau (figure 4(a)). The vertical structure, centered at approximately 150 hPa
(figure 4(b)), indicates strengthening of the Tibetan Plateau High (TPH). The TPH plays a critical role
in modulating the EASM system (Boos and Kuang 2010, Ha et al 2012) and influences both EA]J strength
and position (Ding et al 2009, Wu et al 2010). The strengthening appears most prominent in the 80—
100° E longitude band, corresponding to the Tibetan Plateau location (figure S5) and suggesting direct
physical connection between plateau surface processes and upper-level circulation changes.

Land surface condition changes reveal important differences between the two regime shifts. The
1992/1993 shift was associated with substantial surface warming over Inner East Asia, north of the EAJ
region (figure 3(c)). These finding align with previous studies indicating that warming in this region
likely triggered the observed circulation changes (Dong et al 2016, Chang-yan et al 2020).
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Figure 5. Examination of surface energy balance and radiation field in 2002/2003 shift. (a) The change in the Bowen ratio
(SHF/LHF) representing the ratio of sensible heat flux to latent heat flux, (b) surface net shortwave radiation (SW), (c) surface
sensible heat flux (SHF), and (d) surface latent heat flux (LHF). The dotted region indicates where the difference exceeds 95%
confidence levels conducted by bootstrap method and the black box covers where we defined as the East Asian Jet region (EAJ;
90°-120° E, 35°-43° N).

The 2002/2003 period exhibits significant surface warming over southern China (figure 4(c)), gener-
ating a different spatial pattern of surface thermal forcing. This warming pattern is consistent with typ-
ical conditions during strong TPH seasons (Fan et al 2022, Tan et al 2023). Enhanced TPH conditions
increase downward shortwave radiation at the surface (figure 5(b)) and raise sensible heat fluxes, result-
ing in anomalous surface heating across southern China (figure 5(c)).
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The TPH strengthening during the 2002/2003 shift arises from synergistic local and remote for-
cings. Locally, box-averaged analysis over the Tibetan Plateau (80-100° E, 30-40° N) reveals signific-
ant enhanced convection (figure S6(a); Aw300 = —0.0042 Pa s~!, p < 0.01) despite relatively weak spa-
tial signals—Ilikely reflecting data sparsity in this complex terrain (Yang et al 2020, Ma et al 2024). This
enhanced ascent coincides with increased soil moisture and latent heat flux over northern plateau region
(figures 4(d) and 5(d)), supporting localized diabatic heating (Luo et al 2024).

Remotely, the dominant forcing comes from western North Pacific, where SST warming drives
enhanced tropical convection and upper-level divergence (figure S4(b)). This generates Rossby wave
sources that maintain the TPH through remote dynamical forcing. Streamfunction budget analysis (see
‘Methods’) at 150 hPa reveals characteristic quadrature relationships: remote divergence of east of the
plateau ridge supplies energy while local vorticity advection provides damping, establishing the stationary
wave pattern (figures S6(b)—(d)). Taken together, these diagnostics delineate a coherent stationary wave
maintenance mechanism by which combined local (Tibetan Plateau) and remote (western North Pacific)
diabatic heating sustains the strengthened TPH.

3.3. Enhanced L-A coupling in the new regime

3.3.1. Transition to dry regime conditions and enhanced coupling variability

Another key feature of the 2002/2003 regime shift is pronounced and widespread drying across East
Asia, notably stronger than during previous regime shifts (figure 4(d)). Change-point analysis of whole-
column soil moisture reveals a significant transition in 2003, coincident with the EAJ shift (figure S7).
This temporal alignment suggests that drying has extended into deeper soil layers, indicating a persistent
shift in surface hydrological conditions.

In regions north of 30° N, documented soil moisture reduction is accompanied by reduced latent
heat flux and increased sensible heat flux (figures 4(d) and 5(c), (d)). This systematic change in surface
energy flux partitioning provides insights into hydrological regime transitions in the region. Following
the soil moisture-regime framework (Hsu and Dirmeyer 2023), the observed changes suggest that Inner
East Asia experienced a shift toward more frequent dry regime. In dry regime, soil moisture deficits
become so severe that most available energy is partitioned into sensible heat flux, leading to maximum
SM-T coupling strength as surface temperature becomes highly sensitive to soil moisture variations (see
‘Methods’).

The shift toward moisture-limited conditions is clearly evidenced by significant increases in the
Bowen ratio field over Inner East Asia (figure 5(a)). This increase indicates that a greater proportion
of available energy is partitioned into sensible heat flux rather than latent heat flux, reflecting reduced
evapotranspiration capacity due to soil moisture constraints. The spatial pattern of Bowen ratio increases
corresponds closely with regions experiencing the most pronounced soil moisture decline, providing
clear evidence that Inner East Asia has shifted toward dry regime where moisture availability severely
limits evapotranspiration.

Contrary to expectations based on surface changes (Zhang et al 2020), SM—T coupling mean state
shows no significant change over Inner East Asia during the 2002/2003 shift, although there is a pro-
nounced increase during the 1992/1993 shift (figure S8). Instead, coupling variability shows a notable
increase after 2003 (figure 6(c)). This enhanced variability represents a different type of change in the
LA system that can be understood through the interaction between soil moisture conditions and atmo-
spheric temperature advection patterns.

The substantial soil moisture decline since 2003 has fundamentally altered the thermal buffering
capacity of the land surface. Under dry soil conditions, the coupling strength becomes highly sensitive to
atmospheric conditions, particularly temperature advection patterns. When warm atmospheric conditions
prevail, dry soils facilitate maximum coupling strength as most available energy is converted to sensible
heat flux, rapidly warming the near-surface atmosphere. However, this mechanism can be offset by cold
air advection, such as polar air mass invasions, In wet soil regions, enhanced atmospheric moisture con-
tent increases the effective heat capacity of the lower atmosphere, providing thermal buffering against
rapid temperature drops. Conversely, in areas with severely reduced soil moisture, this thermal buffering
is absent, resulting in more abrupt and intense cooling when cold air advection occurs (Seneviratne et al
2010). This phenomenon is analogous to the extreme diurnal temperature variations observed in desert
regions, where the absence of moisture leads to rapid heating during the day and rapid cooling at night
due to lack of thermal buffering.

This mechanism explains why mean coupling strength may not have shifted dramatically while vari-
ability increased substantially. As a result, Inner East Asia now experiences extreme variations in coup-
ling strength that were not present when soil moisture provided thermal stability.
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(a) Scatter diagram for EAJl and rm over IEA (b) CORR(EA]JI, m) in 2003-2020
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Figure 6. Relationship between the East Asian Jet index (EAJI) and the L-A coupling strength (7) over Inner East Asia (IEA) after
2002/3 shift. (a) Scatter diagram for normalized EAJI and normalized 7 averaged over IEA region during 1965-2002 period (gray
dots) and 2003-2020 period (red dots). The red line indicates linear regression between two indices with shading as 95% con-
fidence interval. The correlation coefficients between EAJI and 7 over IEA during pre-period and post-period are —0.357 and
—0.652, respectively. (b) The spatial map of the correlation coefficient of EAJI timeseries on 7 field during 2003-2020 period.
The black box covers the East Asian Jet region (EAJ; 90°~120° E, 35°—43° N) and the blue box covers the Inner East Asian
region (IEA; 90°-120° E, 43°-53° N). The dotted area marks where its confidence levels exceeds 95%. (c) Long-term variabil-
ity of East Asian Jet and the L-A coupling strength over Inner East Asia. Bars show the timeseries of EAJI and the vertical dashed
lines indicate the regime shift years. The red line graph explains the normalized 7 area-averaged over IEA.

Table 1. Correlation coefficients between land—atmosphere coupling variables during each sub-period. The table shows correlations
between (1) East Asian Jet index (EAJI) and L-A coupling strength () over Inner East Asia (IEA), (2) L-A coupling strength (7) and
lower-tropospheric thickness (500-1000 hPa), and (3) L-A coupling strength (7) and Bowen ratio, all calculated over the Inner East
Asia region (IEA; 90°-120° E, 43°-53° N) for each regime period. The superscript * indicates the 95% significance levels.

Period 1965-1977 1978-1992 1993-2002 2003-2020
7 (over IEA) & EAJI 0.289 0.388 —0.035 —0.652"
m (over IEA) & Thickness500_1000 hPa 0.300 —0.261 —0.082 0.754*
7 (over IEA) & Bowen ratio —0.317 —0.129 0.334 0.594"

3.3.2. EAJ-coupling relationships and atmospheric linkages

Our analysis reveals a striking relationship between EAJ variability and L-A coupling strength over Inner
East Asia (90-120° E, 43-53° N), where the most prominent drying occurred after 2002/2003 (figure 6).
The scatter plot (figure 6(a)) shows clear separation between pre-2002 and post-2003 periods. The lat-
ter period exhibits substantially stronger negative correlation between EAJ variability and L-A coupling
strength. The correlation coefficients for each period (table 1) indicate that this strong linkage represents
a novel feature of the post-2003 climate regime that was absent in earlier decades.

To understand the physical mechanisms underlying the enhanced L-A coupling and its relationship
with EAJ variability, we examine correlations between L-A coupling strength (7) and surface energy par-
titioning indicators across different periods. Analysis reveals that correlations between coupling strength
and Bowen ratio are weak and insignificant during the pre-2003 periods (1965-1977, 1978-1992, 1993—
2002), but become strong and significant in the post-2003 period (2003-2020) (table 1). This emergence
of coupling-Bowen ratio relationship after 2003 indicates that the L-A system underwent fundamental
changes, with surface energy partitioning becoming more consistently moisture-limited.

Several mechanisms likely contributed to weak coupling-surface energy relationships in the earlier
periods. Large-scale atmospheric dynamics may have masked local boundary-layer feedbacks during the
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pre-2003 periods (Deser et al 2012). More importantly, the land surface was likely more consistently in
wet regime conditions during earlier periods, where sufficient soil moisture allowed substantial latent
heat flux, preventing the development of strong coupling-energy partitioning relationships.

The emergence of significant coupling-Bowen ratio relationship during the post-2003 period reflects
the transition toward more frequent dry regime conditions documented in section 3.3.1. This coherent
relationship between coupling strength and surface energy partitioning provides quantitative evidence
for the enhanced sensitivity of the L-A system to soil moisture variations under the new hydrological
regime.

To examine physical linkages between surface processes and atmospheric thermal structure, we ana-
lyze relationships between L-A coupling strength and lower-tropospheric thickness (500-1000 hPa),
which indicates thermal expansion in the lower atmosphere. We specifically choose lower-tropospheric
thickness to test whether SM—T coupling effects can extend beyond the boundary layer height, which is
traditionally considered the upper limit of local L-A interactions. This analysis allows us to investigate
whether surface coupling signals can influence atmospheric structure at levels that potentially connect
to larger-scale circulation patterns. In the post-2003 period, coupling strength exhibits significant pos-
itive correlations with both Bowen ratio and lower-tropospheric thickness, while earlier periods show
weaker relationships (table 1). These correlations provide evidence that when the L-A system operates
in dry regime conditions characteristic of the post-2003 period, enhanced sensible heating from max-
imum energy partitioning contributes to thermal expansion of the lower troposphere through direct
atmospheric column warming. This lower-tropospheric warming can potentially influence upper-level
circulation features including the EAJ through modification of pressure gradient patterns and thermal
wind relationships via hydrostatic adjustment processes.

Spatial correlation maps between EAJ variability and L-A coupling strength provide additional val-
idation (figure 6(b)), showing significant negative correlations over Inner East Asia during the post-2003
period. Composite analysis reveals that this relationship is accompanied by notable anomalies in ver-
tical atmospheric structure (figures S9(b) and (d)). Strong EA]J years correspond to enhanced invasion of
cooler Arctic air masses, creating conditions that suppress L-A coupling through rapid cooling in areas
with reduced thermal buffering capacity. Weak EAJ years are marked by anticyclonic circulation patterns
that promote warm air mass dominance, enabling maximum SM-T coupling strength under the pre-
vailing dry soil conditions. This atmospheric modulation of coupling strength explains the strong neg-
ative correlation between EAJ intensity and coupling variability, and appears highly associated with the
observed increase in EAJ variability since 2003.

4, Conclusions

This study provides detailed diagnostic analysis of the marked 2002/2003 EASM regime shift, charac-
terized by abrupt intensification of both the mean state and interannual variability of the EAJ. Through
analysis of reanalysis datasets, we identify two key distinguishing features of this transition: strengthening
of the TPH and enhanced SM-T coupling variability over Inner East Asia. Both features represent dif-
ferent manifestations of L-A coupling processes, highlighting the important role of surface-atmosphere
interactions in this particular regime shift.

Our findings provides complementary insights to Lin et al (2024), which demonstrated Atlantic
Ocean forcing as the primary driver of enhanced EAJ variability since the late 20th century. The key dis-
tinction lies our focus on L—A interactions as a potential modulating factor for jet behavior. We demon-
strate the emergence of significant negative correlation between SM-T coupling strength and EAJ vari-
ability specifically after 2003, alongside strong correlations with surface energy partitioning and lower-
tropospheric thermal structure. This suggests that regional land surface processes may complement
established remote oceanic controls in modulating recent EASM behavior.

The transition toward more dry regime conditions after 2003, evidenced by significant increases in
the Bowen ratio over Inner East Asia, has fundamental altered the thermal buffering capacity of the land
surface. Under these conditions, coupling strength becomes highly sensitive to atmospheric temperature
advection patterns, explaining the enhanced variability observed in both L-A coupling and EAJ intens-
ity. The enhanced jet variability contributes to considerable changes in large-scale circulation patterns
across East Asia and promotes more frequent and intense extreme weather events, including heatwaves,
droughts, and heavy precipitation events, through increased atmospheric meandering and persistent cir-
culation anomalies (Screen and Simmonds 2014, Trouet et al 2018, Lin ef al 2024) that can extend far
beyond the East Asian region.

However, establishing definitive causality faces fundamental limitations when based solely on obser-
vation analysis. Changes in L-A coupling and jet variability can influence each other over time scales
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shorter than our seasonal averaging resolution, potentially creating bidirectional interactions. Surface-
derived anomalies may trigger changes in upper-level circulation, while upper-level changes can sim-
ultaneously modify surface energy balance and soil moisture patterns. Additionally, both systems may
respond to common external forcing, potentially creating spurious correlations. Therefore, while our res-
ults demonstrate strong associations and suggest plausible physical connections, definitive causal relation-
ships require further investigation through controlled modeling experiments (Koster et al 2016, Teng et al
2019, Martius et al 2021).

Several factors likely have a hand in this strengthening of coupling. Notably, CMIP6 projections do
not show consistent soil moisture decline in this region (Leng et al 2015, Huang et al 2017b, Zhao and
Dai 2022), with Inner East Asia identified as having large model uncertainties—likely due to inadequate
representation of human water management, land-use changes, and regional aerosol forcing (Scanlon
et al 2018, Qiao et al 2022, Jia et al 2023). However, tree-ring reconstructions reveal that the recent dry-
ing is unprecedented over the past 200-300 years, suggesting strong anthropogenic influence despite
model limitation. Given that global warming increases atmospheric evaporative demand (VPD) across
various regions (Yuan et al 2019, Fang et al 2022), anthropogenic warming likely contributes to Inner
East Asian soil desiccation. Furthermore, the documented aerosol reduction over China since the mid-
2000s have been linked to increased surface shortwave radiation through ‘brightening’ effects, enhan-
cing both soil moisture decline and VPD increase (Shi et al 2021a, Sarangi et al 2022, Samset et al 2025),
thereby preconditioning the land surface for stronger coupling. These mechanisms collectively provide a
coherent physical framework explaining why L—-A coupling variability increased substantially after 2003,
even as mean coupling strength showed only modest changes. While establishing definitive causality from
observations alone remains challenging, this enhanced coupling represents a novel feature of the post-
2003 climate regime that warrants further investigation through controlled modeling experiments.
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