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Preface

Professor Duzheng Ye was an internationally acclaimed scientist and a primary founder of
modern meteorology in China. His profound contributions encompassed a wide spectrum of
Earth sciences, notably including pioneering work in Tibetan Plateau meteorology, the theory of
atmospheric longwave energy dispersion, and climate change adaptation theories. Recognized for
his groundbreaking insights, Prof. Ye was honored with prestigious accolades, including the 2005
State Preeminent Science and Technology Award as well as the 48th International Meteorological
Organization (IMO) Prize in 2003. The passing of this luminary in 2013 left an immense void that
continues to resonate.

This Topic, dedicated to the memory of Academician Duzheng Ye (1916-2013), serves a dual
purpose: to allow those who hold Prof. Ye in high regard not only to pay homage to his academic
legacy and charismatic personality but also to transmit their admiration for him to the forthcoming
generations.

In celebration of Professor Duzheng Ye’s remarkable contributions to Earth sciences, this
Topic comprises 31 original research manuscripts and reviews from 30 invited authors spanning
atmospheric dynamics and physics, synoptic weather patterns, climate change, and remote sensing
observations for weather and climate. The 30 distinguished invited authors are a harmonious blend of
luminaries from the Institute of Atmospheric Physics (IAP), Chinese Academy of Sciences, including
Academicians Guoxiong Wu and Ronghui Huang, as well as Drs. Hongbin Chen, Bin Wang, Yiming
Liu, and Zhongwei Yan. Additionally, this contingent features five esteemed professors and a scientist
from the United States: Professors William K. M. Lau, Zhengyu Liu, Zhanqin Li, Ming Cai, and
Zhaohua Wu, alongside scientist Xiaoxu Tian.

Complementing this assemblage are four notable scientists from the China Meteorological
Administration (CMA), including Academician Yihui Ding and Drs. Hongli Ren, Juan Li, and
Xiaoyong Zhuge. Further enriching this tapestry are three distinguished professors from Nanjing
University, China: Academicians Congbin Fu and Zhemin Tan, and Professor Kun Zhao. Fudan
University’s contribution features two prominent professors, Academician Mu Mu and Professors
Zhiwei Wu. Further diversity is introduced by Professor Jianfang Fei from the National University of
Defense Technology, China; Professor Jianhua Lu from Sun Yat-sen University; and Professor Shigiu
Peng from the South China Sea Institute of Oceanology, Chinese Academy of Sciences, China.

Concluding this remarkable ensemble are five professors and an assistant professor from
Nanjing University of Information Science & Technology: Professors Xiaolei Zou, Yubao Liu, Wenjun
Zhang, Li Guan, Zhengkun Qin, and Assistant Professor Meirong Wang. It is a testament to their
collective dedication and expertise that they accomplished the formidable task of contributing to
this endeavor within a remarkably short span, from 27 June 2022 to 30 June 2023. To each of these
esteemed invited authors and their collaborators, we extend our heartfelt gratitude.

This book was supported by the National Key R&D Program of China (91937302).

Xiaolei Zou, Guoxiong Wu, and Zhemin Tan
Editors
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This Topic covers a wide range of topics, including atmospheric dynamics and physics,
synoptic weather, climate variability, climate change, and remote sensing observations for
weather and climate studies. There are a total of 29 research papers and two review papers
published in “A Themed Issue in Memory of Academician Duzheng Ye (1916-2013)”,
comprising 14 in Atmosphere [1-14], 2 in Climate [15,16], and 15 in Remote Sensing [17-31].

The first paper (Lu [1]) presents a chronological overview of Professor Ye’s remarkable
79-year research journey, spanning from preparatory years and graduate studies, through
pioneering breakthroughs in atmosphere dynamics, to a pivotal transition that encom-
passes global climate sciences and delves into the intricate interplay of climate change’s
societal impacts, culminating in a globally influential era, offering a comprehensive por-
trayal of his lifelong scholarly expedition. These prominent accomplishments encompass
pioneering seminal research on the Rossby wave dispersion theory and scale-dependent
theory of geostrophic adjustment; the establishment of a new meteorology subdiscipline,
Qinghai-Tibetan Plateau meteorology; groundbreaking research on the atmospheric gen-
eral circulation across East Asia and the globe; and visionary research on global changes
and their implications for socioeconomic and ecological welfare.

The following five papers in this themed Topic collectively further explore the impacts
of the Qinghai-Tibetan Plateau on shaping weather patterns, climate variability, and climate
changes across China, East Asia, and beyond. These contributions exemplify the continuous
growth and enrichment of our understanding of Qinghai-Tibetan Plateau meteorology,
a subdiscipline founded by Professor Ye. The study of Liu et al. [2] introduces a novel
circulation index to characterize the orographic potential vorticity (PV) forcing across
the Tibetan Plateau. The PV-based index demonstrates a connection to the interannual
variability of the East Asian monsoon. The underlying mechanism for this linkage is the
downstream influence of the orographic PV forcing across the Tibetan Plateau through the
vertical differential advection of PV, reinforcing upward motions and producing extensive
precipitation along the Jianghuai Meiyu front. Liu et al. [3] reveal the frequent occurrence
of large-scale Karman vortex streets on the leeward side of the Tibetan Plateau under the
seasonally varying zonal mean flow. These vortex streets significantly impact the timing
of the seasonal migration and the strength of the rain band along the Meiyu Front to
the east of the Tibetan Plateau. Their findings add to the previously discovered roles of
the Tibetan Plateau in shaping the weather and climate in eastern Asia. Huang et al. [4]
provide a comprehensive review on the characteristics of the two prominent teleconnection
patterns, the East Asia/Pacific (EAP) pattern for meridionally propagating wave trains
and the “Silk Road” pattern for zonally propagating wave trains, and their impacts on the
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East Asian summer monsoon system and summer precipitation variability in China. This
paper also reviews the dynamic processes responsible for interdecadal oscillations of boreal
quasi-stationary planetary waves and their impacts on the variability of the East Asian
winter monsoon system. The study by Ding et al. [5] found that the Tibetan Plateau is the
source region of Rossby waves for synoptical disturbances downstream in boreal summer
through both vortex stretching and vorticity advection. The interdecadal variability of
the Rossby source over the Tibetan Plateau exerts a significant influence on the variability
of precipitation in the Huang-huai River Basin, South Korea, and Japan. Sun and Mu [6]
demonstrate the effectiveness of the conditional nonlinear optimal parameter perturbation
method in discerning the nonlinear characteristics of terrestrial ecosystems and its utility in
identifying physical parameters in ecosystem models that exhibit high sensitivity to climate
forcing, consequently addressing sources of significant uncertainties in ecosystem models.
Their study areas of ecosystems include the Inner Mongolia region, the north-south transect
of eastern China, and the Qinghai-Tibet Plateau region.

The common theme of the next four papers revolves around the presentation of
observational and modeling evidence highlighting climate changes across diverse regions
and varying temporal scales. The contribution from Liu [7] provides a comprehensive
review on the recent progress towards a better understanding of thermohaline instability
in observations and model simulations, which is a primary mechanism for abrupt climate
change as evidenced in paleoclimate proxy data. Lau et al. [8] investigated changes in the
characteristics of tropical extreme precipitation—cloud regimes in response to anthropogenic
radiative forcing, pinpointing increases in the surface moisture (temperature) as the key
driver leading to enhanced convective instability over tropical oceans (land). The paper
by Secor et a. [9] is an observational study that quantifies the change in amplitude of
synoptic-scale surface temperature variability across the U.S.,, finding a surge in the surface
temperature variability in the Rockies and surrounding regions but a reduction over low
land regions. Zhu et al. [10] report a comprehensive observational study on the seasonal
variation of the diurnal cycle of the surface sensible heat flux at different stations over the
Tibetan Plateau region, finding that the standard heat transfer coefficient used in models
tends to overestimate surface sensible heat flux.

The last four papers published in Atmosphere are devoted to new techniques for diag-
nosing the climate variability of the stratospheric polar vortex using a parametric model
of elliptic orbits [11], the development of a four-dimensional variational data assimilation
system using a neural network-based machine learning technique [12], improving tropical
cyclone track forecasts through assimilating Advanced Microwave Sounding Unit data
derived from satellites and large-scale flows derived from a global model [13], and im-
proving surface weather forecasts through applying the Grid-to-Point Deep Learning Error
Correction method [14]. The two papers published in Climate investigate the impacts of
El Nifio-Southern Oscillation (ENSO) on the subseasonal variations in the North Atlantic
Oscillation (NAO) in winter seasons [15] and how the diversity of ENSO types further
complicates the ENSO-NAO relation [16].

The 15 papers published in Remote Sensing span a wide range of applications of remote
sensing observations. Utilizing high-density PM2.5 stations across eastern China and
machine learning models, Li et al. [17] demonstrate the indispensable utility of satellite-
derived aerosol optical thickness in accurately estimating surface PM2.5 levels, especially in
situations when monitoring sites are sparsely distributed. Via combining satellite-derived
vegetation images, meteorological observations, and reanalysis datasets, Mao et al. [18]
reveal that the normalized difference vegetation index (NDVI) of the vegetation on the
Tibetan Plateau is positively correlated with both the Indian summer monsoon (ISM)
and precipitation. The correlation between NDVI and ISM is higher than that between
NDVI and precipitation since the ISM can also influence the surface thermal conditions
favoring vegetation growth on the Tibetan Plateau. Based on the TRMM and ERA5 datasets,
Gao et al. [19] found that the spatial pattern of tropical latent heating (TLH) associated
with equatorially symmetric tropical surface temperature (TST) is nearly identical to the
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spatial pattern of TLH associated with equatorially antisymmetric TST. The results suggest
an urgent need for taking a whole-tropics perspective in understanding the variability of
tropical air-sea-land system.

The next three papers focus on applications of ground-based and satellite radar ob-
servations. The main finding of Teng et al. [20] is that turbulent mixing is an additional
cause of clear-air echoes besides atmobios migration in Chinese Doppler S-band Weather
Radar (CINRAD/SA) observations in Beijing. Specifically, about 58% of dual-wavelength
ratios between the CINRAD/SA S-band and the X-band observations from three X-band
dual-polarization (X-POL) radars falls within the range of 18 dB and 24 dB, which is quite
consistent with the Villars—-Weisskopf turbulence theory. The diurnal variation in clear-air
echoes is also associated with turbulent mixing since excessive turbulence mixing weakens
clear-air echo signals. Yu et al. [21] explore the utility of a deep learning-based radar echo
reconstruction model for accurately monitoring severe convective weather over oceans
using Advanced Himawari-8 Imager (AHI) brightness temperature observations. Using the
precipitation products derived from the dual-frequency precipitation radar (DPR) onboard
the Global Precipitation Measurement core observatory (GPM) satellite, Wang et al. [22]
conducted a composite analysis of the precipitation structures and microphysical properties
in 6432 cases of the northeastern China cold vortex (NCCV) from 2014 to 2019. Their main
conclusion is that the precipitation associated with NCCV has a different mechanism for the
growth of hydrometeors above and below ~4 km altitude. The lower-level particles grow
through collision, whereas the upper hydrometeors grow through the Bergeron process.

The papers [23,24] are on the satellite data assimilation of microwave temperature
sounding observations with two different focuses. Zhu et al. [23] improve the method-
ology for assimilating long-existing instruments in a research data assimilation system,
whereas Li et al. [24] conduct an exploratory study on a newly launched satellite in an op-
erational system. Zhu et al. [23] propose a weighted average hypsometry as an observation
space localization method to improve AMSU-A radiance assimilation in an ensemble four-
dimensional variational (En4DVar) data assimilation system. As a result, the forecast skill
of the En4DVar-initialized model becomes comparable to the 4DVar-initialized forecast skill
in the southern extratropics and tropics. Li et al. [24] demonstrate that a direct assimilation
of Chinese early-morning polar-orbiting satellite FY-3E Microwave Temperature Sounder-3
(MWTS-3) radiance observations has a positive contribution to the China Meteorological
Administration Global Forecast System’s (CMA-GFS’s) global analysis and forecasts for the
Southern Hemisphere.

The next three papers deal with satellite data quality. Chen and Guan [25] assess the
quality of observations from the Hyperspectral Infrared Atmospheric Sounder-1I (HIRAS-
II), which is an infrared hyperspectral instrument onboard the world’s first early-morning
polar-orbiting satellite FY-3E. They concluded that the performance of the HIRAS-II instru-
ment is consistently stable. The Geostationary Interferometric Infrared Sounder (GIIRS)
onboard FY-4A is the first infrared hyperspectral atmospheric vertical sounder onboard
a geostationary satellite. Yao and Guan [26] derive atmospheric temperature and humid-
ity profiles under all sky conditions from GIIRS-observed brightness temperatures using
three deep machine learning algorithms. As expected, the accuracy of the temperature
retrieval, validated against radiosonde observations, is the highest when the field of view is
completely clear. Shen et al. [27] apply an iterative principal component analysis method for
filling the data gaps of Advanced Microwave Scanning Radiometer (AMSR)-2 C-band data
in areas where the effect of radio frequency interference (RFI) is strong and thus removed.

Hu and Zou [28] employ brightness temperature (TB) observations at an infrared
channel (10.3 um) of the Advanced Baseline Imager (ABI) onboard the U.S. 16th Geostation-
ary Operational Environmental Satellite (GOES-16) to directly determine tropical cyclone
(TC) center positions as well as the radii of inner (Rr) and outer (Ror) rainbands. The
root-mean-square differences for 108 cases between ABI-determined centers and the best
track centers are 45.35 and 29.06 km for tropical storms and hurricanes, respectively. Their
estimates of Rjg and Rpg can be used to determine storms” annulus, which is defined as
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the area of asymmetric rainbands dominated by the azimuthal wavenumbers 1-3 from Rig
and Rog.

Aiming at applying satellite data for climate studies, Dong and Zou [29] examine
20 years of observations from 2003 to 2023 from the special sensor microwave imager
sounder (SSMIS) onboard Defense Meteorological Satellite Program (DMSP) F16, F17, and
F18. F16 was launched on 18 October 2003 and carried the first conical-scanning radiometer
SSMIS that combines the special sensor microwave/imager (SSM/I), the special sensor
microwave/temperature sounder (SSM/T), and the special sensor microwave /water vapor
sounder (SSM/T2) together. Having access to nearly two decades of F16 SSMIS data offers
abundant opportunities for studying the atmosphere at both the synoptic and decadal scales.
Unfortunately, data noise of complicated structures occurred in brightness temperature
(TB) observations at the lower atmospheric sounding (LAS) channels since 25 March 2013.
Due to noise interference, TB observations reflecting rain, clouds, tropical cyclone warm
core, temperature and water vapor distributions are not readily distinguishable, especial
in channels above the middle troposphere (channels 4-7 and 24), whose dynamic ranges
of TB are smaller than low tropospheric channels 1-3. Dong and Zou [29] not only found
that the data noise is around 1-2 K, occurs at certain cross-track wavelengths, and has
a latitudinal variation, but also developed an effective noise mitigation scheme. It was
shown that TB observations from conical-scanning radiometer SSM/T can directly capture
hurricane 3D structures. We may also investigate the decadal change in many features of
tropical cyclones derivable from these TB observations once the noise in F16 SSMIS LAS
channels from April 25 to the present are eliminated.

The second-to-last paper is on oceanic remote sensing data. Liu et al. [30] conducted
a study to find the decorrelation length scale of background errors is a key factor for the
two-dimensional variational method (2D-Var) to generate multi-satellite merged maps
of altimeters with an effective resolution capable of capturing meso-scale eddies in the
ocean. They conclude that having a higher proportion of small-scale signals and a smaller
proportion of large-scale dynamic signals result in a smaller decorrelation length scale of
background errors and thus a higher effective resolution of the merged altimeter data.

Finally, the paper from Zhao et al. [31] conducts an observation-based investigation of
the dynamics and microphysical characteristics of the extreme heavy rainfall on 20 July 2021
in Zhengzhou, China. The record-breaking hourly rainfall of 201.9 mm caused severe urban
flooding and human casualties. The synoptic flow was characterized by an erect updraft at
the low levels and an enhanced easterly inflow, which brought abundant moisture from
the oceans and converged at Zhengzhou. A slow-moving convective storm persisted for
an hour-long time over Zhengzhou and produced the extreme rainfall. The disdrometer
data reveal unusually high concentrations of all sizes of raindrops with both maritime and
continental convection properties, and the polarimetric radar data confirm the important
contributions of both ice-based and warm rain processes. Therefore, the extremely heavy
rainfall resulted from an interaction among convective-scale, mesoscale dynamics and
microphysical processes under favorable synoptic conditions.

In conclusion, many novel developments and advances in meteorology and oceanog-
raphy are represented in the publications in this Topic. We hope that this collection of
papers will stimulate further research in atmospheric and oceanographic sciences.
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Abstract: Duzheng Ye (Tu-cheng Yeh) was an active member of Rossby’s Chicago School, one of
the founders of modern meteorology in China since the 1950s, and a pioneer of global change
science in China and over the world. His achievements have been central to the development of
atmospheric and climate dynamics and global change studies in China, and many of them remain to
be fundamental in the context of global climate change. In this review, his lifelong research career is
divided into five periods: (1) the preparatory period (1935-1944); (2) the Chicago period (1945-1950);
(38) the period of breaking ground (1950-1966); (4) the period of transition (1972-1983); and (5) the
period of global change (1984-2013). The evolution of Yeh’s main achievements is described in the
context of the historical background of both China and the world. These well-known achievements
included the theory of energy dispersion in the atmosphere, the general circulation of the atmosphere
(GCA) over East Asia and the globe, Qinghai-Tibetan Plateau meteorology, the scale-dependence
theory of geostrophic adaptation (adjustment), and his pioneering ideas on global change. Special
emphases are put on some of Yeh’s investigations that were well ahead of his time, such as his
investigations on trade inversion, the GCA as an internally consistent whole, abrupt seasonal changes
in the GCA, the physical mechanism of atmospheric blocking, and orderly human activities.

Keywords: Duzheng Ye; energy dispersion; trade inversion; the general circulation of the atmosphere;
Qinghai-Tibetan Plateau meteorology; geostrophic adjustment; atmospheric blocking; global change;
orderly human activities

1. Introduction

Professor Duzheng Ye (21 February 1916-16 October 2013; also spelled as Tu-cheng
Yeh, and Yeh shall be used hereafter) was one of the active members in Rossby’s Chicago
School before his return to China and one of the founders of modern meteorology in China
since the 1950s. He was also one of the pioneers who initiated and steered international
global change research in the early 1980s [1-4].

The late Prof. Shiyan Tao, a lifelong colleague of Yeh'’s since 1950, together with
Prof. Zhongxiang Hong, briefly summarized Yeh’s achievements from three perspec-
tives: (1) achievements in research and training; (2) the establishment of the Institute of
Atmospheric Physics (IAP) in the Chinese Academy of Sciences (CAS); (3) coordinating
international cooperation [5]. In terms of achievements in research and training, they men-
tioned energy dispersion, the adaptation (adjustment) of atmospheric motions, atmospheric
general circulation, Tibetan Plateau meteorology, and climate dynamics and global change.
This review addresses Yeh's achievements in research only.

Although Yeh’s many accomplishments are well-known by scientific communities and
his cause is developing well both in China and worldwide, there is still a need to provide a
relatively thorough retrospective on the evolution of his scientific ideas and investigations
via a meta-analysis of his published works. The necessity comes from the fact that many of
Yeh'’s investigations were highly prospective, with some of them well ahead of his time,
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and hence the aim of this review is not so much to honor the past achievements of a giant
in atmospheric sciences, but to inspire new scientific findings from Yeh’s previous works.

As an esteemed scientist, Yeh never put himself in a lofty position. On the contrary,
he always considered that these accomplishments were not just his, but also belonged to
his colleagues and the meteorological and climatic communities at large in China. He was
most proud not of the numerous prizes and honors he obtained, but that he could dedicate
his life and talent with his scientific endeavors to the advancement of science in China and
the civilization of the world. Therefore, it is appropriate to place this review in the broader
context of the historical background of both China and the world.

The organization of the review follows chronologically the five periods in Yeh’s lifelong
research career, which are named by the author of the review as follows: (I) the preparatory
period (1935-1944) in Section 2; (II) the Chicago period (1945-1950) in Section 3; (III) the
period of breaking ground (1950-1966) in Section 4; (IV) the period of transition (1972-1983)
in Section 5; (V) the period of global change (1984-2013) in Section 6. Each of the main
fields to which Yeh contributed will be described in one of the five periods for the sake of
narrative clarity. Section 7 is a brief summary.

2. Period I: The Preparatory Period (1935-1944)

During this period, Yeh initially enrolled as a Physics student at Tsinghua University
in 1935; then, he shifted his interest to meteorology in 1938 due to its crucial role in the
war against Japan’s invasion of China. In 1940, Yeh successfully graduated from the
Southwestern Associated University in Kunming, a united institution comprising Peking
University, Tsinghua University, and Nankai University. After a very short period of
teaching at a high school, Yeh became a graduate student of meteorology at Zhejiang
University, which moved westward to Guizhou Province in southwestern China during
the war. During this time, Yeh studied atmospheric electricity under the guidance of
Changwang Tu (1902-1962), a renowned meteorologist and central figure of modern
meteorological research and operational systems, and Ganchang Wang (1907-1998), a
former student of Lise Meitner and a pioneer of China’s nuclear science. Meanwhile, Yeh
published in 1942 his first research paper on isentropic analysis (Figure 1).

Figure 1. A picture of Yeh’s first paper, “Analysis on Isentropic Surfaces” in Memoir of the Division of
History and Geography of Zhejiang University, No. 2, 1942.

After completing his studies at Zhejiang University in the summer of 1943, Yeh joined
the Meteorological Institute, which was one of the first eight institutes in Academia Sinica
established in 1928, situated in Beibei, Chongqing during the war. Yeh served as a research
assistant there until his arriving at the University of Chicago in early 1945 as a doctoral
student under the supervision of C.-G. Rossby.

During this preparatory period, Yeh underwent comprehensive training in physics
and meteorology under the guidance of China’s finest mentors. His strong background
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in scientific education would play a pivotal role in shaping his subsequent career and
achievements.

3. Period II: The Chicago Period (1945-1950)

The Chicago School established by C.-G. Rossby, since his move to the University of
Chicago in 1940, was undoubtedly at the center of the explosive development of modern
meteorology after World War II. During this period, J. G. Charney, who had just finished
his Ph.D. thesis at UCLA and was to develop his quasi-geostrophic theory and baroclinic
instability theory and lead the Princeton project of numerical weather prediction, had
stayed in Chicago from 1946 to 47 and lectured hydrodynamics there [6]. E. Palmén, during
his extended stay in Chicago, engaged in stimulating debates with V. Starr on the respective
roles of the meridional Hadley circulation and transient eddies in momentum and energy
transport [7]. Prominent European meteorologists such as Tor Bergeron, Alf Nyberg, and
Halvor Solberg visited Chicago and sometimes taught classes [6]. Rossby, while being
occupied with his organizing duties [8], advanced his theory of the westerly jet based
on the mixing of vorticity [9]. He was also working on theoretical explanations for the
general circulation of the atmosphere (referred to as the GCA hereafter). David Fultz
was conducting his noteworthy dishpan experiment; during this period, Herbert Riehl,
returning from his work at the Institute of Tropical Meteorology located in Puerto Rico,
taught tropical meteorology in Chicago [7]. It was during these “great days of the Chicago
School” [8] that Yeh came to the very center of world meteorology and, as an active member
of the Chicago School, soon contributed to the explosive development of the field. Indeed,
this may also be considered as the formative period of Yeh's entire research career.

3.1. On Energy Dispersion in the Atmosphere

Rossby initially introduced the concept of group velocity into meteorology [10] in 1945,
the same year that Yeh arrived at Chicago, and Yeh chose the topic of energy dispersion in
the atmosphere as his doctoral thesis. Before his graduation in 1948, part of his results had
been included in the seminal 1947paper, “On the General Circulation of the Atmosphere
in Middle Latitudes”, which was led by Rossby and Palmén, with Yeh being one of the
participants [11] (note: the reference numbers in bold indicate that Yeh was the author
or one of the authors of the publication). Figure 23 of [11], which was also included in
Yeh’s “energy dispersion” paper published one and a half years later (Figure 9 in [12]),
illustrated the establishing process of a one-dimensional stationary wave as a result of
the injection of cyclonic vorticity (wave source) at a prescribed longitude, based on the
theoretical calculation in [12]. More than thirty years later, Brian Hoskins and David Karoly
developed a theory for stationary Rossby wave propagation in a spherical atmosphere [13],
which can be considered a two-dimensional extension of Yeh’s one-dimensional theory.
Interested readers may refer to [14,15] for a better understanding of the role of energy
dispersion theory in atmospheric and climatic dynamics.

Indeed, the immediate and long-term applications of Yeh’s energy dispersion theory
went beyond this in stationary wave dynamics. It is interesting to consider Rossby’s
evaluation of Yeh’s thesis, which was submitted to the Journal of Meteorology on 27 April
1948, in his letter to George Platzman (Figure 2) on 29 October 1948:

“Who has gone through the analytical part of Yeh's mathematics? Personally, I preferred
to have his paper devoted as much as possible to basic questions, relatively less attention
to detailed mathematical computations. The breakdown, dispersion, of a solitary ridge, is
of importance. The coastal effects should not be included. Please let Yeh understand that
for his own sake, overloading of the paper must be avoided. It will merely result in nobody
reading the paper. It must be recognized that Yeh’s thesis deals with the very heart of the
Princeton project and must be written so as to promote this development. Best wishes, C.
G.R”
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Figure 2. The letter of C.-G. Rossby to G. W. Platzman regarding Yeh'’s “energy dispersion” thesis.
The date of the letter was 29 October 1948. (Photo courtesy of Anders Persson.)

‘The Princeton project” in Rossby’s letter refers to the numerical weather prediction
(NWP) project led by Charney and von Neumann [16]. The reason why “Yeh's thesis deals
with the very heart of the Princeton project” was because the results in Yeh's thesis were
essential to Charney’s choice of a minimum forecast area that could ensure the success of
the NWP project. N. A. Phillips, who was one of the team members of the project, later
further stated that if too small an area had been chosen, the failure of the NWP project
would have led to a ‘tremendous setback” for Charney’s quasi-geostrophic theory [17] (p. 4).
Indeed, Rossby not only asked Charney to write a brief note to accompany Yeh’s paper [18]
(p. 126), but also wrote by himself another note in the first issue of the first volume of
Tellus, which was launched by Rossby in Sweden, to introduce Yeh's paper to a broader
audience [19].

The importance of “the breakdown, dispersion, of a solitary ridge” that Rossby em-
phasized in his letter refers to Yeh'’s theoretical analyses and calculations on the different
dispersive features of solitary waves at low, middle, and high latitudes (see Section 5 and
Figures 10-12 in [12]), which were used to understand fast dispersion at low latitudes and
the preferred occurrence and maintenance of blocking highs over high latitudes, as was
stated by Yeh himself in [12].

The abstract and main contents of [12] indicated that Yeh understand the potential
applications of his work well. The first application, “the formation of a new trough over
North America following an intense cyclogenesis in the Gulf of Alaska” [12], was soon
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visualized by E. Hovmoller in his troughs-and-ridges diagram [20] and was used to explain
recent extreme cold events [21]. In the second application, Yeh explained the formation of
blocking action at high latitudes by the dispersion of an initial solitary wave, in contrast to
Rossby’s earlier hypothesis based on the convergence of group velocity [10]. Later, during
the late 1950s and early 1960s, Yeh and his Chinese colleagues would conduct a systematic
survey and series of theoretical and numerical studies on blocking highs (see Section 4.4).

3.2. On Hadley Circulation, Trade Inversion, and the Motion of Tropical Storms

Yeh continued his pursuit of the general circulation over middle latitudes during
the period 1949-1950 after the energy dispersion paper was published. For example,
he discussed the maintenance of zonal circulation from the perspective of vertical and
meridional vorticity transport [22]. During this period (1949-1950), while Rossby spent
most of his time at Stockholm, Yeh joined Riehl’s group on tropical meteorology, in which
Yeh was second to Riehl [7]. Together with Riehl and the other team members, Yeh made
significant contributions to the field of tropical meteorology at its very beginning. One
of these contributions was the proof of the existence of the Hadley circulation. To settle
the debate between Palmén and Starr on the role of the Hadley circulation in the global
circulation system [7], Riehl and Yeh proved for the first time, by computations based on
data obtained from the climatic atlas, the existence of meridional Hadley circulation [23].

Following their work on the Hadley cell, they further explored the spatial structure
and the processes governing the balance of radiation, surface sensible and latent heat,
and momentum in the north-east trade wind of the Pacific Ocean. The resultant 1951
publication by Riehl, Yeh, J. Malkus (later J. Simpson), and N. La Seur [24] is widely
considered a seminal paper on the physics of tropical trade inversion and is one of the most
celebrated contributions to meteorology of the twentieth century [7]. Interested readers
may find a detailed observational and historical background for [24] in [7]. By carefully
reading the 29-page paper containing 24 figures, one cannot help feeling the comprehensive
and physically penetrating nature of the analyses that Riehl, Yeh, and their colleagues
conducted on the observations obtained from the five weather ships. They concluded that
the trade inversion is not a discontinuity separating the upper-layer dry air and lower-layer
moist air, and that downward mass transfer occurs through the inversion. Their conclusions
inspired the later development of theoretical and numerical models of trade cumuli, which
are essential to the parameterization of shallow convections in climate models [25,26].
Indeed, in the mind of the author of this review, the broad view presented by Riehl, Yeh,
and their colleagues in [24] may well help provide a better perspective on the relations
between clouds, circulation, the hydrological cycle, and global climate change.

Before Yeh'’s return to China in 1950, he also conducted an investigation on the mech-
anism leading to the oscillating trace of tropical storms [27] and a survey on the rainfall
over the islands of Hawaii [28], which originated from the collaborative research between
Rossby’s School and the Pineapple Research Institute in Hawaii [8].

4. Period III: The Period of Breaking Ground (1950-1966)

The education and research in modern meteorology in China was relatively limited
in terms of scope and depth before 1949 [29]. The situation underwent a significant
transformation after the establishment of the People’s Republic of China. The former
Institute of Meteorology in Academia Sinica was reorganized as the Institute of Geophysics
and Meteorology (IGM) under the Chinese Academy of Sciences (CAS) in 1950, which was
the main body of meteorological and geophysical studies in China until 1966, when it was
separated into several institutes. Yeh and Chen-chao Koo [30], both protégés of Rossby
who returned to China in 1950 (Koo from Stockholm), were the two directors responsible
for leading the meteorological studies in the institute, under the leadership of their former
teacher, J. J. Jaw, who was the director-general of the IGM.

Indeed, in 1973, two renowned atmospheric dynamicists from the U.S., W. Blumen
and W. M. Washingtion, noted that, based on translated meteorological publications from
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China, there was ‘accumulated evidence’ suggesting that “the field of meteorology (in
China) had become a well established and continually growing scientific activity” between
1949 and 1966 [31]. They acknowledged the need for “a more exhaustive overview of the
contributions made by Chinese meteorologists to the theory of the general circulation” [31].
It is worth mentioning that the groundbreaking works undertaken by Yeh and his colleagues
at the IGM and in the universities played a pivotal role in this remarkable development.
It was their efforts that realized Rossby’s expectations [32] of an “extremely vigorous
development of Chinese meteorology” and “many significant realistic contributions” in a
relatively short span of approximately 16 years.

4.1. On the General Circulation over East Asia

Even prior to and, presumably, for his return to China, Yeh paid attention to the GCA
over China and East Asia and published in Tellus a paper titled “The circulation of the high
troposphere over China in the winter of 1945-46" [33]. Yeh unveiled, for the first time, the
profound influence of the Qinghai-Tibetan Plateau on the upper tropospheric circulation,
utilizing the best available data at that time. Within this seminal paper, Yeh observed
the abrupt appearance of a new westerly jet at the southern flank of the Qinghai-Tibetan
Plateau during mid-October, which merged downstream with the northern westerly jet
into one singular and robust jet stream extending beyond the edge of the continent [33].

Given the pivotal importance of comprehending the general circulation over East Asia,
which remained predominantly unexplored in 1950 both within China and worldwide,
Yeh and his colleagues (Figure 3) in the IGM embarked on a systematical investigation
of its three-dimensional structures, seasonal cycle, associated synoptic phenomena, and
underlying principles. This dedicated pursuit began with the establishment of the Section of
Synoptic and Dynamic Meteorology in the institute in 1950. A series of high-quality papers
were published, most of them in Chinese and some in English, during this groundbreaking
period.

Duzheng Ye Zhenchao Gu Shiyan Tao Jianchu Yang
(Tu-Cheng Yeh) (Chen-chao Koo) (Shih-yen Dao) (Chien-chu Yang)
(1916-2013) (1920-1976) (1919-2012) (1915-1990)

Figure 3. Photos of Ye-Gu-Tao—Yang (Yeh-Koo-Dao-Yang), a legendary team leading the meteo-
rological research in the IGM, under the leadership of ].J. Jaw, the director-general of the institute,
during the period 1950-1966. Yeh and Koo were the two directors of the meteorological section in the
IGM. (Photos courtesy of the family members of Ye, Gu, Tao, and Yang.)

A synthesis of their findings was initially presented by Chen-chao Koo to the inter-
national meteorological community on the evening of 4 June 1957, during the Numerical
Weather Prediction Conference in Stockholm, through a seminar organized to showcase
the meteorological achievements in China [34]. The audience of the seminar comprised
C.-G. Rossby, J. G. Charney, B. Bolin, E. N. Lorenz, N. A. Phillips, and A. M. Obukhov,
among others. Parts I and II of a manuscript titled “On the general circulation over Eastern
Asia” [35,36] were submitted to Tellus on the following day of the seminar, with Part III [37]
being submitted four months later. In a groundbreaking move, Yeh and his colleagues
presented the international meteorological community with a systematic and physically co-
herent depiction of the GCA and weather systems over East Asia. This included elucidating
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their three-dimensional structures, seasonal disparities, oft-abrupt seasonal transitions, the
development of associated weather systems, and the discernable influence of the Qinghai-
Tibetan Plateau on circulation patterns and weather systems. These features were vividly
illustrated through the 27 meticulously crafted figures presented in Part I and II of the three
Tellus papers [35,36].

Yeh and his colleagues did not limit their attention to merely descriptive studies, but
sharply realized fundamental theoretical problems while analyzing the phenomenological
aspects of the general circulation over East Asia. These theoretical problems included,
but were not limited to, the thermal and dynamical effects of huge orographic features
on the general circulation, the role of the heat sources and sinks associated with the land—
sea distributions, the role of orography in determining the positioning of mean troughs
and ridges (now referred to as stationary waves), and the mechanism underlying abrupt
seasonal changes in the general circulation. For instance, Figures 3 and 4 in Part IIT [37]
of the three Tellus papers, obtained from a calculation applying the Green’s function
method to a steady, linearized Sawyer—Bushby model [38] forced by the topography of the
Qinghai-Tibetan Plateau and the distribution of heat sources and sinks over the Northern
Hemisphere, distinctively illustrated the respective roles of the topography and diabatic
heating in the formation of a deep wintertime trough along the East Asian coast.

4.2. On the Meteorology of the Qinghai-Tibetan Plateau

While previous research had predominantly focused on the mechanical influence
of topography on atmospheric circulation [39], Yeh and his colleague C.-C. Koo were
quick to recognize and emphasize, as early as 1955, the potential thermal impact of large-
scale topographic features, such as the Qinghai-Tibetan Plateau [40]. Through meticulous
calculations using available aerological and surface observations from 1955-1956, Yeh and
his two associates unequivocally stated in 1957 that the Qinghai-Tibetan Plateau acts as a
heat source during summer and likely a heat sink (except in the southeastern region of the
plateau) during winter [41]. This pioneering study stands as the first reliable calculation of
the thermal effect of the Qinghai-Tibetan Plateau. Subsequently, Yeh and his colleagues
devoted themselves to studying various aspects of the Qinghai-Tibetan Plateau’s role
in the GCA, climate, and weather, not only over China and East Asia, but also over the
entire globe. Their research ultimately led to the establishment of the field known as
“the Meteorology of the Tibetan Plateau” [42] or “the Meteorology of the Qinghai-Tibetan
Plateau” [43], as suggested by the two monographs published in 1960 and 1979.

The investigation of Qinghai-Tibetan Plateau Meteorology permeated Yeh's lifelong
career, and he made many other contributions to this field. For the sake of narrative
clarity, I will briefly outline here his significant later contributions in this area, so as to
focus in the subsequent sections on the new fields he pioneered and influenced. Yeh
himself summarized the studies conducted by himself and his colleagues in this field in
English-language journals such as the Bulletin of the American Meteorological Society (BAMS)
in 1981 [44] and Meteorology and Atmospheric Physics in 1998 [45]. These review papers
provide in-depth insights into their research, and interested readers are encouraged to refer
to them for further details.

During the mid-1970s, Yeh and his colleagues conducted experiments by constructing
a rotating annulus with a heated “plateau” to investigate the thermal effects of the Tibetan
Plateau on the general circulation. Their research focused on various aspects such as
the vertical structures of horizontal circulation, the zonal and meridional overturning
circulations, the convective activities, and the movements of the Tibetan High over the
Plateau, as is well summarized in [46]. In 1979, Yeh and his colleague Youxi Gao led the
publication of [43], which provided a comprehensive summary of the achievements in this
field by the Chinese meteorological community up to that time.

During the 1980s, Yeh, along with his colleagues and students, expanded his research to
explore the influences of the Qinghai-Tibetan Plateau on the regions beyond East Asia [45].
Their work became particularly significant for current studies on polar climate change
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and the global effects of the Tibetan Plateau. In her doctoral thesis supervised by Yeh and
G. X. Wu, X. L. Zou discovered that wintertime planetary waves with low wavenumbers
(wave 1 and wave 2), induced by the mechanical forcing of the Tibetan Plateau (but not
the Rocky Mountains), could propagate northward into high latitudes and vertically into
the stratosphere [47,48]. This finding implied that the Tibetan Plateau plays a crucial role
in shaping the spatial structure of the climate over the high latitudes of the Northern
Hemisphere, affecting both its mean state and variations.

4.3. On the Scale-Dependence Theory of Geostrophic Adjustment

Geostrophic adjustment, known as “geostrophic adaptation” in China, has long been
an important theoretical issue in atmospheric and oceanic dynamics [49]. In contrast to
traditional wisdom, both Rossby in the 1930s [49] and Obukhov in 1949 [50] demonstrated
that during the process of geostrophic adjustment, the mass (pressure) field rapidly aligns
itself with the velocity field until the geostrophic balance is achieved. In 1957, Yeh was the
first to highlight that the direction of mutual adjustment between the velocity and mass
fields depends on the spatial scale of the initial geostrophic imbalance, as explicitly stated
in [51]:

“From the foregoing discussions we may give the following statement about the production

of quasigeostrophic motion: When due to some reason or other the quasigeostrophic

equilibrium breaks down, then for small scale motion (not so small that the earth’s

rotation may be neglected) it is the pressure field to fit the new velocity field to attain new
quasigeostrophic motion; for very large scale it is the velocity field which changes more to

give new quasigeostrophic motion; and for intermediate scale both fields will change.”

Later, Q. C. Zeng (T.-S. Tseng) mathematically proved that the initial scale of a non-
geostrophic disturbance determining the direction of geostrophic adjustment (adaptation)
between the mass and velocity fields is the Rossby radius of deformation [52,53]. Yeh's
research served as inspiration for Chinese scientists, including some who worked directly
under Yeh's influences, leading to a uniquely systematic investigation of this topic. The
findings of their research were summarized in a 1965 monograph titled “The Problems of
Adaptation in Atmospheric Motion”, authored by Yeh and his student M.-T. Li [54]. In
this monograph, they also explored the adjustment (adaptation) in meso-scale atmospheric
motion and the hydrostatic adjustment.

4.4. On the Dynamics of Atmospheric Blocking Highs

The slower dispersion of solitary waves at high latitudes, as described in the fifth
section of Yeh's energy dispersion thesis in 1949 [12], remains a fundamental theoretical
paradigm for the dynamics of blocking highs, a concept that continues to be supported by
recent studies [55,56]. In the late 1950s and early 1960s, Yeh and his colleagues systemati-
cally investigated the climatology, synoptic features, numerical simulations, and dynamics
of atmospheric blocking over the Northern Hemisphere, based on a thorough survey of
85 wintertime blocking events (54 events over the region from the North Atlantic to the
Ural Mountains and 31 events over the North Pacific) that occurred between 1955 and 1960.
Two monographs were published in 1962 and 1963, respectively: one focusing on synoptic
and dynamical investigations [57], and the other on numerical simulations [58]. From their
survey and simulations, Yeh and his colleagues developed synoptic and conceptual models
for the onset, maintenance, and decay of blocking highs. This systematic investigation
into blocking highs was truly exceptional, as it took more than twenty years for another
comprehensive volume on the topic to be published internationally [59].

Yeh further discussed a possible physical mechanism for the onset and decay of
blocking highs. He emphasized the significant role played by the baroclinic instability of
long waves (approximately 5000 km or above in scale) in the onset of the meridional-type
circulation. Furthermore, he highlighted the importance of local conditions favoring the
appearance of highly non-geostrophic conditions in the cut-off process of a closed high
cell. Additionally, positive vorticity advection toward the blocking high leads to its decay.
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Furthermore, in an article published in 1963, Yeh explicitly emphasized the essential role of
nonlinear wave-wave interaction in the formation of blocking highs, as explicitly stated in
the abstract of [60]:

“...we shall keep in the vorticity and thermodynamic equations the nonlinear terms
which are dropped generally. This enables us to study the mutual interaction of the
disturbances. It will be shown theoretically that this mutual interaction is very important
in the formation of ()-shaped blocking highs.”

4.5. On the Fundamental Problems of Global Atmospheric Circulation

Yeh’s theoretical interest in the GCA was not limited to that over East Asia, but he also
considered a more fundamental problem, i.e., the very nature of the global atmospheric
circulation as a whole. While the debates and investigations within Rossby’s Chicago
School, in which Yeh actively participated [7,23], influenced his early interest and perspec-
tive on this matter, Yeh and his colleagues in China soon independently developed their
own views through systematic research. Due to space limitations, I will only highlight two
examples of his work: his monograph on some fundamental problems of the GCA [61] and
his investigation on abrupt seasonal changes in the GCA [62].

4.5.1. On an Internally Consistent Picture of the General Circulation

From July to September 1957, only about one year after N. A. Phillips published
his seminal numerical experiment on the GCA [63], Yeh and his colleague Pao-chen Chu
conducted a series of seminars in Beijing. The content of these seminars revolved around
their initial draft on some fundamental problems of the GCA. Just one year later in 1958,
approximately nine years before E. N. Lorenz published his monograph on the nature and
theory of the GCA [64], Yeh and Chu’s monograph (a 159-page volume) was published.
Although the text was in Chinese, it included at the end of the book 16 pages of chapter
abstracts in English [61] (p. 144-159). B. Hoskins commented, “The chapter headings
give an idea of the broad sweep and ground-breaking nature of his (Yeh’s) ideas at this
time” [1], and the detailed chapter and section headings can be found in Figure 1 of [65].
A comparison between Yeh and Chu’s classic monograph and Lorenz’s indicates the
different styles and visions of the three authors regarding the GCA [66], while both books
demonstrated a penetrating depth of physical thinking.

In the final chapter of [61], Yeh and Chu made an effort to present an internally
consistent picture of the GCA. They emphasized that the GCA is a coherent system in
which various components and physical processes, influenced by external factors such as
radiation and the Earth’s rotation, are interconnected. Particularly, they emphasized the
central role of large-scale eddies in connecting these fundamental elements of, and key
physical processes in, the GCA (Figure 4, excerpts from Chapter XI). They analyzed how
and why the large-scale-eddy-induced angular momentum transport in the upper layer
and heat transport in the lower layer of the atmosphere should be considered an integrated
entity, and their analyses were qualitatively consistent with the Eliassen-Palm flux obtained
from the theory of wave-mean flow interaction by Andrews and MclIntyre [67,68], which
was developed during the mid-1970s.
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In this chapter an_attempt is made to give an internally consistent picture of the general
circulation. The way to reach this goal is to 0y to relate the main physical mechanism with the
physical processes operating in the general circulation. The following is the main discussion of this
chapter:

The basic state of general circulation may be described as follows: In the mean meridional
plane there are three cells, two direct and one indirect. (This is what we call mean meridional
circulation). In the horizontal plane there are planetary wind belts (i.e. westerlies and easterlies).
The wind distribution is not uniform. There is the so-called jet stream. Superimposed on these wind
belts are lows and highs, troughs and ridges (large-scale disturbances). We call these the basic
elements of the general circulation. They are not independent. They are mutually related and form

an_internally consistent_integrity. In _the course of formation of this integrify, ... large-scale

disturbances play a basic role.
From time to time the large-scale disturbances transport and redistribute the physical properties

7 7

(as heat, ang etc.) of the sphere. Through these transports and redistributions
the large-scale disturbances tie up the elements of the general circulation. ...

In the formation of jet stream large-scale disturbances are also important.

Not only the main elements of general circulation are mutually constrained. The main physical
processes of the general circulation are also lly related. By main physical processes we mean
those processes that are operating in the balance of important physical properties of the
atmosphere, such as heat, water vapour, kinetic energy and angular momentum. ......From the
above discussion we see that the main physical processes operating in the atmosphere are
connected with one another. In_connecting these physical processes the unstable disturbances
play an important role.

Figure 4. Excerpts from the chapter abstract, originally in English, from Chapter XI in [61]
(pp. 153-156).

4.5.2. On Abrupt Seasonal changes of the General Circulation

While abrupt seasonal changes of the GCA had been observed over the southern Asian
monsoon regions and the Middle East, Yeh and his colleagues extended their studies to East
Asia and other regions of the Northern Hemisphere. They made a significant discovery,
which they explicitly stated in the Rossby Memorial Volume: that the abrupt seasonal change
could well be a global phenomenon [62]. Moreover, Yeh and his colleagues conjectured
that a certain type of ‘instability’ in the atmosphere could be the underlying mechanism:

“Concerning the cause of the abrupt changes, we shall only propose the following reasons
as a conjecture: From winter to summer the inclination of the sun over the Northern
Hemisphere gradually increases. With this increase the temperature contrast between the
equator and pole gradually decreases. When it has decreased to a certain value, a certain
type of ‘instability’ in the atmosphere appears and the abrupt change of the upper-air
circulation takes place. From summer to winter the reversed sequence of events would
occur.” [62]

Yeh further suggested a possible model experiment “to answer conclusively the above
conjecture”: “In a rotating half sphere or two coaxial cylinders [. ..] we heat differently the
inner and outer part, then gradually decrease or increase the heating difference and observe
whether we get the abrupt transition of the circulation as observed in the atmosphere.”.

It is remarkable that they took such a broad perspective on abrupt seasonal changes
of the GCA during a time when data were limited and model experiments were still in
their very early stages. Notably, their conjecture did not mention topography or land-
sea contrasts. Meanwhile, Yeh emphasized the central role of large-scale eddies in the
maintenance of the GCA (Figure 4); therefore, it is very likely that Yeh and his colleagues
believed that eddies would play a part in the speculated instability of the GCA. Interestingly,
only half a century later, similarly idealized experiments using general circulation models
(GCMs) were conducted, replacing the rotating half sphere or two coaxial cylinders used
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in Yeh and colleagues’ thought the experiment [69,70]. These GCM experiments revealed
that the abrupt seasonal change is caused by the rapid transition between two different
circulation regimes: the equinox regime controlled by eddy momentum transport, and
the monsoon regime driven directly by thermal forcing. If we interpret the “instability”
mentioned in Yeh and his colleagues’ conjecture as the instability of circulation regimes, then
Yeh’s idea aligns qualitatively with the recent findings in [69,70]. For a more comprehensive
perspective on the evolution of the theory regarding abrupt seasonal changes in the GCA,
refer to [65].

5. Period I'V: The Period of Transition (1972-1983)

In 1966, the Institute of Atmospheric Physics (IAP) was established from the meteo-
rological section of the IGM, and Yeh's research was stopped for several years due to the
Cultural Revolution. It was not until 1972 that Yeh resumed his research activities, and his
first project was the study of the GCA through the construction of a laboratory for rotating
fluid physics. The significant achievements of these experiments were discussed in the
section on Qinghai-Tibetan Plateau Meteorology (Section 4.2). During the period from
1972 to 1983, China underwent a transition from the turmoil of the Cultural Revolution to
the era of Reform and Opening-up. Yeh became the director of the IAP in 1978 and later
the vice-president of the CAS in 1981. With these roles, he took on more responsibilities in
leading scientific research and promoting international cooperation in China [5]. Simulta-
neously, there was also a transition in the focus of Yeh’s investigations from atmospheric
dynamics and general circulation to climate dynamics.

During this period, Yeh maintained his theoretical interests in atmospheric dynamics,
such as in his investigation of the multiple time-scale theory of atmospheric motions,
conducted collaboratively with his former student M.-T. Li [71]. As a collaborator with
younger theoreticians at the IAP, Yeh was supportive of the development of Q. C. Zeng's
rotational adaptation (adjustment) theory, which focused on the adjustment of atmospheric
motions slower than the geostrophic adjustment [72]. Additionally, Yeh contributed to J. P.
Chao’s spiral-like planetary wave theory in a barotropic atmosphere [73]. Furthermore, he
continued to lead the research into Qinghai-Tibetan Plateau Meteorology in China [43].

During the late 1970s and onwards, Yeh's primary focus shifted from atmospheric dy-
namics towards the field of climate dynamics. This transition coincided with the emergence
of global climate models in the 1970s; the publication of the Charney Report in 1979 [74]; and
the establishment of the World Climate Research Programme (WCRP) in 1980, of whose
joint scientific committee (JSC) Yeh became a member from 1982 to 1988 [3].

In 1981, during his visit to the Geophysical Fluid Dynamics Laboratory (GFDL) in
Princeton, Yeh collaborated with S. Manabe and R. T. Wetherald. Together, they conducted
idealized GCM simulations to investigate the short-term climate effects of snow-cover re-
moval and irrigation [75,76]. Their findings revealed that soil moisture anomalies resulting
from these land surface modifications can induce climate anomalies that persist for several
months, creating a cross-seasonal “memory” in the general circulation and climate. It is
worth noting that Yeh had already gained familiarity with surface and atmospheric energy
balance analysis through his earlier work on the northeast trade wind and his subsequent
studies on Qinghai-Tibetan Plateau Meteorology and the dynamics of the global circulation
as an internally consistent whole. Therefore, it is not surprising to find a unique clarity in
the physical insights derived from Yeh and his collaborators” analyses of the surface energy
balance and the response of the global circulation to surface anomalies.

6. Period V: The Period of Global Change (1984-2013)

During the early 1980s, the international scientific community recognized the impor-
tance of the interaction between global biogeochemical processes and physical processes
in shaping global environmental and climate change. In response to this realization, the
International Geosphere-Biosphere Programme (IGBP) was launched in 1988, symboliz-
ing the establishment of global change science, also known as Earth system science [77].
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The concept of “global change” encompasses a wide spectrum of transformations in the
Earth’s environment, spanning changes in the solid earth, oceans, atmosphere, biosphere,
cryosphere, and more [77]. Yeh played a key role from 1984 as one of the pioneering figures
who led the launch of the IGBP [78], and he is regarded as the founder of global change
studies in China. His ideas, such as those on the sensitive zones of global change [3], were
reflected in the early projects of the IGBP. For a more comprehensive account of Yeh's
involvement in the establishment of international global change studies, interested readers
may refer to [3,79]. However, in this discussion, the focus is only placed on two aspects of
Yeh's contributions: the inherent connection between adaptation to global change and the
principles of sustainable development, and the concept of “orderly human activities”.

At the turn of the 21st century, Yeh recognized the imperative of establishing a strong
connection between adaptation to global change and sustainable development. In this
context, adaptation refers to the necessary adjustments in natural and human systems to
effectively respond to anticipated changes and their resulting impacts, with the aim of
minimizing harm and capitalizing on beneficial opportunities [4]. Yeh believed that the
lack of awareness among policymakers and the general public regarding global change
could impede the success of sustainable development in China. Therefore, he organized a
conference in Beijing to discuss how to link sustainable development and the adaptation
to global change, inviting about 30 leading scientists of various fields from China, and
Yeh’s thoughts on the issue were further distilled in [80] and in an interview featured in the
WMO Bulletin [4].

Yeh conveyed his views in [4,80] regarding the close connection between adapta-
tion to global change and sustainable development. He claimed that the adaptation to
global change must align with the principles of sustainable development. Otherwise, the
adaptation for temporary or local interests may only result in greater destructive change.
On the other hand, sustainable development will not achieve its goals without taking
future global change into account. Yeh also analyzed the systematic nature of both sustain-
able development and adaptation to global change. Yeh emphasized that adaptation to
global change must transcend the boundaries between regions, organizations, and business
sectors; meanwhile, the trend towards the integration of regional and global economies
concisely exemplifies the systematic nature of sustainable development [79].

Yeh and his colleagues further put forward the idea of “orderly human activities”,
which were defined as human activities that could ensure the maintenance of the life-
supporting environment as a whole without notable degeneration, or even with some
improvement, while meeting the demands of socio-economic development [81]. Itis evident
that sustainable development serves not only as the objective of orderly human activities but
also as the criterion by which the orderliness of large-scale human activities is measured [3].
Yeh and his colleagues analyzed the attributes of orderly human activities, highlighting
their alignment with sustainable development, hierarchical structure, systematic nature,
and scale effect [81]. They further suggested an approach to investigating orderly human
activities in which scientists, policymakers, and stakeholders at different levels should be
closely integrated.

From a retrospective viewpoint twenty years since the publication of [80,81], one
can easily identify the visionary nature of Yeh’s thoughts on global change, sustainable
development, and orderly human activities.

7. Conclusions

In this review, Prof. Duzheng Ye’s (Tu-cheng Yeh's) research career was divided
into five periods, namely: (I) the preparatory period (1935-1944); (II) the Chicago period
(1945-1950); (III) the period of breaking ground (1950-1966); (IV) the period of transition
(1972-1983); and (V) the period of global change (1984-2013). Figure 5 summarizes the
timeline of Yeh’s research career with the main foci and selected key publications for
each period included. The evolution of his main achievements is provided based on
a meta-analysis of his published works. Some of the evaluations of his work by his
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contemporaries are provided, and the influences of his achievements are reflected in the
literature mentioned here, which represents the advances in the relevant research fields.

Training in physics and meteorolos
The Preparatory Period 9InPhy %Y

On isentropic analysis

(1935-1944)

On energy dispersion in the atmosphere [11,12]

The Chicago Period R _ _
On Hadley circulation, trade inversion, and

motion of tropical storms [23,24,27,28]

(1945-1950)
On the general circulation over East Asia
[33,35,36,37]
On Qinghai-Tibetan Plateau Meteorology
[33,40,41,42]
The Period of

On the scale-dependence theory of

Breaking Ground p [51,54]
Duzheng Ye's N
g (1950-1966) On the dy of i
Research highs [57,58,60]
Career

On the fundamental problems of global
atmospheric circulation [22,61,62]

on theories of
dynamics [71,72,73]

On Qinghai-Tibetan Plateau Meteorology

The Period of Transition [43,44,46]

N —NS—

(1972-1983) On climate dynamics [75,76]

On Qinghai-Tibetan Plateau Meteorology

[45,47,48]
The Period of Global Change / Ideas on global change [78]
(1984-2013) Sustainable development and orderly
human activities [80,81]

Figure 5. The timeline of Yeh's research career and the main foci and selected key publications for
each period.

Needless to say, his achievements after he returned to China in 1950 were not only his,
but also a part of ‘many significant realistic contributions’ [32] by the Chinese meteorologi-
cal community at large [30,82]. In the long course, Yeh played a central role in the explosive
development of atmospheric dynamics in China during the 1950s and 1960s, as well as in
climate change and global change science in China after the late 1970s. Yeh'’s dedicated
efforts and leadership in the field of global change led to the establishment of a nationwide
and decade-long global change research program in China, and he also provided many
science-based suggestions on climate change policy to the leaders of China.

It is emphasized that many of Yeh’s ideas were very prospective, and hence this
review aimed to not only honor past achievements, but also inspire more new scientific
findings based on Yeh’s visionary ideas. Indeed, Yeh’s investigations on energy dispersion
in the atmosphere [12] and on the physical mechanism of atmospheric blocking [57,60]
are highly relevant to current research endeavors on the possible changes in Rossby wave
propagation [83-85] under global warming and the mechanisms of blocking and extreme
events [21,86-88]. His study on trade inversion in collaboration with Riehl et al. [24] remains
to be used as a mechanistic basis for very recent theoretical and modeling investigations on
the dynamics of trade cumuli [25,26]. Yeh's proposal regarding the cause of abrupt seasonal
changes of the GCA [62] have been echoed by recent theoretical studies [69,70], and his
perspective on the atmospheric general circulation as an internally consistent whole [61]
remains the goal of theoretical efforts seeking a unified theory of the GCA [65]. Recent
progress on the global effects of the Qinghai-Tibetan Plateau can be found in [89,90].

While many of Yeh's investigations were theory-oriented, Yeh's theoretical investiga-
tions were firmly rooted in observations. The availability of observations was indeed very
limited in his time, such as during his investigations on the upper-tropospheric circulation
over China during the winter of 1945-46 [33], trade inversion [24], and the thermal effects
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of the Tibetan Plateau [41]. However, the combination of his physical intuition and insights
based on these limited data often led to groundbreaking new findings.

Finally, it should be noted that, due to the space limitations, many of Yeh'’s scientific
contributions were not discussed here, and the emphases in the current review inevitably
reflected—and were limited by—the author’s understanding of Yeh’s works. Sulffice it to
say, however, many of his scientific ideas are still very relevant to current pivotal issues,
such as the need for a universal law of the general circulations of the atmosphere, and
human responses to climate change. Therefore, there is no doubt that Prof. Duzheng Ye’s
works will continue to inspire generations of young scientists.
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Abstract: Based on the definition of potential vorticity substance (W) and its equation, an index “iPV”
representing the leading mode of the surface potential vorticity circulation (PVC) over the Tibetan
Plateau is defined to characterize the orographic potential vorticity (PV) forcing on the atmospheric
general circulation. The relationships between the iPV index and the East Asian monsoon in July,
as well as the Silk Road pattern in Eurasia, are investigated on an interannual time scale. Results
show that the iPV in July is closely related to the interannual variability of the East Asian monsoon.
Corresponding to the positive phase of iPV with negative (positive) PVC over the north (south) of
the plateau, strong positive PV anomalies and westerly flows develop in the troposphere over the
plateau. Consequently, in the downstream region, the zonal PV advection increases with height
just above the Jianghuai Meiyu front, which is conducive to the generation of upward movement.
Over the East Asian area, the upper troposphere is controlled by the eastward shifted South Asian
High. In the lower troposphere, the southwesterly flow anomaly on the northwestern side of the
strengthened western Pacific subtropical high transports abundant water vapor to the north, forming
a convergence in the Jianghuai area, leading to the formation of large-scale precipitation along the
Meiyu front. Results from partial correlation analysis also demonstrate that the link between the
variability of the East Asian monsoon in July and the plateau PV forcing is affected very little by the
Silk Road pattern, whereas the plateau PV forcing plays a key “bridging” role in the influence of the
Silk Road pattern on the East Asian monsoon.

Keywords: potential vorticity substance; potential vorticity circulation; East Asian monsoon;
Tibetan Plateau

1. Introduction

The East Asian summer monsoon (EASM) is a complex monsoon system composed of
multiple important components such as tropospheric upper circulations, lower circulations,
and precipitation. The seasonal evolution of the EASM is accompanied by the advance of
the rain belt from south to north and has significant differences in interannual variation
during different periods [1]. According to the definition of East Asian monsoon intensity [2],
there exist significant differences in the intensity and pattern of EASM in different months
of summer. Other studies even show that some factors that influence the interannual
variability of the EASM also exhibit intra-seasonal differences [3,4].

Previous studies have shown that the Tibetan Plateau has significant impacts on the
EASM through dynamical and thermodynamical effects. The dynamical forcing of the
plateau has a very important impact on the establishment, development, evolution, and
precipitation of the monsoon. The thermodynamic forcing mainly comes from the heating
of the plateau, which is the main driver of EASM precipitation [5]. Numerous studies have
been contributed to investigate the separate influence of either the dynamical forcing of
the Tibetan Plateau [6,7] or its thermal forcing [8-10] on the EASM. For example, Okajima
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and Xie [7] find that the uplifted terrain plays an important role in the formation of the
northwestern Pacific monsoon, while Duan and Wu [10] emphasize the role of the thermal
forcing of the Tibetan Plateau in influencing the summer climate patterns over subtropical
Asia. The study of the influence on the EASM of the combined mechanical and thermal
forcing of the Tibetan Plateau is rare.

As we all know, PV is defined as P = %Zﬂve, where p is air density, Zu is three-
dimensional absolute vorticity, and 6 is potential temperature. It is a physical quantity that
combines the intrinsic dynamic and thermodynamic characteristics of the atmosphere. The
huge uplift Tibetan Plateau has been proven the most important PV source in the world.
The surface PV over the Tibetan Plateau may better represent the plateau forcing and have a
closer relationship with the EASM. Sheng et al. [11,12] and He et al. [13] have demonstrated
that the surface PV over the Tibetan Plateau can have a significant impact on the interannual
variation of summer precipitation in East Asia via changing the atmospheric circulations.
In this study, we study the PV circulation (PVC) at the surface of the Tibetan Plateau, rather
than the PV within the surface layer, and reveal the relationship between the surface PVC
of the plateau and the EASM.

Interestingly, the circulation structure and precipitation anomalies over the EASM
region in July induced by the above-mentioned PVC forcing over the Tibetan Plateau
look similar to those associated with the “Silk Road” pattern (SRP) in summer over the
troposphere of Eurasia, which has been considered the main mode of the meridional wind
anomaly [14]. The quasi-stationary Rossby remote-correlated wave train over the Asian
troposphere in July in the Northern Hemisphere can affect the climate of a vast area along
the axis of the Asian subtropical jet stream (about 40° N) [15-17] and has a significant
impact on the circulation and precipitation of the tripolar type of the EASM [4,18,19]. The
Tibetan Plateau is located along the Rossby wave train induced by the SRP and upstream of
the EASM region. It is still unclear whether the Tibetan Plateau can modulate the effect of
the SRP on EASM or not. What role the Tibetan Plateau plays in the relationship between
the SRP and EASM needs clarification.

This paper aims to explore the influence on the EASM of the surface PVC forcing over
the Tibetan Plateau in July, and the relationship between the circulation anomalies induced
by the PVC forcing over the Tibetan Plateau and by the SRP. The context of the study is
arranged as follows: Section 2 introduces the data used for the study and the concept of
surface potential vorticity circulation (SPV). Section 3 demonstrates the July-mean global
distributions of SPV and its zonal deviation, and an index presenting the SPV forcing of the
Tibetan Plateau, i.e., iPV, is thereby introduced. By using this iPV index, the impact of the
SPV forcing of the Tibetan Plateau on the EASM is studied by using regression analysis in
Section 4. In Section 5, the influence on the EASM of the SPV forcing of the Tibetan Plateau
is compared with the impact on the EASM of the SRP forcing by using partial correlation
analysis. Conclusions are provided in Section 6.

2. Data and Methods
2.1. Data

The data of atmospheric variables used to calculate the surface PVC over the Tibetan
Plateau were obtained from the daily reanalysis data at the bottom (level = 72, o = 0.993) of
the MERRA-2 (Modern-Era Retrospective Analysis for Research and Applications Version 2)
published by NASA [20]. The variables include the horizontal wind, temperature, and
pressure with a horizontal resolution of 0.625 x 0.5° (longitude x latitude). The atmo-
spheric data used in the diagnostic analysis of the atmospheric circulation are from monthly
data under the MERRA2 barometric coordinate system, including Ertel potential vorticity
(EPV), horizontal wind, geopotential height, specific humidity, and surface pressure with a
horizontal resolution of 0.625 x 0.5° (longitude x latitude). Precipitation data are monthly
averaged data provided by the Global Precipitation Climatology Project, version 2.3 [21]
with a horizontal resolution of 2.5 x 2.5° (longitude X latitude). The time span is from 1980
to 2019 for all datasets.
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To focus on the relationship between interannual variations, all variable data were
preempted with detrending and 2-9 year Lanczos bandpass filtering to preserve interannual
signals.

2.2. Partial Correlation Analysis

Partial correlation refers to the method of studying the correlation between only two
variables while another variable remains unchanged in a multivariate study [22]. In actual
research work, it is common to find that one of the three variables remains unchanged
and the correlation between the other two variables is explored. When the influence of the
sequence Z(t) is excluded, the partial correlation coefficient between the sequence X(t) and
Y(t) is calculated as follows:

Txy — T'xzlyz

G ey v
(1 - rxz)(l - ryz)

where Txy, Txz, and 1y are, respectively, the correlation coefficients between sequence X(t)
and Y(t), X(t) and Z(t), and Y(t) and Z(t); and ryy,- is the partial correlation coefficient, which
represents the correlation coefficient between sequence X(t) and sequence Y(t) after exclud-
ing the influence of time series Z(t). Student’s t-test is used to determine the confidence
level of the partial correlation coefficient, and the test statistic quantity t with a sample size
nis:

2.3. Earth’s Surface PVC Forcing-SPV
PV substance (W) is defined as Refs. [23,24]:

W=pP=V- (Zue) 1)

The local variation equation for PV substance (also known as potential vorticity
density) can be rewritten in flux form:

W v [wv-(az,+0h)|=-v.] @

From Equations (1) and (2),

e -
Vs (Ci) ==V ] ©

Equation (2) shows that the local variation of PV substance is related to its advection,

—
diabatic heating, and friction. In Equation (3), | represents the “effective potential vorticity
flux” that affects the local change of W.

By defining the PV circulation (PVC) as [25]:

- — to+ At -
[ —— / Jdt+ ¢ )

Jtg
Then we have: .
W=-V-(Jo) ©)

- = =
In the pressure coordinate system with unit vectors (i, j, k ) pointing eastward,
northward, and downward, respectively,

Ty __al ~ % e al_al P
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In Equation (4), the physical interpretation of PVC is the time accumulated effective
potential vorticity flux. Equation (5) indicates that the convergence (divergence) of PVC
corresponds to a positive (negative) PV substance (W). When we consider the total PV
substance of a global atmosphere covered by an upper boundary “top” of an isentropic
surface 0t (e.g., 390 K), we need to perform a global integration for W. By employing the
Gaussian theorem to convert the global volume integration of W into a surface integration
of the crossing boundary PVC over the boundary surfaces (S) enclosing the global volume,
we can obtain:

// Wdo = // -V dxdydp—# ]C )ds = // Jldxdy + // Jhdxdy  (7)

Globe ~ Globe top bot

where S is the complete surface that surrounds the volume “Globe”, and n is the outward
normal unit vector of the surface S. The lower boundary “bot” of the global column is the
surface of the Earth, and the upper boundary 67 is a complete isentropic surface. According
to Stokes’ theorem, the integration on a surface of the normal component of relative vorticity
equals the closed-loop circulation along the boundary surrounding the surface. Since there
is no boundary for the upper surface 0r, the first term on the right-hand side of Equation
(7) vanishes, and the total amount of W in the entire bounded atmosphere becomes:

// Wio = //*Igdxdy = # [—(f + s)bsds ®)

Globe bot

where the subscript “s” indicates the Earth’s surface, and [(f + (s)6s] represents PVC at the
surface. Taking time difference on Equation (8) leads to:

// Swio —#a—[fﬁgg 0s)ds ©)

Globe

Equation (9) indicates that increase in surface [—(f + s)6s] will lead to the increase in
the PV substance (W) of the atmosphere. Therefore, a new variable:

SPV = [—(f + s)0] (10

can be used as a factor to represent the PV forcing at the Earth’s surface on the PV substance
of the atmosphere.

3. Distributions of SPV and Index of the PV Forcing of the Tibetan Plateau
3.1. Global Distributions of SPV and Its Zonal Deviation

Figure 1 shows the spatial distributions of the climatic mean and the zonal deviation of
SPV [—(f + {s)6s] in July, respectively. The climatic mean distribution (Figure 1a) is mainly
determined by the distribution of the Coriolis parameter f presenting a zonal orientation
feature and gradually decreasing from the south pole to the north pole. The zonal deviation
distribution (Figure 1b) is characterized by a weak anomaly over the ocean and a strong
anomaly over large terrain and plateaus, such as Greenland and the Rocky Mountains
in North America, the Andes Mountains in South America, the Alps in Europe, and the
Mongolia Plateau, Iranian Plateau, and Tibetan Plateau in Asia. Such a distribution of
SPV is related to the fact that elevated mountains penetrate more isentropic surfaces in
the lower troposphere and produce additional PV sources for the atmosphere [12]. The
most remarkable negative area is on the Tibetan Plateau, indicating that the summertime
negative SPV forcing is over land, particularly over the Tibetan Plateau.
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Figure 1. (a) Climatological July mean distribution of surface potential vorticity circulation (SPV,

[—(f + 5)65]) and (b) its zonal deviation. Unit: K's~ 1.

3.2. Index of the PV Forcing over the Tibetan Plateau

Figure 2 shows the first two empirical orthogonal function (EOF) modes of SPV on the
Tibetan Plateau area higher than 3 km in July. The explanatory variance of the first EOF
mode (EOF1) is 22.6%, showing a triple anomaly pattern of SPV with three anomalous
centers over the northern, central, and southern Tibetan Plateau. The explanatory vari-
ance of EOF2 is 13.2%, which approximately presents a north-south reversed distribution
across the plateau midline, implying a cyclonic circulation anomaly on the north and an
anticyclonic circulation anomaly on the south, or vice versa. This mode mainly reflects
the seesaw effect of SPV between the northern and southern Tibetan Plateau. To evaluate
the relationships between these modes and the EASM, the East Asian monsoon intensity
index is defined with reference to Wang et al. [2]: taking MV-EOF analysis on the three-
dimensional circulation and precipitation in the East Asia region (0-50° N, 100-140° E),
then define the principal component (PC) of the main mode as the intensity index of the
East Asian monsoon (iEAM) in July. As both PC1 and PC2 of the SPV exhibit interannual
variations, interannual relationships will be investigated in the following study.

The correlation coefficient between PC1 of the SPV and iEAM in July is only 0.05, be-
yond the 90% confidence level. As a result, PC1 and iEAM are approximately independent,
whereas the correlation coefficient between PC2 of the SPV and iEAM is 0.54, exceeding
the 99% confidence level based on Student’s t-test. The high correlation between PC2 and
iEAM indicates that the interannual variability of EASM is closely linked to the dipole
mode of SPV over the Tibetan Plateau. Therefore, PC2 of the SPV over the Tibetan Plateau
can be used to investigate the impacts of the PV forcing of the Tibetan Plateau on the EASM.
According to Equation (9), the change in [—(f + (s)0s] will lead to the change of the PV
substance W in the atmosphere. PC2 of SPV over the Tibetan Plateau is thus defined as
the intrinsic PV forcing index of the plateau for the following study, which is abbreviated

as “iPV”:

iPV = PC2of [—(f + {s)6s]over the Tibetan Plateau (> 3 km)
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A positive iPV then corresponds to a positive (negative) PVC over the northern
(southern) Tibetan Plateau, with surface westerly flows passing through the central plateau
and affecting downstream circulations.
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Figure 2. Spatial patterns of the first (a) and second (b) EOF modes of SPV on the Tibetan Plateau
area higher than 3 km in July. (c,d) are the corresponding principal components, respectively, to (a,b)
(black curve). The histogram in (c,d) represents the interannual variation after detrending during
1980-2019 and 2-9 years of bandpass filtering.

4. PV Forcing over the Tibetan Plateau on the EASM

The left column of Figure 3 shows the anomalies of the 200 hPa circulation and
geopotential height (Figure 3a) and the 850 hPa circulation and precipitation (Figure 3b)
regressed onto the iEAM index, representing the characteristic anomalous precipitation
and circulation in the upper and lower troposphere in July for the strong EASM vyears. Its
main characteristics are the presenting of a ray of circulation anomalies with anticyclone
and cyclone centers located, respectively, over Mid Asia, northern Tibetan Plateau, the
Jianghuai Basin, and Japan in the upper troposphere. The anticyclonic circulation anomaly
centered over the Jianghuai Basin indicates the eastward shifting of the South Asian High
at 200 hPa. In climatology, PV generally increases with latitude. The anomalous northerly
flow associated with the anticyclonic circulation anomaly over East Asia thus favors the
transport of positive PV anomaly to the Jianghuai region.

In the lower troposphere, the Jianghuai area is influenced by the enhanced Western
Pacific subtropical high. The associated southwesterly anomaly transports much more
water vapor and contributes to the positive precipitation anomaly over the Jianghuai
region. In addition, the associated southwesterly anomaly transports negative PV anomaly
to the Jianghuai area. Then the circulation background of PV advection increases with
height forms, which is conducive to the development of air ascent [26-28], whereas the
precipitation over the northern part of the South China Sea and near the Philippine Sea
shows significant negative anomalies. The right column of Figure 3 is for the same variables
but regressed onto the iPV index. The spatial anomalous patterns are very similar to their
counterparts in the left column, particularly in their prominent circulation anomalies in the
upper troposphere. This implies that there is an inextricable relationship between the in
situ PV forcing over the Tibetan Plateau and the intensity of the EASM.
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Figure 3. The 200 hPa wind (vector, unit: m s~!) and geopotential height (shading, unit: gpm)
anomaly (a,c) and the 850 hPa wind (vector, unit: m s~ 1) and precipitation (shading, unit: mm day 1)
anomaly (b,d) regressed onto the iEAM index (a,b) and onto the iPV index (c,d).

To explore this relationship, we first investigate how the PV in the atmosphere over
the plateau and the zonal PV flux downstream vary associated with the SPV over the
plateau by regressing these fields onto the iPV index. Because the sign of EOF2 of SPV over
the plateau is inverted on the northern and southern parts of the plateau (Figure 2b), the
analysis is performed in two zonal-vertical cross sections located along 34-36° N in the
north and 30-32° N in the south, respectively. As shown in Figure 4a,b, corresponding
to a positive iPV, positive PV develops over the whole plateau in the north (Figure 4a)
and its western part in the south (Figure 4b), presenting an upward and northward inten-
sification of PV. Meanwhile, westerly flow predominates over the whole plateau, which
will result in positive zonal PV advection in the upper troposphere and form a structure
of PV advection increasing with height over the EASM region (Figure 4c,d). According
to Hoskins et al. [26,27] and Wu et al. [28], air ascent will develop where PV advection
increases with increasing height. Consequently, upward motion and precipitation develop
over the EASM region.

Figure 5 presents the regression onto the iPV index of the vertically integrated (from
1000 to 300 hPa) water vapor flux and its divergence. The water vapor in the troposphere in
the whole East Asia region is mainly transported through the anomalous southwesterly and
westerly flow along the abnormal subtropical anticyclone over the northwestern Pacific.
Significant water vapor divergence anomaly occurs within the anomalous subtropical
anticyclone, whereas the anomalous southwesterly and westerly winds on the northwest-
ern side of the anomalous subtropical anticyclone bring much more water vapor to the
vicinity of the Jianghuai Basin, forming a large-scale water vapor convergence anomaly.
As mentioned above, this anomalous pattern indicates the stronger EASM years with
the strengthened western Pacific subtropical high which provides abundant water vapor
conditions for the positive precipitation anomaly downstream of the Tibetan Plateau.
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Figure 4. Zonal cross sections averaged over 34-36° N (a,c) and 30-32° N (b,d) of zonal circulation
(vector, unit: m s_l), and PV ((a,b); shading, unit: PVU, 1PVU = 100 Km?s! kg‘l) and zonal PV
advection ((c,d); shading, unit: 105 PVUs™ 1) regressed onto the iPV index.
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Figure 5. The vertically integrated (from 1000 to 300 hPa) water vapor flux (vector, kg m~!s1)and
its divergence (shading, unit: 10~ kg m~2 s~1) regressed onto the iPV index.
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The above analysis demonstrates that when the surface PVC over the Tibetan Plateau
is in its positive phase of EOF2 with positive SPV on its south and negative SPV on its north
(Figure 2b), prominent positive PV anomaly develops in the troposphere above the plateau
platform accompanied with abnormally intensified westerly flows, forming a structure
of zonal PV advection increasing with height in the troposphere of the downstream area,
which is conducive to the generation of upward movement over the Jianghuai region. The
upper troposphere over East Asia is controlled by the eastward-shifted South Asian High.
The southwesterly wind anomaly on the northwest side of the Western Pacific subtropical
high in the lower atmosphere transports abundant water vapor to the north, forming
a convergence above the Jianghuai region. This not only enhances the typical anomaly
of the three-dimensional circulation of the East Asian monsoon in July, but also further
strengthens the formation of the Meiyu front, the main component of the EASM in July.

5. Relationship with the Overland Silk Road Pattern

Figures 3c and 4a demonstrate that the in situ positive PV forcing over the Tibetan
Plateau corresponds well with the positive PV anomaly in the atmosphere over the plateau.
To identify the link of this positive PV anomaly with the upper layer general circulation,
the 200 hPa meridional wind distribution regressed onto the iPV index is shown in Figure 6.
Significant southerly and northerly anomalies are concentrated in the mid-latitudes of
Eurasia from the western Eurasian continent to East Asia. The structure of the merid-
ional wind anomaly is similar to the SRP which also appears as alternate southerly and
northerly anomalies along the mid-latitude Asian westerly jet from western Europe to
East Asia [14,16]. The correlation coefficient between the iPV and the index of SRP (SRPI)
is as high as 0.59, exceeding the significance level of 0.01.

90W

\ 150W

180

150E

Figure 6. The distribution of the meridional wind anomaly at 200 hPa (shading, unit: m s~!) regressed
onto the iPV index. Areas exceeding the 0.05 significance level are highlighted by black dots.

Previous studies have shown that, through the associated anomalous northerly wind
over East Asia, the summertime SRP has varying degrees of influence on the circulation
and the precipitation in the East Asian areas [4,15,18,19,29]. In order to better understand
the relationship between plateau PV forcing and the onland SRP in the influence of the
interannual intensity of the EASM, we conduct two sets of partial correlation analysis: one
by removing the linear influence of SRPI from that of iPV and the other by removing the
linear influence of iPV from that of SRPI, and the results are presented in Figures 7 and 8,
respectively.
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Figure 7. The distributions of circulation (vector, unit: m s~!) and geopotential height (shading, unit:
gpm) at 200 hPa (a,c) and the 850 hPa circulation (vector, unit: m s~1) and precipitation (shading,
unit: m day ') (b,d) regressed onto the iPV index (a,b) and regressed onto the iPVr index (c,d).
iPVr represents the remaining time series after removing the linear correlation with SRPI from the
iPV index. Dotted regions indicate the geopotential height and precipitation exceeding the 95%
confidence level.

It can be seen from Figure 7 that when the linear influence of the SRP is removed, the
distributions of circulation and precipitation anomalies in the lower tropospheric layer
change little (Figure 7d) compared with the original distributions (Figure 7b). The main
changes in the upper troposphere circulation are the weakening and westward shifting of
the anomalous cyclone to the north of the Tibetan Plateau and its upstream anticyclonic
anomaly (Figure 7c), while the position and intensity of the anomalous anticyclone over
East Asia (Figure 7a) is almost unchanged (Figure 7c). The associated anomalous northerly
wind still prevails over East Asia. As mentioned in Section 4 and previous studies [4,15],
the northerly wind anomaly is a key factor that induces the precipitation anomaly over
the Jianghuai region. Consequently, the results shown in Figure 7 indicate that no matter
whether there is the influence of the SRP or not, PV forcing over the Tibetan Plateau
can directly influence the intensity of EASM. The correlation coefficient between iPVr
and iEAM is 0.49, which is only 0.05 lower than that between iPV and iEAM, but still
reaches a significance level of 0.01. On the contrary, when the influence of plateau PV
forcing is removed from the Silk Road tele-correlation, the regressed upper tropospheric
circulation undergoes remarkable changes (Figure 8c versus Figure 8a). The strong cyclone
anomaly to the north of the plateau (Figure 8a) becomes significantly weak and shifts
southward (Figure 8c). The anomalous westerly wind prevailing over the entire plateau
platform (Figure 8a) becomes much weaker and moves southward to the south of the
plateau (Figure 8c). The downstream anticyclone anomaly originally located over the
Jianghuai region moves northeastward and is located over Northeast China. The associated
anomalous northerly wind moves northeastward correspondingly. The Jianghuai region
is controlled by the easterly anomaly in the upper troposphere (Figure 8c). In the lower
troposphere (Figure 8b,d), the subtropical anticyclone circulation over the northwestern
Pacific is weakened, and no apparent precipitation anomalies occur in the Jianghuai area.
The correlation coefficient between SRPIr and the overall East Asian monsoon intensity
index iEAM drops to 0.01, which is almost independent. These results indicate that the SRP
cannot influence the EASM directly in July. PV forcing over the Tibetan Plateau may play a
role in “bridging” the connection between the EASM and the SRP.
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The above results suggest that PV forcing over the Tibetan Plateau can directly influ-
ence the East Asian monsoon’s variability. Such connection between the EASM and the
plateau PV forcing in July is affected little by the SRP, whereas the plateau PV forcing plays
a key role in “bridging” the SRP and the EASM precipitation. If the plateau PV forcing
disappears, the upstream SRP may not have a significant effect on the East Asian summer
monsoon.
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Figure 8. The distributions of circulation (vector, unit: m s~1) and geopotential height (shading, unit:
gpm) at 200 hPa (a,c) and the 850 hPa circulation (vector, unit: m s 1) and precipitation (shading,
unit: m day’l) (b,d) regressed onto the SRPI index (a,b) and regressed onto the SRPIr index (c,d).
SRPIr represents the remaining time series after removing the linear correlation with iPV from the
SRPI index. Dotted regions indicate the geopotential height and precipitation exceeding the 95%
confidence level.

6. Conclusions

By integrating the PV substance and its local change equation over the global at-
mospheric volume bounded by an enclosed isentropic surface as the upper boundary;, it
shows that the global gross PV substance equals the integral of the PV circulation (PVC)
at the earth’s surface of the whole globe. That means the gross source of PV substance
of the global atmosphere is located at the Earth’s surface. EOF analysis of the surface PV
circulation (SPV) over the Tibetan Plateau higher than 3 km in July indicates that PC2
can be used as an index to characterize effects on the EASM of the intrinsic plateau PV
forcing. By making partial correlation and regression analysis, this paper further studies
the influence mechanism of the plateau PV forcing on the interannual variability of the
EASM and its relationship with that of the onland SRP over Eurasia. The main conclusions
can be summarized as follows:

(1)  When the second mode of SPV on the surface of the Tibetan Plateau platform is
in the positive phase (Figure 2b), with positive SPV on its south and negative SPV
on its north, a strong positive PV anomaly and strengthened westerly flow will
develop in the troposphere over the plateau, forming a structure of zonal PV advection
increasing with height in the troposphere over the downstream Jianghuai region,
which is conducive to the generation of air ascent. The upper troposphere over
East Asia is controlled by the strong positive anomaly of geopotential height due to
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the eastward shifting of the South Asian High. The associated northerly anomaly
favors the transport of positive PV anomaly to the Jianghuai region; whereas, in the
lower troposphere, the anomalous southwesterly flow on the northwestern side of
the enhanced western Pacific subtropical high transports not only abundant water
vapor, but also negative PV anomaly to the Jianghuai region, forming a circulation
background of PV advection increasing with height. This not only enhances the
three-dimensional circulation anomaly of the East Asian monsoon in July, but also
facilitates stronger precipitation along the Meiyu front;

(2)  The link between East Asian monsoon variability and plateau PV forcing in July is
influenced very little by the SRP. The latter mainly impacts the wave position and
intensity in the upper troposphere to the west of the plateau, but has limited effect on
the spatial distributions of circulation and precipitation downstream of the plateau.
However, when the linear signal of plateau PV forcing is removed from the SRP
sequence, the cyclone anomaly to the north of the plateau is significantly weakened
and shifts southward. The westerly wind originally over the plateau becomes much
weaker and shifts to the south of the plateau as well. At the same time, the anticyclone
anomaly originally located over the Jianghuai region shifts to Northeast China. The
Jianghuai region is controlled by the easterly anomaly in the upper troposphere,
which weakens the circulation background of PV advection increasing with height.
Consequently, the positive precipitation anomaly over the Jianghuai region becomes
weak and the interannual variability of the SRP and the East Asian monsoon are no
longer correlated. These results indicate that the SRP cannot influence the EASM
directly in July. The plateau PV forcing plays a key role in “bridging” the influence of
the SRP to the East Asian summer monsoon: the PV forcing over the Tibetan Plateau
can modulate the influence of the SRP on the EASM by changing the position of the
anticyclone anomaly in the upper troposphere downstream of the Tibetan Plateau
which is critical for the development of air ascent and precipitation of the EASM.
When the influence of plateau PV forcing is removed, this anticyclone anomaly is
located over Northeast China, which has little impact on the EASM. However, when
the influence of plateau PV forcing is considered, the anticyclone anomaly shifts to
central China, contributing to a stronger EASM year. In other words, the influence
of the SRP in the Eurasian region on the East Asian monsoon in July is inseparable
from the involvement of the PV forcing over the Tibetan Plateau. In summary, it is
the surface PV forcing of the Tibetan Plateau that directly and significantly affects the
interannual variability of the EASM over the Jianghuai region.
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Abstract: Atmospheric vortex streets (AVSs) are often observed in the wake of the leeward side of
mountainous islands and are considered atmospheric analogs of the classic Karman vortex street when
a fluid flows past a cylindrical obstacle. The prevailing westerlies were observed year-round around
the Tibetan Plateau. However, it remains to be understood whether the wake on the leeward side of
the Tibetan Plateau exhibits a stable AVS and how the AVS impacts precipitation over the downstream
region. In this study, the environmental meteorological factors, spatiotemporal characteristics, and
various properties of the AVS on the leeward side of the Tibetan Plateau were examined for the
period of 1979-2018 using global reanalysis datasets. The results show that the spatial structure of
these AVSs closely resembles that of the classic Karman vortex street observed in the laboratory. The
meteorological factors satisfy the conditions in which a stable AVS can exist year-round. Moreover,
various properties of these AVSs, including the aspect ratio and Strouhal number, are similar to those
in previous studies of smaller obstacle caused AVS. Thus, these AVSs on the leeward side of the
Tibetan Plateau can be interpreted as the atmospheric analog of classic Kdrman vortex streets. The
results further show that the spatiotemporal structure of precipitation over the wake of the Tibetan
Plateau was largely shared by the cyclonic activities in the AVS. Approximately 80-90% of the total
precipitation and heavy rain days in the main rainband over the wake of the Tibetan Plateau are
closely tied to the seasonal evolution of the AVS.

Keywords: atmospheric vortex street; Tibetan Plateau; precipitation; East Asia; Karman vortex street

1. Introduction

When steady wind flows around an isolated obstacle, such as a mountain or a moun-
tainous island, atmospheric vortex streets (AVSs) can be generated on the leeward side of
the obstacle under favorable meteorological conditions. The AVS pattern exhibits a double
row of counter-rotating vortex pairs shedding alternately and resembles the classic von
Kérman vortex street [1-3], as schematically shown in Figure 1. Vortex streets have been
frequently observed in the atmosphere [4,5] and ocean [6-11]. These types of vortex streets
have significant weather and climate implications. Oceanic vortex trains could enhance
biological production and turbulent mixing, impacting fishing activities [12-15]. The atmo-
spheric vortex streets may modulate the cloud and wind patterns over the downstream
region [16].

The studies of AVS can be traced back to as early as the 1930s. Lettau [17] suggested
that AVSs could be shed by large islands. However, it was not until the early 1960s that
researchers observed AVS in cloud images taken by the first generation of earth-orbiting
satellites (e.g., [18-20]). These studies also revealed the properties of AVS, such as the
rate of vortex shedding eddy lifetime, eddy viscosity, and obstacle drag, from satellite
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imagery and suggested that the AVS on the lee side of obstacles can be interpreted as
the atmospheric analog of classic von Karman vortex streets [18,20-26]. Further studies
analyzed the mechanisms and meteorological conditions under which a stable vortex on
the lee side of an obstacle can develop, e.g., Etling [27] conducted laboratory experiments
and found that a stable vortex street on the leeward side of an obstacle can exist when the
Reynolds number (Re) is larger than a particular value and the Froude number is smaller
than 0.4.
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Figure 1. Schematic plot of a Kdrmén vortex street generated by wind passing a cylindrical obstacle
of diameter d. a is the vortex spacing and /1 is the width of the Karman vortex street.

In addition to observational and laboratory studies, numerical studies have been carried
out to reveal more details of the formation of a vortex pair on the leeward side of the island
and its separation from the island. These studies are documented in the review paper of Young
and Zawislak [7]. To date, most numerical simulations of Karméan vortex shedding in the real
atmosphere have focused on islands in the Northeast Atlantic [5,28-30] or in the Northwest
Pacific [31]. Based on a numerical simulation model with a horizontal resolution of 2 km,
Nunalee and Basu [5] revealed that the whole region in the satellite image with a cellular
stratocumulus cloud pattern was disturbed by Karman vortex shedding. Li et al. [31]
simulated the observed AVS using an MM5 model and estimated a vortex-shedding rate
of 1 h.

It is noted here that previous observations of AVS, including those mentioned above,
focused on AVS at a spatial scale of approximately a few hundred kilometers that can be
captured in a non-merged satellite image. For AVS of these spatial scales, the Reynolds
number, the ratio of inertial forces to viscous forces within a fluid, is usually between 50 and
500 [25]. From a theoretical perspective, given that the Reynolds number is proportional to
the spatial size of the obstacle, a stable vortex street can exist when the Reynolds number is
as high as 10° [25,32], as demonstrated in laboratory experiments. However, there have
been few observational studies on that scale. It is indeed this hidden possibility that is one
of the reasons for us to explore whether the Tibetan Plateau, standing in strong seasonally
varying westerlies, can cause AVS of similar spatial scales on its leeward side.

The Tibetan Plateau, located over South-Central Asia, is the world’s highest plateau
above sea level, with an average elevation of approximately 4500 m (approximately one-
third of the tropospheric height). Prevailing year-round lower tropospheric westerlies flow
over or flow around the Tibetan Plateau and are divided into two branches after passing
by the Tibetan Plateau [33,34], with the portion of flow around being dominant in the
low- to mid-tropospheric region [35-37]. Yeh noticed, as early as the 1950s, that a pair of
vortices appeared frequently on the east sides of the Tibetan Plateau [33]. The southern
vortex is cyclonic and associated with low surface pressure and is termed the southwest
China vortex [38]. The downstream propagation of southwest China vortices can result in
substantial precipitation in downstream regions [39,40]. The northern vortex is anticyclonic
and called the little northwest high [41]. However, whether the downstream mesoscale
vortices are indeed AVS and how they are directly tied to seasonally varying westerlies
have not received much attention from researchers.

This study aims to answer the following questions by analyzing high-resolution
reanalysis data: (1) Can the mesoscale systems on the leeward side of the Tibetan Plateau
be interpreted as the atmospheric analog of classic von Karman vortex streets? Do the
surrounding meteorological factors and properties of the AVS satisfy conditions in which a
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stable vortex on the lee side of an obstacle can exist? (2) If so, does the AVS on the lee side
of the Tibetan Plateau impact the precipitation and heavy rain days over the wake of the
Tibetan Plateau?

The paper is organized as follows: Section 2 describes the reanalysis datasets and
precipitation data used. Section 3.1 gives an overview of the seasonal variability of the
meteorological situation of the Tibetan Plateau and demonstrates whether the meteorolog-
ical factors satisfy the conditions under which a stable vortex AVS can exist. Section 3.2
demonstrates the similarity between the AVS on the lee side of the Tibetan Plateau and
the vortex street recorded in the laboratory experiment. Section 3.3 calculates some AVS
properties, such as the aspect ratio and the Strouhal number identified directly from the
reanalysis datasets. Section 3.4 reveals the impact of the AVS on precipitation over the
wake of the Tibetan Plateau. Finally, Section 4 summarizes our results and discusses the
relationship between AVS and the meteorological systems controlling precipitation over
the wake of the Tibetan Plateau.

2. Materials and Methods
2.1. Data

Daily and 6-h horizontal winds and air temperature were derived from the reanalysis
of the European Center for Medium-Range Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim) products [42], spanning the 40-yr period from 1979 to 2018. The dataset
we obtained is a spatially gridded one that has a fixed horizontal resolution of 1° x 1°
and 37 vertical levels. Daily and 6-h horizontal winds and air temperature (2.5° x 2.5°
and 17 vertical levels) were also obtained from the National Centers for Environmental
Prediction and National Center for Atmospheric Research (NCEP/NCAR) [43] for the
period of January 1979-December 2018. It is noted that the key results presented later in
this paper are not sensitive to the selection of reanalysis datasets. Following Curio et al. [44],
the relative vorticity was calculated from the wind field and was employed to represent the
vortices. Interpolation methods were used to obtain a spatial resolution of 1° x 1° and a
temporal resolution of 1 h, if necessary.

The daily precipitation in East Asia for the period of 1 January 1979 to 31 December 2018
was obtained from the CPC precipitation dataset [45]. We selected this period to match the
duration of the ERA-Interim and NCEP/NCAR datasets. The APHRO_MA_025deg_V1003R1
product based on the APHRODITE rain gauge data precipitation dataset for the 1979-2015
period was also used in this study [46]. Both precipitation datasets have a fixed horizontal
resolution of 0.5° x 0.5°. In the following section, we will demonstrate that the results
relevant to precipitation are not sensitive to the selection of the precipitation datasets.

2.2. Spatial Fourier Transform to Derive the AVS Pattern

The relative vorticity and horizontal wind field were divided into the AVS-related
component and other wave-related components using the Fourier transform, which has
been widely applied in wave analysis [47,48]. In this study, the spatial lowpass filtered
relative vorticity captured the AVS related to the Tibetan Plateau. The spatial domain
was 60° E-120° W, 10° S-80° N. The components with a meridional wavelength shorter
than 7-9° and a zonal wavelength shorter than 14-18° were filtered out. We chose these
thresholds due to the distances between neighboring vortices in the AVS being longer than
these wavelength thresholds.

2.3. The AVS-Related Precipitation and Heavy Rain Days

Mesoscale cyclonic activities could trigger substantial precipitation. Previous studies
have attempted to determine the precipitation associated with mesoscale cyclonic activities.
Some studies use a fixed-radius scheme to identify the precipitation related to mesoscale
cyclonic activities [44,49]. However, other studies use the outermost closed contour (OCC)
to detect the affected precipitation [50]. The domain of mesoscale cyclonic activities is
naturally defined by the region covered by the outermost closed contour (OCC) in the
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potential height or relative vorticity fields. In addition, the precipitation within the coverage
of the OCC is defined as related to mesoscale cyclonic activities.

To determine the precipitation associated with the AVS, in this study, following Hanley
and Caballero [50], we used the region covered by the OCC instead of a fixed radius
to detect the precipitation affected by cyclonic activities in the AVS. The OCC of the
AVS was defined as the contour where the spatial Fourier-filtered relative vorticity was
zero. The AVS-related precipitation was determined over 110-120° E, 125-130° E, and
130-145° E, respectively. These three regions represent East China, the Korean Peninsula,
and Japan, respectively.

3. Results
3.1. Topography of the Tibetan Plateau and Surrounding Meteorological Conditions

The Tibetan Plateau spans the region of approximately 26~40° N, 73~105° E. The grid
of (40° E, 32° N) is located upstream of the Tibetan Plateau with an elevation of only 500 m
and serves as a reference coordinate grid for the Tibetan Plateau. Figure 2 displays the
mean seasonal cycle of the zonal wind at that grid. Strong westerlies prevail over the
upstream region and over almost the whole troposphere from 1000 hPa to 100 hPa for a
whole year. The minima of the westerlies occurred over the boreal summer.
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Figure 2. Vertical-temporal distributions of climatological mean values of the zonal wind at the grid
(40° E, 32° N) during 1979-2018 (unit: m/s).

To determine whether meteorological conditions around the Tibetan Plateau favor the
generation of vortex street shedding, two dimensionless indices were employed here to
measure the basic flow parameters: the Froude number (Fr) and Reynolds number (Re).
Etling [27] showed that a stable vortex street on the lee side of an obstacle can exist when the
Froude number (Fr) is smaller than 0.4 and the Reynolds number (Re) falls in a particular
range. The particular range of Reynolds numbers (Re) for the generation of vortex street
shedding was suggested to be 50-10° for different horizontal sizes of the obstacle [25].

The Froude number is the dimensionless ratio of flow inertia to gravitational forces.
The parameter is relevant in the description of stratified atmospheric flows. Here, we calcu-
late the streamlines of the air parcels that flow over and around the obstacle separately [51].
The flow below the level of the partitioning streamline, referred to as dividing streamline
height, is regarded as a quasi-2D streamline in horizontal planes.
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When the vertical profile of wind speed and stratification is given, the dividing stream-
line height /i can be calculated based on an implicit expression derived by Snyder et al. [51]:

hm
0.5U2(he) = /} N2(2) (s — 2)dz (1)
e
where U(z) is the vertical profile of upstream wind speed, I, is the average height of the
Tibetan Plateau that is felt by the large-scale flow (average height of Tibetan Plateau plus
its boundary layer depth), which is approximately 5000 m, and N(z) is the Brunt-Viisala
frequency. The dividing streamline height / is then used to calculate the Froude number
in the slowly varying (approximated as constant) upstream velocity and stratification [27]:
he
Fr=1- T ()
Note that this equation of Fr is different from its glossary definition; this equation of
Fris derived based on laboratory experiments [51] and was recommended to calculate Fr in
the real atmosphere [27]. Figure 3 plots the climatological mean of the dividing streamline
height /i for various seasons. The dividing streamline height /. falls in the range of 3500 m
to 4000 m (approximately 600-700 hPa), indicating that the Froude number varies from
0.2 to 0.3 and falls in the range of Froude numbers that could support vortex shedding
year-round. The value of dividing streamline height coincides well with the results revealed
by numerical experiments, which illustrates that the westerly flowing around the Tibetan
Plateau dominates the flowing over in the middle-low troposphere [52]. At the dividing
streamline height level, the diameter of the Tibetan Plateau is approximately 1000 km
year-round. The upstream velocity for the Tibetan Plateau at that level is observed to be
approximately 8 m/s in summer and 15 m/s in other seasons.

6000 1 1 1 1 1

1000 . . r T .
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Time

Figure 3. Red line: The seasonal variation in the climatological mean of the height of the dividing
streamline h of the Tibetan Plateau (unit: m). Black lines mark 1 standard deviation. The blue line is
the threshold above which the stable AVS could exist.

Using the above values, we can estimate the Reynolds number, the dimensionless ratio
of inertial force to viscous force, for various seasons. The Reynolds number is defined as:

U
)

Re

©)
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where U, is the upstream velocity, d is the obstacle (cylinder) diameter, and v is the
kinematic viscosity of the fluid. A value of v = 1000 m?/s was used in this study, as
suggested by Thomson et al. [25]. The estimated Re is approximately 1.5 x 10* in winter
and 0.8 x 10* in summer. The estimated Re is below the upper threshold (10%) at which the
vortex street with a predominant frequency can exist, suggesting that the Reynolds number
falls in the range of Reynolds numbers that could support vortex shedding year-round.

3.2. Characteristics of the AVS on the Leeward Side of the Tibetan Plateau

The analysis in Section 3.1 revealed that the meteorological conditions around the
Tibetan Plateau are favorable for the generation of vortex street shedding year-round. What
are the characteristics of the AVS on the leeward side of the Tibetan Plateau? In this study,
the focus is placed on the downstream AVS, far beyond the sharp downhill region.

To answer this question, in Figure 4a—-d, we display four cases of the spatial structure
of the Fourier-filtered relative vorticity and horizontal wind over the leeward side of the
Tibetan Plateau. These four cases are displayed for the spring, summer, autumn, and winter
seasons. Clearly, the Fourier-filtered relative vorticity fields in various seasons all bear close
resemblance to that of the classic von Karman vortex-street patterns observed in laboratory
flow experiments and illustrated in Figure 1. The double row of counter-rotating vortex
pairs appears on the leeward side of the Tibetan Plateau, confirming a well-defined AVS
pattern related to the Tibetan Plateau. The cyclonic vortices and anticyclonic vortices in
the wake of the Tibetan Plateau are generated over the Sichuan Basin and Gansu Province,
respectively, and then both propagate eastward toward the Pacific Ocean, with the trail
persisting a considerable distance downstream of the Tibetan Plateau. Note that the AVSs
discussed here are mostly generated by the portion of the mean flow split horizontally
by the Tibetan Plateau at the upstream and merged downstream, not by the portion that
overflows the Tibetan Plateau.

The spatial structures of the AVS showed seasonal variations. A common feature
that emerged between spring and winter is that the centerlines connecting the centers of
a cyclonic-anticyclonic vortex pair all have an approximately west-east orientation. The
propagating direction of rotating vortex pairs in these seasons follows that of westerlies,
consistent with the results in Horvath et al. [16]. However, the centerlines connecting the
centers of a cyclonic-anticyclonic vortex pair in summer and early autumn have a southwest-
northeast orientation. Notably, a strong anticyclonic circulation was located over the
western Pacific (Figure 4b,c), which was termed the western Pacific subtropical anticyclone
(WPSA). The WPSA penetrates northwards in summer, and the strong southwesterlies
along its western edge may favor the southwest-northeast propagation direction of the AVS
in summer and early autumn. Thus, the differences in the centerline orientation among
various seasons may be related to the difference in the position of the WPSA.

A question that naturally follows is whether the AVS pattern was simply a coincidence
or a consequence of using Fourier filtering. Our further analysis of the historical data
without filtering eliminates the possibility of these artifacts. Figure 4e/h displays the spatial
structure of the raw relative vorticity field of the four cases listed in Figure 4a—d. The AVS
structure can still be distinguished in the raw field of these cases. The spatial patterns of
unfiltered relative vorticity share similar spatial structures of their corresponding filtered
field, with the filtered field explaining approximately 66% to 76% of the raw field among
various seasons (Figure 4e-h vs. Figure 4a—d).

Figure 5a—c displays the spatiotemporal evolution of daily relative vorticity at 700 hPa
(without filtering) over the downstream region of the Tibetan Plateau (110-120° E) from
February to April of 1981, 1984, and 1992. The AVS structure remains robust in the raw
data; the double row of counter-rotating vortex pairs alternately appeared in the region
between 25-40° N, with the centerline located at 32° N, which is the central line of the
Tibetan Plateau (Figure 5a—c). In this double-row pattern, each vortex is opposite the center
of the spacing between the two vortices in the other row, and the lateral spacing is roughly
equal to the cross-stream diameter of the Tibetan Plateau. Another noticeable feature is that
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the vortex pairs are generated at a predominant period of approximately 3—4 days and then
propagate downstream to the Pacific at a similar, steady speed (Figure 5a—f). The above
features suggest that the double row of counter-rotating vortex pairs over the leeward side
of the Tibetan Plateau in the unfiltered field exists in various seasons, and this structure also
bears a close resemblance to that of the classic von Karman vortex-street patterns observed
in laboratory flow experiments and illustrated in Figure 1.

(a) Spring Case Filtered (e) Spring Case Raw

70°E 90°E 110°E 130°E 150°E 70°E 90°E 110°E 130°E 150°E
(b) Summer Case Filtered (f) Summer Case Raw

70°E 90°E 110°E 180°E 150°E

40°N

30°N
20°N A
70°E 90°E 90°E 110°E 130°E  150°E

(d) Winter Case Filtered (h) Winter Case Raw

70°E 90°E 110°E 130°E 150°E 70°E 90°E 110°E 130°E 150°E

3 4 x10%" 5mis

Figure 4. (a—d) Fourier filtered horizontal structure of 4 cases in daily relative vorticity at 700 hPa for the
period of boreal (a) spring (16 March 1992), (b) summer (1 August 1991), (c) autumn (15 September 2002),
and (d) winter (15 February 2005) (unit: s~!). The green line marks the topography of the Tibetan
Plateau. The vector exhibited the Fourier filtered 700 hPa horizontal wind field. (e-h) Same as (a—d) but
for the unfiltered field replacing the Fourier filtered field.

3.3. The Properties of the AVS on the Leeward Side of the Tibetan Plateau

To further confirm that the AVSs developing on the leeward side of the Tibetan Plateau
can be interpreted as the atmospheric analog of the classic von Karman vortex street,
various properties of AVSs were calculated to compare with those in previous studies of
smaller obstacle caused AVS. These properties are summarized in Tables 1 and 2.
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Figure 5. (a—c) Hovmoller diagram of daily relative vorticity at 700 hPa averaged over 110-120° E
(unit: 1072 s~ 1) for the period of February to April (winter to spring) in (a) 1981, (b) 1984, and (c) 1992.
The straight line in panel a is used to represent 32° N, which is roughly the central line of the Tibetan
Plateau. Precipitation averaged over 110-120° E was also exhibited by the purple lines (2 levels of
5mm/day and 15 mm/day). (d—f) Hovmoller diagram of daily relative vorticity at 700 hPa averaged
over 28-32° N from March to April in (a) 1981, (b) 1984, and (c) 1992 (unit: 1075571y,

Table 1. Characteristic values for the vortex streets of the leeward side of the Tibetan Plateau for
12 cases in spring and winter. The characteristic values include vortex spacing a, vortex width h, and
aspect ratio h/a, AVS vortex shedding period Te, the propagation velocity of the AVS patterns U,, the
undisturbed wind velocity U,, the Reynolds number Re, and the Strouhal number S.

h Ue uo Te

Date alam) gy Mo (i) (mls)  (houn Re S
1981/3/18 2791 1196 0.462 5.66 7.28 137 7.28 x 10> 0.279
1981/4/8 3074 525 0.201 10.40 19.40 82 124 x 104 0273
1981/4/19 2478 1458 0.588 8.39 9.99 82 1.56 x 104 0216
1981/4/24 3440 741 0.217 11.12 20.74 86 1.59 x 104  0.204
1984/3/14 3087 1083 0.381 7.20 10.27 119 858 x 10> 0.272
1984/4/7 3195 1088 0343 1778 2838 50 227 x10* 0.245
1984/4/21 2622 982 0.366 9.11 13.27 80 1.70 x 104 0.205
1984/4/25 3036 989 0326 1027 1729 82 122 x10* 0278
1992/3/23 3538 1023 0327 1383 2328 71 197 x 10* 0198
1992/2/15 3807 1298 0.241 12.95 24.14 86 241 x 10*  0.133
1992/4/1 3576 1066 0313 920 1715 108 171 x10* 0.150
2004/2/15 2987 1211 0268 843 1572 108 157 x 10 0164

The aspect ratio /a (see Figure 1) is a basic property of an AVS. Laboratory experi-
ments show that a stable vortex formed on the lee side of an obstacle is characterized by
0.28 < h/a <0.52 [19]. The aspect ratio h/a of AVS recorded in previous studies falls in the
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range of 0.15-0.8 [25]. Rows 2—4 in Table 1 display the vortex spacing a, vortex width &,
and aspect ratio hi/a, respectively. In this study, the dimensions of the AVS can be measured
directly based on the position of extreme points. Considering that the longer shedding
period may cause an increasingly disordered AVS structure, only the two westernmost
vortex pairs in each case were used to calculate the aspect ratio /i/a. The aspect ratio 1i/a
in the 12 AVS cases listed in Table 1 mainly falls into the range of 0.2 to 0.59, which is
comparable to that observed by previous studies. From Table 1, one can see that the vortex
spacing a varies from 2478 km to 3807 km. Moreover, the average AVS width & is 1055 km,
which is roughly equal to the cross-stream diameter of the Tibetan Plateau.

Another property that can be identified directly is the AVS vortex shedding period T,
(Figure 5a—c). T, was defined as the difference between the timing of the maximal value in
consecutive cyclonic vortices in the relative vorticity field at 700 hPa in the latitude-time
diagram (row 7 of Table 1). Three properties of AVS can be calculated based on T,: (1) The
propagation velocity of the AVS patterns, U,, (2) the ratio between the vortex propagation
velocity U, and the undisturbed wind velocity U, (referred to as U,/U, below), and (3) the
Strouhal number S.

Following Chopra and Hubert [20], The AVS propagation velocity U, is defined as:

a
ue:i:”f 4)

where f is the vortex shedding rate (or frequency), U, is the vortex propagation velocity
and is defined as a divided by T, and T, is the vortex shedding period. From Table 1, one
can see that the vortex shedding period T, falls in the range from 50 to 137 h, and these
values are also approximately one to two orders of magnitude greater than those observed
by previous studies. From Table 1, U, was estimated to fall into the range between 5.7 m/s
and 17.8 m/s. These values are comparable to those observed in previous studies.

Table 2. Characteristic values for the vortex streets of the leeward side of the Tibetan Plateau for
12 cases in summer. The characteristic values include vortex spacing a, vortex width 1, and aspect ratio
h/a, AVS vortex shedding period Te, the propagation velocity of the AVS patterns U,, the undisturbed
wind velocity U,, the Reynolds number Re, and the Strouhal number S.

h u, U, T.

e
Date alam) gy W iy (ms)  (houn Re S
1981/8/12 1392 825 0.594 5.95 7.08 65 8.66 x 10> 0.493
1981/8/16 2270 842 0376 584 833 108  745x10° 0.345
1981/8/20 1978 911 0465 696 887 79 117 x10* 0.300
1981/8/24 1795 1070 0600 560 665 89 104 x10° 0.299

1984/7/2 2520 1472 0.591 6.09 7.25 115 1.02 x 10* 0236
1984/7/6 1842 841  0.475 3.60 4.56 142 4.63 x 10°  0.422
1984/7/10 1790 826  0.469 3.50 4.46 142 4.82 x 10°  0.406
1984/7/14 2024 563  0.291 5.98 11.14 94 7.25 x 10°  0.407
1992/7/2 2204 1008  0.457 4.90 6.30 125 9.13 x 103 0.243
1992/7/6 1483 824  0.552 4.21 5.10 98 492 x 10> 0.576
1992/7/10 1383 877  0.635 2.49 292 154 349 x 10> 0517
1992/7/14 1687 1293 0.767 3.04 3.45 154 345 x 10 0.523

The ratio U,/U, is a common choice to estimate U, when directly measuring U, is
difficult. Following Chopra and Hubert [20], as well as Li et al. [4], the ratio U,/U, and the
aspect ratio i/a satisfy the following equation:

(ZBfA)(U@/Ug)2+(2AfSB)<%Z> + (BfA+%> =0 ®)
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where A =coth (7th/a) and B =7th/a. The analytical solution shows that the ratio U./U, equals
0.75 if the aspect ratio hi/a is close to 0.39. In previous studies, the ratio U,/U, fell in a range
of 0.7 to 0.85 [25]. In our study, the ratio U./U, in the 12 AVS cases mainly falls into the
range of 0.54 to 0.88, and the estimated U, varies from 7.3 m/s to 28.4 m/s (Table 1).

The Strouhal number, S, is an essential dimensionless quantity in the description of
oscillating flows. It can be considered a normalized shedding frequency, defined as:

_d
 T.U,

S (6)
where U, is the upstream velocity, d is the crosswind island diameter at dividing streamline
height hi;, and T, is the shedding period between two consecutive like-rotating vortices.
Laboratory experiments show that the Strouhal number S varies from 0.12 to 0.21 when
the Reynolds number Re is smaller than 10* [53]. In this study, the Strouhal number S
fluctuated within the broad range of 0.13-0.28, which is consistent with the conclusions in
previous studies.

In a nonrotating, unstratified fluid, the nature of the wake only depends on the
Reynolds number, which is the dimensionless ratio of inertial force to viscous force. In
Section 3.1, the Reynolds number, Re, was estimated to be O (10%). In this study, the
Reynolds number Re fluctuated within the broad range of 0.73 x 10*-2.41 x 10%, which is
consistent with our previous estimation.

When the wake on the leeward side of the Tibetan Plateau was characterized by an
AVS with a southwest-northeast orientation, many AVS properties changed considerably
(Table 2). The distinctions in the AVS properties for these two periods can be summarized
as follows: (1) The aspect ratio /1/a in the subtropical AVS increased to 0.38-0.77. The
increases in the aspect ratio /2 were mainly caused by the shortening of vortex spacing
a. (2) The AVS propagation velocity U, declined to 2.5-7.0 m/s, which mainly resulted
from the decrease in upstream velocity in boreal summer. The Reynolds number, Re, was
thereby decreased to 0.35 x 10%-1.17 x 10%, and the average AVS vortex shedding period
T, increased to 114 h.

Thus, the above results indicate that the AVS on the leeward side of the Tibetan
Plateau can be interpreted as the atmospheric analog of classic von Karman vortex streets
in various seasons.

3.4. Impacts of the AVS on Precipitation over the Wake of the Tibetan Plateau

Obviously, cyclonic activities in the AVS caused substantial precipitation (Figure 5a—). A
question that naturally follows is how much precipitation over the wake of the Tibetan
Plateau can be closely tied to the AVS. To answer this question, we compared the spatiotem-
poral evolution of precipitation and cyclonic activities and calculated the relationship
between heavy rain days and AVS-related cyclonic activities over East China, Japan, and
the Korean Peninsula.

Figure 6 exhibits the seasonal variation in the climatological mean of the rainband
and positive vorticity over 110-120° E, 125-130° E, and 130-145° E for the whole year.
The rainband with precipitation exceeding 4 mm/day over these three regions began in
the temporal span of March to September and the spatial span of the south to 32° N, and
then the rainband penetrated northwards in the subtropics, propagating from 25° N to
40° N. Such a spatiotemporal structure was largely shared by that of positive relative vor-
ticity. The correlation coefficients for the spatiotemporal domain were 0.178 (5691 samples,
p <0.01),0.133 (p < 0.01), and 0.124 (p < 0.01).

The similarity between the seasonal evolution of the climatological mean was further
supported by a single case. Figure 7 presents the seasonal meridional evolution of the
rainband and positive vorticity over 110-120° E for the period from February to September
1983. The spatiotemporal structure of the rainband bears a close resemblance to that of
positive vorticity. The correlation coefficients for the spatiotemporal domain were 0.164
(5691 samples, p < 0.01).
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Figure 6. Hovmoller diagram of (a—c) daily precipitation derived from CPC datasets (unit: mm)
and (d—f) daily relative vorticity at 850 hPa (unit: 1076 s71) averaged over (a,d) 110-120° E,
(b,e) 125-130° E, and (c,f) 130-145° E. The results were smoothed by a pentad temporal domain. Gray
represents missing records.
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Figure 7. Hovmoller diagram of (a) daily relative vorticity at 850 hPa (unit: 107° s~!) and (b) daily
precipitation derived from CPC datasets (unit: mm) for the period from February to September 1983
averaged over 110-120° E. The results were smoothed by a pentad temporal domain.
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How much precipitation and how many heavy rain days can be closely tied to the
AVS in the leeside wake of the Tibetan Plateau? Figures 8 and 9 present the proportion
of precipitation (Figure 8) and heavy rain days (Figure 9, defined as daily precipitation
exceeding 8 mm/day) that can be closely tied to AVS (characterized by positive vorticity in
the Fourier filtered field). A common feature that emerged in these three regions is that
80-90% of heavy rain days were accompanied by positive vorticity in AVS, which means
that the seasonal variations in AVS are closely tied to the heavy rain days in the main
rainband. Moreover, 80-90% of the total precipitation in the main rainband is closely tied to
the seasonal variations in AVS. Our study reveals that the impact of the Tibetan Plateau on
precipitation can be in a larger region (a scale of a few thousand kilometers) downstream
of the Tibetan Plateau and that this impact is facilitated by the AVS. The AVS provides a
favorable cyclonic environment for precipitation. When other low-value weather systems
march to the cyclic vortex region of the AVS, precipitation can significantly increase.

(a) Precip. Clim. 110-120°E (b) Precip. Clim. 125-130°E (c) Precip. Clim. 130-145°E
T FH
40°N 1 L 40°N 40°N 1
| =
35°N 1 F 35°N 35°N 1
30°N 1 I 30°N 30°N
25°N 1 ; - 25°N 25°N 1
1| Az T + T T T T T an T T T an T
MAR  JUL NOV MAR JUL NOV MAR JUL NOV
_— I I | I

40 80 120 160 200 Unit:mm/month

(d) Vortex Ratio 110-120°E (e) Vortex Ratio 125-130°E (f) Vortex Ratio 130-145°E
| | B :
40°N L 40°N | 40°N
35°N : 35°N . 35°N
30°N = JEUEY . 30°N |
25°N L 25°N 25°N 1
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T I I |
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Figure 8. Hovmoller diagram of the (a—c) monthly precipitation and (d—f) the ratio of the monthly
precipitation closely tied to AVS to the total monthly precipitation averaged over (a,d) 110-120° E,
(b,e) 125-130° E, and (c,f) 130-145° E. White represents missing records of land precipitation.
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Figure 9. Hovmoller diagram of (a—c) the yearly frequency of heavy rain days (defined as daily
precipitation exceeding 8 mm/day) and the ratio of (d—f) the number of heavy rain days closely tied
to AVS to the total number of heavy rain days averaged over (a,d) 110-120° E, (b,e) 125-130° E, and
(c,f) 130-145° E. White represents missing records of land precipitation.

4. Conclusions

The atmospheric vortex street (AVS) is a common phenomenon recorded on the
leeward side of mountainous islands. The prevailing westerlies were observed year-round
around the Tibetan Plateau, which is the world’s highest plateau above sea level. However,
it remains unknown whether the wake on the leeward side of the Tibetan Plateau exhibits
a stable AVS and how the AVS impacts precipitation over the downstream region. In this
study, we present evidence that the wake on the leeward side of the Tibetan Plateau can
be interpreted as the atmospheric analog of classic von Karmén vortex streets. Further
analysis measured the percentage of precipitation over the wake of the Tibetan Plateau
closely tied to seasonal variations in AVS. The major findings are summarized below.

(1) The meteorological factors around the Tibetan Plateau satisfy conditions in which a
stable vortex street on the lee side of an obstacle can exist for the whole year. The
Froude number varies from 0.2 to 0.3 and falls in the range of Froude numbers that
could support vortex shedding for the whole year, whereas the Reynolds number

51



Atmosphere 2023, 14, 1096

References

was estimated to be 0.7 x 10*-2.4 x 10% in winter and 0.4 x 10*~1.2 x 10* in summer.
Both of these dimensionless indices fall in the range of meteorological conditions
summarized by previous studies [27].

(2) The spatiotemporal structures indicate that the wake on the leeward side of the
Tibetan Plateau showed seasonal variations. The wake was characterized by a stable
vortex street with a southwest-northeast orientation in summer and early autumn
but with a west-east orientation in other seasons. The differences in the centerline
orientation among various seasons may be related to the difference in the position of
the Western Pacific Subtropical Anticyclone. The wake in the Tibetan Plateau bears a
close resemblance to that of the classic von Karman vortex-street patterns observed in
laboratory flow experiments. Moreover, various properties, including aspect ratio,
Strouhal number, etc., calculated for these AVSs are in the same range as previous
studies. Thus, the wake on the leeward side of the Tibetan Plateau can be interpreted
as the atmospheric analog of classic von Karman vortex streets in various seasons.

(3)  We further show that the spatiotemporal structure of precipitation was largely shared
by that of cyclonic activities in the AVS, both in the climatological mean and case study.
Approximately 80-90% of the precipitation and heavy rain days in the main rainband
over the wake of the Tibetan Plateau are closely tied to the seasonal evolution of
the AVS.

Previous studies have suggested that the subtropical convergence zone (the Meiyu-
Baiu-Changma frontal zone) is a key circulation system dominating summer precipitation
over the wake of the Tibetan Plateau. In this study, the AVS in the subtropics was found
on the leeward side of the Tibetan Plateau, spatiotemporally coinciding well with the
subtropical convergence zone. Thus, the AVS can be regarded as the dominating mechanism
of the subtropical convergence zone. Exploring the underlying relationship between
the large-scale circulation and the AVS would help to improve the simulating skill of
precipitation over East Asia in numerical simulations in the future.
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Abstract: This paper is written to commemorate the 10th anniversary of academician Ye Duzheng
(Yeh T.C.) pass away and his great contributions to the development of atmospheric dynamics.
Under the inspiration and guidance of the theory of Rossby wave energy dispersion, remarkable pro-
gresses have been made in research on planetary wave dynamics and teleconnections of atmospheric
circulation anomalies. This paper aims to make a brief review of the studies on the propagating
characteristics of quasi-stationary planetary waves in a three-dimensional spherical atmosphere and
the dynamic processes of the interannual and interdecadal variabilities of the East Asian summer
and winter monsoon systems. Especially, this paper systematically reviews the progresses of the
studies on the impacts of the interannual and interdecadal variabilities of the East Asia/Pacific (EAP)
pattern teleconnection wave train propagating along the meridional direction over East Asia and
the “Silk Road” pattern teleconnection wave train propagating along the zonal direction within the
subtropical jet from West Asia to East Asia on the East Asian summer monsoon system and the
summer precipitation variability in China, under the guidance of the theory of Rossby wave energy
dispersion. Moreover, this paper reviews the dynamic processes of the impact of the interannual and
interdecadal oscillations of the propagating waveguides of boreal quasi-stationary planetary waves
on the variability of the East Asian winter monsoon system.

Keywords: Rossby waves; energy dispersion; East Asian monsoon system; dynamic processes;
planetary wave train

1. Introduction

It has been 10 years since academician Duzheng Ye left us. His pass away was
a great loss not only to the atmospheric science community in China but also to the
international atmospheric science community. This article is written to commemorate
the 10th anniversary of his pass away and to remember his great contributions to the
development of atmospheric dynamics.

It is well known that the theory of Rossby wave energy dispersion [1] proposed
by Duzheng Ye more than 70 years ago is one of the classical theories of atmospheric
dynamics. The theory of Rossby wave energy dispersion is not only widely used in weather
forecasting but also inspire the development of planetary wave dynamics, especially the
study on the propagating characteristics of quasi-stationary planetary waves in two- and
three-dimensional spherical atmosphere [2-11] and the teleconnection mechanism of global
atmospheric circulation anomalies [12-20]. Under the guidance of the theory of Rossby
wave energy dispersion proposed by academician Ye, the research on the dynamic processes
of the variability of the East Asian monsoon system has been made in recent years. In
particular, our research group studied the dynamic processes of the impacts of the East
Asian/Pacific (EAP) and Silk Road (SR) pattern teleconnection wave trains on the variability
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of the East Asian summer monsoon system [16,21]. In addition, significant progress has
achieved in the studies on the dynamic processes of the variability of the East Asian winter
monsoon system due to the oscillations of the propagating waveguides of quasi-stationary
planetary waves in the three-dimensional spherical atmosphere [22-25]. Thus, this paper
presents a brief review of the recent studies on the dynamic processes of the interannual and
interdecadal variabilities of the East Asian summer monsoon system and the dynamical
impact of the interannual and interdecadal oscillations of the propagating waveguides
of quasi-stationary planetary waves on the East Asian winter monsoon system. Besides,
under the guidance of the theory of Rossby wave energy dispersion, some studies in China
and abroad related to the dynamic processes of the East Asian monsoon system are simply
reviewed in this paper. Many figures in this paper are the result of our recent analysis using
60-year reanalysis data and summer precipitation data in eastern China for 1961-2020.

2. The Guiding Role of the Theory of Rossby Wave Energy Dispersion in the Study
on Quasi-Stationary Planetary Wave Propagation in a Three-Dimensional
Spherical Atmosphere

The theory of Rossby wave energy dispersion proposed by academician Ye has not
only benefited the study on the two-dimensional propagation of quasi-stationary planetary
waves in the spherical atmosphere but also played a guiding role in the study on the three-
dimensional propagation of quasi-stationary planetary waves in the spherical atmosphere
during boreal winter.

2.1. Study on the Propagating Waveguides of Quasi-Stationary Planetary Waves in the Spherical
Atmosphere during Boreal Winter

After academician Duzheng Ye proposed the theory of Rossby wave energy disper-
sion, many meteorologists focused on the energy dispersion of planetary waves in the
vertical direction of the atmosphere. For example, several meteorologists [26,27] applied
the concepts of the wave refraction index and energy, respectively, to study the vertical
propagating characteristics of quasi-stationary planetary waves in the basic flow with a
vertical wind shear. Later, Dickinson [5] applied the concept of waveguides to study the
vertical propagating characteristics of quasi-stationary planetary waves in the ideal basic
flow in boreal winter and proposed that quasi-stationary planetary waves can propagate
from the troposphere to the stratosphere over high latitudes, which is called the polar
waveguide. After the Dickinson’s study, Matsuno [6,7] studied the vertical propagation
of quasi-stationary planetary waves from the troposphere to the stratosphere in the actual
basic flow in boreal winter and proposed the dynamic mechanism of the stratospheric
sudden warming. He noted that the propagation of tropospheric quasi-stationary planetary
waves into the stratosphere and their interaction with the stratospheric basic flow leads to
the stratospheric sudden warming in boreal winter. Thus, the theory of Rossby wave energy
dispersion guided the study on the propagating characteristics of quasi-stationary planetary
waves in the atmosphere from the troposphere to the stratosphere, which established the
theoretical basis for the study on the mechanism of tropospheric-stratospheric interactions.

Guided by the theory of Rossby wave energy dispersion and based on the studies
made by Matsuno [6,7], Huang and Gambo [10,11] systematically studied the characteristics
of the three-dimensional propagations of quasi-stationary planetary waves in a spherical
atmosphere using the wave refraction index and the E-P flux, respectively.

Huang and Gambo [11] studied the characteristics of three-dimensional propagation
of quasi-stationary planetary waves in the actual basic flow using the wave refraction index.
Figure 1 shows the vertical distribution of boreal winter Qp and a schematic diagram of
the propagating waveguides of quasi-stationary planetary waves in the three-dimensional
atmosphere, where Qp = Qi + k?/cos?¢ (Qy is the square of the refraction index for
wavenumber k, calculated from the basic flow and related parameters; k is the wavenumber,
and ¢ is latitude). In Figure 1, we can see that the propagations of quasi-stationary planetary
waves in the three-dimensional atmosphere in boreal winter exist two waveguides. The
first waveguide is called the polar waveguide [5], i.e., quasi-stationary planetary waves
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can propagate from the troposphere to the stratosphere at high latitudes through this
waveguide. Similarly, Figure 1 shows that quasi-stationary planetary waves can also
propagate from the lower troposphere at mid-latitudes to the upper troposphere at low
latitudes through the second waveguide. This propagating waveguide over low latitudes
is called the “low-latitude waveguide” or “alternate waveguide”. As shown in Figure 1,
if there is a quasi-stationary planetary wave generated by a forcing source at low or
mid-latitudes, it cannot propagate directly from the troposphere to the stratosphere at
mid-latitudes but can propagate quasi-horizontally from the troposphere at low or mid-
latitudes to high latitudes and then to the stratosphere at high latitudes through the polar
waveguide, and it can also propagate to the upper troposphere at low latitudes through
the low-latitude waveguide. This schematic picture indicates that the propagations of
quasi-stationary planetary waves in the three-dimensional atmosphere in boreal winter
are not limited to the propagation through polar waveguide but also exist the propagation
through the low-latitude waveguide.
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Figure 1. The vertical distribution of Qg (refraction index, dashed lines) and a schematic diagram of
the waveguides of the three-dimensional propagations of quasi-stationary planetary waves in boreal
winter (from Huang and Gambo [11]).

2.2. Waveguides of Quasi-Stationary Planetary Wave Propagation Characterized by the E-P Flux

The characteristics of three-dimensional propagations of quasi-stationary planetary
waves in the atmosphere over the Northern Hemisphere can also be studied in terms of
the wave energy flux. Eliassen and Palm [27] studied the vertical propagation of waves
using the concept of energy flux, which was generalized by Andrews and McIntyre [28] in
the 1970s, and they proposed the E-P flux under the 3-plane approximation. Later, Edmon
et al. [29] extended it to a sphere under the assumption that Af/f is small within the Rossby
deformation radius.

Since the E-P flux of quasi-stationary planetary waves is parallel to the group velocity
of the wave, meaning the E-P flux can represent the propagation of wave energy. Therefore,
the E-P flux can be used to graphically characterize the propagations of quasi-stationary
planetary waves in the three-dimensional atmosphere. Figure 2 shows the distributions
of the E-P fluxes of quasi-stationary planetary waves averaged for 60 winters which were
recently calculated by using the NCEP/NCAR reanalysis data from 1961 to 2020. As clearly
shown in Figure 2, there are two propagating waveguides of quasi-stationary planetary
waves in the three-dimensional atmosphere in boreal winter. The first waveguide is the
propagation of planetary waves from the troposphere to the stratosphere at high-latitudes
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via the polar waveguide, while the other is the propagation of planetary waves from
the mid-latitude region to the upper troposphere at low latitudes via the low-latitude
waveguide. Comparing Figures 1 and 2, the propagating characteristics of quasi-stationary
planetary waves in the spherical atmospherie during boreal winter (as shown in Figure 2)
are consistent with the results analyzed earlier using the wave refraction index.
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Figure 2. E-P flux cross sections (vector scale: m? s~2; Y-axis denotes vertical levels, units: hPa) of
quasi-stationary planetary waves averaged for 60 winters from the NCEP/NCAR [30] reanalysis data
for 1961-2020.

2.3. Study on the Propagation of Quasi-Stationary Planetary Waves in the Three-Dimensional
Atmosphere during Boreal Summer

There are few studies on the propagating characteristics of quasi-stationary planetary
waves in the three-dimensional atmosphere during boreal summer. Huang and Gambo [31]
studied the three-dimensional propagating characteristics of quasi-stationary planetary
waves in the actual flow during boreal summer using the wave refraction index and E-P
flux and noted that quasi-stationary planetary waves can propagate quasi-horizontally
from the subtropical region to the middle and high latitudes during boreal summer, but
not to the stratosphere.

3. The Guiding Role of Theory of Rossby Wave Energy Dispersion in the Study on the
Dynamical Processes of the Variabilities of the East Asian Summer Monsoon System

Under the guidance of the theory of Rossby wave energy dispersion, the research on
the dynamical processes of the variabilities of the East Asian summer monsoon system has
been in recent years, especially on the interannual and interdecadal variabilities of the EAP
pattern and “Silk Road” teleconnection wave trains and their effects on the variability of
summer monsoon precipitation in eastern China.

3.1. The Guiding Role of the Theory of Rossby Wave Energy Dispersion in the Study on the
Dynamical Processes of the Interannual Variability of the East Asian Summer Monsoon System

3.1.1. Dynamical Influence of the EAP Pattern Teleconnection Wave Train on the
Interannual Variability of the East Asian Summer Monsoon System

In summer, the monsoon is prevalent in East Asia. Due to the obvious interannual vari-
ability of the monsoon, severe droughts and floods often occur in the eastern part of China.
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Therefore, the causes of the interannual variability of the East Asian summer monsoon
system and summer monsoon precipitation in China are important research topics.

The dynamical processes of the interannual variability of the East Asian summer
monsoon system have been an interesting research topic for many scholars in East Asia
since the 1980s. Nitta [13] firstly proposed that there is an anti-correlated oscillation, or
the Pacific-Japan (PJ) oscillation, between the summer atmospheric circulation anomalies
over the tropical western Pacific around the Philippines and those around Japan. Kosaka
and Nakamura [20,32] also investigated the dynamics of the PJ oscillation. Under the
guidance of the theory of Rossby wave energy dispersion, our research group [14-17,33]
systematically studied the influence of strong heat sources formed by convective activities
and the SST in the tropical western Pacific Ocean around the Philippines on the East Asian
summer monsoon system and summer precipitation in eastern China from observational
facts, theory and numerical simulations, respectively. These studies show that there is a
distribution of teleconnection wave train of atmospheric circulation anomalies over the
tropical western Pacific Ocean through East Asia and the Okhotsk Sea to Alaska and the
west coast of North America in summer, which is referred as the East Asia/Pacific (EAP)
pattern teleconnection wave train. These studies revealed that, as shown in Figure 3a, when
the western Pacific warm pool is in a warm state and the convective activities over the
tropical western Pacific around the Philippines are strong, there is a cyclonic circulation
anomaly over the tropical western Pacific around the Philippines. Meanwhile, there is
an anticyclonic circulation anomaly over Japan and the Yangtze and Huaihe River basins
in China, i.e., the western Pacific subtropical high shifts northward. There is a cyclonic
circulation anomaly that extends from north China towards the Okhotsk Sea. Under
this condition, the plum rains over the Yangtze and Huaihe River basins are weak. In
contrast, when the western Pacific warm pool is in a cold state and the convective activities
over the tropical western Pacific around the Philippines are weak, as shown in Figure 3b,
there is an anticyclonic circulation anomaly around the Philippines. There is a cyclonic
circulation anomaly over Japan and the Yangtze and Huaihe River basins in China; that is,
the West Pacific subtropical high shifts southward. In this configuration, strong plum rains
often cause floods in the Yangtze River and Huaihe River basins. Due to the EAP pattern
teleconnection wave train, the summer monsoon precipitation anomalies in eastern China
often show a distribution of “+, —, +” or “—, +, =" tripole pattern wave train from south
to north.
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Figure 3. Schematic map of the relationships among the thermal state of the West Pacific warm pool
(0°-14° N, 130°-150° E), the convective activities around the Philippines, the West Pacific subtropical
high and the summer monsoon rainfall anomaly in the Yangtze River and the Huai River valleys in
the (a) warm and (b) cooling states of the West Pacific warm pool (From Huang and Sun [17]).
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It can also be studied from the EOF analysis of summer monsoon precipitation that
the distributions of summer precipitation anomalies in eastern China are similar to the
EAP pattern teleconnection. Our research group recently conducted the EOF analysis
of the summer precipitation in eastern China using data for 60 years from 1961 to 2020.
Figure 4a—d show the spatial distribution and corresponding temporal coefficients of
summer precipitation in eastern China from 1961 to 2020, respectively. As shown in
Figure 4a, the first mode of summer precipitation in eastern China shows a meridional
tripole structure, which is similar to the EAP pattern. Additionally, as shown in Figure 4c,
the first main mode of the variability of summer monsoon precipitation in eastern China
shows a 2-3 year period. This is closely related to the meridional tripole distribution of the
first mode of zonal water vapor transports in East Asia in summer [34].

(a) EOF1 (11.1%) (b) EOF2 ( 8.8%)
50°N 50°N
40°N 40°N
30°N 30°N
73
Ve : .
20°N ' s’ [20°N 5 ' !
ki 4 o F
T Ll T T T T T T T T T T T T
100°E  110°E  120°E  130°E 100°E  110°E  120°E  130°E
c) PC1 d) PC2
5 (c) 3 (d)
14 2 A
1 -
0 -
0 4
-1 14
2 2 4
-3 T T T T T T -3 T T T T T T

1960 1970 1980 1990 2000 2010 2020 1960 1970 1980 1990 2000 2010 2020

Figure 4. (a,b) Spatial distributions and (c,d) corresponding time coefficient series of the first and
second components of EOF analysis of summertime (JJA) rainfall in eastern China for 1961-2020. The
sold and dashed lines in Figure 4a,b indicate positive and negative values, respectively, and EOF1
and EOF2 explain 11.1% and 8.8%, respectively.

Huang et al. [35] used the EAP pattern teleconnection of atmospheric circulation
anamolies to further explain the causes of the interannual variability of the summer precip-
itation in eastern China. This study showed that the spatial distribution of the variabilities
of summer precipitation and East Asian summer monsoon water vapor transport fluxes
in eastern China appears a meridional tripole distribution with a quasi-biennial period.
The interannual variability with the quasi-biennial period maybe caused by the planetary
wave train (i.e., EAP pattern teleconnection wave train) generated by the interannual varia-
tion of thermal forcing over the tropical western Pacific warm pool. Figure 5 shows the
distribution of 500 hPa geopotential height anomalies regressed from the PC1. As shown in
Figure 5, we can see that the summer monsoon circulation anomalies over East Asia and
the tropical western Pacific exhibit a meridional tripole structure from south to north, and
this distribution resembles the EAP pattern teleconnection wave train.
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Figure 5. Distribution of summertime 500 hPa height anomalies over East Asia regressed by the time
coefficients of EOF1 of summertime 500 hPa height for 1961-2020. Solid and dashed lines indicate
positive and negative height anomalies, respectively, and areas with confidence level over 95% are
shaded. Data of geopotential height fields is from the NCEP/NCAR reanalysis data [30].

To reflect the interannual variability of the EAP pattern teleconnection wave train and
its influence on the interannual variability of summer monsoon precipitation in the Yangtze
and Huaihe River basins, Huang G. [36] defined an EAP index from the distribution of
the EAP pattern teleconnection wave train. This index is calculated with the standardized
seasonal-mean (June-July-August) 500 hPa height anomaly at three different grid points
(20° N, 125° E; 40° N, 125° E; 60° N, 125° E), which can well measure the strength of
the East Asian summer monsoon and describe the interannual variability of summer
rainfall and surface air temperature in East Asia. This index has a significantly negative
correlation not only with summer monsoon precipitation in the Yangtze and Huaihe River
basins in China but also with summer precipitation in Korea. Moreover, this index has a
positive correlation with summer precipitation in North and South China. This shows that
this index can describe the interannual variability of precipitation caused by East Asian
summer monsoon. Figure 6 shows the wavelet analysis of the EAP index for 60 summers
(June to August) recently calculated by using the definition of Huang G. [36] and the
NCEP/NCAR reanalysis data from 1961 to 2020. From Figure 6, it can be seen that this
index shows the interannual variability with the 2-3 year period from the 1970s to the
late 1990s and from 2015 onward, which indicates that the interannual variability of East
Asian summer monsoon precipitation with the 2-3 year period is closely related to the
interannual variability of the EAP pattern teleconnection wave train.

T T T
1970 1980 1990 2000 2010 2020 0.2 04 0.6

Figure 6. Wavelet analysis (Y-axis denotes periods, units: year; the curve on the right panel denotes
the global wavelet spectrum; shading depicts power spectrum significant beyond 95% level based on
the Chi-square test) of the EAP index calculated by using the definition in Huang G. [36] and 500 hPa
height fields of the NCEP/NCAR reanalysis data [30] for 1961-2020.
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3.1.2. Dynamical Influence of the “Silk Road” Pattern Teleconnection Wave Train on the
Interannual Variability of the East Asian Summer Monsoon System

The variability of the East Asian summer monsoon system is influenced not only by
the heat of the tropical western Pacific but also by the subtropical jet over Asia. The results
studied by previous studies [18,19,21] demonstrated the existence of a wave train in the
meridional wind variability in the upper troposphere from West Asia to East Asia. Later,
Enomoto et al. [37] referred to this teleconnection wave train as the “Silk Road” pattern
teleconnection. Therefore, the anomalies of East Asian summer monsoon precipitation with
the meridional tripole or meridional dipole distribution may be influenced not only by the
EAP pattern teleconnection but also by the Silk Road pattern teleconnection propagating
along the upper tropospheric subtropical jet stream from West Asia to East Asia. Tao and
Wei [38] suggested that the “Silk Road” pattern teleconnection has an important influence
on the northward or southward movement of the western Pacific subtropical high and
the East Asian summer monsoon rainfall belt. Hsu and Lin [39] and Kosaka et al. [40]
also suggested that the Silk Road pattern teleconnection has an important influence on the
western Pacific subtropical high and the northward or southward movement of and the
summer monsoon rainfall belt. Hsu and Lin [39] and Kosaka et al. [40] further noted that
the distribution of the summer precipitation anomalies with the tripole pattern is related
not only to the EAP pattern teleconnection but also to the Silk Road pattern teleconnection
propagating along the subtropical jet over Asia. Huang et al. [41] studied the dynamical
processes of the variability of East Asian summer monsoon precipitation in terms of water
vapor transports and showed that the variability of the East Asian summer monsoon
precipitation is driven by a combination of the EAP pattern teleconnection wave train and
the Silk Road pattern teleconnection wave train.

3.2. The Guiding Role of the Theory of Rossby Wave Energy Dispersion in the Study on the
Dynamical Processes of the Interdecadal Variability of the East Asian Summer Monsoon System

The East Asian summer monsoon system not only has significant interannual variabil-
ity but also obvious interdecadal variability. Due to the influence of interdecadal variability
of the East Asian summer monsoon system, there is significant interdecadal variability in
summer precipitation in eastern China. The result studied by Huang et al. [41] showed
that the summer monsoon precipitation in eastern China experienced three significant
interdecadal variations from the 1970s to the beginning of the 21st century. Recently, our
research group analyzed the interdecadal variability of summer precipitation in eastern
China using the summer precipitation data from 1961 to 2020 (Figure 7). The result shows
that during 1961-1976, the summer precipitation anomalies in eastern China exhibited
a “+, —, +” meridional tripole distribution from south to north, i.e., there was more pre-
cipitation in southern and northern China and less precipitation in the Yangtze River
basin. However, during 1978-1992, the summer precipitation anomalies in eastern China
appeared to have the opposite meridional distribution to those during 1961-1976. In the
period from 1977 to 1992, the summer precipitation anomalies in eastern China appeared
to have the opposite distribution of the meridional tripole pattern from 1961 to 1977, i.e.,
the meridional tripole pattern of “—, +, —”, when the summer precipitation in southern
and northern China decreased, while the summer precipitation in the Yangtze River basin
increased. However, from 1999 to 2010, the summer monsoon precipitation anomaly in
eastern China changed from a meridional tripole distribution to a meridional dipole distri-
bution, i.e., appeared a feature with floods in southern China and droughts in northern
China. Recently, our analysis also shows that there has been an additional variation in the
interdecadal variability of summer precipitation pattern in eastern China since 2011, the
summer precipition anomalies appear a meridional “+, —, +” tripole, i.e., more summer
precipitation in northern and southern China and less summer precipitation in the Yangtze
and Huaihe River basins.
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Figure 7. Distribution of summertime (JJA) rainfall anomalies (percentage) averaged for 110°-120°
E in eastern China with latitude and time. Solid and dashed lines indicate positive and negative
anomalies, respectively, and positive anomalies are shaded. Data of precipitation is from the dataset
of precipitations at 822 observational stations in China.

Huang et al. [41] investigated the dynamic process of the interdecadal variability
of summer precipitation in eastern China and noted that the interdecadal variability of
summer precipitation in eastern China is closely related to the interdecadal variability of
the teleconnection wave trains of the summer atmospheric circulation anomalies over East
Asia, especially in regards to the interdecadal variability of the EAP pattern teleconnection
wave train, which plays an important role in the variabilities of summer precipitation in
eastern China. Recently, it is analyzed that the interdecadal variability of summer whole-
layer water vapor transport fluxes between 1000 and 300 hPa using the NCEP/NCAR
reanalysis data of water vapor transport fluxes over the Eurasian region from 1961 to 2020.
Figure 8a—d show the 1000-300 hPa whole-layer water vapor transport fluxes averaged for
the summers of 1977-1992, 1993-1998, 1999-2010, and 2011-2020, respectively. In Figure 8a,
the anomalies of water vapor transport fluxes over Southeast Asia and East Asia appeared
as a “cyclone-anticyclone-cyclone” tripole anomaly pattern during 1977-1992, i.e., there
was an EAP-like pattern teleconnection wave train. And there was a strong southward
water vapor transport anomaly in the eastern part of China. This finding indicates that
the East Asian summer monsoon weakened. In addition, the anomalies of water vapor
transport fluxes from the Caspian Sea through central Asia to North China appeared the
distribution of “cyclone-anticyclone-cyclone”, those are similar to the distribution of the
Silk Road-like pattern teleconnection wave train. In contrast, the anomalies of summer
water vapor transport fluxes over East Asia during 1993-1998 (see Figure 8b) showed a
somewhat different distribution from Figure 8a, i.e., anomalies of water vapour transport
fluxes over Southeast Asia and East Asia appeared the dipole pattern distribution of
“anticyclone-cyclone”. This finding indicates that the East Asian summer monsoon became
stronger during this period. Moreover, the “anticyclone-cyclone-anticyclone-cyclone”
pattern anomalies of water vapour transport fluxes from the Caspian Sea to North China
were similar to the Silk Road pattern teleconnection wave train. However, comparing
Figure 8c with Figure 8a,b, it is obvious that the distributions of the anomalies of water
vapor transport fluxes along the zonal direction over Eurasia or along the meridional
direction over East Asia significantly changed during the period from 1999 to 2010. During
this period, the anomaly distribution of water vapor fluxes over East Asia appeared the
meridional dipole pattern, and the anomaly distribution of water vapor fluxes over Eurasia
showed an “anticyclone-cyclone-anticyclone-cyclone” pattern, which is similar to the Silk
Road pattern teleconnection wave train. In addition, Figure 8c shows that there was the
southward water vapor transport flux anomalies extending from the northeast region to the
southwest region of China, which indicates that the East Asian summer monsoon became
weak again during this period, which weakens the water vapor transport to the northeast
and north China. Therefore, the persistent droughts occurred in these regions in different
degrees during summer. However, there was a strong northward water vapor transport
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flux anomaly from the southeast coastal area of China to the east of the Huaihe River basin,
which caused significant increase of the summer precipitation and severe floods in these
regions during this period. Recently, the result analyzed by our research group shows
that during 2011-2020, as shown in Figure 8d, the southward water vapor transport flux
anomalies over the northeast to southwest region of China were smaller than those during
1999-2011, while the northward water vapor transport fluxes over the southeast coast of
China to the Yellow River and Huaihe River regions in China were strengthened. This
caused the increase of the summer precipitation in northern China and the water vapor
transport flux anomalies from Southeast Asia to the northeast region of China along the
eastern part of China. The water vapor transport flux anomalies from Southeast Asia
along the eastern part of China to the northeast part of China appeared the distribution of
“anticyclone-cyclone-anticyclone”, which is similar to the EAP-like pattern teleconnection
wave train. And the water vapor transport flux anomalies from the Caspian Sea to East
Asia appeared the “anticyclone-cyclone-anticyclone-cyclone” distribution, which is the Silk
Road-like pattern teleconnection distribution.
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Figure 8. Anomaly distributions of summertime (JJA) water vapor transport fluxes integrated
from 1000 hPa to 300 hPa over the Eurasian continent, averaged for (a) 1977-1992, (b) 1993-1998,
(c) 1999-2010, and (d) 2011-2020. Data of water vapor and wind fields are from the NCEP/NCAR
reanalysis data for 1961-2020 [30].

From the above analyses of the spatial distribution of the interdecadal variability of
summertime water vapor transport fluxes over Eurasia, we can see that the interdecadal
variability in summer monsoon precipitation over eastern China since the 1970s is closely
related to not only the interdecadal variability of the distribution of the EAP pattern
teleconnection wave train propagating along the meridional direction in East Asia but
also related to the interdecadal variability of the Silk Road teleconnection wave train
propagating along the subtropical jet in the upper troposphere over the Eurasian subtropics.
Both wave trains are formed by the propagations of quasi-stationary planetary waves in
the spherical atmosphere.

In summary, the interannual and interdecadal variabilities of summer monsoon pre-
cipitation and whole-layer water vapor transport in eastern China may be result of joint
action of the interannual and interdecadal variabilities of the EAP pattern teleconnection
wave train propagating along the meridional direction over East Asia and the Silk Road
pattern teleconnection wave train propagating along the subtropical regions from West
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Asia to East Asia. Therefore, the theory of Rossby wave energy dispersion proposed by
academician Ye provides an important scientific basis for short- and medium-term weather
forecasting but also a new idea for short-term summer climate prediction.

4. The Guiding Role of the Theory of Rossby Wave Energy Dispersion in the Study on
the Dynamic Processes of the Variability of the East Asian Winter Monsoon System

The variability of the winter climate in China is controlled by the East Asian winter
monsoon system. The interannual and interdecadal variabilities of the East Asian winter
monsoon system is the main cause of winter rain, snow, and ice disasters in China [42].
However, there are few studies on the dynamic processes of interannual and interdecadal
variabilities in East Asian winter monsoon system. Under the guidance of the theory
of Rossby wave energy dispersion, some studies on the dynamic processes of the East
Asian winter monsoon system have been carried out in recent years. Especially, some
meteorogists in China have paid a special attention to the impacts of the interannual
and interdecadal variations of quasi-stationary planetary waves in the three-dimensional
spherical atmosphere on the East Asian winter monsoon system and the low-temperature
rain, snow, and ice disasters in China.

4.1. The Guiding Role of the Theory of Rossby Wave Dispersion in the Study on the Dynamical
Processes of the Interannual Variability of the East Asian Winter Monsoon System

The winter monsoon prevails in East Asia, and due to the interannual variability
of the winter monsoon system, winter temperature and precipitation in China show the
significant interannual variability. Occasionally, severe low-temperature and snow disasters
frequently occur in winter, such as the freezing event occurred in January 2008. Due to the
anomalously strong East Asian winter monsoon, the severe low-temperature and snow
disasters occurred in southwest, central and southern China, which caused economic losses
of more than 150 billion yuan [42].

The dynamical processes of interannual variability of the East Asian winter monsoon
system are closely related to the interannual oscillations of these two propagating waveg-
uides of quasi-stationary planetary waves during boreal winter. Previous studies [22,23,43]
proposed that the variability of these two waveguides exists an opposite oscillation on the
interannual time scale. The above studies suggest that the interannual variability of the East
Asian winter monsoon system is significantly related to the interannual oscillation of the
propagating waveguides of quasi-stationary planetary waves. When the polar waveguide
strengthens, then the low-latitude waveguide weakens, and anomalously strong quasi-
stationary planetary waves in the troposphere will propagate towards the stratosphere
through the polar waveguide, while the propagation of quasi-stationary planetary waves
towards the upper troposphere near the low latitudes through the low-latitude waveguide
will be weakened. In contrast, when the polar waveguide weakens, then, the low-latitude
waveguide strengthens, and anomalously strong quasi-stationary planetary waves in the
troposphere will propagate from middle latitudes towards the upper troposphere at low
latitudes through the low-latitude waveguide. In this case, the propagation of anomalously
strong quasi-stationary planetary waves in the troposphere from middle to high latitudes
towards the top of the troposphere over low-latitude region via the low-latitude waveguide
is stronger, while the propagation of quasi-stationary planetary waves to the stratosphere
through the polar waveguide is significantly weaker.

Huang et al. [24] studied the influence of the interannual oscillations of the propagating
waveguides of quasi-stationary planetary waves in the three-dimensional atmosphere
on the interannual variability of the East Asian winter monsoon system and analyzed
the relationship between the East Asian climate anomalies and boreal quasi-stationary
planetary wave activity during the winters of 2005 and 2006. In the winter of 2005, the
temperature from Western Europe through the Urals to Siberia and East Asia was lower
than normal, and the temperature in the east side of the Urals and the northwest side of
the Mongolian Plateau was more than 2 °C lower than normal, which resulted in the cold
winter and frequent cold waves outbreaked in China. This in turn led to anomalously
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strong snow in Northwest and Northeast China as well as strong precipitation in the
Yangtze River basin. However, in the winter of 2006, the temperature in the Siberia and
East Asia was higher than normal, and the temperature in Europe from the Urals to Baikal
Lake was more than 2 °C higher than normal, resulting in a warm winter in China.

The obvious difference between the winter climate in Eurasia in 2005 and that in 2006
was closely related to the oscillation of the propagating waveguides of quasi-stationary
planetary waves in the Northern Hemisphere during these two winters. Figure 9a,b show
the E-P fluxes and the scatterplot distributions of the quasi-stationary planetary waves
during the boreal winters of 2005 and 2006, respectively. As shown in Figure 9a, the
polar waveguide of the boreal quasi-stationary planetary wave propagation in the winter
of 2005 was strong, while the low-latitude waveguide was weak, i.e., the propagation
of quasi-stationary planetary wave along the polar waveguide to the stratosphere was
enhanced. This caused that the convergence of planetary wave E-P fluxes was enhanced in
the upper troposphere at high latitudes and weakened the convergence of planetary wave
E-P fluxes in the upper troposphere in the subtropics, i.e., enhanced divergence of the E-P
fluxes in this region, which caused the weakening of the boreal polar frontal jet and the
strengthening of the subtropical jet. This can facilitate the development of high pressure
systems over the Siberia and the strengthening of the East Asian winter monsoon. As
shown in Figure 9b, the polar waveguide of quasi-stationary planetary wave propagation
in the winter of 2006 was weak, while the low-latitude waveguide was strong, i.e., the
propagation of quasi-stationary planetary waves along the low-latitude waveguide was
enhanced in the upper troposphere at low latitudes. This caused that the convergence
of planetary wave E-P fluxes was enhanced in the upper troposphere in the subtropical
region, while the convergence of planetary wave E-P fluxes in the upper troposphere at
high latitudes was weakened, i.e., the divergence of the E-P fluxes was enhanced. This
caused the strengthening of the boreal polar jet and the weakening of the subtropical
jet, which was detrimental to the development of the Siberian high and brought about
the weakening of the East Asian winter monsoon. As shown in Figure 9¢, the difference
between the propagations of quasi-stationary planetary waves in these two boreal winters
was also evident.
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Figure 9. Composite distributions of the E-P fluxes (multiplied by p~! for displaying purpose) (vec-
tors, units: m?® s~2) of quasi-stationary planetary waves for wavenumbers 1-3 and their divergence
(shaded, units: m3 s~ 1 d~1; Y-axis denotes vertical levels, units: hPa) over the Northern Hemisphere
in the winters of (a) 2005 (December 2005 to February 2006) and (b) 2006 (December 2006 to February
2007), and (c) the difference between them. Solid and dashed lines indicate positive (divergence) and
negative (convergence) of planetary wave E-P fluxes, respectively. And the divergence/convergence
regions of the E-P flux are shaded with red /blue colors (from Huang et al. [24]).
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4.2. The Guiding Role of the Theory of Rossby Wave Energy Dispersion in the Study on the
Dynamic Processes of the Interdecadal Variability of the East Asian Winter Monsoon System

Wang et al. [25] have proposed that the East Asian winter monsoon system has not
only significant interannual variability but also significant interdecadal variability. From
the 1970s to the beginning of the 21st century, winter temperatures in China experienced
two significant interdecadal variations. During the period from 1976 to 1987, the East Asian
winter monsoon was strong, the winter temperature in China was generally low, and the
frequency of cold wave outbreaks in China was high. However, during the period from
1988 to 1998, the East Asian winter monsoon was weak, the winter temperature in China
was generally high, the frequency of cold wave outbreaks was significantly low, then, the
warm winter frequently occurred. The result studied by Huang et al. [42] showed that
during 1999-2010, winter temperatures in China changed significantly again, the colder
temperature occurred in north China and warmer temperature appeared in south China.
Moreover, temperature changed to a meridional oscillation pattern, and the interannual
variability of winter temperatures changed from a 3—4 year cycle to a 2-8 year cycle.
Our recent analysis shows that the variability of the East Asian winter monsoon during
2011-2020 was roughly similar to that during 1999-2010, and no a significant interdecadal
variability occurred. During this period, several cold waves occurred in China, such as
21-25 January 2016, and 28-31 December 2020, where many regions in China experienced
severe cooling and occurred low-temperature and snow disasters. These disasters caused
severe economic losses.

The dynamic processes of interdecadal variability of winter climate in China and the
East Asian winter monsoon system have been studied [25,42]. The results showed that
the interdecadal variability of the East Asian winter monsoon system occurred in the mid-
late 1980s and late 1990s, which was closely related to the interdecadal oscillation of the
propagating waveguides of quasi-stationary planetary waves in boreal winter. Recently, it
is analyzed that the interdecadal oscillations of propagating waveguides of quasi-stationary
planetary waves in the Northern Hemisphere using the NCEP/NCAR reanalysis data from
1961 to 2020. Figure 10a—c show the composite distributions of the E-P fluxes of quasi-
stationary planetary waves for wavenumber 1-3 and their divergences over the Northern
Hemisphere averaged for the winters of 1976-1987, 1988-1998, and 1999-2020, respectively.
From Figure 10a, it can be seen that during the period of 1976-1987, the polar waveguide
of quasi-stationary planetary waves for the boreal winters was strong, i.e., the propagation
of planetary waves was strong along the polar waveguide up to the stratosphere over 60°
N and weak along the low-latitude waveguide to the upper troposphere over low latitudes.
These caused strong convergence of the E-P flux of planetary waves in the troposphere
and stratosphere over high latitudes of the Northern Hemisphere and weak divergence of
the E-P fluxes in the middle and upper troposphere over the subtropical region near 30°
N. Moreover, as shown in Figure 10b, during the period of 1988-1998, the propagation of
the boreal winter quasi-stationary planetary waves changed. Compared with Figure 10a,
the polar waveguide of the boreal winter quasi-stationary planetary waves was weak
during this period, while the low-latitude waveguide became strong. In other words, the
propagation of planetary waves towards the stratosphere along the polar waveguide over
high latitudes became weaker in the winters of 1988-1998, comparing with that in the
winters of 1976-1987. And the propagation of planetary waves to the upper troposphere
over low latitudes along the low waveguide became stronger, comparing with that in the
winters of 1976-1987, which caused the E-P fluxes of the quasi-stationary planetary waves
over high latitudes during winters of 1988-1998 were weaker than those during 1976-1987.
This means that there was a positive difference of the divergence. But the divergence
of the E-P fluxes of quasi-stationary planetary waves in the upper troposphere over the
subtropical region became stronger in the winters of 1988-1998 than that in the winters
of 1976-1987. In addition, as shown in Figure 10c, the polar waveguide of propagation
of the boreal quasi-stationary planetary waves was again stronger and the low-latitude
waveguide was weaker in the winters from 1999 to 2020. This means that the propagation
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of planetary waves became stronger along the polar waveguide up to the stratosphere at
high latitudes and weaker towards the upper troposphere of the subtropical region near 30°
N via the low-latitude waveguide. The convergence of E-P fluxes of planetary waves in the
upper troposphere and stratosphere at high latitudes was stronger than that in the winters
of 1988-1998, but the divergence of planetary wave E-P fluxes in the upper troposphere
over the subtropical region near 30° N was weaker than that in the winters of 1988-1998.
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Figure 10. Composite distributions of E-P fluxes of quasi-stationary planetary waves for wave
numbers 1-3 and their divergences (shaded, units: m3 s~ d1; Y-axis denotes vertical levels, units:
hPa) over the Northern Hemisphere averaged for the winters of (a) 1976-1987, (b) 1988-1998 and
(c) 1999-2020. Solid and dashed lines indicate positive (divergence) and negative (convergence)
divergence of E-P fluxes. Data of wind fields and temperature are from the NCEP/NCAR reanalysis
data [30].

4.3. Dynamic Effect of the Propagating Waveguide Oscillations of Quasi-Stationary Planetary
Waves on the Variability of the East Asian Winter Monsoons

The above results show that the boreal winter quasi-stationary planetary waveguides
in the three-dimensional atmosphere have not only significant interannual oscillations but
also significant interdecadal oscillations. Moreover, two significant interdecadal oscillations
of the propagating waveguides of the boreal winter quasi-stationary planetary waves
occurred since the 1970s. These oscillations of the propagating waveguides of quasi-
stationary planetary waves caused the variability of the divergence or convergence of the
E-P fluxes of quasi-stationary planetary waves. According to the wave-flow interaction
equation for the spherical atmospheric planetary waves derived by Edmon et al. [29], the
variation of the divergence of the E-P fluxes of quasi-stationary planetary waves will cause
the variation of the zonal mean flow during boreal winter and the variation of the Arctic
Oscillation (AO) index. According to previous studies [44,45], if the AO index is negative
in a winter, the winter monsoon in East Asia is strong in the winter; conversely, if the AO
index is positive in a winter, then the winter monsoon in East Asia is weak in the winter.
Therefore, the interannual and interdecadal oscillations of the propagating waveguides
of quasi-stationary planetary waves in the boreal winter will affect the interannual and
interdecadal variabilities of the East Asian winter monsoon system.

It may see from the above studies that under the guidance of academician Ye’s theory
of Rossby wave dispersion, some studies on the dynamic processes of the variabilities of
the East Asian winter monsoon system have been carried out. In particular, the study on
the dynamic processes of the influence on the interannual and interdecadal oscillations of
the propagating waveguides of quasi-stationary planetary waves on the East Asian winter
monsoon variations has achieved an important progress.
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5. Conclusions and Discussion

The theory of Rossby wave energy dispersion proposed by academician Ye in the
1940s not only improves the study on the characteristics of two-dimensional and three-
dimensional propagations of quasi-stationary planetary waves in the spherical atmosphere
but also provides a scientific basis for the study on the mechanisms related to the anomalies
of global atmospheric circulation. And this theory also lays the theoretical basis for the study
on the dynamic processes of tropospheric-stratospheric interactions and their mechanisms.
This paper reviews the guiding role of the theory of Rossby wave energy dispersion in
the studies on the characteristics of three-dimensional propagation of quasi-stationary
planetary waves in the spherical atmosphere and their impacts on the dynamic processes
of the interannual and interdecadal variabilities of the East Asian summer and winter
monsoon systems. In particular, this paper reviews the impacts of the interannual and
interdecadal variabilities of the EAP pattern teleconnection wave train propagating along
the meridional direction over East Asia and the Silk Road pattern teleconnection wave train
propagating along the zonal direction in the subtropical jet from West Asia to East Asia
on the variabilities of the East Asian summer monsoon system. This paper also reviews
the studies on the dynamical processes of the impacts of the interannual and interdecadal
oscillations of the propagating waveguides of quasi-stationary planetary waves on the
variabilities of the East Asian winter monsoon system.

The energy dispersion of waves is an important theoretical problem in the fluid
dynamics, academician Ye first applied it to the study on the mechanisms of atmospheric
circulation variability. His research inspired the study on the dynamics of the two- and
three-dimensional spherical propagations of quasi-stationary planetary waves, and guides
the study on the dynamical processes of the variabilities of the East Asian winter and
summer monsoon systems.

Under the guidance of academician Yeh's theory of Rossby wave energy dispersion,
our research group has investigated the dynamical processes of the interannual and inter-
decadal variabilities of the East Asian winter and summer monsoon systems. The results
show that the variabilities of the East Asian winter and summer monsoon systems are
the variablities of circulation seeing from their phenomena, but these variabilities are also
the variations of quasi-stationary planetary waves according to their mechanisms. Cur-
rently, this theory is developing and expanding, and it has wide applications not only in
the study on atmospheric circulation dynamics at middle and high latitudes but also in
the study on the dynamics of typhoon genesis and evolution in tropical regions [46-51].
Moreover, the nonlinear effects of the energy dispersion of Rossby wave in atmosphere and
the nonlinear interactions of different quasi-stationary planetary wave trains also need to
be further investigated.
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Abstract: The wave activity flux representing the energy propagation direction of planetary Rossby
wave generally originates from a large wave source area. This study investigates the interdecadal
variability and formation mechanism of Rossby wave source over the Tibetan Plateau (TP-RWS) and
its impact on the atmospheric circulation and precipitation pattern in East Asia based on the ERA-20C
reanalysis dataset in summer (June-July—August) during 1900 to 2010. Results show that the region
with the maximum variabilities of Rossby wave source (RWS) in the past 110 years appears over
the Tibetan Plateau (TP) during boreal summer, and the TP-RWS shows prominent characteristics
of interdecadal oscillation. Secondly, the TP-RWS is mainly composed of the vortex stretching
term (RWS-51) and the absolute vorticity advection term (RWS-S2). The interdecadal TP-RWS is
a synergistic result of the snow cover over northwestern TP associated with the RWS-S1, and the
deep convection over southeastern TP associated with the RWS-S2. Furthermore, the interdecadal
TP-RWS can lead to an alternatively positive and negative pattern of geopotential height anomalies
from the northwestern TP to the North Pacific, which has a great climate effect on the precipitation
in Huang-huai River Basin, South Korea and Japan Island. Under the guidance of the anomalous
cyclonic circulation in East Asia, the prevailing southerly and easterly winds occur over the West
Pacific and the Huang-huai River Basin, which lead to the water vapor convergence and upward
movement at middle and lower troposphere.

Keywords: Rossby wave source; Tibetan Plateau; interdecadal variation; precipitation anomaly in
East Asia

1. Introduction

The Rossby wave (RW) propagation caused by external forcing is one of the mecha-
nisms leading to the configuration of wave trains called teleconnection. In the northern
hemisphere (NH), a favorable area with RW-forming dynamic conditions is located in East
Asia [1,2]. The Rossby wave pattern at the upper troposphere generally manifests as Rossby
wave train of atmospheric response to one or more local wave sources [3-5]. In the NH
midlatitudes, the source of RW may be related to topography, marine-terrestrial contrast, or
transient baroclinic systems [6]. Ye and Zhu [7] believe that both topographic and diabatic
heating play an important role in the climatological atmospheric teleconnections along
the westerly jet stream, especially the large troughs over East Asia and the east coast of
North America. Previous studies of Rossby wave source (RWS) have shown that most of
the strong RWS are located in the subtropical zone on the seasonal timescales, although
most of the upper divergent flow regions are located near the equator. Because the diver-
gent flow is greater at the edge of the greatest divergence zone and the absolute vorticity
gradient is larger at higher latitudes [2,8,9], these all provide conditions for RWS formation

Atmosphere 2023, 14, 541. https:/ /doi.org/10.3390/atmos14030541 https:/ /www.mdpi.com/journal /atmosphere

73



Atmosphere 2023, 14, 541

in the subtropics. Therefore, RWS may be associated with both local forcing and absolute
vorticity advection caused by atmospheric diabatic heating. Plumb [10] shows that the
main forcing of the quasi-stationary wave originates from the topographic influence over
the Tibetan Plateau (TP), as well as interaction of the diabatic heating with transient flows
over the Pacific, Northwest Atlantic, and Siberia by diagnosing the wave activity flux in
the NH winter.

Ye [11] first applied the RW energy dispersion theory to the study of the atmospheric
circulation change mechanism. Previous studies have shown that the energy propagation
process of Rossby waves along the westerly jet in the NH summer is an important dynamic
mechanism for the development of high-latitude trough in East Asia, and its downstream
effect is also an important driver of flood disasters in China [12-15]. On the interdecadal
timescale, there is a Rossby wave train in the midlatitudes. The eastward propagation of
wave energy has a significant impact on the precipitation pattern in the middle and lower
reaches of the Yangtze River basin [16,17]. The Tibetan Plateau, as the steepest and most
complex terrain on the Earth and the region with the strongest land-atmosphere interaction
in the NH midlatitudes, has a great influence on regional and global climate [18-20]. More-
over, its local thermal forcing can directly affect the downstream atmospheric circulation
and rainfall pattern [21-23]. Previous studies have shown that the surface turbulent heat
flux in the southeastern TP plays an important role in regulating Meiyu and rainstorm in
the Yangtze River Basin [24-27]. There is also a close relationship between the variation
of snow cover in different regions of the TP and the atmospheric circulation [28-31]. In
addition, the anomalous diabatic heating over the TP can trigger Rossby waves propagating
westward and eastward along the extratropical westerly jet to change the large-scale climate
on the interannual scale [32-34].

The above studies on the impact of RWS mainly focus on the seasonal and interannual
timescales and discuss the RW role on persistent circulation anomaly and corresponding
precipitation pattern in East Asia. However, where is the key area of RW energy dispersion
in the NH summer on interdecadal scale? What is the physical mechanism of the Rossby
wave train excited from the TP on the precipitation anomaly in East Asia? All these are
worthy of further discussion. Thus, we analyze the interdecadal variability and spatial
distribution of the TP-RWS in summer during 1900 to 2010. In addition, the causes of the
TP-RWS and its effects on the anomalous circulation in East Asia are discussed so as to
understand the physical mechanism of precipitation anomalies associated with TP-RWS.
Section 2 of the manuscript introduces the data and methods used. Section 3 analyzes the
interdecadal variability of the TP-RWS and its impact on the East Asia Circulation Pattern.
Conclusions and discussion are shown in Sections 4 and 5, respectively.

2. Data and Methods

The atmospheric data used in this paper are from the ERA-20th Century (ERA-20C)
monthly reanalysis dataset provided by the European Center for Medium Range Weather
Forecasting (ECMWEF) for 1900 to 2010 [35]. In order to compare the calculation results,
we also use monthly atmospheric variables of the 20th Century Reanalysis (NCEP-20C)
from the National Center for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) for 1836 to 2015 [36]. The horizontal resolution of the two datasets
is 1° x 1°, and the rectilinear grid numbers are 181 x 360. The data include wind field (V),
temperature (T), geopotential height (H), vertical velocity (w), and specific humidity (q)
of 27 layers from 1000 hPa to 100 hPa. In addition, the surface sensible heat flux (SHTFL),
total cloud cover (TCC), snow albedo (ASN), and surface pressure are used. The centennial
precipitation data used in our study are based on the global terrestrial meteorological grid
dataset established by the University of East Anglia (CRU_ts4) from 1901 to 2010, with
a horizontal resolution of 0.5° x 0.5°. The monthly land precipitation data provided by
the Global Precipitation Climatology Centre (GPCC) for 1900-2010 are also used, with a
horizontal resolution of 0.25° x 0.25°. The 2500 m terrain height is selected as the criteria
for calculating the regional average over the TP. In this study, interdecadal variation denotes
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the time series of TP-RWS and other physical quantities remove the linear trend during
1900 to 2010 in summer, and then perform 10-year low-pass filtering.

According to the derivation of Sardeshmukh and Hoskins [4,8] based on the nonlinear
vorticity equation, the Rossby wave source (RWS) on a horizontal level can be calculated as:

RWS=-V-(f+QVy=—(f+ D - V-V (f+0) (1)

where the RWS represents Rossby wave source. The f and ¢ are planetary vorticity and
relative vorticity, respectively, and absolute vorticity is the sum of the two. D represents
the horizontal divergence gz +¢ B Y and V, is the divergent component of the horizontal
wind. The divergent wind component is calculated by inverting the Laplacian operator
in spherical harmonic space after computing the divergence. The Formula (1) shows that
time-averaged vorticity can be considered as a combination of the vortex stretching term
(RWS-S1) produced by local strong divergence and the absolute vorticity advection term
(RWS-52) caused by large-scale divergent flow [2]. When an anomalous vorticity diverges
outward, the local vorticity decreases, and this vorticity divergence center is called the
vortex source region. The converse is the vortex sink area. Therefore, analyzing the RWS
distribution and its variability can help to understand the origin and physical mechanism
of planetary wave generation and atmospheric changes [37].

The method of calculating Q1 in this study is based on the inverted algorithm of

Yanai et al. [38]:
k
T+VVT+<P> 89} )
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where T is temperature, V is horizontal wind vector, w is vertical velocity, and 0 is the
potential temperature. k = R/Cp, where R and Cp are dry atmospheric constant and isobaric
specific heat capacity, respectively. All these variables are in p co-ordinates; thus, Q; at
each isobaric layer can be calculated.

In addition, the three-dimensional T-N wave flux derived by Takaya and Naka-
mura [39,40] based on the Plumb wave flux [10] is used in our study to describe the
Rossby wave energy propagation. These elements are able to better describe the Rossby
wave disturbance along the westerly jet in zonal inhomogeneous flow [41]. The formula is
expressed as follows:
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where the ¢, A, ®, and a represent the latitude, longitude, geopotential, and radius of the
Earth, respectively. z is the vertical co-ordinates of the log p. ¥’ = %/ is the disturbance of

quasi-geostrophic stream function relative to the climatology. The basic flow U represents
the climate average.

3. Results
3.1. Interdecadal Variation in Rossby Wave Source over the Tibetan Plateau

In the June-July—August (JJA) period, a Rossby wave source clearly appears along the
upper tropospheric westerly jet over East Asia and the extratropical Pacific, which is much
stronger than that in the tropics (Figure 1a). In the North Hemisphere (NH), the Asian
Monsoon-Tibet Plateau region exhibits a strong negative RWS and the North Africa and
Mediterranean Sea are positive RWS regions. In addition, the eastern subtropical Pacific
and the Atlantic Ocean showed weak RWSs. The RWSs in the Southern Hemisphere are
mainly located over the South Indian Convergence Zone, South Pacific, and South Atlantic.
These are consistent with previous studies [2,9,42]. For the JJA mean, the intertropical
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convergence zone moves towards the Northern Hemisphere, and its associated heavy
rainfall (Figure 1b) extends northeast from East Asia and the Northwest Pacific. Meanwhile,
there is a strong divergent flow and velocity potential center over the Asian monsoon
region, which corresponds to its strong convection. The divergence flow radiates outward
from East Asia and extends into Eurasia and the Pacific. The concurrence of large-scale
divergence at 200 hPa and deep convection indicates that the velocity potential center
at the upper troposphere in the NH is largely caused by diabatic heating over the Asian
monsoon region [43], while North Africa occurs as a net radiation sink in summer, resulting
in continuous cooling as a powerful cold source [44]. This distribution of heat and cold
sources forms a divergent/convergent field center over the Asian monsoon region and
the Mediterranean Sea. According to Formula (1), negative RWS sources over the Asian
summer monsoon region in Figure la are formed. Previous studies have shown that
these large-scale heating forcings and their RWSs play important roles in forming and
maintaining atmospheric circulation over East Asia and the North Pacific [45,46].

Figure 1. Distribution of global (a) Rossby wave source (shading; unit: 107'% s72) and divergent
wind component (vectors; unit: m-s 1), and (b) precipitation (unit: mm~day’1) in June—August of
1900—2010. The green contours in (a,b) represent the 2.5km topography height of the Tibetan Plateau.

How the RWSs have changed during boreal summer over the past 110 years and what
physical processes they are associated with are the main concerns in this study. The NH
summer RWS variability has exhibited prominent differences, as exemplified by the RWS
variance patterns on interannual and interdecadal timescales in Figure 2. Notably, the
maximum variability of RWSs on both timescales occurs over the northwestern TP, and
the fluctuations are also large over the northeast of China and near the Mediterranean Sea.
The interdecadal spatial distributions of NH RWS variabilities are very consistent with
those on the interannual timescale. Furthermore, the TP-RWS variance on interdecadal
timescale accounts for 22.3% of that in raw from 1900 to 2010. All these indicate that the
northwestern TP, including most parts of the Eurasian continent, is the anomalous RWS
fluctuation region. As the largest plateau and strongest heat source in boreal summer,
the changes in TP thermal conditions may lead to the interdecadal RWS anomalies over
this region.

Figure 3 shows the JJA interannual and interdecadal RWS time-series over the TP
(topographic height above 2500 m) of 200 hPa from 1900 to 2010. It can be seen that the
TP-RWS in the upper troposphere is characterized by multidecadal variations. From the
perspective of intensity changes, the TP-RWS showed continuous strong periods during
the early 20th century, the 1920s to 1940s, the 1950s to 1970s, and after 2000. Accordingly,
the temporal series turned into weak periods during the 1910s to 1920s, 1940s to 1950s,
and from the 1970s to the end of the 20th century. Moreover, the TP-RWS variation shows
multidecadal differences in the recent 110 years. In the first half of the 20th century, it
oscillated in longer periods and, after the late 1950s, decadal variations were more evi-
dent. These may be affected by the joint influence of various internal forcing oscillations,
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as well as the increasing instability of the climate system since global warming [47,48].
The NCEP-20C datasets from 1900 to 2015 are also used to calculate TP-RWS time evolu-
tion in order to reduce the uncertainty of calculation results from different datasets. The
temporal correlation of TP-RWS between ERA-20C and NCEP-20C datasets reaches 0.72
on the interannual scale, which is 0.69 on the interdecadal scale, and they both pass the
99% confidence test. Therefore, the selected ERA-20C data in this paper can accurately
reflect the variations in TP-RWS. Furthermore, in order to explore the spatial distribution
characteristics with the TP-RWS interdecadal evolution in the past 110 years, we calculate
one-point correlation between the TP-RWS anomalies and large-scale divergent flow in the
NH summer (Figure 4). When the interdecadal intensity of TP-RWS increases, the corre-
sponding maximum RWS area appears over the northwestern TP, which is accompanied
by a strong divergence center at the upper troposphere. Meanwhile, the RWS in the south
of the TP, especially in the northwestern Indo-China Peninsula, shows a weakly negative
correlation with the RWS in the whole plateau. The above results show that, as a key area
of the interdecadal RWS fluctuations in boreal summer, the causes of the TP-RWS and its
influences are worth studying.

() .

Figure 2. Spatial distribution of the RWS variance (unit: 10710 s7#) during boreal summer of
1900-2010 (a) on an interannual timescale and (b) on an interdecadal timescale (black box indicates
the key area of the RWS variance 65-90° E, 30-45° N).

3.2. The Mechanisms Contributing to Interdecadal Variations in the TP-RWS

Since the large-scale divergent flow is directly related to anomalous diabatic heating
of the atmosphere, we calculate the correlation map of the atmospheric heat source (Q1)
with the TP-RWS in order to explore the possible causes of the TP-RWS interdecadal
variations (Figure 5). It is worth noting that two Q1 key areas occur over the plateau,
which are located in the northwestern TP (Pamirs plateau) and southeastern TP. When
the interdecadal TP-RWS intensifies, the atmospheric heating characteristics over the
two regions are significantly different, that is, the anomalous Q1 in northwestern TP is
mainly found between the near-ground plateau and 300 hPa in the troposphere, while the
Q1 in southeastern TP is more pronounced from 500 hPa to 200 hPa. The regional climate of
Pamir Plateau and Tarim Basin are mainly characterized by drought, with less rainfall due
to the faint water vapor imported from the tropical Indian Ocean. Meanwhile, the giant
mountains in southeastern TP are mainly affected by the monsoon and moist water vapor
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from the tropical ocean in summer, resulting in abundant water vapor being lifted here,
which is conducive to the occurrence of deep convection [49,50]. Therefore, dynamical
mechanisms contributing to the interdecadal variations in TP-RWS may be different in
northwestern and southeastern TP.

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

eeeeeee ERA20C-TPRWS e ERA20C-TPRWS-decadal

eseeeee NCEP20C-TPRWS e NCEP20C-TPRWS-decadal

Figure 3. The standardized time series of Rossby wave source over the TP (*—1; dotted lines) and its
10—year low—pass filtering value (solid lines) in summer of 1900—2010. The red and black lines are
results from the ERA—20C and NCEP—20C reanalysis datasets, respectively. The RWS*—1 represents
the intensity of negative Rossby wave source over the TP.

-~ //}/’//'.-J'.a.-v--b._-_—..-..-v..-..-._-o.—-p—-—-—p—'og-
-

— - -

Figure 4. Regression coefficients between interdecadal TP —RWS series (the same as Figure 3) and
the RWS (shading) and divergent wind component (vectors; unit: m-s~1) derived from ERA—20C
during 1900—2010. The cross—hatched areas indicate coefficients above the 95% confidence level.
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Figure 5. (a) Spatial correlations between interdecadal TP—RWS series (the same as Figure 3) and
the atmospheric heat source (Q1) derived from ERA—20C during 1900—2010. (b) Vertical profile of
correlation coefficients between the TP—RWS and the Q1 over northwestern TP (red solid line) and
the Q1 over southeastern TP (blue solid line). The cross—hatched areas indicate coefficients above
the 95% confidence level. The black rectangles in (a) denote the northwestern and southeastern TP.

The components of RWS, i.e., the vortex stretching term (RWS-S1) and the absolute
vorticity advection term caused by divergent flow (RWS-52), can be used to determine
the causes of interdecadal TP-RWS during 1900 to 2010. From Formula (1), RWS-S1 is
mainly determined by absolute vorticity and strong divergence, and the RWS-52 is directly
related to absolute vorticity gradient and the divergent wind component. In general, strong
atmospheric heating can lead to circulation changes, which can be understood as the local
influence of the RWS-51 term on Rossby wave source. Moreover, other regions also can
affect the RWS through large-scale divergent flow, which can be used as a horizontal dis-
tribution rebalancing of absolute vorticity by RWS-S2 term. The time series of TP-RWS
sub-items have obvious interdecadal changes in summer from 1900 to 2010 (Figure 6).
Both RWS-S1 and RWS-S2 are closely related to TP-RWS on the interdecadal scale, with
correlation coefficients of 0.81 and 0.67, respectively. By comparison, RWS-5S1 seems to
play a more dominant role. However, the correlation coefficient between RWS-S1 and
RWS-52 is only 0.14, which indicates that their interdecadal evolutions are independent of
each other. Furthermore, we find that the interdecadal Q1 fluctuations over northwestern
and southeastern TP also represent significant differences with correlation coefficient of
—0.05 only. Meanwhile, similar interdecadal temporal variations exist between TPRWS-S1
and northwestern TP-Q1 and between TPRWS-S2 and southeastern TP-Q1, with the correla-
tion coefficients reaching 0.60 and 0.51, respectively. These results show that the TPRWS-S1
and TPRWS-S2, which cause interdecadal variation of TP-RWS, have independent changes
along with the related atmospheric diabatic heating in different regions over the TP. There-
fore, the interdecadal TP-RWS can be regarded as a result of the joint contribution of Q1
over northwestern and southeastern TP by different dynamical mechanisms.

Next, we calculate correlation maps between the two sub-terms of RWS and multiple
meteorological elements on the interdecadal scale. As shown in Figure 7, the contribution
of TPRWS-51 to TP-RWS mainly occurs over the Pamir Plateau, which is characterized
by both strong divergence and anomalous absolute vorticity. In addition, significant
negative snow albedo and increased surface sensible heat flux are observed along the
northwestern TP. Since the albedo of snow cover is significantly greater than that of other
underlying surfaces (e.g., soil, forest, grass, and water), the albedo decreases when the
snow melts, resulting in more solar radiation absorbed by the ground and the net radiation
increases. The processes enhance surface sensible heat flux and lead to an increased Q1 over
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northwestern TP in the middle and lower troposphere. Therefore, the main contribution
component of TP-RWS in northwestern TP is TPRWS-S1, which is caused by interdecadal
variations in snow cover. In addition, we find that the snow albedo associated with the
TPRWS-S1 shows a spatial east-west dipole-like pattern over the TP. This feature has also
been observed in the study of the plateau snow cover [51,52]. In contrast, the main effect of
TPRWS-S2 on TP-RWS is manifested in southeastern TP (Figure 8) due to the strong absolute
vorticity advection caused by deep convection. A strong divergence is accompanied by the
meridional northward flow in southeastern TP. This process excites disturbance in vorticity
field, which is conducive to the RWS-52 formation at the upper troposphere. Thus, the
interdecadal TP-RWS variations during boreal summer are a synergistic result of the snow
cover related to the vortex stretching term in northwestern TP and the deep convection
related to the absolute vorticity advection term in southeastern TP.

4
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Figure 6. The standardized interannual and interdecadal time series of TP—RWS components
(*—1; red lines) and the Q1 over the northwestern and southeastern TP (black lines) in summer
of 1900—2010. (a) The vortex stretching term RWS—S1 and the northwestern TP—Q1 (60-80° E,
32-45° N), (b) the absolute vorticity advection term RWS—S2 and the southeastern TP-Q1 (80-105° E,
27-35° N).

In summary, the interdecadal variation in TP-RWS is closely related to atmospheric
diabatic heating over northwestern and southeastern TP. The interdecadal variations in
snow cover over the TP result in divergence and absolute vorticity anomalies by affecting
atmospheric heating from TP surface to the middle troposphere, and then contribute to
the TP-RWS by vortex stretching term. On the other hand, due to latent heat release of
deep convection in southeastern TP, the TP-RWS can be formed and maintained through
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absolute vorticity advection caused by large-scale divergent flow in the middle and upper
troposphere. Therefore, although the TP-RWS manifests as a whole, the causes of its
interdecadal variations are not the same in northwestern and southeastern TP.
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Figure 7. The correlation coefficients between interdecadal TPRWS—S1 series (the same as Figure 6a)
and (a) the RWS (shading) and divergent wind component (vectors), (b) the divergence (shading) and
absolute vorticity (contours) at 200 hPa, (c) snow albedo, (d) surface sensible heat flux derived from
ERA—20C during 1900—2010. The cross-hatched areas indicate coefficients above the 95% confidence
level. The black rectangles represent the northwestern TP.
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Figure 8. The correlation coefficients between interdecadal TPRWS—S2 series (the same as Figure 6b)
and (a) the RWS, (b) divergent wind component (vectors) and absolute vorticity gradient (shading) at
200 hPa, (c) precipitation, (d) total cloud cover derived from ERA—20C during 1900—2010. The cross-
hatched areas indicate coefficients above the 95% confidence level. The black rectangles represent the
southeastern TP.
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3.3. Impacts of the Interdecadal TP-RWS on East Asia Circulation Pattern

The interdecadal TP-RWS in JJA have a significant impact on the downstream atmo-
spheric circulation and precipitation. From the correlation maps between TP-RWS and the
land precipitation (Figure 9), an enhanced RWS corresponds to more JJA rainfall over the
TP, especially in the southeastern and northwestern TP. These two regions are consistent
with the atmospheric diabatic heating areas in the above section. For East Asia, the TP-RWS
interdecadal variation corresponds to a clear tripole rainfall pattern. When the intensity of
TP-RWS is relatively strong, the regions from the Huang-huai River Basin to the southern
Korean Peninsula and the southern part of the Japan Island are accompanied by moisture
anomalies, while the South China and North China are usually dry. By comparing different
reanalysis results of TP-RWS and precipitation datasets, we find that there are significant
relationships between the interdecadal TP-RWS and the precipitation in the Huang-huai
River Basin. All the results show that the JJA rainfall in the north of the Yangtze River
increases, while the precipitation in South China is suppressed.
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Figure 9. The correlation coefficients between interdecadal TP—RWS (same as Figure 3) and global
terrestrial precipitation. The interdecadal TP—RWS in (a,c) and (b,d) are from ERA—20CR and
NCEP—-20C, respectively. The precipitation data in (a,b) and (c,d) are from CRU_ts4 and GPCC,
respectively. The cross—hatched areas indicate coefficients above the 95% confidence level. Black
boxes indicate the key areas of interdecadal precipitation.

In order to reveal the causes of the close relationship between TP-RWS and precipi-
tation in East Asia, the Asia—Pacific atmospheric circulation anomaly associated with the
TP-RWS is further discussed and analyzed in this study. As shown in Figure 10, significant
negative geopotential height anomalies are observed at the middle and low troposphere
over northwestern TP, Huang-huai River Basin, and the southern part of Japan, while
positive geopotential heights appear over the southeastern TP and the northwestern Pacific
Ocean. The stream function field at 850 hPa in the southern TP and East Asia is domi-
nated by anomalous cyclonic circulation, and the centers are located in eastern India and
Bangladesh, the Indochina Peninsula, and the Huang-huai River Basin. The prevailing
southerly and easterly winds in the northwestern Pacific Ocean and the Huang-huai River
Basin are attributed to the anomalous cyclonic circulation at the lower troposphere in East
Asia, which lead to the water vapor convergence and upward movement at the middle
and lower troposphere. The above circulation pattern provides favorable water vapor
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transmission and dynamic conditions for the occurrence of precipitation in these regions,
which increase the precipitation in the Huang-huai River Basin, South Korea, and Japan.
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Figure 10. The correlation coefficients between interdecadal TP-RWS (same as Figure 3) and
(a) geopotential height (shading) and water vapor transport flux (vectors) at 600 hPa, (b) stream func-
tion (shading) and horizontal wind field (vectors) at 850 hPa from 1900 to 2010. The cross—hatched
areas indicate coefficients above the 95% confidence level.

We further discuss the spatial distribution of the relationship between interdecadal
TP-RWS and related wave-activity flux. A prominent characteristic is that the TP-RWS
triggers a zonal wave train along the northwestern TP to the North Pacific (Figure 11a).
The geopotential height in northwestern TP, eastern TP, East Asia, and the northwestern
Pacific Ocean correspond to negative, positive, negative, and positive wave train anomalies,
respectively. As shown in Figure 11b, strengthening TP-RWS is accompanied by an anoma-
lous wave activity flux originating over the northwestern TP and propagating eastward
along the westerly jet stream to the East Asia and northwestern Pacific. This anomalous
wave flux also has a tendency to spread southward but to a lesser extent. Moreover, we
investigate the vertical structure to further explore the teleconnection pattern associated
with interdecadal TP-RWS. A significant zonal wave train can be seen from the TP to the
northwestern Pacific, and the strongest wave flux is located over the western TP, accom-
panied by a Rossby wave spreading downstream to East Asia and the North Pacific. In
addition, the TP-RWS teleconnection pattern exhibits an equivalent barotropic structure at
the vertical profile. It is worth noting that the anomalous wave activity excites from the
TP has obvious characteristics of propagating from the upper troposphere to the lower
troposphere over East Asia. Accompanied by the low pressure over the Huang-huai River
Basin to Japan Island, the TPRWS-excited teleconnection is conducive to the strengthening
ascent movement at the middle and lower troposphere.
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Figure 11. (a) The correlation coefficients between interdecadal TP—RWS (same as Figure 3) and the
geopotential height (shading) and T—N wave flux (vectors) at 200 hPa. Vertical profiles of correlation
coefficients between interdecadal TP-RWS and (b) the geopotential height and T—N wave flux,
(c) the vertical velocity averaged along 28—45° N from 1900 to 2010. The cross-hatched areas indicate
coefficients above the 95% confidence level.

Previous studies have shown that the Atlantic multidecadal oscillation (AMO) can
modulate the intensity of the East Asian summer monsoon by exciting teleconnection
wave train [53-56]. The interannual variation in deep convection in the southeastern TP
is also closely associated with the AMO [57,58]. In order to distinguish the effects of
TP-RWS and AMO on East Asia, we calculate the partial correlation between interdecadal
TP-RWS and the atmospheric circulation without AMO series in the Northern Hemisphere
(Figure 12). Consistent with Figure 11, the zonal wave train excited by interdecadal
TP-RWS propagating from northwestern TP to East Asia is still clear and the corresponding
circulation intensity over East Asia and Northwest Pacific is significantly strengthened.
Therefore, it is reasonable to believe that the TP-RWS during 1900 to 2010 can stimulate
an equivalent barotropic zonal wave train that travels eastward along the westerly jet to
the northwest Pacific and exhibits “low-high-low-high” geopotential height anomalies at
the vertical profile. Furthermore, the pattern is conducive to the upward movement and
precipitation over the Huang-huai River Basin.
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Figure 12. (a) Partial correlation coefficients between interdecadal TP—RWS (same as Figure 3)
and the geopotential height (shading) and T—N wave flux (vectors) at 200 hPa (remove inter-
decadal AMO). Vertical profiles of partial correlation coefficients between interdecadal TP—RWS and
(b) the geopotential height and T—N wave flux, (c) the vertical velocity averaged along 28—45° N
from 1900 to 2010. The cross—hatched areas indicate coefficients above the 95% confidence level.

4. Conclusions

Using the ERA-20C monthly reanalysis datasets in summer (June-July—August)
from 1900 to 2010 and a variety of global precipitation data, our manuscript studies the
multidecadal variations in Rossby wave source over the Tibetan Plateau, the corresponding
energy transmission, and its impact on atmospheric circulation pattern over East Asia. The
conclusions are summarized as follows:

(1) There is a strong negative RWS over the TP during boreal summer. In the recent
110 years, the RWS variability has shown great regional differences in the NH midlati-
tudes. The regions with large interannual and interdecadal variability occur over the
northwestern TP, the northeast of China to the Korean Peninsula, and areas near the
Mediterranean Sea along the westerly jet, among which the variability over the TP is
the largest.

(2)  The TP-RWS during 1900 to 2010 is characterized by multidecadal variations. From the
perspective of intensity changes, it showed continuous strong periods during the early
20th century, the 1920s to 1940s, the 1950s to 1970s, and after 2000. Correspondingly,
the temporal series turned into weak periods during the 1910s to 1920s, 1940s to
1950s, and from 1970s to the end of the 20th century. When the interdecadal TP-RWS
intensifies, it is accompanied by strong divergence flow at the upper troposphere.
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(3) The two sub-items TPRWS-S1 and TPRWS-S2, which constitute the TPRWS have
independent interdecadal variations. Meanwhile, similar interdecadal temporal varia-
tions exist between TPRWS-S1 and northwestern TP-Q1 and between TPRWS-S2 and
southeastern TP-Q1. The interdecadal variations in snow cover over the TP cause the
divergence and absolute vorticity anomalies by affecting atmospheric heating from TP
surface to the middle troposphere, and then contribute to the TP-RWS. On the other
hand, due to latent heat release of deep convection in southeastern TP, the TP-RWS
can be formed through absolute vorticity advection caused by large-scale divergent
flow in the middle and upper troposphere. Therefore, although the TP-RWS manifests
as a whole, the causes of its interdecadal variations are not the same in northwestern
and southeastern TP.

(4) The interdecadal TP-RWS has a great climate effect on the atmospheric circulation
and precipitation pattern in Huang-huai River Basin, South Korea, and Japan Island.
The enhanced TP-RWS can excite an anomalous wave active flux originating from the
northwestern TP and propagating eastward along the westerly jet to East Asia and
the Northwest Pacific. The TP-RWS teleconnection exhibits an alternatively positive
and negative pattern of geopotential height anomalies from the northwestern TP to
the North Pacific, which has an equivalent barotropic structure at vertical profile.
Under the guidance of the anomalous cyclonic circulation in East Asia, the prevailing
southerly and easterly winds over the West Pacific and Huang-huai River Basin are
conducive to the water vapor convergence and precipitation anomaly.

5. Discussion

By calculating the components of RWS equation and the three-dimensional T-N wave
flux, we analyze the causes of TP-RWS and discuss the influence of TP-RWS on the precipi-
tation and atmospheric circulation pattern in East Asia on an interdecadal timescale. The
above conclusions are of great significance for further understanding the variabilities and
maintenance mechanisms of Rossby wave sources in the NH summer. Considering that
the linear detrending may not fully remove the influence of external forcing, the variations
in TP-RWS are also modulated by a variety of external forcing factors. While the tropical
cumulus convection and heavy rainfall also play a role in the formation of the steady vortex
source and the RWS energy propagation during boreal summer. How the interdecadal
variations in sea surface temperature in the three oceans will affect the TP-RWS and how the
corresponding physical mechanism is are questions worth studying. We will use numerical
models to further explore this issue in future work. Due to the limited space, this paper
does not elaborate too much.
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Abstract: In this paper, recent research on terrestrial ecosystem predictability using the conditional
nonlinear optimal parameter perturbation (CNOP-P) method is summarized. The main findings
include the impacts of uncertainties in climate change on uncertainties in simulated terrestrial
ecosystems, the identification of key physical parameters that lead to large uncertainties in terrestrial
ecosystem modeling and prediction, and the evaluation of the simulation ability and prediction skill
of terrestrial ecosystems by reducing key physical parameter errors. The study areas included the
Inner Mongolia region, north-south transect of eastern China, and Qinghai-Tibet Plateau region.
The periods of the studies were from 1961 to 1970 for the impacts of uncertainties in climate change
on uncertainties in simulated terrestrial ecosystems, and from 1951 to 2000 for the identification
of the most sensitive combinations of physical parameters. Climatic Research Unit (CRU) data
were employed. The numerical results indicate the important role of nonlinear changes in climate
variability due to the occurrences of extreme events characterized by CNOP-P in the abrupt grassland
ecosystem equilibrium state and formation of carbon sinks in China. Second, the most sensitive
combinations of physical parameters to the uncertainties in simulations and predictions of terrestrial
ecosystems identified by the CNOP-P method were more sensitive than those obtained by traditional
methods (e.g., one-at-a-time (OAT) and stochastic methods). Furthermore, the improvement extent
of the simulation ability and prediction skill of terrestrial ecosystems by reducing the errors of the
sensitive physical parameter combinations identified by the CNOP-P method was higher than that
by the traditional methods.

Keywords: CNOP-P; model uncertainties; predictability; terrestrial ecosystem

1. Introduction

As a part of the Earth system, terrestrial ecosystems interact and couple with the
atmosphere through water cycling and energy exchange, so terrestrial ecosystems have
important impacts on weather and climate systems [1-3]. However, there are large uncer-
tainties in current terrestrial ecosystem simulations and predictions, and these uncertainties
affect our quantitative estimates of terrestrial ecosystem carbon flux and carbon storage and
are an obstacle to the simulation and prediction of weather and climate events. Therefore,
it is essential to conduct studies on uncertainties in terrestrial ecosystem simulations and
predictions [4-8].

Model errors are one of the factors that contribute to uncertainties in the simulation
and prediction of terrestrial ecosystems [9,10]. Model errors include climate forcing errors,
uncertainties in the physical processes of models, and errors in the physical parameters
of models. Climate change is an important factor that can induce variations in terrestrial
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ecosystems, especially under the background of global warming [11-13]. Climate change is
reflected not only in variations in climatology but also in climate variability. However, in
previous studies, linearly increased temperature and precipitation changes were employed
to assess the impacts of uncertainties in climate change on uncertainties in simulated
terrestrial ecosystems [14].

Recently, many studies have found that climate variability plays a key role in the
variation in terrestrial ecosystems [15]. For example, Botta and Foley [16] demonstrated that
climate variability resulted in changes in ecosystem structure, soil carbon, and vegetation
carbon. Mitchell and Csillag [17] also emphasized that climate variability could influence
the stability of grasslands and result in high uncertainty in estimating the net primary
production (NPP) of grasslands. Zaghloul et al. [18] investigated the impact of climate
change on river flow and showed that early spring warming caused water flow to increase
in cold climate regions of Canada due to snowpack melting and gradual glacier melting.
Li et al. [19] explored the climatic impact of vegetation spring phenology in China and
provided important support for modeling vegetation phenology and growth in northern
China. Dastour et al. [20] showed that the seasonal cycles of vegetation and climate were
generally coherent but there was a time delay. Their wavelet methods also considered the
observational uncertainties. Although the effects of climate variability change on terrestrial
ecosystems have been investigated, the extreme effects of uncertainties in climate variability
change on uncertainties in simulated terrestrial ecosystems are often neglected [21-23].

Moreover, the uncertainties of physical parameters in numerical models are a major
factor contributing to the uncertainties in terrestrial ecosystem simulations and predic-
tions. Reducing the errors of physical parameters in numerical models is an effective
way to improve the simulation ability and forecasting skills of terrestrial ecosystems. The
simulation ability and forecasting skill of terrestrial ecosystems can be improved by ad-
justing the model parameters. For example, by assimilating the parameters in the model,
Rayner et al. [24] found that the model could match the seasonal cycle and annual variation
in CO, well with the observation with the Biosphere Energy Transfer Hydrology (BETH)
model. Mo et al. [25] optimized the physical parameters of the boreal ecosystem productiv-
ity simulator (BEPS) model using the ensemble Kaman filter and found that the simulation
abilities of total primary productivity, total ecosystem respiration, and net ecosystem pro-
ductivity were improved. From these results, it was found that the simulation capability of
terrestrial ecosystems could be improved by adjusting the parameters in numerical models.

Numerical models contain a large number of parameters in dynamic vegetation
models, which simulate carbon storage and cycling in terrestrial ecosystems. There are
three categories for the above parameters in numerical models. The first is related to
the discrete format of the model, which is independent of observations; the second is for
parameters that can be determined from direct observations; and the third is for parameters
that can be determined from indirect observations. For example, the random number
seed parameter in the Lund-Potsdam-Jena (LPJ) numerical model [26] belongs to the
first type; the co-limitation shape parameter obtained directly from observations belongs
to the second type [27]; and the temperature sensitivity parameter to the Q10 obtained
from indirect observations belongs to the third type [28]. The latter two types of physical
parameters determined by direct and (or) indirect observation (PDOs) are the focus of
attention in the above studies.

The numerical model contains a large number of PDOs, and reducing the errors of all
PDOs at the same time would be very costly. Identifying which PDO errors should be re-
duced first is critical, and this question involves identifying the sensitivity and importance
of the physical parameters. There has been ample research on how to identify the sensi-
tivities of physical parameters in numerical models. For example, Pitman [29] analyzed
the sensitivities of 18 physical parameters in the Biosphere Atmosphere Transfer Scheme
(BATS) model using the one-at-a-time (OAT) method. When the sensitivity of one of the
parameters was analyzed, the remaining 17 physical parameters remained unchanged.
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However, the OAT approach ignores the interaction of physical processes characterized by
physical parameters [30,31].

The above sensitivity analysis method was also used to analyze the sensitivity of the
parameters. However, this method is based on the assumption of linearity and can be used
to explore only small parameter errors and short integration times and is not valid for
large parameter errors and long integration times. To consider the interaction of physical
processes, some scholars have conducted sensitivity analysis of parameters with finite
parameter error samples using the multiobjective generalized sensitivity analysis (MOGSA)
method, Monte Carlo method, and extended Fourier amplitude sensitivity test (EFAST)
method [32]. Zaehle et al. [28] applied the Monte Carlo hierarchical sample method to
identify the sensitivity of model parameters. Bastidas et al. [33] used the MOGSA method
to analyze the sensitivity of parameters according to different significance levels. These
aforementioned methods were characterized by their low computational cost due to the
use of limited samples in the parameter space to identify the sensitivities of physical
parameters. However, there were certain limitations; for example, either the interaction
among all physical parameters was not considered, or the sensitivity of physical parameters
was identified within the parameter space using finite samples.

The responses of terrestrial ecosystems to uncertainties in climate change and physical
parameters are a component of predictability studies. Although many studies have been
conducted on the uncertainties of terrestrial ecosystem simulations and predictions in terms
of uncertainties in climate change and physical parameters, the maximum extent of their
uncertainty has rarely been determined. The conditional nonlinear optimal perturbation
(CNOP) approach [34,35] is a powerful tool to study predictability. The CNOP approach is
related to initial errors (CNOP-I) and model errors (CNOP-P) and has been widely applied
to predictability studies in atmospheric and oceanic sciences [36-42].

In this study, the applications of the CNOP-P method to predictability studies of terres-
trial ecosystems are introduced. The content includes the maximum extent of uncertainties
in climate change on the simulation uncertainties in terrestrial ecosystems using the CNOP-
P method. Second, key physical parameters and combinations of physical parameters that
lead to uncertainties in terrestrial ecosystem simulations and predictions are identified
using the CNOP-P method. Furthermore, the degree of improvement in terrestrial ecosys-
tem simulations and projections is assessed by reducing the errors of sensitive physical
parameter combinations identified by the CNOP-P method. These works are reviewed
mainly to demonstrate the usefulness and adaptability of nonlinear optimization methods
(e.g., the CNOP-P method) in terrestrial ecosystem predictability studies. Furthermore, it
provides an outlook for more scholars to use this method to conduct uncertainty studies on
numerical simulations and predictions of terrestrial ecosystems using the method.

This paper is organized as follows: studies on the influence of grassland ecosystem
equilibrium on moisture index perturbation are introduced in Section 2.1. The impact of
uncertainties in climate change on the uncertainties in simulated terrestrial ecosystems is
presented in Section 2.2. In Section 2.3, the impact of uncertainties in physical parameters
on the terrestrial ecosystem is introduced; in Section 3, the summary and conclusion
are provided.

2. Results of Reviews
2.1. The Impact of Moisture Index Perturbation on the Stability of Grassland Ecosystem Equilibrium

To investigate the stability of grassland ecosystem equilibrium to climate perturbation,
Sun and Mu [43] used the CNOP-P method and a five-variable grassland ecosystem
model. For a grassland equilibrium state (GES) and a desert equilibrium state (DES)
within the five-variable grassland ecosystem model, moisture index perturbations were
generated using the CNOP-P method, and these perturbations represented the climate
perturbation. They first found that the variations in the moisture index resulting from
CNOP-P showed nonlinear characteristics. For instance, for the GES, the humidity index of
CNOP-P gradually decreased when the amplitude of the moisture indices was small, while
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when the amplitude of the moisture indices was large, the humidity index of CNOP-P
showed a “decreasing—increasing—decreasing” pattern and changed sharply at the end of
the period. The variation in the GES also exhibited nonlinear characteristics due to the
above humidity index variations.

With the small amplitude of moisture indices, grassland ecosystems returned to the
grassland equilibrium state under the influence of the CNOP-P-type humidity index. There
were different times required for recovery for different amplitudes of moisture indices.
However, grassland ecosystems gradually evolved toward the desert equilibrium state with
abrupt changes in the larger amplitude of moisture indices. Numerical results indicated that
grassland ecosystems eventually evolved toward a desert state with nonlinear instability
when subjected to sufficiently large climate changes. For the DES, Sun and Mu [43] also
demonstrated a nonlinear character similar to that of the GES.

To further explore the nonlinear characteristics of the stability of the GES and DES to
different types of climatic disturbances, Sun and Mu [43] analyzed the nonlinear evolution
of grassland ecosystems under the influence of nonlinear and linear climatic disturbances
(Table 1). To interpret the differences between the two, they created two linear climate
perturbations that could be distinguished in light of their linear slopes, which were zero
or nonzero. For the GES, they found that nonlinear climate change had a severe impact
on grassland ecosystems. Grassland ecosystems degraded to a desert equilibrium state
and tended to be nonlinearly unstable under the influence of the CNOP-P-type moisture
indices. For the DES, they found that nonlinear moisture indices had a severe impact on
desert ecosystems. The desert ecosystem influenced by the CNOP-P-type moisture index
degenerated into the grassland equilibrium state and became nonlinearly unstable. All of
the above work suggests that nonlinear changes in climate variability play an important
role in abrupt changes in the equilibrium state of grassland ecosystems.

2.2. The Impact of Uncertainties in Climate Change on the Uncertainties in Simulated
Terrestrial Ecosystems

Soil carbon, as a large carbon sink, plays an important role in the carbon cycle in ter-
restrial ecosystems [14,44]. Changes in soil carbon can cause large changes in atmospheric
CO,, which may further accelerate global warming. It is therefore necessary to determine
the uncertainty in modeled soil carbon. Sun and Mu [45] used the CNOP-P method to
analyze the maximum degree of uncertainty in the contribution of soil carbon to climate
change uncertainty (both climatological change and climate variability) in China (Table 1).

Table 1. Summary of the studies of terrestrial ecosystem predictability using the CNOP-P method.

Sources of Uncertainty

Descriptions/Limitations Reference

Moisture index

Stability analysis of grassland ecosystem equilibrium was shown due to moisture

index perturbation using CNOP-P method. A theoretical model was employed. Sun and Mu [43]

Climate condition

Uncertainties in simulated soil carbon due to temperature and precipitation

perturbations were estimated using the CNOP-P method. Sun and Mu [45]

Physical parameters

A new parameter sensitivity analysis method based on CNOP-P was proposed.

The new method was applied to identify the most sensitive physical parameters

set to uncertainties in simulated NPP in China. The improvement extent by Sun and Mu [46]
reducing the errors of sensitive physical parameters set determined by the new

method was evaluated.

Physical parameters

The new parameter sensitivity analysis method based on CNOP-P was applied to
identify the most sensitive physical parameters set to uncertainties in simulated Sun and Mu [47]
soil carbon in China.

Physical parameters

The new parameter sensitivity analysis method based on CNOP-P was applied to
identify the most sensitive physical parameters set to uncertainties in simulated
ET over the TP. The improvement extent by reducing the errors of sensitive
physical parameters set determined by the new method was evaluated.

Sun et al. [48]

92



Atmosphere 2023, 14, 617

Under the background of global warming, they provided a nonlinear climate change,
i.e.,, CNOP-P-type climate change, and a linear climate change. The key difference between
the CNOP-P-type climate change and the linear climate change was whether there was
a change in temperature or precipitation variability compared to a reference temperature
or precipitation variability. Sun and Mu [45] showed that there were different regional
responses to uncertainties in simulated soil carbon caused by CNOP-P-type and linear
temperature changes.

By exploring three components of soil carbon in the LP] model, namely, rapidly
decomposing soil carbon, slowly decomposing soil carbon, and subsurface apoplastic
material, they found that the decrease in subsurface apoplastic matter was probably the
main reason for the decrease in soil carbon in arid and semiarid zones as a result of the two
temperature climate changes. The different effects of the two temperature climate changes
in southern China may be caused mainly by the rapid decomposition of soil carbon. The
uncertainties in simulated soil carbon caused by the two precipitation climate changes
were similar. In the arid and semiarid zones, both precipitation and climate changes led to
increased uncertainty in the simulated soil carbon. This research implied that the variation
in temperature variability played a crucial role in the variations in soil carbon and its
components in the study region.

2.3. The Impact of Uncertainties in Physical Parameters on the Terrestrial Ecosystem
2.3.1. The Sensitivity Analysis Method Based on CNOP-P

The numerical model contains a large number of physical parameters. Finding the
key physical processes and physical parameters in the numerical model is an important
way to improve simulation capabilities and prediction skills. To find the most sensitive
physical parameters, Sun and Mu [46] proposed a sensitivity analysis (SA) method based
on CNOP-P (Figure 1, Table 1). For the SA method based on CNOP-P, there were two
steps. First, some insensitive physical parameters were eliminated using the CNOP-P
method. Next, among the remaining physical parameters, the combination of relatively
sensitive and important physical parameters was judged using the idea of combination
and the CNOP-P method. In the second step, the sensitivity of a single parameter was
identified using the CNOP-P approach, which in theory was the optimal way to ensure
the ranking of every parameter in terms of its sensitivity. Obviously, this method fully
considered the nonlinear synergistic effects between physical parameters. Moreover, this
method identified relatively sensitive and important combinations of physical parameters
in the whole physical parameter space.
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Figure 1. Flowchart depicting the steps involved in the SA method based on CNOP-P (From research
findings by Sun and Mu [46]).
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2.3.2. Identification of Sensitive Physical Parameters

Model errors are a critical source affecting the uncertainty in simulated terrestrial
ecosystems. It is important to determine which parameter errors should be reduced to
improve the simulation ability of terrestrial ecosystems. Sun and Mu [47] used the SA
method based on CNOP-P to identify the most sensitive physical parameters to soil carbon.
To compare the sensitivity of the parameter combination, the one-at-a-time (OAT) approach
was also applied to judge the sensitivity of each parameter.

Sun and Mu [47] noted that the most sensitive parameters to soil carbon varied between
plant functional types (Figure 2, Table 1, and the physical meanings of the parameters can
be found in Table S1). For example, for C3 perennial grasses under semiarid conditions,
the uncertainty in hydrological processes was also critical for modeling soil carbon.C3
perennial grasses are cool season grasses and are great at fixing CO, at cooler temperatures.
However, at higher temperatures, e.g., above 90 degrees F, they are not as efficient. The most
sensitive parameter combinations using the SA method based on CNOP-P differed from
the highest rank of sensitivity for each parameter using the OAT method. This difference
suggested that the nonlinear effects of parameter combinations were key to determining
sensitive parameter combinations (Figure 3, and the physical meanings of the parameters
can be found in Table S1).
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Figure 2. The sensitivity of each parameter for the simulated soil carbon using the CNOP-P method
(From research findings by Sun and Mu [47]. Parameter corresponding to the number can be found
in studies by Sun and Mu [47] and Table S1 in Supplementary Materials).
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Figure 3. The sensitive parameter combination for the simulated soil carbon using the SA method
based on CNOP-P (From research findings by Sun and Mu [47]. Parameter corresponding to the
number can be found in studies by Sun and Mu [47] and Table S1 in Supplementary Materials).

Numerical simulations and predictions of carbon fluxes (net primary production, NPP)
on the Qinghai-Tibet Plateau (TP) are still subject to large uncertainties. To reduce the
uncertainty in numerical simulations and improve the predictive power of simulated NPP,
Sun et al. [48] identified the key physical processes associated with uncertainty at nine
stations on the TP using the SA method based on CNOP-P. In the mid-precipitation region
of the Tibetan Plateau, the parameters related to photosynthesis were the main factors
contributing to the large uncertainty in the NPP simulations; in regions with low and high
precipitation on the Tibetan Plateau, the combined effects of the parameters related to
hydrological processes and photosynthesis played an important role (Figures 4 and 5, and
the physical meanings of the parameters can be found in Table S2). All the above results
showed that the SA based on the CNOP-P method could reasonably identify relatively
sensitive and important combinations of parameters and was more physically meaningful.
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Figure 4. The sensitivity of each parameter using CNOP-P method over the TP (From research
findings by Sun et al. [48]. Parameter corresponding to the number can be found in studies by
Sun et al. [48] and Table S2 in Supplementary Materials).

2.3.3. Evaluation of Simulation Ability and Prediction Skill by Reducing the Errors of
Sensitive Physical Parameters

An important objective of finding the sensitive parameter subset is to improve the
simulation ability and prediction skill of terrestrial ecosystems. Sun et al. [48] designed an
ideal numerical experiment to reduce the uncertainty in the simulation of NPP over the TP
(Table 1). To explore the benefits of modeling NPP while reducing the parameter errors
associated with the most sensitive parameter subset, an experiment was implemented
as follows:

x 100% 1)

[Mr(Uo, P+ p) — Mr(Uo, P)l
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where T represents the benefit of modeling NPP based on reducing the parameter errors
of the sensitive parameter subset. A larger T value indicates a better improvement in
the NPP simulation. P is the reference state of the sensitive parameter subsets. p is the
CNOP-P, which is related to the errors of five sensitive parameter subsets. « (=0.2, 0.4, 0.6,
and 0.8) represents the extent of the error reduction for the correct parameters due to data
assimilation or observation.
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Figure 5. The sensitive parameter combination using the SA method based on CNOP-P over the TP
(From research findings by Sun et al. [48]. Parameter corresponding to the number can be found in
studies by Sun et al. [48] and Table S2 in Supplementary Materials).

Sun et al. [48] demonstrated that eliminating the errors associated with the most
sensitive and important parameter subset with the SA method based on CNOP-P led
to the maximum benefit in terms of reducing the uncertainty of simulated NPP when
compared to that obtained using the traditional method. For all cases over the TP in the
studies of Sun et al. [48], the numerical results showed that the simulation abilities of NPP
were improved by reducing the uncertainties in sensitive physical parameters identified
by the CNOP-P method compared to the OAT method. In addition, for some cases, the
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extent of improvement in the simulated NPP by reducing the uncertainties in sensitive
physical parameters identified by the CNOP-P method was distinctly better than that by
the OAT method [48]. For example, for the Ngari site, the extent of the improvement in the
simulated NPP was 34.3% using the CNOP-P method and 28.6% using the OAT method.
This study suggested that we should prioritize reducing the uncertainty of relatively
sensitive parameter combinations among all physical parameters to improve the prediction
or simulation ability of NPP over the TP. Sun et al. [48] also emphasized the importance of
nonlinear interactions among sensitive parameter sets for uncertainties in the simulation
ability and prediction skill of terrestrial ecosystems.

3. Discussion

Although the CNOP-P method has been studied in terms of uncertainties in terrestrial
ecosystem modeling and prediction, more research should be conducted. It is not enough
for studies to consider only the effects of a 2 °C temperature increase on terrestrial ecosys-
tem variations. Climate change with multimodel prediction results should be considered.
Additionally, ideal numerical experiments are implemented when studying sensitive com-
binations of physical parameters. In the future, studies of sensitive physical parameter
combinations can be conducted with observational data. Finally, the study of the CNOP-P
method in terrestrial ecosystem predictability is not limited to the above two aspects.

On the one hand, ensemble forecasting is one of the methods that can be used to
improve the simulation and prediction of terrestrial ecosystems, and research on the
CNOP-P method is worth exploring land carbon cycle ensemble predictions (LEPS). On the
other hand, the impacts of extreme events (e.g., droughts, high temperatures, and fires) on
terrestrial ecosystems have received increasing attention from scholars. Studies of terrestrial
ecosystem responses to climate change imply that this approach can be used to carry out
research on the effects of extreme events on terrestrial ecosystems.As the underlying surface
of the Earth system, terrestrial ecosystems affect local and global climate change through
land-atmosphere interactions. The impact of terrestrial ecosystems on regional and global
climate change will be discussed in the future using the CNOP-P method, especially for
studies of extreme events. The results reviewed in this article may not be sufficient to
conclude significant findings that are part of uncertainties in simulated and predicted
terrestrial ecosystems over multiple years. In this study, uncertainties in simulated and
predicted terrestrial ecosystems were shown using the nonlinear optimization method
(CNOP-P method). These results encourage us to further research the uncertainty and
predictability of terrestrial ecosystems.

4. Conclusions

In this paper, the applications of CNOP methods in terrestrial ecosystem predictabil-
ity studies are reviewed. The paper contained two main parts. First, using the CNOP
method, climate changes were given where both climate state changes and climate variabil-
ity changes were considered. The numerical results showed that the nonlinear changes in
climate variability were considered to show more significant changes in terrestrial ecosys-
tems. This result shows the important role of nonlinear variations in climate variability in
terrestrial ecosystem changes.

Additionally, to overcome the limitations of traditional methods in studying the
identification of key physical parameters for terrestrial ecosystem simulation and prediction
uncertainty, a CNOP-P-based SA method for identifying combinations of sensitive physical
parameters was proposed. This method can consider both the nonlinear interactions among
physical parameters and the sensitivity of the parameters in the whole physical parameter
error space. The sensitive physical parameter combinations identified by the CNOP-P-
based SA method for identifying sensitive physical parameter combinations were more
sensitive than those identified by the traditional methods. Furthermore, reducing the errors
of sensitive physical parameters identified by the CNOP-P-based SA method resulted in a
higher degree of improvement in terrestrial ecosystem simulation and prediction. All of
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these applications imply that the CNOP method is an important theoretical tool that can be
used to study the uncertainties in terrestrial ecosystem simulations and predictions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos14040617/s1, Table S1: The chosen physical parameters in
studies of Sun and Mu [46,47]; Table S2: The chosen physical parameters in studies of Sun et al. [48].
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Abstract: The Atlantic Meridional Overturning Circulation (AMOC) has changed dramatically
during the glacial-interglacial cycle. One leading hypothesis for these abrupt changes is thermohaline
instability. Here, I review recent progress towards understanding thermohaline instability in both
observations and modelling. Proxy records available seem to favor thermohaline instability as the
cause of the abrupt climate changes during the glacial-deglacial period because the deep North
Atlantic water mass and AMOC seemed to have changed before the North Atlantic climate. However,
most fully Coupled General Circulation Models (CGCMs) so far seem to exhibit monostable AMOC,
because (1) these models have failed to simulate abrupt AMOC changes unless they are forced by an
abrupt change of external forcing and, (2) these models have shown opposite freshwater convergence
from the current observations. This potential model bias in the AMOC stability leaves the model
projection of the future AMOC change uncertain.

Keywords: thermohaline instability; model bias; abrupt changes

1. Introduction

Paleoclimate proxies suggest that the Atlantic Meridional Overturning Circulation
(AMOC) and global climate have experienced abrupt changes of millennial time scales [1,2].
Figure 1 shows multiple proxies relevant to the AMOC, its forcing and its climate impact, for
the last 80,000 years [3]. The meltwater flux to the North Atlantic is characterized by strong
millennial changes superimposed on the last glacial-deglacial cycle, as seen in the oxygen
isotope ratio 6180 (~180/100) over the North Atlantic surface (Figure 1c). A more depleted
(lower) surface water 6180 indicates a greater meltwater flux, due to the contribution
of more meltwater from ice sheets that have all been very depleted 6'80 relative to the
average ocean water (—30%o vs. 0%o). Similarly, large variability is also evident in two
proxies of deep water masses (613C, eng in Figure 1d,e) and three proxies of circulation
(?*1Pa /?Th,5'80, grain size, Figure 1f-h). The carbon isotope composition *C/12C,
expressed as §13C, and the neodymium isotopic composition 143Nd /144N, expressed
as eng, from the shells of benthic foraminifera are two proxies for deep water masses,
because their value in the deep water is determined by the competition between the high
S13C/low end North Atlantic Deep Water (NADW) source water and the low & Bcy high
eng of the Antarctic Bottom Water (AABW) source water [4-6]. The different behavior of
uranium decay-series nuclides of protactinium and thorium, expressed as 21py /20Ty,
from sediments in the North Atlantic is considered a proxy of the rate of deep Atlantic
circulation, because >*'Pa has a longer residence time than 2°Th (111 years vs. 26 years)
such that the sediment 23! Pa/?®0Th decreases with increased export of Atlantic deep
water [7]. The variability of benthic calcite 5180, is related to sea water temperature and
salinity, and is therefore related to density anomaly and, in turn, ocean current strength
through the thermal wind relation [8]. The grain size in the deep western boundary current
region (DWBC) is a proxy of DWBC strength because a coarser grain size is likely to be
caused by a stronger current. Finally, large variability is also found accompanying deep
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ocean changes in the proxy for surface air temperature in Greenland and Antarctica ice cores
as indicated in the stable water isotope composition in precipitation 680, which represents
annual temperature via the “temperature effect” associated with Rayleigh distillation [9]
(Figure 1a,b).
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Figure 1. North Atlantic water-mass and circulation proxy records over the Heinrich events, along
with temperature proxies over Greenland and Antarctica. (a) Greenland ice core 5180. (b) Antarctica
8180. (c) The oxygen isotope ratio in the planktonic foraminifer Neogloboquadrina pachyderma from
the western North Atlantic; low values reflect the presence of glacial meltwater. (d) Mean and 2-sigma
standard-error 613C values (thick and thin lines, respectively) for the deep North Atlantic (>2 km).
(e) The deep (4.55 km) Nd isotope ratio (¢éNd) at the Bermuda Rise. (f) The Pa®! / Th? ratio, which
can reflect changes in deepwater residence time, from the deep North Atlantic at the Bermuda Rise.
(g) The ice-volume-corrected oxygen isotope ratio of benthic foraminifera on the Florida Margin,
which can reflect changes in the density structure in the Florida Straits and the strength of the upper
branch of the Atlantic meridional overturning circulation (AMOC). (h) The mean sortable silt grain
size along the western boundary of the North Atlantic at the depth of today’s North Atlantic Deep
Water, which can indicate the current speed on the deep western margin; a large mean size indicates
a vigorous flow. See [3] Figure 4 for more details on the figure. (Courtesy of J. Lynch-Stieglitz).

After the discovery of abrupt changes in events of Dansgaard—-Oeschger (DO) oscil-
lation in Greenland ice cores and their links to North Atlantic water masses in the 1980s,
AMOC instability associated with basin-wide positive salinity feedback [10,11] has been
proposed as one leading mechanism for the millennial climate variability [12-14]. Green-
land stadial and NADW reduction have been further found to be associated with massive
ice rafting of the Heinrich events [15,16]. The direct link of abrupt climate changes with the
AMOC intensity was further found in the proxies sensitive to the AMOC intensity, notably
sediment 21 Pg /20T [7,17,18], 6180, gradient for Florida Current [8] and sortable grain
size for DWBC current speed [19]. Furthermore, the greatest AMOC reduction and the
coldest stadial intervals were found to be concurrent with the largest iceberg discharges
during Heinrich events [3,18,20,21] and the AMOC reductions associated with the Heinrich
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stadial also coincide with intervals of rising atmospheric CO, [22], suggesting a potential
influence of deep ocean circulation on atmospheric CO, [23]. Within the chronology un-
certainty, these AMOC changes were found to be concurrent with climate variability in
most records. In the real world, abrupt climate change could have been caused by ice-sheet
instability as well as thermohaline instability. If the thermohaline instability is the cause
of abrupt changes, AMOC changes likely occurred before climate changes. On the other
hand, if the ice-sheet instability is the cause, the climate likely has changed with ice sheet
before the AMOC. This observed concurrence of AMOC variability and climate variability,
therefore, has left the origin of the abrupt climate change still wide open: is it of the ocean
origin from AMOC instability, or the ice-sheet origin from ice-sheet instability?

Observations of abrupt climate changes have stimulated intensified modelling studies
on AMOC instability first in ocean-alone models with mixed boundary conditions [24-27]
and then a Coupled General Circulation Model (CGCM) [28] and, most comprehensively,
in earth system models of intermediate complexity (EMICs) [29,30]. The AMOCsS in most
EMICs have been found in a bistable regime [31], associated with the positive salinity
feedback [10] in the Atlantic basin [32,33]. Therefore, abrupt climate change events similar
to DO and Henrich events have been simulated in these models even under a gradual
change in external forcing [27,29,30,34]. In the state-of-the-art CGCMs, however, what is
the current status of AMOC instability and how is the model AMOC instability compared
with observations?

In this paper, I will review recent progress in observations, modelling and understand-
ing of AMOC instability. Given extensive reviews on this topic, especially related to the
theoretical aspect [35-38], I will focus on some recent progress in paleo observations and
potential bias in CGCMs.

The review is arranged as follows. In Section 3, I will review the current status of
AMOC instability in CGCMs. In Section 4, I discuss some personal perspective on the
relevance of AMOC instability to the present and future climate changes. A summary and
perspective are given in Section 5.

2. Materials and Methods

All materials are derived from published papers where the detailed methods are described.

3. Results
3.1. Paleo Evidence of AMOC Instability

Evidence of an ocean origin of the abrupt change in AMOC, or thermohaline instability,
requires a clear lead of the AMOC change over the ice sheet and the resulting meltwater
flux and ice rafting. Similarly, an ice-sheet origin of abrupt change via ice-sheet instability
requires a clear lead of the ice-sheet and meltwater changes over the AMOC. Recent
paleo observations seemed to favor an ocean origin, although not yet unambiguously.
These analyses were carried out on multiple proxies in the same sediment core, such
that the relative phasing was accurate among different variables, saving the potentially
different preservation times of different proxies. Ref. [21] analyzed ice rafting debris and
AMOC strength in the subpolar North Atlantic and showed a lead of ~200-300 years of
the AMOC weakening prior to ice rafting events for most Heinrich events, demonstrating
clearly that AMOC collapses were not triggered by icebergs. This result was consistent
with reconstructions of the subsurface temperature in the North Atlantic, which showed
warming leading to ice rafting events by hundreds of years for the most recent Henrich
events [39,40].

However, it remains possible that the AMOC weakening was triggered by the initial
meltwater flux from ice-sheet instability [41] if the iceberg export occurred later than the
initial melting. There are no records that can clarify this point unambiguously. However,
ref. [18] so far likely provides the clearest evidence suggesting AMOC change preceding
North Atlantic climate change. Ref. [18] performed a lagged correlation between multiple
proxies and the Greenland temperature proxy (5'80,) in a sediment core over the Bermuda
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Rise. Relative to the Greenland temperature, this analysis showed a clear lead of 200 years
for the benthic 613C (purple), accompanied by an almost in phase AMOC strength proxy
—21pg /80T (green, the legend should be of a minus sign) and North Atlantic SST
(red) (Figure 2). At face value, this analysis suggested that the NADW was enhanced
(represented by a positive 3¢ anomaly) before the enhancement of the AMOC intensity
(represented by more negative 2! Pa /20 Th or more positive —23! Pa /239Th), North Atlantic
SST and Greenland temperature. Allowing for a century scale response time of sediment
21pg /230T] after the AMOC change, the AMOC strength likely has changed preceding
Pa/Th with its phase close to the NADW [18]. Thus, the AMOC likely has changed
before the temperatures over the North Atlantic region, precluding the AMOC change
as a response to climate change, which would otherwise have led to an AMOC response
lagging surface temperature. This analysis so far provides the strongest evidence favoring
the oceanic origin of AMOC collapse. This analysis, however, has left the question open as
to why the temperature changed after the AMOC, as opposed to synchronously (within
data resolution time scale of decades) with the AMOC and the associated heat transport.

=== Benthic 3"°C
e SST(°C) MD95-2036

a— %CaCO,
I I I T T T
-1000 -500 0 500 1000
Lag (negative) and Lead (positive)
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Figure 2. Cross-correlation of NGRIP ice core §'80 with CDH'® CaCO3 flux (orange), Pa/Th of bulk
sediment from CDH!? (green), 513Cgp from CDH19 (purple), Sea Surface Temperature (SST, °C) from
Bermuda Rise sediment core MD95-2036 (red). A lead (positive) refers to the lead of the proxy relative
to Northern Greenland Ice Project (NGRIP) ice core. See [25] for details. Adapted from [18]. (Note:
the legend for Pa/Th should be of minus sign —Pa/Th, J. McManus, personal communication.)

Regardless of the AMOC instability, even the concurrent variability of the AMOC
and climate implies a robust positive feedback between the AMOC and ice-sheet change.
Proxy evidence [39,40] and modelling studies [42—44] suggested a subsurface warming
accompanying the surface cooling in the subpolar North Atlantic in response to a meltwater
flux, weakened deep convection and AMOC. This subsurface warming would promote
ice-sheet calving and further melting and, in turn, a further weakening of the AMOC [44].
This positive feedback suggests a coupled AMOC-ice-sheet instability that depends on the
coupling of both components, even if either component alone is stable. This is analogous
to the case of El Nino, which is caused by a positive coupled ocean—atmosphere feedback,
or instability, while the atmosphere or ocean alone is stable when the other component
is fixed.

Finally, it should be noted that some abrupt transition can occur within decades. For
example, the termination of the Younger Dryas event (YD, 12,900-11,600 years ago) has
been observed to occur within 40 years in the stable water isotope signals in Chinese cave
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records [45,46]. It remains challenging to interpret such a rapid transition in terms of
AMOC instability. Other mechanisms, notably those related to sea ice changes, may be
responsible for such rapid transitions.

3.2. AMOC Instability in CGCMs

In most CGCMs so far, the AMOC seemed stable. This statement, however, remains
highly uncertain, because, unlike EMICs, CGCMs are computationally too expensive to
perform comprehensive sensitivity experiments over thousands of years under different
perturbation forcing. Instead, so far, AMOC stability in most CGCMs has been assessed in
two approaches. The first approach is the direct perturbation experiment, but mostly of a
short duration of hundreds of years. In response to a meltwater pulse, the AMOCs in most
CGCMs have been found to recover after the termination of the freshwater forcing for the
Present Day (PD) [47] and LGM [48]. In response to long term CO; rise, CGCMs so far also
show gradual responses [49]. Similarly, in response to a rapid rise of atmospheric CO,, the
AMOC also tended to decline gradually (instead of abruptly), including the simulations in
IPCC reports [50], followed by slow recovery at millennial time scales [49,50]. These short
experiments have led to the impression of a monostable AMOC, although it is possible that
the perturbations might not have been strong or long enough to push the AMOC out of the
stability attractor [32]. This impression was corroborated by a few long simulations of past
climate changes in a small subset of models. Therefore, in most current CGCMs, abrupt
climate changes could be generated only by abrupt changes in the forcing ([51-55]).

There are a few CGCMs (without flux adjustment) that exhibited AMOC instability
in idealized paleo climate modelling. In a coarse resolution model, the AMOC seemed to
be locked in a broad bistability regime such that the AMOC changed abruptly to another
state in response to a gradual change in ice-sheet topography, atmospheric CO, or orbital
forcing [56-58]. Furthermore, AMOC instability and the resulting millennial variability
tended to occur for intermediate levels of glacial ice sheet and CO,, consistent with the
observations that the strongest millennial variability occurred in Stage 3 in the last glacial-
interglacial cycle (Figure 1). Nevertheless, temperature variability over Greenland was
underestimated in this model relative to reconstructions [59]. In several CGCMs, the
AMOC seemed to transition to an unstable state of strong millennial variability in response
to perturbation climate forcing [60-64]. In one version of the Community Earth System
Model version 1 of the modified ocean diffusivity coefficient, the AMOC in the LGM setting
exhibited DO-like variability of about 700 years of duration after being triggered by a
strong meltwater pulse [60,61]. Why the change in diffusivity caused the change in AMOC
stability, however, remains unclear. Oceanic diapycnal mixing has been suggested to
enhance AMOC instability in some theoretical models and EMICs [65,66], but to suppress
AMOC instability in a CGCM [67] and not to qualitatively affect the AMOC stability
in an EMIC [68]. Overall, it remains unclear why these few CGCMs that do not exhibit
monostable AMOC are different from most CGCMs that seem to exhibit monostable AMOC,
given their comparable resolution and complexity of model physics.

The second approach was an indirect approach in which AMOC stability was inferred
from a diagnostic indicator M,, s that represents the southward freshwater export by
the zonal mean overturning circulation across ~30° S in the Atlantic [11]. The AMOC is
inferred bistable for freshwater exporting M,, s < 0, because a weakening AMOC leads
to a freshwater pileup in the Atlantic, and then a further weakening of the AMOC. This
indicator has been found to be remarkably successful in EMICs [32,33,69-71], and even in
a few CGCMs [72,73], in the sense that its sign was consistent with the AMOC stability
tested in direct simulations. It should also be noted that the fidelity of the indicator seemed
to be improved substantially after a refinement to include the AMOC freshwater transport
across the northern boundary of the North Atlantic M,, y as the net freshwater import
AMoy = Myys — Myy,n [68,74]. For example, almost all CMIP5 models responded to
increased CO, with a gradual slowdown, likely implying monostable AMOC, even though
40% of the models were inferred as bistable in terms of M, s(< 0) [75-78]. However, in
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terms of AMy,, most models were indeed inferred as stable [79] (Figure 3), suggesting the
non-negligible role of M,, n. An additional improvement can be further made to take into
account the slow temporal evolution of the AMOC [76,77]. The most valuable aspect of
this indicator was its applicability to present observations. All the observational data sets
showed a net freshwater export M,,s < 0 or AMy, < 0, implying a bistable regime of
the present AMOC [24,32,38,72,78-81] (Figure 3). If this indicator is indeed correct, the
real-world AMOC would be unstable at the present and most CGCMs are too stable and
thus might have underestimated the likelihood of abrupt climate changes [80,81].
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Figure 3. AMOC stability in the modern climate as assessed by stability indicators. The indicator
values in the modern climate are shown in solid circles with color for 4 reanalysis data sets, in gray
triangles for the CMIP5 model simulations, and in blue and red diamonds for the CCSM3 before
(CTL) and after (AD]J) flux adjustment. A positive or negative indicator implies that the AMOC
resides in a stable or bistable regime. Note that for CMIP models, about 40% shows M, s < 0, but all
show AM,, > 0. Adapted from [72].

Given the potential importance of this stability indicator, it is interesting to ask why
most CGCMs have shown a net AMOC freshwater import, opposite to current observa-
tions, while EMICs have shown an AMOC freshwater export as in current observations.
The biased freshwater transport in CGCMs has been found to be caused mainly by the
salinity bias in the South Atlantic, especially the fresh bias of the surface subtropical wa-
ter [38,82,83]. From the oceanic perspective, this surface fresh bias could be caused by
the deficient ocean model, such as the coarse model resolution and the deficient Agulhas
Retroflection [37,38,84]. Yet, even with similar coarse resolution ocean models, EMICs were
able to simulate the freshwater export as in observations. This seemed to suggest that
the salinity bias in the CGCMs were caused by certain model biases common in CGCMs,
but not in EMICs. One such bias was suggested to be the tropical bias of the double
Intertropical Convergence Zone (ITCZ) [81], which has been a persistent bias in almost
all CGCMs [85,86], especially over the tropical Atlantic sector [87]. This southward bias
of ITCZ would lead to excessive rainfall and surface freshening in the surface subtropical
South Atlantic [81,83]. This hypothesis has been tested systematically in one CGCM using
flux-adjustment sensitivity experiments [81]. While the original CCSM3 model was indeed
monostable under direct meltwater perturbation, consistent with AM,, > 0, the model
after flux adjustment is changed to being bistable in terms of both direct perturbation
experiment and AM,, < 0 (Figure 3). This hypothesis appeared to also be consistent in
another two CGCMs, in which the model without flux adjustment is monostable but the
model with flux adjustment is bistable [88,89]. However, a systematic study is still lacking
across models on the role of flux adjustment on AMOC stability.

The tropical bias hypothesis seemed to offer an explanation as to why EMICs tended to
be more unstable than CGCMs. Due to the simplified atmospheric physics in EMICs, their
model climatology is generated with some information on the present climatology of wind
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and/or SST. Thus, all EMICs could be considered as models after flux adjustment. Another
hypothesis is that the salinity bias was contributed by the model bias of the Antarctica
Intermediate Water (AAIW) [90]. However, for most CGCMs, the AAIW was more saline
than observations, which would have favored freshwater export, instead of import, in these
CGCMs [91].

The key question still remains open as to how correct the indicator is, in CGCMs and
ultimately the real world. Physically, the freshwater budget of the North Atlantic and the
final salinity feedback with the AMOC can be affected by the AMOC freshwater transport
as well as other processes, such as the azonal gyre transport M, atmospheric feedback on
evaporation minus precipitation and wind stress (and in turn gyre transport) and oceanic
mixing processes (see [37,84] for comprehensive reviews). Indeed, there are at least two
CGCMs showing AMOC instability, but without flux adjustment, they are inconsistent
with this indicator ([72], but see an alternative explanation by [92,93]).

3.3. Relevance to the Present and Future

AMOC instability is highly relevant to the future climate state and abrupt changes [94],
which remain highly uncertain [95]. AMOC instability can be state dependent such that the
AMOC stability differs in different times, glacial periods, Holocene, the present and future.
What is then needed is the understanding of how the AMOC stability changes with climate
state. In spite of the uncertainty, the stability indicator can serve as a useful starting point.
The indicator implies an unstable AMOC in observations at the present time. This unstable
AMOC, however, seems to contradict the lack of abrupt events in the Holocene (except
for the modest 8.2 ka event, [96]), if the Holocene is taken as an analogue of the present.
Alternatively, this lack of large abrupt changes in the Holocene could be caused by the lack
of a strong trigger in the Holocene.

If we take the evidence of a likely unstable AMOC in the glacial cycle and assume
the indicator is correct for the present period, most current CGCMs would be too stable,
implying an underestimation of the possibility of abrupt climate changes in the future [79].
This over-stable AMOC is consistent for most recent CGCMs without flux adjustment, in
which the AMOC responded gradually to the future rise of CO; [49]. There are, nevertheless,
three exceptions for CGCMs without flux adjustment that show abrupt collapse in hundreds
of years, as presented in ref. [57,93,97]. The evolution of the AMOC in the future will be
affected further by the melting of ice sheets in Greenland and Antarctica in the long run.
It therefore remains highly uncertain how the AMOC will change in the future. It should
be kept in mind that abrupt changes in models with flux adjustment should be treated
with great caution [37], because of the potential distortion of the AMOC stability by flux
adjustment, as analyzed in simple models [98]. Equally, however, it should be realized that
there is no reason to trust the projections more from those current models without flux
adjustment, as long as these models still suffer from severe salinity bias and, in turn, the
AMOC freshwater transport, even if the stability indicator may not be perfectly correct.

4. Discussion

Recent progress in paleoceanographic proxies seem to favor the oceanic origin of
AMOC instability as the cause of the abrupt climate changes during the glacial-interglacial
period. Most CGCMs, however, seem to be over-stable, judging from the limited sensitivity
experiments available, as well as the stability indicator AMy, although it remains uncertain
how correct this indicator is across CGCMs and in the real world.

Further paleo proxy records, especially those with high-temporal resolution, are
needed to distinguish the AMOC instability from the ice-sheet instability as the origin
for abrupt climate changes. These records may further include those outside the North
Atlantic, say, in the North Pacific [99], because of their potential links to the abrupt changes
in the AMOC.

Even more challenging is the assessment of the AMOC instability in the real world
for the present and future. For the present, it has remained difficult to detect the AMOC
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response to the global warming of rising CO,. This is because the direct instrument
measurement of AMOC transport has only been available for two decades. This short
record can be significantly distorted by multidecadal variability and therefore is too short
to detect the trend response to CO; rise. Observational evidence of deep warming in the
Atlantic and Southern Ocean [100-104] is not good evidence of the AMOC response either.
Besides also being too short, the deep warming could be caused simply by the advection of
the mean circulation, notably, the deep western boundary current [105], instead of a change
in the AMOC circulation. Nevertheless, a recent study of two AMOC fingerprints in the
North Atlantic surface temperature [106,107] and South Atlantic surface salinity [108,109]
seemed to provide the clearest evidence so far of the AMOC slowdown response to global
warming. This slowdown response, if true, could be simply the forced response of the
AMOC, even without instability.

Finally, it is certainly worrisome, to say the least, that the state-of-the-art CGCMs
still show the opposite AMOC freshwater transport, which is potentially related to the
salinity feedback and in turn, AMOC instability. A diagnostic indicator, even if imperfect,
provides the only way that the AMOC stability can be assessed for the present day real
world, which then can be compared with models. Given all the odds of potential feedback
beyond a simple conceptual model, it is already surprising that the indicator AM,, even
works in many EMICs and some CGCMs. In EMICs, this indicator has been shown to
represent the physical process of basin-wide salinity feedback associated with perturbation
flow on mean salinity, while the gyre-induced freshwater transport is not sensitive to
AMOC changes [32,33]. These feedback processes may be altered in CGCMs, especially
in high-resolution models, leading to inconsistency between the indicator and AMOC
stability [37,73,110]. Is it then possible to derive an improved stability indicator? For
example, should the AMOC freshwater transport be calculated at a latitude other than 30°
S, such as the intergyre boundary where the gyre transport change seems to be weak [73,90]?

5. Conclusions

Ultimately, AMOC instability, including any potential instability indicator, should be
studied in the most realistic models without flux adjustment: high-resolution models with
little bias in model climatology. This poses several challenges. First, the high-computational
cost for the eddy resolving high-resolution models makes it difficult to perform extensive
and long simulations that are needed to test any stability indicator. Second, if the indicator is
related to a certain model bias, such as the tropical bias, these biases need to be significantly
reduced in these CGCMs for a credible test of the indicator. The reduction of this bias,
however, will be challenging because some biases are stubborn, notably the tropical bias
which has been one of the most stubborn biases in CGCMs. Finally, AMOC instability may
involve different feedback on different time scales, which may also be related to various
transient behaviors of the AMOC responses, the latter being more relevant in the near
future of climate change [93,97,110-112]. The different transient behaviors may be related to
the basin-wide salinity feedback [35], as well as other feedback, such as the local convective
feedback in the subpolar North Atlantic [113], feedback with atmosphere and sea ice [114],
and the salinity feedback between the tropical and North Atlantic [89].
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