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Abstract: The Tibetan Plateau, a pivotal component of the global climate system known as
the "Asian Water Tower," governs freshwater availability for billions. However, the physical
mechanisms linking stratospheric circulation to its precipitation variability remain poorly
constrained, limiting predictive understanding. Here, this work constructs a new indicator based
on the ratio of stratospheric tracer 'Be (ti2 = 1.39 Ma) and "Be (ti» = 53.29 d), to reveal the
modulation mechanism of stratospheric Quasi-Biennial Oscillation (QBO) phase transitions on
Tibetan Plateau precipitation processes and its possible large-scale vertical circulation associations.
Analyzing synchronous wet-deposition data from Lhasa (Tibetan Plateau) and Xi'an (Loess
Plateau) during the 2022-2023 QBO transition, we empirically analyzes the synchronous response

relationship between isotope deposition and regional precipitation during the tropopause stable
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28  period determined by the °Be/’Be ratio in precipitation samples. An XGBoost machine-learning
29  model then isolates the coupled impact of the easterly QBO phase and upper-level circulation on
30  precipitation. Our results demonstrate that during the observation period, the easterly QBO excites
31 a meridional wind dipole, driving an anticyclonic circulation that enhances stratospheric air
32 transport to the surface. This dynamical pathway substantially increases precipitation in the
33 southern Tibetan Plateau by approximately 31%. Attempting to mechanistically linking a
34  fundamental mode of global atmospheric variability to regional water resources via stratospheric
35  isotopic evidence, this framework advances the understanding of cross-scale interactions within
36  the Earth system, with direct implications for evaluating climate model performance and future
37  water security under global change.

38

39 Keywords: Quasi-biennial oscillation, Stratospheric tracer, East Asian monsoon, Precipitation,
40  Machine learning

41

42 1. Introduction

43 The Tibetan Plateau, known as the "Asian Water Tower," has precipitation changes that
44 profoundly affect the Asian monsoon system and regional water resource security (Yang et al.,
45 2014). Against the backdrop of global climate change, increased monsoon variability has led to
46  enhanced interannual fluctuations in precipitation across the plateau and downstream regions,
47  resulting in frequent extreme hydrological events that seriously threaten regional ecological
48 security and socioeconomic stability (Willner et al., 2018; IPCC, 2021). Over the past 20 years,

49  meteorological disasters have caused China to lose approximately 370 billion yuan annually and
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50  led to the deaths of about 1700 people (Li et al., 2021). Over the next 20 years, changes in
51 precipitation that trigger river floods will increase China’s total economic losses by 82% (Willner
52 etal, 2018). Therefore, clarifying the driving mechanisms of precipitation on the Tibetan Plateau
53 is an urgent need for understanding monsoon evolution, improving climate prediction, and
54  developing adaptation strategies.

55 Against this backdrop, the evolutionary trends of atmospheric vertical structure (including
56  tropopause height, stratosphere-troposphere exchange intensity, etc.) and their hydroclimatic
57  effects have become a cutting-edge research topic in the study of rainfall driving mechanisms in
58 High Asia. Among these, the stratospheric Quasi-Biennial Oscillation (QBO), as an important
59  stratospheric dynamic process, has been confirmed to be a key factor leading to the north-south
60  dipole mode of precipitation in East Asia centered around 30°N, typically expressed as either
61 “southern drought-northern flood” or the reverse (Hu et al., 2022; Zhang et al., 2024; Fu et al.,
62 2024). The QBO refers to the periodic alternation of easterly and westerly zonal winds in the
63  tropical stratosphere, with easterly (EQBO) and westerly (WQBO) phases alternating
64  approximately every 28 months (Ebdon and Veryard, 1961). The QBO signal propagates
65  downwards from 30 hPa to the lower stratosphere and has a strong regulatory effect on
66  stratospheric and tropospheric circulation (Baldwin & Dunkerton, 1991; Hitchman et al., 2021).
67  The QBO can influence the intensity and structure of the stratospheric polar vortex, alter
68 subtropical jet stream dynamics, and regulate deep convective activity in monsoon regions
69  (Collimore et al., 2003). In East Asia, these atmospheric circulation changes caused by the QBO
70  fundamentally affect the spatiotemporal distribution of monsoon rainfall (Zhang et al., 2023; Luo

71 et al., 2023; Zhang et al., 2024). Previous studies have shown that the impact of the QBO on the
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72 surface is mainly concentrated in winter, but it is gradually being recognized that the QBO may
73 also have a significant impact on summer rainfall (Ho et al., 2009; Hu et al., 2022). For example,
74  during the EQBO phase, enhanced convective transport and moisture flux can strengthen
75  precipitation in key regions such as the Tibetan Plateau, while the WQBO period usually
76  suppresses these processes (Hu et al., 2022). However, there is currently a lack of sufficient direct
77  observational evidence regarding the specific mechanisms by which the QBO influences summer
78  precipitation over the Tibetan Plateau through stratosphere-troposphere coupling, particularly
79  high-resolution indicators that can effectively trace atmospheric vertical exchange processes.

80 Traditional methods for identifying precipitation driving factors in high-altitude regions
81 largely rely on meteorological reanalysis data or climate model simulations. Although China has
82  gradually increased upper-air observations in the Tibetan Plateau during recent years (MA et al.,
83 2023), it remains difficult to achieve regional long-term continuous monitoring, and there is a lack
84  of high-resolution physical tracer information in the vertical direction. Collecting isotopic
85  indicators from surface samples has become a continuous observation method, capable of
86  effectively responding to rainfall events and processes (Yu et al., 2025; Chen et al., 2020; Heikkila
87  and Smith, 2013). Cosmogenic isotopes are a special type of isotopes that are naturally produced
88  solely through cosmic ray interactions. Early studies utilized cosmogenic beryllium-7 (’Be) and
89  beryllium-10 ('’Be) as passive tracers to reveal stratospheric anomalies (Raisbeck et al., 1981;
90  Zanis et al., 2003). "Be and '°Be are produced by the interaction of cosmic rays with N and O
91 atoms in the stratosphere and tropopause (Masarik and Beer 1999). Once generated, 'Be and °Be
92 quickly adsorb onto submicron aerosols and participate in the entire atmospheric mixing process

93 (Graham et al., 2003). The distinct production locations and half-lives of "Be (half-life: 53.29 days)
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94  and '“Be (half-life: 1.39 million years) allow us to distinguish air masses originating from the
95 stratosphere and troposphere (Yamagata et al., 2010), while their deposition fluxes provide
96  insights into moisture scavenging processes (Graham et al., 2003; Heikkild and Smith, 2013). In
97  vparticular, the !°Be/’Be ratio has been widely used as a sensitive indicator of
98 stratosphere-troposphere transport (Liu et al., 2022; Liu et al., 2024a), with the potential to capture
99  the downward transport of air masses caused by stratospheric dynamic processes such as the QBO
100 and their impact on surface precipitation dynamics. Therefore, these cosmogenic radionuclides are
101 expected to become a key bridge connecting large-scale circulation changes with regional
102 hydrological responses, providing a novel and powerful research tool for a deeper understanding
103 of the formation mechanisms and variability patterns of monsoon precipitation.

104 This work aims to provide new methods and direct evidence for revealing the mechanisms by
105  which stratospheric dynamic processes influence the surface hydrology and climate of the Tibetan
106  Plateau through long-term field observations of cosmogenic "Be and '°Be in precipitation. The
107  Tibetan Plateau, influenced by the deep convective activity of the Asian monsoon and its
108  high-altitude topography, is extremely sensitive to changes in stratosphere-troposphere material
109  exchange and water vapor transport (Bian et al., 2020). By analyzing the temporal variations of
110 "Be and '°Be wet deposition fluxes in Lhasa (3650 m a.s.l.) on the Tibetan Plateau, linking them to
111 Asian regional atmospheric circulation dynamics, and simultaneously comparing them with Xi'an
112 (420 m a.s.l.) on the Loess Plateau, which is affected by similar large-scale circulation, and
113 combining machine learning methods, we focus on analyzing the stratospheric-tropospheric
114 coupling process modulated by the QBO and separating its key driving role in precipitation

115 wvariability. This work will provide new in-situ observational evidence and an interdisciplinary
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116  research perspective for understanding how large-scale circulation changes in East Asia drive
117  regional precipitation responses.

118

119 2. Materials and methods

120 2.1 Study area

121 The Tibetan Plateau averages over 4000 meters in elevation and is characterized by limited
122 precipitation, low pressure, and intense solar radiation. The region's natural setting is highly
123 complex and distinctive, especially regarding precipitation patterns. Precipitation across the
124 Tibetan Plateau is generally low, with most rainfall occurring in summer, especially during July
125  and August. Under the combined effects of the East Asian and Indian monsoons, rainfall is
126 unevenly distributed (higher in the eastern and southern regions), and lower in the western and
127 northern areas. The plateau’s precipitation is primarily shaped by its terrain, monsoon systems,
128  and atmospheric circulation, influencing both regional ecosystems and the climate in adjacent
129 areas. The sampling location, Lhasa, lies in the southern Tibetan Plateau, receiving roughly 400
130 mm of annual rainfall and sitting at an average altitude of 3600 m.

131 The Loess Plateau is adjacent to the Tibetan Plateau and is influenced by the same large-scale
132 atmospheric circulation patterns. Furthermore, it is located on the same side of the dipole rainfall
133 pattern as the Tibetan Plateau, and is therefore used as a control observation point in this work.
134 Rainfall also exerts a significant impact on the vulnerable ecosystems of the Loess Plateau: too
135  much can intensify soil erosion and geomorphic degradation, while too little may lead to reduced
136 vegetation cover and weakened ecosystem functions (Cai et al., 2022). According to Chinese

137  Loess °Be sedimentary records, climate change has historically caused variations in the intensity
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138 of rainfall events on the Loess Plateau (Zhou et al., 2023). Xi’an, where sampling was conducted,
139 lies in the southern Loess Plateau of China and receives approximately 500-750 mm of rainfall
140  annually.

141 2.2 Sample collection

142 In the rainy seasons of 20222023 (Mar.to Sep.), we obtained 60 precipitation samples from
143 Lhasa, located in the southern Tibetan Plateau [29°38'49"N, 91°4'37"E, 3650 m above sea level
144 (a.s.l)], and Xi’an in the southern Loess Plateau (34°13'20”"N, 109°00'18"E, 420 m a.s.l.). Outside
145  of this period, either there was almost no rainfall or the precipitation volume was insufficient for
146 effective sample collection. The Lhasa site is encircled by mountain ranges, whereas the Xi’an site
147 lies in the Guanzhong Basin, north of the Qinling Mountains (geographical setting shown in Fig.
148 S1). Samples were collected from rooftop locations at both sites (~18 m above ground in Lhasa
149  and ~5 m in Xi’an). The volume of each sample ranged is 4-120 L, with the duration of collection
150  determined by rainfall amount, not exceeding 24 h. Rainwater was collected over areas of 4-0.28
151 m? in Lhasa and 6:0.28 m? in Xi’an. Rainwater was collected and stored using acid-cleaned
152 polyethylene trays and polyethylene containers. The acid pre-treatment of containers minimizes
153 adsorption of "Be and '°Be on container surfaces (Tiessen et al., 2019). The first ~0.5 hours of
154  rainfall were excluded to eliminate contamination from re-suspended '°Be in dust, allowing for
155  reliable measurements of wet '°Be deposition (Graham et al., 2003). The sampling times provided
156  in this work are local time (UTC+8).

157 2.3 Laboratory analysis

158 Unlike the conventional need for gamma spectrometry to measure short half-life of "Be, we

159  applied accelerator mass spectrometry (AMS) to simultaneously analyze both ’Be and '°Be. Both
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160  "Be/°Be and '°Be/’Be were measured on the same AMS targets prepared with a known quantity of
161 stable °Be, streamlining the °Be/’Be data acquisition. Each sample was processed in 10-20 min,
162 allowing for efficient collection of large volumes of high-precision beryllium isotope data. The
163 chemical pretreatment aimed to extract and purify beryllium from the samples, and ultimately
164  produce BeO solid targets for AMS analysis (Fig. S2). The experimental procedures for sample
165  pretreatment and AMS target preparation were based on previously published methods for
166  rainwater processing (Zhang and Fu, 2017), with a minimum acceptable recovery rate of > 80%.
167  The °Be standard solution (1000 mg/L) from NCS Testing Technology Co. Ltd and the '°Be
168  standard (SRM 4325, 1°Be/’Be = 2.68-107'") from National Institute of Standards and Technology
169  were applied in the analysis. Dowex1W-X8 (CI) ion exchange resin (Merck) was employed in
170 conjunction with a Bio-Rad ion exchange column (1.0 cm*20 cm). Additional reagents comprised
171 analytical-grade HNO;, HCI, NH3-H.0O, H20», along with Milli-Q purified H2O (resistivity = 18.2
172 MQ-cm, 25 °C).

173 2.4 AMS measurement sample

174 "Be and '"Be analyses were carried out at the Xi’an Accelerator Mass Spectrometry Center by
175 3MV multi-isotope AMS system. Both Be and '"Be were measured concurrently on a single
176  target in a +4 charge state, with analytical conditions based on previously published parameters
177  (Liu et al., 2024b). To guarantee measurement reliability and assess data validity, each batch
178  included three standard reference samples and one procedural blank, the latter showing values
179  approximately 103 times lower than real samples. Results from repeated parallel tests (Fig. S3)

180 indicated that uncertainties remained within the 26 confidence interval.
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181 2.5 Machine learning

182 Employing the XGBoost machine-learning model (Chen and Guestrin, 2016), we examined
183 20 years (2001-2020) of ERAS5 reanalysis for the Tibetan Plateau region (25°N—40°N,
184  80°E-100°E), and used interpretable SHapley Additive exPlanations (SHAP) analysis to
185  disentangle and quantify the influence of each meteorological parameter on rainfall (Lundberg et
186  al., 2020) (Fig. S5). The predictors include: R1000 (relative humidity at 1000 hPa, %), CAPE
187  (convective available potential energy, J/kg), Q1000 (specific humidity at 1000 hPa, g/kg), MSL
188 (mean sea-level pressure, hPa), BLH (boundary-layer height, m), T2M (2-m air temperature, K),
189 U50 (zonal wind at 50 hPa, m/s), Z200 (200-hPa geopotential height, m), U100 (100-m zonal
190  wind, m/s), and V200 (100-m meridional wind, m/s). It should be noted that when applying SHAP
191  analysis, the presence of interdependencies between features can lead to additive contribution
192 effects, which may potentially affect the quantitative interpretation of the importance of individual
193 features.

194 2.6 Trajectory calculations

195 The Hybrid Single-Particle Lagrangian Integrated Trajectory model (NOAA HYSPLIT.
196  https://www.ready.noaa.gov/HYSPLIT.php) is a commonly used tool for tracking atmospheric
197  transport and identifying air mass sources (Stein et al., 2015). To simulate the transport direction
198  and speed of air masses at various altitudes, we employed 1°-resolution gridded meteorological
199  data from the Global Data Assimilation System, with model settings consistent with those in prior
200  research (Liu et al., 2024a). Air masses at different altitudes exhibit considerable differences in
201 residence time and transport velocity. Accordingly, a trajectory duration of 72-96 hours was used

202  in the simulations to adequately capture air mass movement. Three distinct inversion heights were
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203 chosen to examine the vertical transport paths of the air masses. Due to the low and stable
204  boundary layer in Xi’an, trajectory heights of 10 m, 500 m, and 1000 m above ground level were
205  conventionally used. In comparison, Lhasa has more vigorous vertical air motions, with trajectory
206  heights set at 10 m, 2000 m, and 6000 m above the ground to capture representative dynamics.
207  Trajectory simulations began at periods of abnormal '’Be/’Be ratios, using a 6-hour interval for
208  the initiation of each path. The model was initiated in December 2024, with backward trajectories
209 traced from the two sampling locations (Lhasa: 29°38'49"N, 91°4'37"E; Xi’an: 34°13'20"N,
210  109°00'18"E).

211 2.7 Data collection and processing

212 The dataset, including Zonal (east-west) U wind speed and geopotential dataset, was obtained
213 from ERAS monthly averaged data on pressure levels (Hersbach et al., 2023) and visualized with
214 Panoply. Origin 2020 was used to process and graph the raw data. Rainfall data were retrieved
215  from the China Meteorological Data Network (http://data.cma.cn/). Annual fluxes of "Be and °Be
216  were derived from mid-year average concentrations during the sampling period combined with
217  annual precipitation data.

218

219 3. Results

220  "Be and '’Be wet deposition observations

221 Fig. 1a illustrates the time series of '’Be and "Be concentrations and their daily deposition
222 fluxes in Lhasa precipitation during the 2022-2023 rainy seasons (June to September). The
223 concentrations of '°Be and "Be varied from (0.94 + 0.08)-10* atoms-g! to (29.70 + 0.44)-10*

224  atoms-g’! rain, and from (0.63 + 0.32)-10* atoms-g™! rain to (10.29 + 0.22)-10* atoms-g™! rain,

10
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225  respectively. Their median concentrations were 2.10-10* atoms-g" rain for °Be and 1.42-10*
226  atoms-g! rain for "Be. The '°Be/’Be ratios varied between 0.97 + 0.26 and 3.64 + 0.32. The daily
227  wet deposition fluxes of '°Be and "Be in Lhasa, estimated using daily rainfall, ranged from (0.41 +
228  0.02)-10% atoms'm?-d! to (43.07 + 0.64)-10% atoms'm?>-d' and from (0.29 = 0.05)-108
229  atoms-m?-d! to (14.92 £ 0.31)-10°% atoms-m?>-d"!, respectively. Median fluxes were 1.93-108
230  atoms'm?-d! for 1°Be and 0.98-10% atoms-m2-d"! for "Be.

231 Fig. 1b illustrates the time series of '’Be and "Be concentrations and daily wet deposition
232 fluxes in precipitation in Xi'an during the same period (March to September 2023). In Xi’an, the
233 concentration ranges of '°Be and "Be in precipitation were (2.24 + 0.10)-10* atoms-g™! rain to
234 (71.40 £ 0.63)-10* atoms'g’ rain and (1.62 + 0.22)-10* atoms-g” rain to (25.43 + 0.79)-10*
235  atoms-g’! rain, respectively, with median values of 8.35-10* atoms-g™! rain and 4.16-10* atoms-g’!
236 rain. The '"Be/’Be ratio ranged from 1.07 + 0.09 to 2.81 + 0.08. The daily wet deposition fluxes of
237  '"Be and "Be in Xi’an ranged from (1.28 £ 0.07)-10® atoms'm?-d' to (86.22 + 1.83)-108
238  atoms'm2-d’! and (0.68 + 0.06)-10% atoms-m2-d"! to (55.60 = 3.08)- 108 atoms-m?2-d"!, respectively,
239  with median values of 8.32-10% atoms'm?-d"! for '°Be and 5.89-10% atoms'm-d"! for "Be. The

240  specific measurements for each rainfall event are listed in Tables S1 and S2.
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242 Fig. 1 Time series curves of wet settling of '’Be and "Be. The concentrations, daily fluxes, and
243 ratios of °Be and "Be in precipitation in the Lhasa, Tibetan Plateau (a) and the Xi'an, Loess
244 Plateau (b). Xi'an’s records only in 2023.
245 4. Discussion
246 4.1 Natural cosmogenic °Be and "Be fluxes
247 Cosmogenic "Be and '°Be serve as robust tracers, enabling the quantification of Earth surface
248  processes across timescales from daily to seasonal and on longer timescales of 10° to 10° years

12
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249 (Brown et al., 1989; Graham et al., 2003; Juri Ayub et al., 2012; Deng et al., 2020). The key
250  requirement for their application is a thorough understanding of the flux of "Be and °Be generated
251  in the atmosphere and their transport to the Earth's surface. Around 95% of '°Be and 7Be in the
252 atmosphere are deposited through wet deposition (Brown et al., 1989). Long-term, synchronized
253 observational records of ''Be and ’Be in rainwater are limited, with the exception of our
254 preliminary study in Xi'an, Loess Plateau (Zhang and Fu, 2017; Liu et al., 2024a). To the best of
255  our knowledge, similar records exist only in regions such as the USA (Brown et al., 1989), New
256  Zealand (Graham et al., 2003), and Switzerland (Heikkild et al., 2008). This represents the first
257  long-term daily-resolution observational record of atmospheric '°Be and "Be wet deposition in the
258  high-altitude regions of China, specifically the Tibetan Plateau (Fig. 1a). In light of the strong
259  utility of "Be for investigating aerosol deposition, the joint use of '°Be and "Be in our observations
260  helps circumvent the natural-process constraints inherent to single-isotope tracers, paving the way
261 for more precise quantitative assessments of bulk aerosol deposition rates.

262 The results reveal that the concentrations and ratios of '°Be and "Be in precipitation from the
263 Tibetan Plateau and Loess Plateau are broadly consistent with previous studies from other regions.
264  Additionally, the '"Be/’Be ratio range in rainwater aligns with the dry deposition records of
265  aerosols we previously collected from various locations across China (Liu et al., 2024b).
266  According to the mean annual precipitation for the corresponding years in Lhasa (356.6 mm) and
267  Xi'an (550.9 mm), the annual wet deposition fluxes of '°Be and "Be in Lhasa (29°N) are 74.69-10%
268  atoms-m?2-yr' and 50.72-10% atoms-m?-yr!, respectively. In contrast, for Xi'an (34°N), the
269  respective fluxes are 460.10-10% atoms-m2-yr! for '°Be and 229.31-10% atoms-m2-yr"! for "Be.

270  The production rate ratio of '’Be to Be remains consistent across latitudes (Masarik et al., 1999).

13
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271 Furthermore, our findings align with the modern trend of increasing '°Be deposition flux with
272 latitude, typically ranging from (40-530)-10% atoms-m=-yr! between latitudes 10° and 47° (Deng
273 etal., 2020).

274 From these data, it can be seen that for Lhasa and Xi'an, which have similar annual mean
275  precipitation, the '°Be flux signal on an interannual scale mainly reflects changes in the production
276 rate of '°Be. This is consistent with previous studies, which concluded that on a seasonal scale, the
277  flux variations of "Be and !°Be are related to environmental factors such as precipitation rate and
278  the height of the tropopause (Terzi and Kalinowski, 2017; Heikkild and Smith, 2013). Therefore,
279  the seasonal data of '"Be and "Be may contain information on rainfall induced by monsoon
280 circulation changes, particularly the daily resolution ’Be and ’Be flux data, which have the
281 potential to record rapid rainfall variations.

282 4.2 ''Be and "Be anomalies and rainfall changes

283 Owing to their high sensitivity to precipitation, '’Be and "Be have become valuable tracers in
284  environmental research. High rainfall events generally enhance the wet deposition fluxes of °Be
285  and "Be, making them reliable proxies for reconstructing precipitation patterns. Leveraging this,
286 19Be has been applied to paleo-precipitation reconstructions (Zhou et al., 2023), whereas 'Be
287  serves as a tracer for rainfall-induced soil erosion (Juri Ayub et al., 2012). In this study, we
288  integrate precipitation-derived '°Be and Be records to assess how precipitation dynamics control
289  beryllium deposition fluxes on daily to monthly timescales.

290 In Lhasa (two-year record) and Xi’an (one-year record), we fitted “Be and Be
291 concentrations and fluxes in precipitation against daily rainfall amounts (Fig. 2). The results reveal

292 that '"Be and "Be levels are closely tied to rainfall intensity (~0.5-100 mm-h™") during daily

14
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293  precipitation events, suggesting a concurrent variation between rainfall intensity and the
294  deposition behavior of beryllium isotopes. This phenomenon indicates that in modern
295  environments, precipitation intensity will simultaneously regulate the deposition processes of both
296  Be and '°Be.

297 Notably, the correlation between '°Be and "Be fluxes and precipitation is substantially lower
298  in Lhasa (R? < 0.33; Fig. 2¢) than in Xi’an (R? > 0.54; Fig. 2d). This disparity may stem from the
299  relatively sparse precipitation in Lhasa, where orographic uplift at high altitudes intensifies
300  vertical atmospheric exchange, resulting in more pronounced interactions between precipitation
301 dilution effects and dynamic atmospheric transport. In contrast, Xi’an experiences more abundant
302  and concentrated rainfall events, contributing to the stronger flux-rainfall correlation observed. As
303  highlighted by red-circled data in Fig. 2a and 2b, steeper slopes-indicative of elevated ’Be/’Be
304  ratios: coincide with seasonal peaks in stratosphere-troposphere exchange. These elevated
305 19Be/’Be ratios reflect intensified stratosphere-troposphere exchange events (Zanis et al., 2003;
306  Liu et al., 2024a). These findings imply that downward-transported stratospheric air masses,
307  enriched in beryllium isotopes, intrude into the lower atmosphere and modulate rainfall and
308 deposition patterns (Graham et al., 2003; Heikkilé et al., 2008). As a result, the additive signal
309  during spring and summer appears subdued, likely because frequent convective rainfall events
310  intensify dilution effects during deposition.

311 To isolate the contribution of stratosphere-to-troposphere vertical motion on "Be and '°Be, we
312 excluded data points with high °Be/’Be ratios and conducted a re-analysis. This resulted in a
313 significant improvement in the linear relationship between daily 'Be and '°Be wet deposition

314  fluxes and rainfall amounts (Fig. 2c, 2d, R?> = 0.85-0.92, p < 0.05) in both Lhasa and Xi’an. This
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322
323

324
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326

327

implies that, under regional tropospheric control, the deposition of "Be and °Be is predominantly
governed by precipitation. The slopes of these linear regression models provide a means to trace
environmental process variations over short-term (daily to seasonal) and long-term (10°-10° years)
timescales. This provides further insight into the mechanisms through which factors such as
precipitation, climate change, and stratosphere-troposphere exchange influence Be and '°Be

concentrations (Juri Ayub et al., 2012; Deng et al., 2020).
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Fig. 2 Linear fitting analysis of °Be, "Be, and daily precipitation. According to the observations
from Lhasa (a) and Xi’an (b), data points with 1°Be/’Be ratios above the 1.8 baseline and relatively
high '°Be and "Be concentrations are grouped into red circles based on their proximity in date and
labeled in chronological order, while the other points are grouped into a black circle. For the data

points in red circles (in Fig. 2a and 2b). Fig. 2c and 2d present linear fits of daily '°Be and "Be
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328  deposition fluxes versus daily precipitation, both before and after removing these points.

329

330 4.3 ''Be/’Be ratio traces atmospheric circulation changes

331 At the regional scale, precipitation is strongly modulated by atmospheric circulation patterns.
332 Vertical atmospheric motions, especially under climate change, reinforce the established causal
333 link between precipitation and circulation regimes. Cosmogenic '’Be and "Be are recognized as
334 sensitive tracers of atmospheric circulation dynamics (Raisbeck et al., 1981; Terzi and Kalinowski,
335  2017), with their distribution and deposition fluxes governed by circulation dynamics.
336 Observational evidence (Fig. 1) shows elevated ’Be/’Be ratios in Lhasa and Xi’an, suggesting
337  tropopause instability at the time, reflecting enhanced stratosphere-to-troposphere exchange,
338  which elevated the relative input of '"Be and consequently modified the '"Be/’Be ratio in
339 precipitation.

340 Long-term (multiannual) trends of "Be are significantly influenced by solar activity and
341 large-scale teleconnection indices, including the Arctic Oscillation (AO), North Atlantic
342 Oscillation (NAO), and QBO (Chham et al., 2019). In contrast, "Be seasonal variations are mainly
343 controlled by local meteorology (Chham et al., 2019; Abdul et al., 2025). Our sampling occurred
344  during the rising phase of the 25 solar cycle (2019-2030), when solar activity is not a major
345  driver of "Be or °Be trends (Gerasopoulos et al., 2003; Chham et al., 2019). QBO modulates the
346  phase evolution of AO and NAO, with EQBO winters characterized by stronger
347  stratosphere-troposphere coupling and amplified NAO patterns, whereas the opposite holds during
348  WQBO years (Cai et al., 2022). Furthermore, multiyear records show that surface "Be levels

349  oscillate in phase with QBO (Terzi and Kalinowski, 2017; Chham et al., 2019), with a significant
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350  squared coherence (0.68, at the 90% confidence level) between the 20-30 month cycle of ’Be and
351 QBO (Gerasopoulos et al, 2003). The QBO descends at ~1 km/month, promoting
352 stratosphere-to-troposphere exchange, thus elevating surface "Be levels. Meanwhile, "Be and '°Be
353 in precipitation show strong correlations in both flux and concentration (R> > 0.92, P < 0.05; Fig.
354  S4), suggesting shared controls over their wet scavenging processes, and that they follow
355  comparable temporal cycles. These synchronized shifts in '’Be and "Be are tightly connected to
356  QBO-driven changes in East Asian circulation, driving enhanced upper-atmosphere-to-surface
357 cosmogenic beryllium transport. Therefore, during the active period of the summer monsoon, it is
358  essential to closely monitor changes in the '’Be/’Be ratio to track vertical movements between the
359  stratosphere and troposphere, which can trigger atmospheric circulation changes and lead to heavy
360  rainfall.

361

362 4.4 Rainfall driving factors

363 Given that the independent indicators '°Be and ’Be in precipitation show that changes in
364  atmospheric vertical structure have a significant impact on atmospheric circulation, we used
365 long-term reanalysis data from the Tibetan Plateau (2021-2020) to train a machine learning
366  XGBoost model. This model was used to analyze the contributions of various key precipitation
367  driving factors and to clarify the driving process of atmospheric vertical motion on precipitation
368  over the Tibetan Plateau under QBO modulation. Machine learning is adept at identifying
369  nonlinear relationships between features, and here, interpretable machine learning is used to
370  identify the key precipitation driving factors in precipitation activity over the Tibetan Plateau. The

371 SHAP method was used to evaluate the output of the XGBoost model, quantifying the
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372 contribution of individual variables to precipitation formation during the observed events, as
373 shown in Fig. 3a. The average absolute SHAP value across all samples represents the variable's
374  contribution to precipitation over the Tibetan Plateau region throughout the study period. The
375  positive or negative impact of this contribution is determined by the sign of the SHAP value (Fig.
376 3b).

377 The results show (Fig. 3), Tibetan Plateau precipitation is driven to different extents by a
378  range of meteorological variables: 1000 hPa relative humidity (R1000), convective available
379  potential energy (CAPE), 1000 hPa specific humidity (Q1000), mean sea-level pressure (MSL),
380  boundary-layer height (BLH), 2-m air temperature (T2M), zonal wind at 50 hPa (U50), 200 hPa
381 geopotential height (Z200), and 100-m zonal and meridional winds (U100, V100). The effects of
382 RI1000 and Q1000 on total precipitation over the Tibetan Plateau are nonlinear (Fig. 3b), and
383 surpassing thresholds of 75% for R1000 and 10 g/kg for Q1000 markedly increases rainfall, with
384  the strongest positive impact located in the southern Plateau (Fig. 3c). Considering U100 and
385 V100, enhanced southeast winds primarily drive the increase in southern Tibetan Plateau rainfall,
386  while dominant westerlies inhibit precipitation (Fig. 3b). A similar pattern is observed in the
387  northern Plateau. Moisture influx from the Indian Ocean elevates relative humidity in the southern
388  Tibetan Plateau, thereby significantly promoting precipitation along the southern flank. In addition,
389  rising temperatures (T2M) intensify atmospheric convection, further augmenting rainfall.

390 It is noteworthy that in the EQBO phase (Fig. 3b, U50 negative), dominant upper-level
391 easterly winds markedly increase precipitation in the southern Tibetan Plateau. In contrast,
392 prevailing northwesterly westerlies at high altitudes during the WQBO phase inhibit rainfall

393 development. A similar pattern is observed in the northern Plateau. Convective available potential
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394  energy (CAPE) and 200-hPa geopotential height (Z200) are tightly linked to atmospheric vertical
395 structure stability. Accordingly, the EQBO, by coupling and integrating upper-level vertical
396  circulation processes (CAPE and Z200, Fig. 3a), contributes as much as 31.3% to the Tibetan
397  Plateau’s annual precipitation, primarily affecting the southern and central areas.
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399  Fig. 3 the principal factors controlling total rainfall over the Tibetan Plateau based on
400  machine-learning analysis. a. Using Shapley weighting analysis to explain the driving factors and
401  their contributions to total precipitation in the Tibetan Plateau from 2001 to 2020, as revealed by
402  the XGBoost machine learning model. b. Nonlinear dependence of SHAP values on total Tibetan
403  Plateau rainfall for different key predictors. SHAP dependence was visualized using Locally
404  Weighted Scatterplot Smoothing (LOWESS) (Cleveland. 1979) with a smoothing fraction of
405  frac=0.3 (using 30% of nearest neighbors for local regression) and it=3 robust iterations to reduce
406  outlier influence, and shaded band indicates 95% confidence interval (CI) of LOWESS regression.
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407  c. Spatial patterns of SHAP values for key predictors and their contributions to total rainfall over
408  the Tibetan Plateau. Analysis was conducted for 2001-2020. R1000: relative humidity at 1000 hPa
409 (%), CAPE: convective available potential energy (J/kg), Q1000: specific humidity at 1000 hPa
410  (g/kg), MSL: mean sea-level pressure (hPa); BLH: boundary layer height (m), T2M: 2 m air
411 temperature (K); U50: zonal wind at 50 hPa (m/s), Z200: geopotential height at 200 hPa (m),
412 UI100: 100 m zonal wind (m/s), V200: 100 m meridional wind (m/s).

413

414 4.5 QBO-driven monsoon rainfall analysis

415 Reanalysis data for the 20222023 observation period (Fig. 4a) indicate that the upper-level
416  zonal wind shifted from a westerly to an easterly phase, unlike the QBO disruption events during
417  the 2015/16 and 2019/20 periods, which also featured zonal wind reversals, the QBO during
418  2022/23 underwent a stable and well-defined transition from WQBO to EQBO. The summer
419  season is commonly when QBO wind direction transitions occur. During early summer (June), the
420  geopotential height differences from 50 hPa to 850 hPa over East Asia generally shifted from
421 negative to positive (Fig. 4b). In central and northern China, negative anomalies in geopotential
422 height between 50 hPa and 200 hPa caused upper-level warm air to sink. During the EQBO phase,
423 the subtropical high-pressure anomalies at 500 hPa and 850 hPa were more pronounced,
424  strengthening the North Pacific High Center. Notably, the two high-pressure centers at
425  approximately 850 hPa over the Tibetan Plateau and the Loess Plateau moved closer together,
426  leading to abnormal near-surface uplift of air masses and increased moisture convergence in the
427  region, thereby raising the probability of rainfall over these regions.

428 Currently, East Asian precipitation follows a dipole oscillation centered around 30°N latitude
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429  (Zhang et al., 2024; Fu et al., 2024). The southern parts of the Tibetan Plateau and the Loess
430  Plateau lie on the northern flank of the precipitation dipole, experiencing similar drought—flood
431  regimes. In comparison to 2022, both the fluxes and the ratio of '°Be to ’Be in Lhasa showed a
432 marked increase in 2023, suggesting that EQBO-related cyclonic activity favors the downward
433 transport of background stratospheric easterly winds into the troposphere. Backward trajectory
434 modeling further verifies that cyclonic anomalies during the !°Be/’Be enhancement periods
435 reached the surface (Fig. 4c). Xi’an also experienced comparable increases in '°Be and "Be in
436 2023, along with a corresponding downward transport process (Fig. 1b and 4d). These findings
437 imply that such transport processes may have played a role in the ~60% rise in annual
438 precipitation in Lhasa (from 273 mm in 2022 to 439 mm in 2023) and ~34% in Xi’an.

439 How does the QBO influence tropical summer zonal wind pathways to ultimately affect
440  precipitation? Fig. 5a shows the composite differences in zonal wind across the pressure—latitude
441 section averaged over 90—130°E during June—July between EQBO and WQBO years. We note that
442  during the summer EQBO phase, the tropical stratosphere (30-60 hPa) exhibits easterly wind
443 anomalies, accompanied by a prominent meridional-zonal wind dipole between the subtropics and
444 high latitudes (e.g., easterly anomalies at 20-30°N and westerly anomalies at 30—40°N in June,
445 shifting to 30-50°N and 50—75°N in July), which gradually shift northward over time, extending
446  from the lower stratosphere to the lower troposphere. During this period, EQBO typically induces
447  prevailing secondary anticyclonic circulations and sustains anomalous high-pressure systems (Hu
448 et al.,, 2022). These secondary circulation cells may propagate downward, resulting in anomalous
449  Rossby wave sources over East Asia, thereby triggering anomalous downward motion in the

450  stratosphere, which strengthens the westerly jet stream and increases the °Be/’Be ratio (Fig. 5b).
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451 Meanwhile, the downward transport from the stratosphere can induce significant new formation of

452  sulfate aerosols in the troposphere (Hugh Coe, 2024), which may be retained within the

453 troposphere due to upward motions driven by the “suction pump” effect over the Tibetan Plateau,

454  and radiate outward under the coupling effect of the westerly jet stream, ultimately interacting

455  directly with radiation and acting as cloud condensation nuclei, potentially enhancing cloud and

456  precipitation formation. Moreover, although sulfate variability has limited impact on global mean

457  precipitation, it drives some of the most intense rapid precipitation responses over land

458 (Richardson et al., 2018). Ultimately, vertical air mass motion, moisture flux, and thermal

459  advection jointly drive the East Asian summer monsoonal precipitation anomalies.
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461 Fig. 4 Temporal-height evolution of zonal mean wind and geopotential, and backward trajectory

462 simulation results. a. Time variation of the zonal mean zonal wind between 5°S and 5°N in

463  2004-2024, with black and red boxes representing WQBO in 2022 and EQBO in 2023,
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respectively. The classification of QBO phases is based on the zonal mean wind around 30 hPa. b.
Differences in geopotential at 50 hPa, 200 hPa, 500 hPa, and 850 hPa between EQBO (2023) and
WQBO (2022) in June, derived by subtracting WQBO values from EQBO. The data are sourced
from the ERAS reanalysis. c—d. Backward trajectory analysis results corresponding to periods of
anomalous '°Be/’Be ratios in Lhasa (c) and Xi’an (d). For Lhasa and Xi’an, four and five
simulations were conducted, respectively, and the numbering corresponds to those shown in Fig.

2a and 2b.
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Fig. 5 the schematic diagram of the combined difference between the easterly (EQBO) and
westerly (WQBO) phases and how EQBO modulates summer precipitation in East Asia. a.
Composite differences of the mean pressure latitude profile of zonal wind of 90°E-130°E in June
and July in the easterly phase (EQBO) and the westerly phase (WQBO) of the Quasi-Biennial
Oscillation years (2004-2023). The shaded area indicates significant anomalies between the two (p

< 0.05). b. Schematic diagram of '°Be and "Be tracing EQBO modulation of East Asian summer
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478  precipitation

479

430 5. Conclusion

481 The lack of understanding of the physical mechanisms linking stratospheric circulation and
482  precipitation changes has limited current predictions of rainfall changes on the Qinghai Tibet
483  Plateau. This work provides new facts and evidence, revealed directly by stratospheric tracers
484  cosmogenic 'Be and '°Be, that precipitation over the southern Tibetan Plateau is influenced by the
485  vertical structure changes of the stratospheric QBO during certain periods. The results showed that
486 the median daily wet deposition fluxes of '’Be and "Be in the southern Tibetan Plateau during the
487  rainy season of 2022-2023 were 1.93-10% atoms'm?-d"! and 0.98-10% atoms'm-d"!, respectively,
488  which were lower than the observation results of the adjacent Loess Plateau during the same
489  period (8.32-10% atoms'm2-d"!' and 5.89-10® atoms-m2-d’!, respectively), and the correlation with
490  rainfall (R?<0.33) was significantly lower than that in the Loess Plateau region (R?>>0.54). Among
491 them, the invasion of '’Be and "Be from the stratosphere troposphere is the main factor. Therefore,
492 based on the '"Be/’Be ratio of stratospheric tracer, the dynamic effects of QBO modulation in the
493 stratosphere were judged, and further machine learning XGBoost model was used to analyze that
494 the coupling effect contributed up to 31.3%. Therefore, this is considered to provide a new
495  perspective for the study of Asian summer rainfall mechanisms by utilizing stratospheric isotopic
496  characteristics. Although the current study could not specifically determine the extent of
497  circulation anomalies caused by the QBO based on the changes in Be and '°Be, this limitation
498  does not detract from its validity as indirect evidence of this process. In future research, further

499  characterizing the spatiotemporal variations of 'Be and °Be fluxes at different altitudes and
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500 latitudes, based on global "Be and '°Be flux models, will help to address this shortcoming.
501 Currently, the patterns of 'Be and '°Be fluxes and ratios can be used in practical applications to
502 verify and supplement other established methods for studying global atmospheric phenomena, and
503 may serve as an early warning indicator for QBO-modulated changes in the Asian summer
504  monsoon circulation. In the future, we hope that this method can provide valuable information on
505  atmospheric vertical transport for predicting extreme rainfall events caused by frequent deep
506  convection in Asia.
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