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Abstract In this study, we performed a high-resolution simulation using the Weather Research and
Forecasting model, integrated with water vapor tracers, covering the years 2005-2019. Our objective was to
obtain deeper insights into the spatiotemporal dynamics of external advected and local evaporative water vapor,
and to elucidate their impact on precipitation patterns across the Tibetan Plateau (TP). Our findings underscore
that a significant proportion of TP's precipitation originates from external advected water vapor, primarily
entering through the western and southern boundaries. During summer, stronger zonal and meridional water
vapor transport, driven by prevailing westerly winds and the Asian monsoon, significantly influences seasonal
and spatial precipitation variations. Additionally, we observed that the inter-annual variation of precipitation is
intricately linked to changes in the net water vapor influx, modulated by alterations in atmospheric circulation.
We also analyze the Precipitation Recycling Ratio (PRR) which refers to the proportion of precipitation
originated from local evaporative water vapor to the total precipitation, revealing distinctive elevation-
dependent variations aligned with grassland distribution. Notably, PRR exhibits asynchronous shifts with
precipitation at different timescales, potentially linked to soil moisture-precipitation feedback at intra-annual
scales. Moreover, the investigation highlights that inter-annual variations in PRR are primarily linked to the
inflow and outflow of water vapor as well as wind strength at 500 hPa, particularly prominent during colder
seasons, while thermal factors carry comparable weight to dynamical factors in warmer seasons.

Plain Language Summary Precipitation constitutes a vital component of the complex climatic
conditions as well as the hydrological cycle over the Tibetan Plateau (TP), known as the “Asian Water Tower.”
Its distinct spatiotemporal variations, closely tied to the advected water vapor from external areas as well as
evaporated within the TP, have direct impacts on local ecosystem and downstream water supply. These effects
have profound socio-economic and environmental consequences. In this study, we found that temporal
variations and spatial inhomogeneities in precipitation are primarily impacted by the advection of external water
vapor, mainly through atmospheric circulation. Additionally, about 18.9% of the annual precipitation stems
from local evaporation, as indicated by the precipitation recycling ratio, which reflects the strength of regional
land-atmospheric interactions. Precipitation recycling processes are likely influenced by precipitation through
soil moisture at intra-annual timescale, but are notably impacted by the inflow of water vapor and wind strength
at inter-annual timescale. These results provide valuable insights into understanding precipitation variations at
different spatiotemporal scales and contribute to more effective water resources management over the TP.

1. Introduction

Known as the “Asian Water Tower”, the Tibetan Plateau (TP) holds a pivotal role in regulating Asia's water cycle
(Immerzeel et al., 2010; X. Xu et al., 2008). It serves as the source region for several major Asian rivers, including
the Brahmaputra, Ganges, Indus, Yellow, and Yangtze (Chao et al., 2017; Gao et al., 2019; L. Zhang et al., 2013),
supplying water to nearly 2 billion residents (Liu et al., 2020; Qu et al., 2019; Yao et al., 2022). Consequently, a
profound understanding of the hydrological cycle dynamics holds paramount importance (Ma et al., 2018).
Precipitation serves as a pivotal element in the hydrological cycle (Curio & Scherer, 2016; Yao, Qin, et al., 2013)
and a key component of regional water resources (Buytaert et al., 2010; Cuo & Zhang, 2017; Jia et al., 2017).
Changes in the contributions of moisture to precipitation impact the regional climate, hydrological cycle, and
water reserves, especially under the background of ongoing global changes (Ciric et al., 2018; Z. Li et al., 2019;
X. Li et al., 2022; Liu et al., 2015).
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Generally, terrestrial precipitation originates from two primary sources: (a) water vapor evaporated outside the
region and transported in, and (b) water vapor evaporated within the region (Brubaker et al., 1993). Numerous
studies have demonstrated that moisture transported to the TP primarily originates from the Indian summer
monsoon and the westerlies (B. Chen et al., 2012; Feng & Zhou, 2012; C. Zhang et al., 2019).

In the last several years, increased attention has been dedicated to understanding the role of atmospheric moisture
transport and its internal physical mechanisms affecting TP's precipitation (Cannon et al., 2017; Curio et al., 2015;
Dong et al., 2016; Wang et al., 2017). Utilizing the High Asia Refined analysis (HAR; Maussion et al., 2014),
Curio et al. (2015) measured moisture transport across 14 specified boundaries of the TP, highlighting valleys in
the Himalayas as facilitators of moisture transport to the inner TP. Conversely, no significant transport from the
East Asian monsoon was observed. Using convection-permitting model (CPM) with similar boundary definitions,
Zhao et al. (2021) identified that primary entries for external water vapor into the TP are the western and southern
boundaries while the eastern boundary functions as the major exit. The added value of CPM in reducing the wet
bias is achieved by generating stronger outflow through the eastern boundary. However, previous literature either
utilized global reanalysis data sets to measure the transport or focused on single season/year due to the expensive
computational cost of conducting high-resolution numerical simulation, preventing from obtaining spatiotem-
poral details of water vapor transport (WVTP) climatology and its inter-annual variations. On the other hand,
contribution of local evaporation to precipitation serves as an essential measure of a region's capability to
replenish its water supplies (Juan et al., 2022) and plays a fundamental role in sustaining the dynamics of hy-
drological processes (An et al., 2017). The contribution of local evaporation to local precipitation is referred to as
precipitation recycling (Trenberth, 1999). Previous literature have characterized the precipitation recycling ratio
(PRR) as the fraction of precipitation stemming from locally evaporative water vapor relative to the total pre-
cipitation (Brubaker et al., 1993; Eltahir & Bras, 1994, 1996). The application of diverse data sets with different
data sources and methodologies could result in significant discrepancies in the estimated PRR across current
literature. For instance, for the whole TP, C. Zhang et al. (2017) showed that the PRR is about 18% using the
Euler-based water vapor tracing method, while Curio et al. (2015) estimated the PRR as about 63% through the
analysis of water balance. For the subregions of the TP, estimated PRR is about 35% over the southeastern TP
based on Lagrange-based backward water vapor tracing method (Y. Xu & Gao, 2019) but about 25.8% over the
northern TP by applying a Eulerian framework (Pan et al., 2019). Therefore, the PRR and its interannual variation
over the TP, remains uncertain (Zhao & Zhou, 2021). These facts underscore the necessity for enhanced
modeling-based knowledge about both large-scale and local-scale atmospheric processes regulating the TP's
hydrological cycle (Yao, Masson-Delmotte, et al., 2013).

In understanding the vital role of moisture sources in water cycles, diverse numerical methods have been devised
to quantitatively identify these sources over and around the TP. These methods encompass analytical, Lagrangian
and Eulerian models (e.g., Dominguez et al., 2006; Insua-Costa & Miguez-Macho, 2018; Stohl & James, 2004,
2005). Analytical models offer a computationally efficient means to estimate the proportion of recycled pre-
cipitation to total precipitation within a specific area (Burde & Zangvil, 2001a, 2001b). However, relying on
assumptions that the atmospheric column is well-mixed and the alteration in atmospheric moisture storage is
relatively insignificant compared to other terms in the mass balance equation at monthly or longer time scales
(Dominguez et al., 2006), these models generally offer a preliminary estimation of the PRR, compromising their
precision and applicability (Bosilovich, 2002).

Lagrangian models, builted upon the tracking of individual fluid particles in both space and time, have gained
popularity in diagnosing moisture transport and determining moisture origins (Brubaker et al., 2001; Gimeno
et al., 2010; James et al., 2004). Their advantages encompass computational efficiency and the ability to trace
particles back in time without a priori selection of source regions (B. Chen et al., 2019; Dirmeyer & Bru-
baker, 2006; Huang et al., 2018). Nevertheless, notable biases can arise due to simplifications in their formulation
(e.g., neglecting phase changes along the parcels' paths) and gradual increase in the uncertainty of air parcel
trajectories (Stohl, 1998).

Eulerian models, often referred to as water vapor tracers (WVTs), account for both grid-scale and
parameterization-solved physical processes affecting atmospheric moisture, making them highly accurate for
studying precipitation recycling (Insua-Costa & Miguez-Macho, 2018). Typically, they couple moisture tracing
technique with global or mesoscale climate models (Eiras-Barca et al., 2017; Singh et al., 2016), linking biases in
WVTs closely to the performance of their coupled models. However, these models entail significantly higher
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computational costs compared to other mentioned techniques, especially at higher resolutions (Dominguez
et al., 2022). Other physical moisture tracing techniques encompass analyzing the isotopic composition of pre-
cipitation (Cai & Tian, 2016; Guo et al., 2017). A comprehensive review of various moisture tracing techniques
can be found in Gimeno et al. (2012) and Gimeno Presa et al. (2020). To date, considering the promising prospect
of WVTs, they have been incorporated in different global climate models (Koster et al., 1986; Numaguti, 1999;
Werner et al., 2001) and regional climate models (RCMs; Knoche & Kunstmann, 2013; Gao et al., 2020;
Sodemann et al., 2009) which can enhance the depiction of hydrological cycle's small-scale characteristics.
Though WVTs are believed to be helpful in regional climate research, given the current progress and findings, the
exploration of Euler-based techniques over the TP is still in its initial phase. The follow-up studies are in great
demand of (a) higher spatial resolution to more faithfully represent sub-grid physical processes and (b) decadal-
long temporal coverage to reflect climatic characteristic, as well as capture inter-annual variation features.

Here, we employ WVTs integrated into the Weather Research and Forecasting (WRF) model to quantitatively
assess contributions of remote WVTP and local moisture recycling to precipitation. We also investigate their roles
in influencing inter-annual variations in precipitation and present an overarching overview of the water cycle
climatology. The paper is organized as follows: Section 2 outlines the application of the WVT technique,
experimental design, data sources, and methods used. In Section 3, we assess the WRF simulation of precipi-
tation. Section 4 analyzes the external WVTP and local precipitation recycling. Finally, Section 5 encapsulates
our conclusions and findings.

2. Model, Data, and Methodology
2.1. WRF-WYVT Description

In this study, WVTs have been included within the framework of WRF model (WRF-WVT hereafter). WRF-
WVT enables the tracing of moisture originated as evapotranspiration from a predefined region (Dominguez
et al., 2016). The tracer is numerically handled samely as simulated moisture, with the exception of its origins,
which are confined to specified regions of interest. The moisture tagging technique is founded on replicating the
prognostic equation for total moisture to model moisture tracers:

0 0 0 0
I _y. Vg, + v, Vg, + ( q,,) + ( q,,) + ( q,,) €))
ot ot PBL ot microphysics ot convection

where ¢, represents the various moisture species including water vapor, cloud water, rain water, snow, ice and

graupel. -v - Vg, and v, - Vg, refer to the tendencies caused by advection and molecular diffusion, respectively.

(%) , (‘M) and (%) represent subgrid physical processes influencing atmospheric moisture
PBL microphysics convection

(e.g., phase transitions, precipitation, or redistribution due to turbulent diffusion and convection). The traced
moisture replicates all the moisture processes depicted in WRF, and consequently, several variables g, are
additionally created in accordance with the moisture tracers: tvapor, tcloud, train, tsnow, tice, and tgraupel.

The WVT technique facilitates the tracing of moisture from sources in either two or three dimensions. Typically, a
two-dimensional source involves tagging surface evapotranspiration from a specific region. A three-dimensional
source can encompass the whole atmosphere over an area of interest, including the water vapor evaporated and
advected into the region, or to only a part of it (e.g., the stratosphere). For more thorough explanations, see Insua-
Costa and Miguez-Macho (2018).

In this study, the WRF model version 4.3.3 (Skamarock et al., 2019) with 9 km horizontal resolution and forty
hybrid-sigma levels is used. The model top is set at 50 hPa. The simulation domain is illustrated in Figure 1,
configured with 391 (571) grid points oriented north—-south (east-west). In WVT method, the Yonsei University
planetary boundary layer (PBL) scheme (Hong et al., 2006) and the WRF Single-Moment 6-class (WSM6)
microphysics scheme (Hong & Lim, 2006) have been adjusted to calculate the related tracer moisture tendencies
due to their direct effect on moisture dynamics, and thus are essential to enable WVT implementations. The rest of
the parameterizations selected include the rapid radiative transfer model-global shortwave and longwave radi-
ation schemes (Iacono et al., 2008) and the Noah land surface model (F. Chen & Dudhia, 2001). Tracers can also
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Figure 1. Simulation domain (shaded) of WRF-WVT, with the southern, western, northern, and eastern boundaries of the
Tibetan Plateau indicated by red, purple, blue and green polylines. Black dots mark the locations of meteorological stations.
The color bar indicates the elevation (m).

be utilized at the convection-permitting scale, thus, no cumulus parameterization is used here (Ma et al., 2021,
2023a, 2023b; Ou et al., 2023; Zhou et al., 2023).

Utilizing the fifth generation Global Reanalysis data (ERAS) with spatial resolution of 0.25° X 0.25° and temporal
resolution of 3-hr (Hersbach et al., 2020), a 15-year WRF-WVT simulation spanning from 2005 to 2019 is
conducted within the geographical domain illustrated in Figure 1. This simulation encompasses 15 consecutive
annual runs. Each run starts in November 20 of the previous year with a spin-up of more than 1 month and ends in
December 31 of the simulating year, with the simulation results from January 1 to December 31 used for annual
analysis. Results from 15 spring (March-May, 2005-2019), summer (June—August, 2005-2019), autumn
(September-November, 2005-2019) and 14 winter (December-January-February, 2005/2006-2018/2019) sea-
sons are also taken into analysis. In this study, WRF-WVT tags the local evaporation (two-dimensional source)
over the TP, and the external advected water vapor (out of TP; three-dimensional source) can be derived by
excluding the local evaporated water vapor from the total water vapor.

2.2. Observational Data Sets

Observations used in evaluating simulated precipitation include the daily in situ observation from 144 stations
over the TP (Figure 1), the Integrated Multi-satellitE Retrievals for the Global Precipitation Measurement mission
(IMERG:; Huffman et al., 2020) products, and the newly released high-resolution precipitation production TPHiPr
(Jiang et al., 2023). The meteorological stations exhibit uneven distribution across the TP, and are sparsely
distributed especially over the central and western TP. As supplementary, IMERG, with temporal resolution of
half an hour and spatial resolution of 0.1°, is also employed. Tan et al. (2017) have emphasized the widespread
application of IMERG, ranging from the analysis of precipitation features to its utility in hydrological research to
the assessment of weather and climate models. Another gridded data set, TPHiPr, is produced by combining the
atmospheric simulation-based downscaling of ERAS using a convolution neural network based model
(ERAS5_CNN) with records from over 9,000 rain gauges. TPHiPr offers precipitation data spanning from 1979 to
2020 at 3 km spatial resolution and hourly temporal resolution, and retains the general spatial patterns of pre-
cipitation from ERAS5_CNN, with diminished wet biases and more spatially homogeneous accuracy. The outputs
of the WRF model are converted to the station sites and 0.1° X 0.1° grid points using the inverse distance squared
weighting interpolation method to compare with station observation and gridded data sets (IMERG and TPHiPr),
respectively.
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2.3. Methods

The vertically integrated water vapor fluxes and net water vapor fluxes are calculated as:

toa
FQU = / %”dp @)

toa
FQV = / Lap 3)
sfe 8

Flow = ¢ FQU dy + FQV dx @)

Where g, u and v represent specific humidity, zonal and meridional wind speed; FQU and FQV represent the zonal
and meridional water vapor flux; Flow represents the inflow and outflow of water vapor, which is calculated along
the polylines enclosing the entire TP, and is denoted by positive and negative values, respectively. The total of
both positive and negative values of Flow denotes the net income of water vapor, which is a key component of the
atmospheric water resources. The Flow values are also summed along the four boundaries of TP (Figure 1) that
are defined generally following thatin Y. Li et al. (2022) and Yan et al. (2020), in order to acquire an estimation of
the relative importance of WVTP channel.

3. Validation of WRF-WYVT's Precipitation

Figure 2 exhibits the spatial pattern of biases in annual, summer and winter mean daily precipitation compared
with station records (Figures 2a—2c) and gridded data set (Figures 2d-2i), respectively, as well as the seasonal
cycle (Figures 2j and 2k) and inter-annual variation (Figures 21 and 2m) of precipitation from WRF-WVT and
different observational data sets. Compared with both in situ and gridded observations, it is clear that WRF-WVT
can successfully capture the spatial pattern of annual and seasonal mean precipitation, with spatial correlation
coefficients above 0.73 (significant at the 99% confidence level). Consistent wet biases are detected mainly over
the southeastern and northwestern TP, probably due to the more intensified upward motion (Figure S1 in Sup-
porting Information S1), and dry biases are found over the northern and central TP especially in summer, which is
associated with reduced total column water vapor (Figure S2 in Supporting Information S1). Generally, com-
parison results are in good agreement between different observational data sets except slight discrepancies for
summer mean precipitation, with the dry biases more widespread when compared against TPHiPr.

Apart from the climatology of annual and seasonal mean precipitation, WRF-WVT also effectively reproduces the
seasonal cycle of precipitation which peaks in July. With regard to the inter-annual variation of precipitation, the
temporal correlation coefficients (TCCs) between WRF-WVT and station observations, IMERG and TPHiPr are
0.74, 0.86 and 0.78 (significant at the 99% confidence level), respectively. These indicate WRF-WVT's reliability
over the TP in realistically depicting the intra- and inter-annual variation of precipitation. The evaluation presented
above give further confidence in carrying out precipitation tracing analysis over the TP with WRF-WVT.

4. Contribution of Recycled and External Advected Water Vapor
4.1. Precipitation From Local and Non-Local Origin

As generally acknowledged, precipitation over the TP is the combination of water vapor from advection and local
evaporative water vapor, but their quantification has been highly controversial. Figure 3 displays the spatial
pattern of 15-year averaged annual and seasonal mean fraction of traced precipitation to total precipitation.
Specifically, tracer precipitation with local origin is related to local evaporation, and can reflect the regional land-
atmospheric interactions, while that with non-local region is associated with external water vapor flux forcing.
According to the WRF-WVT, PRR is higher over the central-eastern TP, but lower over the western TP. The
annual mean PRR is about 18.9% when averaged over the TP, which aligns well with previous studies using the
Euler-based model, such as 18% in C. Zhang et al. (2019) and around 20% in Gao et al. (2020), as well as studies
using bulk models, such as 20.8% in Guo et al. (2018). In addition, substantial seasonal variation of PRR is found,
which is about 23.3% in summer but decreases to about 12.7% in winter, highlighting the importance of local
evaporation (external advected water vapor) to the total precipitation in summer (winter). Therefore, when
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Figure 2. (a—c) Spatial pattern of biases in annual, summer, and winter mean precipitation compared to station observations, (d—f) IMERG data set, and (g—i) TPHiPr data
set. Seasonal cycle and inter-annual variation of precipitation from in situ observation and WRF-WVT interpolated to station sites (j and 1), as well as precipitation from
gridded observations and WRF-WVT interpolated to 0.1° grid points (k and m).
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Figure 3. Spatial pattern of annual and seasonal mean fraction of traced precipitation to total precipitation from 2005 to 2019.
The first column represents the fraction from local origin and the second column indicates the fraction from non-local origin.
investigating the factors that affect seasonal precipitation, both local and non-local factors are crucial. In light of
the general knowledge of local evaporation and external water vapor advection above, the following analysis will
focus on discussing their characteristics and their role in influencing the precipitation over the TP.
4.2. External Advected Water Vapor
4.2.1. Characteristics of External Water Vapor Transport
Figure 4 displays the longitude-pressure (latitude-pressure) profile of the zonal (meridional) WVTP combined
with zonal (meridional) wind and enlarged vertical velocity, in order to firstly grasp a general understanding of
how the water vapor enters and exits the TP. Two zonal WVTP centers are presented at the west of 80°E and east
of 110°E (Figure 4a), respectively. Both WVTP centers are more obvious in summer and decline in winter,
MA ET AL. 7 of 17
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Figure 4. The first row shows the longitude-pressure profile of annual, summer and winter mean (a—c) zonal non-local water vapor transport (WVTP) (shadings) and
wind field (vectors) encompassing zonal wind and vertical velocity (magnified by 100 times) averaged over 28°-35°N. The second row shows the latitude-pressure
profile of the annual mean, summer, and winter mean (d—f) meridional WVTP (shadings) and wind field (vectors) encompassing meridional wind and vertical velocity
(magnified by 100 times) averaged over 80°-95°E. The third row is similar to the second row, but averaged over 95°~102°E.

resulting in more (less) entrance of water vapor from the western boundary and export of water vapor from the
eastern boundary in summer (winter). The prevailing westerly wind, which is stronger at the upper troposphere in
winter, plays arole in facilitating the eastward large-scale WVTP; but the upward motion, which is stronger below
500 hPa, especially in summer, helps the water vapor climb up the TP, highlighting the importance of topography
in modulating the WVTP. The meridional WVTP is more complex than zonal WVTP, since the altitude over the
western TP is higher compared to the eastern TP. Therefore, the meridional WVTP is averaged over 80-95°E to
represent the external WVTP toward western TP and over 95-102°E to represent that toward the eastern TP. The
annual and seasonal mean meridional WVTP toward the western TP are generally weaker than those toward the
eastern TP, decrease rapidly with height, and are constrained below 700 hPa and south of 30°N (Figures 4d and
4e); however, the meridional WVTP toward the eastern TP decreases more slowly with height and penetrates
more upward to 500 hPa (Figure 4g) due to the existence of meridionally oriented valleys, which is more evident
for annual and winter mean climatologies, allowing for more entrance of water vapor. The contrast of meridional
WVTP toward western and eastern TP may partly explain the west—east gradient of precipitation. The wind field
matches well with the meridional WVTP. Thus, the predominant entry of water vapor from the southern boundary
is the meridional pathways at low- and mid-troposphere east of 95°E in summer.

Then, Figure 5 displays the inter-annual variations of several hydrological variables associated with the atmo-
spheric water cycle over the TP from 2005 to 2019, in order to get more quantitative knowledge about the
advected external water vapor, as well as its contribution to precipitation. Water vapor comes into (out of) the TP
mainly via the western and southern (northern and eastern) boundary (denoted in Figure 1) with the annual
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Figure 5. Annual amount of inflow of water vapor (the left bar in each year category), evaporation (the center bar in each year
category), and total precipitation (the right bar in each year category). P-a and Fout-a denote precipitation contributed by
external advected moisture and outflow of advected water vapor. P-e and Fout-e denote precipitation contributed by local
evaporation and outflow of evaporative water vapor.

vertical integral of water vapor about 969.3 and 1,491.4 Gt (—236.4 and —1,061.6 Gt), leaving about 1,162.7 Gt
water vapor over the TP involved in forming precipitation. Specifically, the outflow of water vapor is derived
through two methods that (a) directly calculated with the method in Section 2.3 and (b) indirectly calculated based
on the fact that outflow should be the sum of Fout-a (inflow minus P-a) and Fout-e (E minus P-e), respectively. It
is clear that these two results resemble each other, and demonstrate very similar inter-annual variations.
Therefore, a general sketch of the atmospheric hydrological cycle is obtained, and the rationality of calculating the
inflow and outflow of water vapor with the subsection integral method is validated (since they are generally in
coordination with the other simulated hydrological variables), laying foundation for establishing a robust rela-
tionship between external advected water vapor and precipitation next.

4.2.2. Role of External Advected Water Vapor in Influencing Precipitation

Establishing a connection between moisture transport and precipitation over the TP has gained a lot of attention
recently. Table 1 lists the TCCs between the inflow, outflow, net income of water vapor, evaporation, and
precipitation. The outflow of water vapor used hereinafter is calculated with the subsection integral method
introduced in Section 2.3. It can be concluded that the inter-annual variation of precipitation is strongly linked
to the net income of water vapor at both annual and seasonal scales, with the TCCs exceeding 0.80, especially
in summer, indicating that the inter-annual variation of net income of water vapor dominates that of
precipitation.

Using a threshold of one standard deviation, wet and dry years can be distinguished within the simulation period.
The wet years consist of 2005, 2010 and 2018, while the dry years consist of 2006, 2014, and 2015. For external
advected water vapor, based on Wei et al. (2016), the meridional (zonal) WVTP is represented as the multipli-
cation of specific humidity ¢ and meridional wind v (zonal wind u). The
decomposition includes both the mean component and the transient eddy
Table 1 term. Then,
Temporal Correlation Coefficients (TCCs) Between Annual/Seasonal
Inflow, Outflow, Net Income of Water Vapor (Net), Evaporation, and qv = (G+ Aq) (¥ + Av) = gv + GAv + VAg + AgAv (3)
Precipitation During the Period 2005-2019

Inflow Outflow Net Evaporation qu=(q+ Aq) (U + Au) = qu + gAu + uAq + AqAu (6)

Annual 0.40 —0.03 0.89° 0.29
Spring 0.65° —043 0.86° 0.39
Summer 0.59° 0.50° 0.97° 0.11
Autumn 0.20 0.17 0.83 0.32 qv —Gv = GAv + VAq + AgAv @)
Winter 0.28 0.18 0.91° 025

To illustrate the difference between meridional (zonal) WVTP and its mean
state, the equations can be rewritten as:

qu —qu = gAu + uAq + AgAu ®)
“TCC has passed the 90% significance test.
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Figure 6. The first and second (third and fourth) column represent the longitude-pressure (latitude-pressure) cross section of moisture flux components for wet and dry
years averaged over 28°-35°N (80°-102°E), respectively.

where (GAv; gAu), (VAgq, uAq) and (AgAv, AgAu) represent differences caused by horizontal wind change,
specific humidity change and a transient eddy term, respectively.

Figure 6 shows the zonal and meridional moisture flux components during wet/dry years. It can be discerned that
the differences of external WVTP between wet and dry years can be attributed to the horizontal wind field alter-
ations. Both the zonal westerly near 80°E and meridional southerly winds south of 30°N are substantially stronger
during the wet years than dry years, indicating that the changes of horizontal wind have important influence on
regulating the external WVTP toward the TP. Further investigation reveals that the precipitation differences during
wet and dry periods are mainly contributed by the circulation changes-induced WVTP from the southern boundary,
with the contribution of inflow reaching up to 89.0%, followed by water vapor escape from the eastern boundary
(43.5%) (Table S1 in Supporting Information S1). The trumpet-shaped topography (TST) region is recognized as
the probable key region for stronger WVTP into TP, excessive total column precipitable water originated from
external sources regions and thus more precipitation during wet periods (Figure S3 in Supporting Information S1).

4.3. Local Recycling
4.3.1. Characteristics of PRR

Figure 7 displays the distributions of PRR, precipitation and evaporation versus elevation over the TP. For annual
and summer mean PRR, general increases (decreases) with elevation of 2,000-4,750 m (4,750-6,000 m) are
simulated; while for winter mean PRR, the vertical gradient of PRR and its maxima are smaller. The distributions of
annual and seasonal mean vegetation fraction versus elevation are similar to those of precipitation. In contrast, the
land-use category may play a major role in influencing the evaporation and further the precipitation recycling
strength, with variations of grassland fraction with elevation in better agreement with evaporation and PRR, fol-
lowed by open shrub. These can be interpreted in the way that, grasslands could enhance the precipitation
contribution directly through evaporation (Y. Li et al., 2023). Since evaporation from grassland is probably driven
by energy availability as proposed by Jansen et al. (2023), net radiation as indication of energy availability is
compared between different land-use categories, and it turns out to be the possible drivers of stronger evaporation in
grasslands as expected. In addition, considering the constraint of water vapor availability over the TP due to its
towering terrain, the top layer soil moisture at 5 cm depth as indication of water availability is also investigated and
is found to play a equally decisive role in triggering evaporation and favoring stronger precipitation recycling.
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Figure 7. Annual, summer, and winter mean (a) Precipitation recycling ratio, (b) precipitation, (c) evaporation, (d) mean vegetation fraction, and (e) land-use category
versus altitude with 250-m intervals over the Tibetan Plateau. Annual, summer, and winter mean (f) net radiation, and (g) soil moisture at 5 cm depth in grasslands, open

shrubs and barren grounds.

In terms of the temporal characteristics of PRR and its linkage to precipitation, Figure 8 depicts the spatial pattern
of PRR and precipitation peak timing at monthly timescale, as well as the variations of PRR and precipitation at
inter-annual timescale. At intra-annual scale, over the eastern TP, the precipitation peak occurs in July, which is
1 month ahead of the PRR peak; over the northwestern TP, precipitation tends to peak in spring, which is much
earlier than PRR. The postponed PRR peaks may be maintained by the soil moisture-precipitation feedback
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Figure 8. Spatial pattern of precipitation peak timing, Precipitation recycling ratio (PRR) peak timing, and their differences (represented by the deviation of PRR from
precipitation) at monthly (a—c) scales. The inter-annual variation of annual (d), summer (e), and winter mean (f PRR (black lines)) and daily precipitation (blue lines).
Note: If the deviation of PRR peak timing from precipitation is more than 6 months (less than —6 months), it is conversely considered that PRR changes are ahead of
(behind) those of precipitation.

Table 2

(Figure not shown). At inter-annual scale, there are more obviously asynchronous variations of precipitation and
PRR, motivating more in-depth investigation into the factors that are critical in modulating the inter-annual
variations of PRR.

4.3.2. Possible Reasons for the Inter-Annual Variation of PRR

Table 2 displays the TCCs between the inflow, outflow, net income of water vapor, evaporation and PRR. Unlike
precipitation whose inter-annual variation is dominated by the net income of water vapor, the inter-annual
variation of PRR is greatly influenced by the inflow and outflow of water vapor except for summer. There are
significantly negative (positive) correlations between the inflow (outflow) of water vapor and PRR except for
summer. This means that the more water vapor flows into (out of) the TP, the lower (higher) PRR is. However, for
the inter-annual variation of summer mean PRR, local evaporation plays a leading role, with the significant TCC
reaching 0.80.

As indicated in the above section, the inter-annual variations of inflow and outflow of water vapor are primarily

dominated by the horizontal wind variations. Therefore, the 500 hPa wind velocity over the TP is used as an index

to further explore the possible relationship between circulation strength and PRR. In addition to the dynamical

factors, local heat fluxes (including latent and sensible heat fluxes), as important indication of the strength of local

land surface-atmosphere interactions, may also play a role in PRR variations particularly in summer. In the
following text, analysis will be centered around the modulation of both
thermal and dynamical conditions to PRR variations.

Temporal Correlation Coefficients (TCCs) Between Inflow, Outflow, Net

Income of Water Vapor (Net), Evaporation, Precipitation, and PRR

Figure 9 displays the spatial pattern of TCCs between the inter-annual vari-

ation of horizontal wind velocity at 500 hPa and that of PRR at annual and

fnflow _ Outflow Net Evaporation _ Precipitation seasonal scales. Dominant negative correlations are found between the inter-

Annual ~ —0.84° 083"  -0.19 0.36 —0.09 annual variations of low-level winds and those of PRRs in most regions of the

Spring -0.91* 0.90* —-0.46" —-0.18 —-0.50" TP, especially for spring and winter. This indicates that stronger winds not

Summer  —0.32 023 —0.10 0.80" —0.14 only facilitate the advection of more water vapor from external sources but

Autumn —0.70° 0.77% ~0.13 0.32 015 also potentially drive a more substantial export of locally evaporated water

. R a vapor. Conversely, weaker winds may enhance the likelihood of locally
Winter —0.69 0.84 0.21 —0.06 0.29

evaporated water vapor re-precipitating within the TP and favor higher PRRs.

“TCC is significant at the 90% confidence level.

Figure 10 shows the TCCs between seasonal PRR and dynamical factors
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Figure 9. Spatial pattern of Temporal Correlation Coefficients (TCCs) between the inter-annual variation of (a) annual,
(b) Spring, (c) Summer, (d) Fall, (¢) Winter mean horizontal wind velocity at 500 hPa and that of the Precipitation recycling
ratio. Dotted areas denote regions where TCCs are significant at the 90% confidence level.

(low-level wind velocity) as well as thermal factors (sensible and latent heat fluxes). Unlike spring and winter

when the westerly wind prevails in the upper atmosphere and associated horizontal wind variations dominate

those of PRR, it is noteworthy that latent and sensible heating could also make a great difference in summer and

autumn, respectively. Positive correlation between summer latent heating and PRR, which is consistent with that

between evaporation and PRR, emphasizes the role of summer evaporation. Enhanced sensible heating, as an
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Figure 10. Temporal Correlation Coefficients (TCCs) between the inter-
annual variation of Precipitation recycling ratio and 500 hPa horizontal wind
velocity, latent heating, and sensible heating. In the figure, * denotes the
TCC is significant at the 90% confidence level.

indicator of decreased soil moisture (Cook et al., 2006), could probably result
in less evaporated water vapor and lower PRR, which turns out to be the
leading factor in autumn PRR variation. These imply that a combination of
dynamical and thermal factors contributes greatly to the inter-annual varia-
tions of seasonal PRR.

5. Discussion and Conclusions

In this study, we conducted an in-depth analysis of the contribution of local
evaporation and remote WVTP to total precipitation over the TP. Employing
WRF with WVTs to perform a high-resolution simulation spanning 15 years,
we meticulously examined the spatiotemporal attributes of these moisture
origins and their contributions to the inter-annual variation of precipitation.

The study discerns that water vapor entering through the southern boundary
amounts to about 1,491.4 Gt/year, while that entering through the western
boundary reaches up to 969.3 Gt/year. The northern and eastern boundary
function as the main channels for water vapor export, with the estimation of
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—236.4 Gt/year and —1,061.6 Gt/year, respectively. The WVTP-related precipitation consititutes the majority of
total precipitation.

Exploring the relationship between WVTP and precipitation reveals a significantly positive correlation between
the net income of water vapor and precipitation at inter-annual timescale, with high TCC exceeding 0.80. Further
decomposition of moisture transport fluxes draws attention to the significant influence of changes in horizontal
winds on water vapor inflow. Specifically, stronger (weaker) westerly and southerly winds play a crucial role in
driving stronger (weaker) WVTP entering the TP, consequently impacting precipitation changes over the region.
Particularly, circulation changes-induced WVTP from the southern boundary contributes the most (~89.0%) to
precipitation variations, especially over the TST region.

The study also reveals distinct variations in the PRR with respect to elevation over the TP. PRR peaks around
4,750 m in summer but at slightly lower altitudes during winter. Interestingly, the distribution of PRR concerning
elevation aligns more with the fraction of grasslands which, with more energy and water availability, may in-
fluence PRR by directly triggering stronger evaporation. From the perspective of temporal variations, there are
asynchronous changes in PRR and precipitation at both intra-annual and inter-annual scales. While the previously
reported soil moisture-precipitation feedback is identified, no significant linkage is observed between PRR and
precipitation at inter-annual timescale.

The inter-annual variation of PRR is found to be strongly correlated with the variation of external advected water
vapor and associated wind strength at 500 hPa, especially during the colder season. However, thermal factors,
encompassing sensible and latent heating, demonstrate equal importance in modulating the inter-annual variation
of summer and autumn mean PRR. This emphasizes that a combination of dynamical and thermal factors
involved in land surface—atmosphere interactions profoundly impacts precipitation recycling processes across
various spatial and temporal scales, warranting further research.

Finally, it is worth mentioning that, our findings are heavily dependent on the model representations by WRF-
WVT which is a comparatively reliable and precise method for tracking atmospheric moisture pathways, get-
ting rid of the shortcomings of most analytical models. While WRF-WVT successfully reproduces the pattern of
surface variables and large-scale dynamic and thermodynamic features (Figures S4-S9 and Table S2 in Sup-
porting Information S1), annual and seasonal precipitation is overestimated (underestimated) mainly over the
southeastern (central) TP. Likewise, the model tends to overestimate (underestimate) the evaporation, as indicated
by the slightly overestimated (underestimated) latent heat fluxes (Figure S9 in Supporting Information S1), and
evaporation-associated precipitation there, while its impact on PRR is uncertain without reliable observation-
based estimations (e.g., stable isotopes) (Hu & Dominguez, 2019). Besides, the PBL parameterization could
also affect precipitation simulation through land-atmosphere interactions (Dominguez et al., 2016). Therefore,
future model improvements in enabling the application of WV Ts to other physical parameterizations within WRF
and enhancing observation monitoring to obtain moisture origin features are supposed to better constrain models
and diminish uncertainties in the PRR estimation. Nevertheless, here in this study, our focus is the relative
importance of local evaporated and external advected moisture to precipitation's inter-annual variation. Based on
generally well-captured inter-annual variations of dynamic and thermodynamic variables (Table S2 in Supporting
Information S1), the primary relationship between precipitation and its likely governing factors are supposed to
have certain credibility. These findings are expected to provide some experience for future in-depth investigations
in this field.

Data Availability Statement

The WRF model version 4.3.3, used to generate the simulation in this study, is available from Skamarock
et al. (2019). The WVTs implementated in the WRF model is accessible from Insua-Costa and Miguez-
Macho (2018). The ERAS data set can be obtained from Hersbach et al. (2020). The station observations can be
accessed at: http://data.cma.cn/en. The IMERG data set can be downloaded from Huffman et al. (2020). The
TPHiPr data set is available at Jiang et al. (2023). The data and codes related to statistical analysis are accessible
from Ma et al. (2023c).
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