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Abstract The spatiotemporal characteristics of subdaily extreme precipitation over the Tibetan Plateau
(TP) have undergone significant changes due to global warming. In this study, we employed the high-resolution
Weather Research and Forecasting regional climate model to conduct a series of historical and projection
simulations under representative concentration pathways (RCPs), especially RCP4.5 and RCP8.5. The aim
was to investigate the past and future climatologies and spatiotemporal evolution of subdaily precipitation
extremes using newly proposed subdaily extreme precipitation indices (EPIs). The results show that projected
changes in precipitation amount, particularly during wet hours, exhibit spatial disparaties. Notably, there are
significant decreases along the southern border of the TP and over the western TP, while obvious increases
are observed over the inner TP. The southeastern TP, western TP, and southern border of the TP are expected
to experience less frequent, shorter duration, and more intense precipitation on an hourly basis. The TP, as a
whole, has demonstrated significantly increasing trends in moderate-to-heavy precipitation frequencies, along
with consistent decreasing trends in precipitation events with short, medium, and long durations. Furthermore,
it is predicted that the relationship between extreme precipitation and temperature will deviate from the
Clausius-Clapeyron (C-C) relationship toward the double C-C relationship in the far-future under RCP8.5,
particularly over the southeastern TP. Additionally, there are robust correlations between the intensity-related
EPIs and elevation. This indicates that, at the local scale, the complex topography of the region may play a
crucial role in shaping the nonuniform distribution of precipitation extremes by modulating associated upward
motion.

Plain Language Summary The Tibetan Plateau (TP) has experienced substantial warming during
the past decades, at a rate twice that of the global average due to its unique location and elevated terrain.
Warming has significantly changed the amount, intensity, frequency, and extremes of precipitation over the

TP. The changes in precipitation would influence the stability of the local ecoenvironment and the development
of agriculture and industry directly. Previous studies have shown the big picture of daily precipitation extremes
in the future, but the characteristics of precipitation extremes at hourly timescale are unclear. This study
simulates the changes in subdaily precipitation extremes in the historical (1980-2005) and future (2006—-2099)
periods under different climate scenarios (RCP4.5 and RCP8.5). Our results show that the spatiotemporal
changes and variability over the western TP, the southern border of TP and the southeastern TP are more
dramatic than that over the central TP. The southeastern TP shows higher sensitivity and vulnerability to
subdaily precipitation extremes and may experience less frequent precipitation lasting for a shorter duration, but
with stronger intensity at hourly timescale. The results of this study can guide adaptive measures and be helpful
for long-term water resource management over the TP.

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report (AR6), the global
surface temperature from 2011 to 2020 was 1.09°C higher than that from 1850 to 1900 (IPCC, 2022). The Tibetan
Plateau (TP), known as the Third Pole (Qiu, 2008; Yao et al., 2012), has experienced accelerated warming since
the second half of the twentieth century (Kuang & Jiao, 2016), which was earlier (Kang et al., 2010; Liu &
Chen, 2000) and faster than that over the Northern Hemisphere (Yao et al., 2019; Zhou & Zhang, 2021). This
significant warming has profoundly changed the amount, intensity, frequency, type, and extremes of precipitation
(Cao & Pan, 2014). In recent decades, precipitation changes over the TP have exhibited large regional discrepan-
cies and temporal variability (Cuo et al., 2013; Gao et al., 2014, 2015; You et al., 2012), with the in situ observed
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annual precipitation increasing in most areas of the TP and decreasing in the eastern and southeastern parts
during the period 1979-2011 (Gao et al., 2015; Kuang & Jiao, 2016).

Increasing hydrological extremes (Ding et al., 2021; Yang et al., 2014; You et al., 2008) and the increasing trend
of the contribution of extreme rainfall to the total precipitation (Ge et al., 2017) have been reported over the
TP. Consequent floods, droughts, and snowstorms caused by increasing extreme precipitation events have had an
adverse effect on ecosystems, agriculture, infrastructure, and socioeconomic development (He et al., 2021; Ward
et al., 2020). Therefore, the occurrences of extreme precipitation events and their trends have become the focus
of most climate change studies (Xiong et al., 2019; Yang et al., 2012).

Daily precipitation extremes do appear to be increasing in magnitude and frequency at the global and continental
scales (Asadieh & Krakauer, 2015; Donat et al., 2016). In particular, subdaily precipitation extremes are more sensi-
tive to warming than daily precipitation extremes (Ali & Mishra, 2018; Barbero et al., 2018; Chinita et al., 2021) and
more accurately reflect the intermittency of the precipitation (Trenberth et al., 2017). This seems to be a property
of convective precipitation and may be attributed to the release of latent heat within convective storms invigorating
vertical motion, which is thought to generate greater increases in hourly rainfall intensities (Lenderink et al., 2017).

Although the characteristics of and changes in the subdaily precipitation extremes in many parts of the world,
such as Europe (Chan et al., 2014; Lavin-Gullon et al., 2021; Pichelli et al., 2021), North America (Barbero
et al., 2017), and parts of China (Xiao et al., 2016), have been well established, it is still unclear how subdaily
precipitation extremes are shaped and have evolved over the TP. Li and Yu (2014) analyzed the frequency-intensity
distribution of the hourly precipitation based on rain gauge data and found that the frequency of light rain was
higher and that the number of intense rainfall events was smaller at stations with high altitudes and complex
orography compared to those on the plains of eastern China. Furthermore, through analysis of hourly rain gauge
records, Li (2018) found that extreme precipitation events tended to start in the late afternoon and terminated in
the morning, and the precipitation over the southeastern TP was characterized by a large amount, high frequency,
and strong intensity. Although the projection of the daily mean and extreme precipitation over the TP has been
extensively studied under the background of significant warming, the problem of projecting the changes in the
subdaily precipitation and its extremes is still open for discussion.

Theoretically, water vapor increases tend to be governed by the Clausius-Clapeyron (C-C) relationship to temper-
ature, but extreme precipitation changes are more complex due to dynamical feedbacks (Neelin et al., 2022). This
relationship indicates that the water-holding capacity of the air will increase by approximately 7% per degree of
warming (Park & Min, 2017; Trenberth, 2011). However, the scaling rates of extreme precipitation and temper-
ature are strongly dependent on the region (Prein et al., 2017; Wasko & Sharma, 2017), temperature (Utsumi
etal., 2011), and moisture availability (Chan et al., 2016). The super-C-C scaling has been interpreted in connec-
tion with convective precipitation (Lenderink et al., 2017), which is highly relevant to midlatitude regions in the
warm season when convective precipitation represents an important proportion of the total amount (e.g., over the
TP). It has also been discovered that the relationship between temperature and extreme precipitation may change
with the precipitation duration (hourly, daily, and multiday) (Shaw et al., 2011; Yong et al., 2021). However,
evaluating the effects of warming on subdaily precipitation extremes in regions with complex orography based
on the surface station network is particularly challenging due to limitations such as data inhomogeneity, missing
data, and various biases associated with the measurement processes (Guerreiro et al., 2018).

As stated in the IPCC ARG, high-resolution climate models are needed to increase confidence in climate projec-
tions (IPCC, 2021). However, reliable simulation of precipitation extremes and their attribution to warming at
the regional scale remain challenging. In general, a higher model resolution is an important step toward further
including more small-scale processes (Ma et al., 2021, 2023a; Zhou et al., 2022). For dynamic reasons, many
properties of the severe storms responsible for extreme precipitation cannot be resolved at coarse grid spacings,
regardless of how good the subgrid-scale physical parameterizations are (Wehner et al., 2021). In addition, infer-
ring the hourly precipitation amounts from observational data sets (e.g., remote sensing and gauge network) is
difficult because satellite estimates may be strongly affected by clouds and surface properties, and in situ obser-
vations may be insufficient in terms of the demand for temporal and spatial resolution. However, data merging
exploiting the complementary strengths of gauge, satellite, and reanalysis-based precipitation estimates are very
promising (Barbero et al., 2019).

In this study, we focus on the aforementioned questions in order to present a comprehensive understanding of the
projected subdaily extreme precipitation over the TP. The goals of this study were (a) to identify the spatiotemporal
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e L changes in the subdaily precipitation extremes in the near-future (2020-2039),

mid-future (2040-2059), and far-future (2080-2099) over the TP; and (b) to
investigate its thermodynamic response to warming and deviation from the
C-C rate due to dynamic factors.

The remainder of this article is organized as follows. Section 2 describes the
model and experimental design, data, and methodology. Section 3 presents
the main results concerning the projected changes in subdaily precipita-
tion extremes. The thermodynamic and dynamic aspects are discussed in
Section 4. Section 5 summarizes the conclusions obtained in this study.
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Figure 1. The simulation domain of the WRF (shading). The subregions are
framed by black rectangles, and the name of the region is noted in the bottom-

left corner of each rectangle.
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9200 @000 4800¢ 15000 2.1. Model Setup and Experimental Design

The WRF with Advanced Research (ARW) dynamic core version 4.1.1
(Skamarock et al., 2019), configured with 361 X 531 grid points in the
north-south and east-west directions, using a 9 km horizontal grid spacing to
encompass the entire TP and part of its surrounding areas (Figure 1), is used.
There are 40 hybrid-sigma levels with an upper boundary of 50 hPa. The
parameterization schemes employed are the Thompson microphysics scheme (Thompson et al., 2008), the Yonsei
University (YSU) planetary boundary layer (PBL) parameterization (Hong et al., 2006), the rapid radiative transfer
model for general circulation model (RRTMG) shortwave and longwave radiation schemes (Iacono et al., 2008),
and the Unified Noah Land Surface Model (Mukul Tewari et al., 2004). No cumulus parameterizations are used.

The global climate model (GCM) forcing data used in this paper originates from the CESM (Hurrell et al., 2013)
provided by the National Center for Atmospheric Research (NCAR). The bias-corrected CESM outputs following
the mean-bias-correction method (Bruyere et al., 2014) are generated for dynamic downscaling of the WRF simu-
lation. The bias-correction method corrects the mean state while retaining the synoptic-scale and climate-scale
variability simulated by the CESM, which have been proven to be critical for regional climate modeling over the
TP (Zhu et al., 2019). Additionally, spectral nudging is applied to the wind field above the planetary boundary
level, with the nudging wavenumber of four in both directions and nudging coefficient of 3 X 10~* that corre-
sponds to the time scale about 1 hr.

A set of dynamically downscaled WRF simulations is conducted from 1979 to 2100 continuously and is forced
by the 6-hr bias-corrected CESM output fields. The first year is treated as the spin-up that is broadly defined as
an adjustment process as the model approaches its equilibrium with minimal artificial drift in the model state or
prognostic variables (Cosgrove et al., 2003), without which the uncertainties can propagate from the beginning of
the modeling chain to the final simulations, and the results can be misleading (Yang et al., 1995); thus, the spin-up
time is excluded from analysis. Several periods are chosen to represent the historical (1980-2005), near-future
(2020-2039), mid-future (2040-2059), and far-future (2080-2099) climate. For the future (2006-2100) projections,
RCP4.5 and RCP8.5 are chosen to examine the influence of a middle and high emission scenario on high-impact
weather events. The historical WRF simulation (1980-2005) was previously evaluated (Ma et al., 2023c¢), showing
good agreement between mean and extreme temperature and precipitation simulations and observations.

2.2. Hourly Extreme Precipitation Indices

Subdaily extreme precipitation indices (EPIs) (Alexander et al., 2019) produced by the Intelligent Use of Climate
Models for Adaptation to Non-Stationary Hydrological Extremes (INTENSE) project (Blenkinsop et al., 2018)
are used to quantify the nature of the rainfall extremes. The indices are grouped into three classes, mainly based
on the aspects they can measure and their computational algorithms, enabling a thorough examination of subdaily
precipitation extremes in terms of frequency, intensity and duration. The classification generally follows that in Li
et al. (2022), and details of the selected indices are presented in Table 1. It should be noted that a wet spell is allowed
to span multiple days. In this paper, all of the time series of EPIs are computed and examined for an entire year.

In addition, the precipitation events are classified according to their duration with measurable hourly precipitation
of >0.1 mm/hr following the methods of Li (2018) and Yu et al. (2007). The duration of a precipitation event is the
number of hours from the beginning to the end of the event. Each precipitation event can contain a maximum of one
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Table 1
Hourly Extreme Precipitation Indices Selected in This Study
Type of index Index Description Definition Units
Intensity-related indices Rx1hr Maximum 1 hr precipitation Maximum 1 hr precipitation mm
Rx3hr Maximum 3 hr precipitation Maximum 3 hr precipitation mm
Rx6hr Maximum 6 hr precipitation Maximum 6 hr precipitation mm
Frequency-related indices R1hrSmm Number of moderate-to-heavy precipitation hours Number of hours with hourly precipitation of >5 mm hrs
Duration-related indices Maximum consecutive wet hours Maximum number of consecutive wet hours hrs
Average consecutive wet hours Average number of consecutive wet hours hrs
General indices Total wet-hour precipitation Total precipitation during wet hours mm
Wet-hour frequency Number of wet hours hrs
Hourly precipitation intensity Ratio of the total wet-hour precipitation to the number of wet ~mm/hr

hours

Note. A wet hour is defined as an hour with a precipitation rate of >0.1 mm.

1-hr gap (i.e., when the hourly precipitation is less than 0.1 mm). Precipitation events that last for 1-3 hr, 4-6 hr,
and longer than 6 hr are classified as short-duration, medium-duration, and long-duration events, respectively.

2.3. Statistical Method

The nonparametric Mann-Kendall (MK) test (Kendall, 1948; Mann, 1945) is applied to the long-term time series
to detect statistical significance of the trend. The MK test has been widely used in analyzing the significance of
EPIs' trends (Bhatti et al., 2020; Tramblay et al., 2013). In this paper, the trend is considered to be statistically
significant if it reaches either the 0.01 or 0.05 significance level. The magnitude of the trend in a given time series
is determined using Sen's nonparametric estimator method (Sen, 1968).

The scaling of the extreme precipitation with temperature is expressed by the relationship between the 99th percen-
tile of the daily maximum hourly precipitation (P99_dmax) and the daily average temperature following the method
of Knist et al. (2020). First, at each grid point, the daily maximum hourly precipitation over the investigated period
is attributed to the daily mean temperature over the same period sorted into 1°C bins, with 80 bins selected to cover
a wide range of temperature values. Then, for each temperature bin, only if there are more than 100 samples, are
they counted, and the 99th percentile of the precipitation values (P99_dmax) is calculated. The P99_dmax values
are then averaged over the grid points in the particular analysis region. Thus, the extreme precipitation-temperature
(EP-T) relationship curves can be obtained. Furthermore, to ensure a more representative EP-T scaling, the end-tail
of the curves with lower temperature bins are discarded due to a smaller number of grid points available for averag-
ing in those specific subregions, accounting for less than 20% of the total grid points. Specifically, only when 50% of
the grid points have statistical P99_dmax values are the EP-T scaling curves calculated at a specific temperature bin.

Composite analysis, recognized as an effective technique for identifying the conditions observed during specific
climate states and providing valuable information about the physical mechanisms involved (Boschat et al., 2016),
is applied. Here, we first identify the precipitation events at each time interval. Further, the diagnostic w compo-
nent of wind on mass points is extracted at 500 and 300 hPa to construct the composite vertical velocity field
corresponding to the identified subdaily precipitation events occurring in the same period.

3. Results
3.1. Changes in EPI Distributions
3.1.1. General Indices

Figure 2 depicts the spatial distributions of RTot, NWH, and SPII1hr from the historical period and their projected
changes in the far-future, as well as the differences between RCP4.5 and RCP8.5. These indices measure the total
precipitation, precipitation frequency, and average precipitation intensity of the hourly precipitation processes,
providing an overall view of the hourly precipitation characteristics.
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Figure 2. Spatial distribution of 26 years mean (1980-2005) RTot, NWH, and SPII1hr from the historical run (first row); projected changes in the RTot, NWH, and
SPII1hr in the far-future under RCP4.5/RCP8.5 (second/third row); and differences between RCP4.5 and RCP8.5 (fourth row). The projected changes passing the
significance test at the 99% confidence level are dotted.

Since the projected changes in the near- and mid-future are not as significant as those in the far-future, and the
general spatial features are similar to those in the far-future, they are not highlighted here. The climatology of
RTot, NWH, and SPII1hr from the historical run decreases from southeast to northwest over the inner TP, while
the southeastern TP and the southern border of the TP are faced with the most total precipitation during the wet
hours, the most wet hours, and the most intense hourly precipitation.

In the far-future, the RTot will increase by approximately 20-40 mm over the majority of the central and north-
western TP, while it will decrease by more than 80 mm over the southern border of the TP (Figures 2d and 2g).
Over the southeastern TP, the projected changes in RTot under RCP4.5 and RCP8.5 differ, with dominant decrease
under RCP4.5 but increase under RCP8.5. In contrast to RTot, which will exhibit nonuniform spatial changes and
a divergent projection over specific areas under two RCP scenarios, coherent decrease of NWH and increase of
SPII1hr are projected under both RCP scenarios, with the most obvious changes occurring over the southeastern
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Figure 3. Spatial distribution of 26 years mean (1980-2005) Rx1hr, Rx3hr, and Rx6hr from the historical run (first row); projected changes in Rx1hr, Rx3hr, and
Rx6hr in the far-future under RCP4.5/RCP8.5 (second/third row); and differences between RCP4.5 and RCP8.5 (fourth row). The projected changes that pass the
significance test at the 99% confidence level are dotted.

TP and the southern border of the TP. Thus, the significant decrease in RTot over the southern border of the TP is
attributed to the stronger decrease in NWH. However, over the southeastern TP, the predominant increase in RTot
under RCP8.5 may be influenced more by the significant increase in SPII1hr, while the decrease under RCP4.5
may be related more closely to the decrease in NWH.

3.1.2. Frequency-Related and Intensity-Related Indices

Figure 3 shows the spatial distributions of Rx1hr, Rx3hr, and Rx6hr from the historical run and their projected
changes in the far-future, as well as the differences between RCP4.5 and RCP8.5. Temporally, the precipitation
peak always occurs at approximately 16:00-17:00 Local Standard Time (LST) according to the diurnal cycle of
the precipitation (figure not shown) in both the historical period and future projection. Rx1hr, Rx3hr, and Rx6hr
exhibit similar spatial patterns decreasing from southeast to northwest, with the maxima occurring over the
eastern TP and along the southern border of the TP (Figures 3a—3c). The northwestern TP and the Qaidam Basin
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Figure 4. Time evolution of regional mean precipitation frequency over the Tibetan Plateau (TP) for precipitation amounts of <5 mm (a) and >5 mm (b) in the
historical period and the future under RCP4.5/RCP8.5. Probability distribution functions (PDFs) of R1hrSmm over the southeastern TP in the (c) near-future, (d)
mid-future, and (e) far-future under RCP4.5/RCP8.5 compared with that in the historical period.

are characterized by weaker hourly precipitation intensity. In the far-future, under RCP4.5, Rx1hr is projected
to nonuniformly increase by more than 2.0 mm over the eastern TP, and the increase in the amplitude will be
approximately twice as large under RCP8.5. For Rx3hr and Rx6hr, majority parts of the TP will be faced with
intensified precipitation, while some parts of the central TP will experience decreases under RCP4.5 (Figures 3e
and 3f). Inhomogenous increase in the precipitation intensity is also projected under RCP8.5 (Figures 3g—3i).

The regional mean precipitation frequency over the TP for light precipitation (less than 5 mm/hr) is projected to
decrease significantly until the end of the 21st century, while the frequency of moderate-to-heavy precipitation
(=5 mm/hr) is projected to increase significantly (both at the 99% confidence level) during the same period
(Figure 4). Therefore, the projected changes in the distribution of R1hrSmm, representing the number of hours with
hourly precipitation >5 mm, are investigated. Spatially, the projected changes in R1hrSmm are similar to those
of the intensity-related indices, with the eastern and southern TP experiencing more frequent moderate-to-heavy
precipitation. The projected changes in the probability distribution function (PDF) of R1hrSmm over the south-
eastern TP in the future under the RCP scenarios are shown in Figure 4. Quantitatively, the annual total hours
with precipitation of >5 mm is within 50 for most grid points (Figures 4c—4e), which mostly occurs in summer.
A rightward shift in the PDF occurs under both RCP scenarios and is more evident in the far-future.

Generally, the more humid areas in climate, such as the eastern TP, southern TP, and the southern border of the
TP, will experience dramatic increases in the extreme precipitation frequency and stronger intensity at the hourly
scale. This also agrees well with the big picture, that is, increases in the frequency and intensity of the daily precip-
itation extremes over the TP, predicted in previous studies (Gao et al., 2018; Hui et al., 2022; Yang et al., 2012).

3.1.3. Duration-Related Indices

First, the characteristics of precipitation events with different durations at the hourly scale are depicted in
Figure 5. The precipitation over the southeastern TP is mainly characterized by short-duration (Figure 5a), while
that along the southern border of the TP and over the western TP is characterized by long-duration (Figure 5c).
Under the background of warming, the short-duration, medium-duration, and long-duration precipitation events,
as well as the mean duration of each precipitation event, are projected to gradually and coherently decrease. For
the short-duration and medium-duration precipitation events, the most dramatic decreases will occur over the
southeastern TP and some parts of the southern border of the TP, with more than 50 annually (Figures 5d, Se,
5g, and 5h). In contrast, the southwestern TP and Qaidam Basin are projected to experience slight increases in
short-duration events (Figures 5d and 5g). For the long-duration events, the western TP will be more severely
challenged, with a decrease of more than 10 events annually (Figures 5f and 5i). Most short-duration precipitation
events end in the afternoon (in local time), while medium-duration and long-duration precipitation events ends
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Figure 5. Spatial distribution of 26 years mean (1980-2005) short-duration, medium-duration, and long-duration precipitation events from the historical run (first
row); projected changes in the short-duration, medium-duration, and long-duration precipitation events in the far-future under RCP4.5/RCP8.5 (second/third row); and
differences between RCP4.5 and RCP8.5 (fourth row). The projected changes that pass the significance test at the 99% confidence level are dotted.

in the early morning based on the historical simulation (figure not shown), which will remain almost unchanged
in the future. This indicates that the response of the hourly precipitation to warming is probably reflected by
the increase in the intensity of each precipitation event and the decrease in the frequency of events.

The spatial distributions of MeLWS and MxXLWS in the historical period and under the two RCP scenarios
are illustrated in Figure 6. According to the historical simulation, the maximum MeLWS above 6 hrs, and the
maximum MxLWS above 50 hrs occur over the western TP and along the southern border of the TP, while the
minimum MeLWS below 2.5 hrs, and the minimum MxLWS below 15 hrs occur over the central TP and Qaidam
Basin (Figures 6a and 6e). Under the background of warming, general decreases in MeLWS and MxXLWS are
projected, especially over the eastern TP and along the southern border of the TP (Figures 6b, 6¢, 6f, and 6g).

Based on the analysis above, the precipitation over the southeastern TP and along the southern border of the TP
will tend to occur less frequently, continue for a shorter duration, and have a larger intensity. Furthermore, the
moderate-to-heavy precipitation frequency will increase, increasing the risk of floods and droughts.
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far-future under RCP4.5/RCP8.5 (second/third row); and differences between RCP4.5 and RCP8.5 (fourth row). The projected changes that pass the significance test at
the 99% confidence level are dotted.

Table 2

3.2. Trends and Interannual Variability of EPIs

3.2.1. General Indices

The RTot trend is spatially disparate, with the increasing trend greater over the inner TP under RCP8.5 (Figure
S1 in Supporting Information S1). Along the southern border of the TP, the decreasing trends are greater than
10 mm/decade (Figures Sla and S1b in Supporting Information S1). The NWH is projected to significantly
decrease at a rate of more than 60 hr/decade over the western TP and along the southern border of the TP under
RCP4.5 where the decreasing trend under RCP8.5 is approximately 20 hr/decade faster (Figures S1d-S1f in
Supporting Information S1). SPII1hr is projected to increase at the fastest rate of more than 0.1 mm/hr/decade in

these regions (Figures S1g-S1i in Supporting Information S1). Therefore, the southeastern TP and the southern
border of the TP will undergo the most dramatic changes in NWH and SPII1hr, with significantly faster rates and
stronger interannual variabilities that are characterized by larger standard deviation values (Figure S2 in Support-

Trends of Hourly Extreme Precipitation Indices and Precipitation Events
With Different Duration During 20062099

RCP4.5

RCP8.5

NWH

SPII1hr

Rx1hr

Rx3hr

Rx6hr

R1hrSmm
MeLWS

MxLWS
Short-duration
Medium-duration

Long-duration

—24.41 hr/decade*
0.046 mm/hr/decade**
0.14 mm/decade™**
0.25 mm/decade**
0.33 mm/decade**
0.15 hr/decade**
—0.061 hr/decade**
—0.96 hr/decade**
—1.46 events/decade**
—1.57 events/decade*

—1.38 events/decade**

—31.91 hr/decade**
0.069 mm/hr/decade**
0.45 mm/decade**
0.74 mm/decade**
0.93 mm/decade**
0.50 hr/decade**
—0.085 hr/decade™*
—1.28 hr/decade™*
—1.58 events/decade**
—1.36 events/decade*

—1.74 events/decade**

Note. The statistics in the second/third column represents the trend under
RCP4.5/RCP8.5. */** denotes that the trend is significant at the 95%/99%

confidence level.

ing Information S1). Temporally, the regional mean NWH is projected to
decrease at a rate of approximately 24.4 hr/decade under RCP4.5 and 31.9 hr/
decade under RCP8.5, and the regional mean SPII1hr is projected to increase
at a rate of approximately 0.05 mm/hr/decade under RCP4.5 and 0.07 mm/ht/
decade under RCP8.5 (Figure S3 in Supporting Information S1 and Table 2).
Since the RTot trend exhibits a large spatial inhomogeneity, the temporal
characteristics of the regional mean RTot are not shown in Table 2 and are
not discussed here.

3.2.2. Frequency-Related and Intensity-Related Indices

The spatial distributions of the intensity-related indices' trends under RCP4.5
and RCP8.5 are characterized by faster increasing trends over the eastern TP
(Figure S4 in Supporting Information S1). The increasing trends are within
0.5 mm/decade under RCP4.5, while they are approximately 1.0 mm/decade
faster under RCP8.5. According to the time series of intensity-related indices
(Figure S3 in Supporting Information S1), the increasing trends remain almost
the same under RCP4.5 and RCPS8.5 in the beginning. However, they start
to diverge in 2040, and then, the difference between them further widens in
2060, which is earlier than the timing for the general indices. The eastern TP is
projected to experience strong interannual variability (above 10.0 mm) (Figure
S5 in Supporting Information S1).
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Table 3
The Correlation Coefficients Between Intensity-Related Indices and Precipitation Events With Different Duration, as Well
as That Between Intensity-Related Indices and Mean Duration of Each Precipitation Event During 2006—2099

Rx1hr (mm) Rx3hr (mm) Rx6hr (mm)

Short-duration —0.57%%/—0.84%* —0.29°%%/—0.57** —0.26%/—0.54%**
Medium-duration —0.60**%/—0.86%* —0.55%%/—0.84%* —0.48*%/—0.80%*
Long-duration —0.73%%/—0.91 ** —0.66%%/—0.89%* —0.57%%/—0.84%*
Mean duration (hour) —0.74**/—0.90** —0.66**/—0.87** —0.56%%/-0.82%*

Note. The former/latter statistics in each cell of the second, third, and fourth column represents the correlation coefficients
under RCP4.5/RCP8.5. */** denotes that the trend is significant at the 95%/99% confidence level.

For R1hrSmm, the faster increasing trends (>2 hr/decade) and stronger interannual variability (>10 hr) coexist
over the southeastern TP and along the southern border of the TP under RCP8.5 (figure not shown). Since trends
at most grid points do not pass the significance test at the 99% confidence level, they are thought to change as not
significantly as intensity-related indices.

3.2.3. Duration-Related Indices

Consistent decreasing trends of short-duration, medium-duration, and long-duration precipitation events are
projected over the southeastern TP and along the southern border of the TP (Figure S6 in Supporting Informa-
tion S1). The western TP will experience a significant decrease in the number of long-duration precipitation
events, with a rate of greater than 3 events/decade. The decreasing trends of short-duration, medium-duration,
and long-duration precipitation events under RCP4.5 and RCP8.5 start to diverge greatly after the 2080s (Figure
S3 in Supporting Information S1). The southeastern TP exhibit strong interannual variability, exceeding 20
for short-duration precipitation and 10 for medium-duration and long-duration precipitation events (Figure
S7 in Supporting Information S1). The short-duration precipitation events over the central-eastern TP and the
long-duration precipitation events over the western TP also exhibit strong interannual variability.

For the duration-related EPIs, the faster decreasing trends and stronger interannual variability are distributed
over the western TP and along the southern border of the TP, especially for MXxLWS (Figure S8 in Supporting
Information S1). More dramatic decreases are projected to occur after the 2080s under RCP8.5 (Figure S3 in
Supporting Information S1).

3.3. Possible Relationship Between EPIs and Elevation Dependency

Furthermore, it was found that the intensity-related indices have a notable dependency on elevation (Figure S9
in Supporting Information S1). There are robust negative correlations between them that are significant at the
99% confidence level based on the two-sided ¢ test. The correlation coefficients (r) between the intensity-related
indices and elevation range from —0.50 to —0.40 for Rx1hr, —0.48 to —0.35 for Rx3hr, and —0.45 to —0.34 for
Rx6hr. The correlations tend to become higher in the future, especially under RCP8.5. The interannual varia-
bility of these indices is also closely related to elevation, reaching approximately —0.54 in the historical run,
—0.56/—0.56 in the near-future, —0.56/—0.56 in the mid-future, and —0.56/—0.57 in the far-future under RCP4.5/
RCP8.5 (significant at the 99% confidence level). These reveal that elevation is also an important factor affecting
the variability of precipitation extremes over the TP.

Investigation into the intensity-related indices and precipitation events with different durations revealed that there is
arobust negative correlation between them (Table 3). Rx1hr is highly correlated with the numbers of short-duration,
medium-duration, and long-duration precipitation events, as well as the mean duration of precipitation events. The
higher Rx1hr is, the shorter the mean duration of precipitation events is. Rx3hr and Rx6hr are closely correlated
with the numbers of medium- and long-duration precipitation events and mean duration of precipitation events, but
the correlations are not as high as those with Rx1hr. Although the occurrence of precipitation events with different
durations and their mean duration is correlated with the intensity-related indices, they are not highly correlated
with the topographic heightlike intensity-related indices do, with the absolute value of the correlation coefficients
below 0.3.
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Figure 7. Hourly precipitation extremes (99th percentile) versus daily averaged future temperature over different subregions of TP, as is denoted at the top of each
column. Light blue and gray dashed lines indicate 1 and 2 times of the C-C scaling, respectively. The unit of temperature: °C.

4. Discussion

The amount of precipitable water over the TP is much lower than that in the surrounding areas due to its elevated
land surface. Thus, the precipitation is largely controlled by the availability of water vapor, which is closely
related to warming. Another important factor modulating the subdaily precipitation characteristics is the complex
local topography, which exerts an important influence on terrain-induced local circulations. Therefore, the ther-
modynamic and dynamic changes over the TP under the background of warming are discussed in this section.

4.1. EP-T Scaling

Figure 7 shows the historical and future EP-T scaling in the four subregions of the TP. In the historical simu-
lation, the EP-T curves exhibit a hook-like structure in all subregions. Over the northwestern TP (TP-NW), the
EP-T relationship in the historical simulation exceeds the C-C scaling by approximately 1%/K at temperatures
ranging from approximately —26°C to the turning point that corresponds to the maximum P99_dmax value.
Over the southwestern TP (TP-SW), the EP-T relationship generally follows the C-C scaling, which is approxi-
mately 6.2%/K, at temperatures ranging from approximately —19°C to the turning point. Over the northeastern
TP (TP-NE) and southeastern TP (TP-SE), the turning point of the temperature for extreme precipitation is
higher than that over the western TP, which can reach approximately 8°C. The EP-T scaling is also larger than
that over the western TP, exceeding the C-C scaling by approximately 2%/K from —20°C to the turning point
over the TP-NE and from —16°C to the turning point over the TP-SE, respectively. In all subregions, a negative
EP-T scaling was detected when the temperature was above the turning point, and an increase in temperature
does not necessarily favor extreme precipitation because of moisture limitations (Jones & Randall, 2011; Neelin
et al., 2009).

The shapes of the EP-T curves under RCP4.5 and RCP8.5 in the future are similar to that from the historical
simulation, except for a shift toward higher temperature and higher extreme precipitation peaks, especially under
RCP8.5. Over the TP-NW and TP-NE, the EP-T scaling is around 10%/K under both RCP scenarios. Over the
TP-SW, the EP-T scaling will slightly exceed the C-C scaling by 1~2%/K. The TP-SE has the largest EP-T scal-
ing (~10%/K) after the near-future, and it tends to develop toward the double C-C scaling in the far-future under
RCP8.5 (~12%/K). This reveals that the southeastern TP will be more sensitive to warming in the far-future,
which may partially explain the predominant increase in RTot in this area.

4.2. Large-Scale Vertical Velocity

In addition to the increasing atmospheric moisture content under a warming climate (Allen & Ingram, 2002;
Trenberth, 1999), extreme precipitation is also influenced by other thermodynamic and dynamic properties such
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Figure 8. Projected changes in composite vertical velocity in the far-future at 500 and 300 hPa under RCP4.5 (the first row),
RCP8.5 (the second row) and differences between RCP4.5 and RCP8.5 (the third row).

as intensified water recycling (Nie & Sun, 2022; Zhang et al., 2023), changes in the temperature lapse rate and
vertical wind velocities (Pfahl et al., 2017; Sugiyama et al., 2010; O'Gorman & Schneider, 2009). On regional
scales, dynamic factors and local factors such as topography can make the response of precipitation extremes
more complex, especially when convection is important (O’Gorman, 2015).

There is a link between large-scale vertical velocities, which are associated with large-scale atmospheric condi-
tions, and subdaily extreme precipitation intensities (Lenderink et al., 2017). Figure 8 shows the projected changes
in the composite vertical velocity at 500 hPa and 300 hPa in the far-future under RCP4.5 and RCP8.5. The spatial
pattern of the projected changes in the composite vertical velocity at low-levels and mid-levels is similar to that
of Rx1hr (Figure 3). The increase in the upward motion is mainly projected in the areas where Rx1hr, Rx3hr,
and Rx6hr are also projected to intensify. This indicates that hourly precipitation extremes are on average accom-
panied by substantial large-scale upward motions. Correlation analysis was conducted to obtain a comprehen-
sive understanding of the robustness of relevance between the composite vertical velocity and intensity-related
indices (Table S1 in Supporting Information S1). The projected changes in the composite vertical velocity at
both low-levels and mid-levels are related to the changes in the intensity-related indices, but the composite verti-
cal velocity at the low-level exhibits a higher correlation with the intensified hourly precipitation than that at
the mid-level. The correlation coefficients between changes in composite vertical velocity in the low-level and
changes in the intensity-related indices are greater than 0.50 (all significant at the 99% confidence level), with
values above 0.60 under RCPS8.5.

It is found that the increased latent heating, especially over the southeastern TP (figure not shown), which is
triggered to counterbalance the global warming-driven increases in surface and troposphere temperatures, may
be the cause of intensified upward motions (Trenberth, 2011). The stronger upward motion induces condensation
and precipitation formation which in turn release latent heat, hence establishing the positive feedback between
the upward motion and precipitation/diabatic heating, which is also theoretically established and observationally
recorded in previous studies (Nie et al., 2018; Tandon et al., 2018). Though a brief mechanistic interpretation
of the feedbacks between the thermodynamic and dynamic factors to intensified precipitation is provided here,
it is certainly not all of the story, with the roles of other processes (e.g., changes in cloud entrainment and
cloud-aerosol interactions) not well understood at current stage (Fowler et al., 2021). More in-depth studies are
required to gain additional insight into these processes that are responsible for the modulation of subdaily precip-
itation extremes.

Investigation in this section provides more evidence for the hypothesis that at the local scale, the topography may
play an important role in making the response of precipitation extremes more complicated through its modu-
lation of the terrain-induced circulation and the associated upward motion. Stronger upward motion over the
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eastern TP and along the southern border of the TP has been shown to have a robust correlation with intensified
hourly precipitation. The intensified hourly precipitation there will further lead to a reduction in the numbers of
short-duration, medium-duration, and long-duration precipitation events.

5. Conclusions and Discussions

In this study, using the high-resolution WRF model, a series of historical simulation and projections under
RCP4.5 and RCP8.5 were conducted. The projected changes in the spatial pattern, trend and variability of the
subdaily extreme precipitation as well as the thermodynamic and dynamic conditions were investigated.

Regarding the general indices, it is projected that RTot will undergo heterogeneous changes. Increases in RTot are
expected over the majority of the central and northwestern TP, while decreases are projected along the southern
border of the TP. Consistent decrease in NWH and increase in SPII1hr are observed under both RCP scenarios.
Moreover, these changes exhibit a faster trend and stronger interannual variability over the southeastern TP and
along the southern border of the TP.

In terms of the frequency-related and intensity-related indices, the most intense precipitation is projected to occur
over the eastern TP and along the southern border of the TP. The frequency of the moderate-to-heavy precipita-
tion is expected to increase significantly, indicating that more grid points over the eastern TP will face an elevated
risk of heavy rain.

Regarding the duration-related indices, coherent decreases are projected for precipitation events with short,
medium, and long durations. The southeastern TP is expected to face dramatic decreases in short-duration and
medium-duration precipitation events, while the western TP will see a reduction in long-duration precipitation
events. Consequently, general decreases in MeLWS and MxLWS are projected, particularly over the eastern TP
and along the southern border of the TP.

Under the context of global warming, the EP-T curves are expected to shift toward a higher temperature and
higher peaks of extreme precipitation. This shift indicates that the EP-T scaling will further deviate from the C-C
scaling, particularly over the southeastern TP under RCP8.5, potentially following a double C-C scaling in the
far-future. The higher sensitivity of the southeastern TP to warming may partially explain the more pronounced
changes in subdaily precipitation in this area.

Additionally, the close relationship between increased upward vertical velocities and intensified subdaily
precipitation highlights the significance of topography in shaping the spatial pattern of the intensified subdaily
precipitation.

Furthermore, it is important to note that downscaled regional climate projections are subject to various sources
of uncertainty. One of the uncertainties is related to gray-zone modeling. Nonhydrostatic dynamics cannot be
accurately represented with horizontal resolutions larger than 4 km, beyond which convective mass flux may be
overestimated, leading to the production of “grid-scale storms” (Weisman et al., 1997). This can result in overes-
timated precipitation due to convective instability forced onto an unrealistically coarser scale (Prein et al., 2015).
Other poorly understood feedbacks at the gray-zone scale, such as cloud-radiative feedbacks and cloud-aerosol
interactions that depend on accurate representations of clouds, may also introduce uncertainties.

Another source of uncertainty is associated with the regional climate model (RCM) and downscaling process
itself. Different RCMs driven by the same GCM can produce considerably different climate change signals
(Giorgi, 2019). Thus, accounting for uncertainties in the RCM itself, as well as those transferred from the GCM,
is essential. Several studies focusing on the climate projections over the TP have employed multi-RCM ensemble
downscaled by various GCMs to address these uncertainties (e.g., Fu et al., 2021; Niu et al., 2021). However,
generating climate projections based on ensembles at a convection-permitting scale remains challenging due to
computational limitations, although it is expected to help further reduce uncertainties. Additionally, uncertainties
can arise from factors such as emission scenarios, land use change, internal climate variability, and other sources.

Data Availability Statement

The bias-corrected CESM outputs (Hurrell et al., 2013) are available via https://rda.ucar.edu/datasets/ds316.1/.
The WRF model (Skamarock et al., 2019), used to generate the historical simulation and future projections in this
study, is available from https://www.mmm.ucar.edu/weather-research-and-forecasting-model. The data generated
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