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Response and mechanisms of sub-daily
precipitation over the Tibetan Plateau to
regional climate change
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Tibetan Plateau (TP) is a sensitive region of climate change, with its precipitation change attracting
considerable scientific attention. This study couples dynamical downscaling simulation with the
storyline attribution approach to investigate the impact of regional climate change over East Asia
(RCC) and TP (PCC) on the sub-daily precipitation over TP. RCC significantly reduces overall
precipitation, mainly through decreasedmorning and stratiformprecipitation, but enhances afternoon
precipitation by increasing convective precipitation. Furthermore, RCC reduces the precipitation
frequency and precipitation intensity, most substantially for morning stratiform precipitation. PCC
exerts smaller and less statistically significant impact on precipitation than RCC. The opposing
morning–afternoon effects of RCC stem from differing physical mechanisms: RCC stabilizes the
atmosphere and reduces moisture in the morning, suppressing convection, while it enhances
instability, moisture, and convective energy in the afternoon. Regional differences in RCC-induced
precipitation changes are attributed to variations in moisture flux and atmospheric dynamics.

The Tibetan Plateau (TP), renowned as the “water tower of Asia,” is the
world’s highest plateau, with an average elevation exceeding 4000m and an
area of over 2.5 × 106 km2. Located in the center of Asia, its unique geo-
graphic location and complex topography exert significant thermal and
dynamic effects on regional and global climate1. The TP is one of the most
sensitive regions to global climate change. Its annual mean temperature
increased by 0.35 °C per decade from 1961 to 2020, a rate more than twice
the global warming during the sameperiod2. This significant climate change
has changed the spatio-temporal pattern of precipitation amount (PA),
precipitation intensity (PI), precipitation frequency (PF), precipitation type,
and extreme precipitation over TP3–5, which profoundly affects the regional
natural disasters and rational utilization of water resources and ecological
security. Therefore, understanding the characteristics and mechanisms of
precipitation changes over the TP against the backdrop of climate change is
of great significance for the rational development of water resources and for
disaster prevention and mitigation both on the plateau and in surround-
ing areas.

The summer climate over TP is mainly controlled by the South Asian
monsoon, theEastAsianmonsoon, and themid-latitudewesterlies, creating
a humid climate pattern in the southeastern TP and arid climate pattern in
the northwestern TP1. Local factors (e.g., surface heating, complex terrain,
and lakes) trigger strong convection during summer, which intensifies local

water cycle processes and influences precipitation patterns6,7. Furthermore,
climate change induces atmospheric warming, moistening, and circulation
changes, which in turn influence long-term variations in summer pre-
cipitation over the TP8–10. It also increases specific humidity and the water
vapor budget, accelerates local evapotranspiration and precipitation recy-
cling, and ultimately affects the spatial distribution of precipitation across
the plateau11. Overall, precipitation changes over TP exhibit spatial het-
erogeneity and temporal variability, with increases in the northern TP and
decreases in the southern TP in the context of climate change12. Although
climate change is a global phenomenon, its manifestations and con-
sequences are region-specific. EastAsia, for instance, experiences significant
regional climate change, with warming rates over the Mongolian Plateau
and the TP far exceeding the global average13. However, how to separate and
what is the effect of regional climate change over East Asia (RCC) and TP
(PCC) on precipitation over TP remains unclear and warrant further
investigation.

Precipitation in summer contributes 60–70% of the annual total over
TP14. Owing to its vast and complex terrain, intense solar radiation, and
heterogeneous land surface, the TP fosters mountain-valley breezes and
convective activity under favorable thermal and moist conditions. Conse-
quently, summer precipitation exhibits distinct sub-daily characteristics,
with diurnal peaks typically occurring in the late afternoon or around
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midnight15. Moreover, the sub-daily precipitation more accurately reflects
the intermittency of the precipitation16 and is more sensitive to climate
change than precipitation at daily or longer scale17–19. Studies on sub-daily
precipitation over TP showed that the amount, frequency, and duration of
extreme hourly precipitation in southeastern TP increased during
2005–202020, and shorter duration and more intense precipitation are
projected over the southeastern TP21. While changes in sub-daily pre-
cipitation characteristics and their relationship with climate change have
been extensively studied in North America, Europe, and parts of China22–24,
howsub-daily precipitationover theTP responds to climate change remains
poorly understood. In particular, the large-scale circulation adjustment and
thermal forcing of the plateau under regional climate warming may dif-
ferentially affect various precipitation types at different times of the day.
Therefore, how sub-daily precipitation over the TP responds to regional
climate change in East Asia and the TP itself, and its associated spatial
heterogeneity, remains an open question.

Understanding the trends and interactions between convective and
stratiform precipitation—the two dominant precipitation types—is crucial
for elucidating the mechanisms through which climate change exerts its
impacts. Convective precipitation increasingly dominates extreme pre-
cipitation events as it is more sensitive to temperature increases than stra-
tiformprecipitation. Previous studies have shown that PI generally increases
at a Clausius-Clapeyron (C-C) rate of 6-7% °C-1 in a warming climate, but
increased latent heat release from precipitation systems can cause a shift
from stratiform to convective precipitation, which may alter this
relationship25. The increase in convective precipitation may lead to an
increase in PI with increasing temperature that exceeds the C-C rate25,26.
Over the northern TP, convective precipitation dominates during the
daytime, while stratiform precipitation prevails at night27. However, how
sub-daily convective and stratiform precipitation respond to regional cli-
mate change over East Asia and the TP remains unknown.

Climate models have been widely used as tools for understanding
climate processes and projecting or attributing climate change. To date, the
attribution of precipitation over TP has primarily relied on global climate
models from the Coupled Model Intercomparison Project (CMIP)10,28,29,
however, most CMIP models exhibit substantial wet and cold biases over
TP30, resulting in considerable uncertainty intoprecipitation attribution and
projection. Dynamical downscaling simulation with regional climate
models at resolutions of 20–50 km could partly alleviate the wet and cold
biases2,31. Additionally, the “storyline” approach32–34 is an effective approach
for attributing precipitation changes to regional climate forcing and for
understanding associated local-scale thermodynamic and dynamic pro-
cesses. In this study, we couple the dynamical downscaling simulation with

the storyline attribution approach to separate the effects of regional climate
change over East Asia and TP on the sub-daily precipitation over TP and
investigate the possible physical mechanisms. The rest of the paper is
organized as follows. Section 2 briefly describes the model configuration,
datasets, and methodology. Section 3 presents the results, and Section 4
provides a summary.

Results
Model evaluation
Figure 1 illustrates the spatial distributionofdaily accumulated rainfall at the
83 CMA stations and from the two grid datasets (GSMaP_Gauge and
CN05.1) and the control (CTL) experiment (“Methods” section). All
observation datasets indicate a spatially consistent overall precipitation
pattern across the TP. Precipitation gradually decreases from the south-
easternTP to thenorthwesternTP,withheavy rainfall (exceeding5mm/day
in summer) primarily occurring in the easternTPand aroundNamtsoLake.
Heavy precipitation causes an obvious positive anomaly over the TP,
especially in the eastern TP, where the daily precipitation anomaly even
reaches 2mm/day (figure not shown). However, the datasets present dif-
ferent detailed precipitation characteristics, particularly in terms of PA
around the high-precipitation area. The daily mean precipitation over the
TP for CMA stations, GSMaP_Gauge, and CN05.1 is 3.53mmday⁻¹,
2.93mmday⁻¹, and 2.95mmday⁻¹, respectively, indicating that different
observations exhibit marked differences in PA. The ensemble mean of CTL
runs reasonably captures the general daily rainfall characteristics, with
spatial correlation coefficients of 0.52, 0.65, and 0.64 compared with CMA
stations, GSMaP_Gauge, and CN05.1, but it overestimates precipitation
over the TP with a wet bias, especially in the southeastern TP. In addition,
CTL effectively captures the spatial distribution of sub-daily rainfall, and the
spatial correlation coefficients of precipitation during early morning,
morning, afternoon, and evening are 0.71, 0.65, 0.61, and 0.44 compared
with GSMaP_Gauge data, although it overestimates the sub-daily pre-
cipitation. The precipitation wet bias in the regional simulation over TP is a
commonly reported issue in many literatures35,36. This systematic bias is
primarily due to incomplete physical processes and underlying surface
information (i.e., complex terrain) in regional and climate models, parti-
culary within steep mountain regions of the TP30,37.

Influence of regional climate change on the sub-daily precipita-
tion over TP
Figure 2 shows the simulated summer mean PA for CTL, RCC, and PCC,
and Fig. 3 presents the response of daily and sub-daily PA to climate change.
To investigate the spatial differences in the response of sub-daily convective

Fig. 1 | Comparison of the observed and simulated
summer rainfall over the TP in 2020. Spatial dis-
tributions of daily rainfall (units: mm day−1) for
different observations and simulations, including
a CMA_station, b GSMaP_Gauge, c CN05.1 and
d CTL experiment over the TP in the summer
of 2020.
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and stratiform precipitation to RCC and PCC, we divide the TP into three
regions based on the ratio between convective precipitation and stratiform
precipitation, as follows (Fig. 2a): western TP (WTP, where the ratio is
mostlymuch greater than 1.0), eastern TP (ETP, where the ratio is generally

close to 1.0) and northern TP (NTP, where the ratio is mostly below 1.0).
Bothdaily and sub-dailyPAvaluesdecrease gradually fromthe southeastern
to the northwestern TP, with the highest amounts occurring in the ETP,
followed by the WTP, and the least in the NTP (Fig. 2a–e). Afternoon

Fig. 2 | Precipitation amount in CTL experiment and its response to regional
climate change. Spatial distribution of (a, f, k) daily precipitation amount (PA, units:
mm day−1) and sub-daily PA (units: mm 6 h−1) during (b, g, l) morning, (c, h,m)
afternoon, (d, i, n) evening and (e, j, o) early morning for CTL experiment (left), the
difference between CTL and NoRCC experiment (RCC, central) and the difference
between CTL and NoPCC experiment (PCC, right) in the summer of 2020. The

cross-hatching in (a) marks regions where the proportion between convective
precipitation and stratiform precipitation less than 1.0, and the area of the black
horizontal line indicates that the proportions are between 1.0 and 1.7, as well as the
dots indicate the area of proportion exceeding 1.7. The stippling in (f–o) represents
the statistical significance of differences at the 90% confidence level.
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precipitation contributes over 32% to the daily total precipitation,making it
the highest among the four sub-daily intervals (Fig. 3a). However, the
contribution from theother three sub-daily periods varies by region. InETP,
the percentage of precipitation in the evening rankes second, and it is lowest
in the earlymorning. In theNTP,precipitation in themorning ranks second
and is lowest in the evening, whereas in the WTP, evening precipitation
ranks second and is lowest in the morning.

Spatially, RCC reduces precipitation over the TP on the daily scale and
in the morning and evening (Fig. 2f–i). In the afternoon, RCC increases
precipitation in the northwestern part of ETP and WTP, but reduces pre-
cipitation inNTP (Fig. 2h). In the earlymorning, RCC reducesprecipitation
inWTP and the northwestern parts of ETP andNTP (Fig. 2j). Quantitative
results from spatial averages show that RCC reduces precipitation over the
wholeTPon the daily scale and in themorning, evening, and earlymorning,
but increases precipitation in the afternoon over the whole TP, except NTP
(Fig. 3b). As a consequence, the proportion of precipitation across the four
sub-daily periods also changes under RCC and PCC (Fig. 3a). Over the TP,
RCC reduces the precipitation proportion in the morning by 3.57–4.07%,
but increases the precipitation proportion in the afternoon by 2.76–3.25%.
Changes in the evening and early morning remain minimal, staying below
1%. Similarly, precipitationproportions inNTP,ETP, andWTPdecrease by
11.44–14.70%, 1.38–1.71%, and 8.79–10.15% in the morning and increase
by 8.60–11.41%, 1.28–1.77%, and 4.34–6.12% in the afternoon, respectively.
Changes in proportions during the evening and early morning are sig-
nificantly smaller than those in themorning and afternoon. In comparison,
the impact of PCC on precipitation is noticeably smaller than that of RCC
and is statistically insignificant over most of the TP (Fig. 2k–o). The only
significant effect is that PCC reduces precipitation over the TP in the

morning (Fig. 2l), leading to overall changes in precipitation proportions by
1.15–3.72% in NTP and below 1% in TP, ETP, and WTP (Fig. 3a). The
possible reasonwhy the influence of PCC is smaller than that ofRCC isRCC
mainly affects large-scale circulation and moisture transport patterns from
outside the TP, while PCC alters local thermodynamic conditions over the
TP itself, such as surface heating.

Further, the contribution of convective precipitation and stratiform
precipitation to the total PA is investigated, as shown in Fig. 3e, f. In this
study, convective precipitation and stratiform precipitation are derived
from the cumulus scheme and microphysics scheme, respectively. On a
daily scale, convective precipitation dominates across theTP, accounting for
57.93% of the total precipitation. Quantitatively, RCC increases convective
precipitation over the whole TP and NTP in the afternoon, but reduces
convective precipitation in the other three sub-daily times (Fig. 3c). In ETP,
RCC increases convective precipitation in the morning, afternoon, and
evening, but decreases convective precipitation in the early morning.
Overall, the daily precipitation convective precipitation increases over TP
and ETP, but decreases in NTP and WTP. RCC reduces stratiform pre-
cipitation over the entire TP across all time periods (Fig. 4d). Accordingly,
RCC generally increases the convective precipitation proportion on the
daily scale and in the morning, afternoon, and evening, particularly in the
morning overWTP, but reduces the stratiform precipitation proportion. In
contrast, PCC has a much smaller impact on the convective and stratiform
proportions than RCC. In the morning, PCC increases the convective
precipitation proportion over the TP, except in the NTP, and reduces the
stratiform precipitation proportion.

Figure 4 shows the spatial distribution of simulated summer mean PF
for CTL, RCC, and PCC. Both the daily and four sub-daily PF values

Fig. 3 | Response of sub-daily total, convective and stratiform precipitation
amount to regional climate change. a The percentage (units: %) of PA during
morning (red column), afternoon (orange column), evening (light blue column),
and early morning (deep blue column) for CTL, NoRCC, and NoPCC experiment
over TP and three sub-regions. b–d The Matrix Heatmap for daily PA (units: mm
day−1) and sub-daily PA (units: mm 6 h−1) of RCC and PCC in TP (RCC_TP and

PCC_TP), NTP (RCC_NTP and PCC_NTP), ETP (RCC_ETP and PCC_ETP) and
WTP (RCC_WTP and PCC_WTP) for b total precipitation, c convective pre-
cipitation and d stratiform precipitation. e, f As in c, d, but for the PA proportion
(units: %) of convective precipitation (e) and stratiform precipitation (f). The values
larger than 50% for CTL are marked.
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decrease gradually from the southeastern to the northwesternTP,with large
PF predominantly occurring in the southeastern TP (Fig. 4a–e). PF is
highest in the afternoon and lowest in the early morning over the TP.
Spatially, RCC reduces daily PF over the TP, particularly in the WTP and
NTP (Fig. 4f). In the morning, RCC reduces PF over the TP, except in the
ETP (Fig. 4g). In the afternoon, RCC reduces PF over the TP, except in the
northern ETP and central WTP (Fig. 4h). In the evening, RCC reduces PF
over the TP (Fig. 4i). In the early morning, RCC reduces PF over the TP,
except for a small area in the northwestern WTP (Fig. 4j). Quantitative
results from spatial averages show that RCC reduces PF of total

precipitation, convective precipitation, and stratiformprecipitation over the
whole TP, particularly in the morning—except for convective precipitation
in the NTP during the afternoon (Fig. 5a–c). In contrast, the decrease in PF
of stratiform precipitation is larger than that of convective precipitation.
Correspondingly, except in the evening and earlymorning in theNTP, RCC
generally increases the PF proportion of convective precipitation but
reduces the PF proportion of stratiform precipitation throughout the day,
particularly in the morning (Fig. 5d, e). Comparatively, PCC insignificantly
reduces PF over the TP, and the impact of PCC on PF is noticeably smaller
than that of RCC (Fig. 4k–o). Overall, PCC also reduces the PF of total and

Fig. 4 | Precipitation frequency in CTL experiment and its response to regional
climate change. Spatial distribution of a, f, k precipitation frequency (PF, units: %)
and sub-daily PF (units: %) during b, g, lmorning, c, h,m afternoon, d, i, n evening
and e, j, o early morning for CTL experiment (left), the difference between CTL and

NoRCC experiment (RCC, central) and the difference between CTL and NoPCC
experiment (PCC, right) in the summer of 2020. The stippling in f-o represents the
statistical significance of differences at the 90% confidence level.

https://doi.org/10.1038/s41612-025-01275-7 Article

npj Climate and Atmospheric Science |             (2026) 9:2 5

www.nature.com/npjclimatsci


two types of precipitation (Fig. 5a–c) and decreases the PF proportion of
stratiform precipitation, except in the afternoon and early morning over
the NTP.

Figure 6 illustrates the spatial distribution of the simulated summer
mean PI for CTL, RCC, and PCC. Both daily and sub-daily PI values
decrease gradually from the southeastern to the northwestern TP and heavy
preciptation is predominantly located in the ETP (Fig. 6a–e). Spatially, RCC
reduces PI in theWTP, NTP, and northwestern ETP on the daily scale and
in the morning (Fig. 6f, g). In the afternoon, RCC enhances PI in theWTP
and ETP (Fig. 6h). In the early morning, RCC enhances PI over the TP,
except for a small area in thenorthernNTPandETP,and the impactofRCC
is more pronounced than in the evening (Fig. 6i, j). Quantitatively, RCC
reducesPIover the entireTPon thedaily scale (except in theETP) and in the
morning, but enhances PI at other sub-daily scales across the whole TP,
except for theNTP in the afternoon and evening (Fig. 5f).Over the entireTP
and ETP, RCC increases the PI of convective precipitation throughout the
day, except in the early morning. In the NTP, the PI of convective pre-
cipitation decreases in the morning and afternoon but increases in the
evening and early morning. In the WTP, the PI of convective precipitation
increases throughout the day (Fig. 5g). RCC also enhances the PI of stra-
tiform precipitation in the afternoon (except in the WTP), evening, and
early morning (except in the NTP), but reduces it in the morning (Fig. 5h).
Accordingly, RCC generally increases the proportion of PI from convective
precipitation on the daily scale and in themorning and afternoon (except in
the NTP), particularly in the morning over the WTP (Fig. 5i). Meanwhile,
RCC increases the proportion of PI from stratiform precipitation on the
daily scale (Fig. 5j). PCCoverall insignificantly increases PI over the TP, and
its impact on PI is noticeably smaller than that of RCC (Figs. 6k–o and 5f).
PCCenhances thePIof convectiveprecipitationover the entireTPandETP,
except in the early morning. In the NTP, PCC reduces the PI of convective
precipitation in the morning and evening but enhances it in the afternoon
and early morning (Fig. 5g). PCC enhances the PI of stratiform precipita-
tion, especially in the ETP (Fig. 5h), resulting in an increased proportion of
PI from stratiform precipitation over the entire TP (Fig. 5j).

Local thermal and dynamic conditions behind the opposite
effects of RCC on precipitation in the morning and afternoon
Based on the previous analyses, the RCC exerts a greater influence on
precipitation in the morning and afternoon than at night, and its effects
during these twoperiods are opposite. Therefore,we focus on these two time
periods to analyze themechanisms behind the changes in precipitation and
their respective spatial differences.

Figure 7 illustrates the influence of RCC on the vertical profiles of
temperature, wind, water vapor, and static energy. In the morning, lower-
layer temperatures decrease while upper-layer temperatures increase,
resulting in amore stable atmospheric stratification (Fig. 7a).The lower-layer
atmospheric moisture content reduces and westerly winds weaken, whereas
upper-layer atmospheric moisture increases and westerly winds strengthen
(Fig. 7b, c). Additionally, RCC leads to a decrease in moisture static energy
(MSE) in themiddle and lower layers (Fig. 7d) and in the outgoing longwave
radiation (OLR, figure not shown), indicating a slight weakening of con-
vective motion. All of these conditions are unfavorable for precipitation. In
the afternoon, however, lower-layer temperatures increase and higher-layer
temperatures decrease, leading to greater atmospheric instability (Fig. 7a).
The atmospheric moisture content increases significantly (Fig. 7b), and the
lower-level westerly winds strengthen (Fig. 7c). RCC also causes an increase
in MSE in the middle and lower layers (Fig. 7d) and in the OLR, suggesting
intensified convection. The rise inMSE ismainly due to the increase in latent
heat energy (Fig. 7d), indicating substantial convective latent heat release
associated with moist lifting and atmospheric instability, which can further
intensify ascendingmotions and thus become conducive to precipitation.All
of the above conditions are favorable for precipitation.

The mechanisms underlying regional differences in RCC-induced
precipitation changes are also discussed. Figure 8 presents themoisture flux
and its divergence during the morning and afternoon for the CTL experi-
ments and RCC. In both the morning and afternoon, the moisture flux
carries by westerly wind dominates in both WTP and NTP, while the
moisture flux in ETPmainly comes from both westerly wind and southerly
wind (Fig. 8a, b). In terms of water vapor convergence, ETP shows the

Fig. 5 | Response of total, convective and stratiform precipitation frequency and precipitation intensity to regional climate change. As in Fig.3b–f, but for the
precipitation frequency (a–e) and precipitation intensity (f–j).
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strongest convergence, particularly in the southern ETP, followed byWTP
and the southern areas of NTP, which is consistent with the distribution of
precipitation. In the afternoon, both the overall moisture flux and its con-
vergence are stronger than in the morning, resulting in stronger precipita-
tion in the afternoon. Figure8c shows that in themorning,RCCweakens the

westerly moisture flux and overall causes moisture flux divergence inWTP
and NTP, but enhances the southerly and easterly moisture flux in ETP,
resulting in moisture flux convergence in southeastern ETP, where RCC
increases the precipitation. This leads to a smaller decrease in precipitation
in ETP compared to NTP andWTP (Fig. 8c). In the afternoon, RCC causes

Fig. 6 | Precipitation intensity in CTL experiment and its response to regional
climate change. Spatial distribution of a, f, k daily precipitation intensity (PI, units:
mm day−1) and sub-daily PI (units: mm 6 h−1) during b, g, l morning,
c, h,m afternoon, d, i, n evening and e, j, o early morning for CTL experiment (left),

the difference between CTL and NoRCC experiment (RCC, central) and the dif-
ference between CTL and NoPCC experiment (PCC, right) in the summer of 2020.
The stippling in f-o represents the statistical significance of differences at the 90%
confidence level.
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an overall enhancement of the southerly and easterly moisture flux and its
convergence, particularly in ETP. However, in NTP, RCC predominantly
leads to a weakening of moisture flux convergence, resulting in reduced
precipitation (Fig. 8d).

Figure 9 illustrates the vertical cross section ofwater vapormixing ratio
and vertical velocity. In themorning, the column atmosphericmoisture and
vertical upward wind over the western TP are weaker than those over the
easternTP (Fig. 9a). In the afternoon, the columnatmosphericmoisture and

Fig. 7 | Modeled changes in vertical profiles of
atmospheric temperature, water vapor, zonal
wind and static energy due to regional climate
changes. Vertical profiles of the difference in
a temperature (units: K), b water vapor mixing ratio
(units: g kg−1), and c zonal wind (units: m s−1)
between CTL and NoRCC experiment during
0800–1400 BST (solid lines) and 1400–2000 BST
(dotted lines) averaged over TP in summer 2020.
d As in (a–c), but for the moisture static energy
(MSE, red, units: J kg−1), dry static energy (DSE,
green, units: J kg−1), and latent static energy (LSE,
blue, units: J kg−1).

Fig. 8 | Atmospheric moisture flux in CTL
experiment and its response to regional climate
change. Spatial distribution of vertical integral
moisture flux divergence (shading, units: 10−5 kg m2

s−1) and moisture flux (vector, units: 10-2 kg m−1 s−1)
from surface to 400 hPa during 0800–1400 BST
(a, c) and 1400–2000 BST (b, d) for CTL experiment
(a, b) and difference between CTL and NoRCC
experiment (c, d).
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vertical upward wind remain stronger in the eastern TP than in the western
TP and are stronger than in the morning (Fig. 9b). In the morning, RCC
reduces the atmospheric moisture in the western TP but increases it in the
eastern TP (Fig. 9c). Additionally, RCC enhances the vertical upward wind
in the eastern TP but slightly enhances the vertical downward wind in the
westernTP, thereby reducingprecipitation in thewesternTPand increasing
precipitation in the eastern TP. In the afternoon, RCC increases atmo-
spheric moisture over both the eastern and western TP and enhances the
vertical upward wind over the TP except in the central TP around 90°E,
thereby increasing precipitation in both the western and eastern TP
(Fig. 9d).

Discussion
Understanding the sub-daily precipitation response to regional climate
change is crucial for comprehending the mechanisms driving climate
change impacts and improving water resource management and disaster
prevention. The study investigates the impact ofRCCandPCCon sub-daily
precipitation over the TP. The key findings are summarized as follows:

(1) Various observational precipitation datasets consistently show a
southeast-to-northwest precipitation gradient over the TP during summer
2020, though notable discrepancies exist in high-precipitation regions. The
CTL experiment captures the general rainfall patterns but systematically
overestimates precipitation, especially in the southeastern TP, likely due to
model limitations in representing complex terrain and physical processes.

(2) RCC leads to an overall reduction in precipitation over the TP,
mainly due to decreased precipitation in the morning and a decline in
stratiform precipitation. However, RCC increases afternoon precipitation
over the TP, primarily resulting from enhanced convective precipitation.
Furthermore, RCC increases the proportion of convective precipitation,
while reduces the proportion of stratiform precipitation, particularly in the
morning. It also significantly alters theproportionof sub-daily precipitation,
reducing morning precipitation by 3.57–4.07% and increasing afternoon
precipitation by 2.76–3.25%.

(3) RCC reduces PF of total, convective, and stratiform precipitation
over the TP across all daily and sub-daily periods, with themost substantial
decreases occurring in the morning, and the reduction in PF is more pro-
nounced for stratiform precipitation than for convective precipitation.
Consequently, RCC increases the proportion of PF from convective pre-
cipitation while reduces that from stratiform precipitation. RCC also
reduces daily PI (except in the ETP) and morning PI over the entire TP,
attributing to the reduction in stratiform PI, but enhances PI during the
afternoon, evening, and early morning across most of the TP, primarily
driven by an increase in convective and stratiform PI. In comparison, PCC

has a noticeably smaller and generally less statistically significant impact on
precipitation over the TP relative to RCC. PCC primary reduces pre-
cipitation during the morning, attributing to the reduction in stratiform
precipitation. Over the TP, PCC reduces PF but increases PI, resulting from
respective reductions and enhancements in both convective and stratiform
precipitation.

(4) RCC exerts opposing effects on precipitation betweenmorning and
afternoon over the TP because it suppresses convection through atmo-
spheric stabilization andmoisture reduction in themorning,while enhances
atmospheric instability, moisture content, and convective energy in the
afternoon. The regional differences in RCC-induced precipitation changes
primarily stem from the fact that RCC weakens the westerly moisture flux
overWTPandNTP in themorning, but enhances the southerly and easterly
moisture fluxes and their convergence in southeastern ETP. Additionally,
RCC reduces atmospheric moisture and slightly enhances downward ver-
tical motion over the western TP, but increases atmospheric moisture and
enhances upward vertical motion in the eastern TP. These processes lead to
a smaller decrease in precipitation in the ETP compared to the NTP and
WTP. In the afternoon, RCC strengthens the southerly and easterly
moisture fluxes and their convergence, particularly in the ETP. It also
increases atmospheric moisture and enhances upward vertical motion
across both the eastern and western TP, thereby increasing precipitation in
both regions.

Taking the 2020 summer precipitation as a recent case study, we
demonstrate the complex effects of RCC and PCC on the sub-daily pre-
cipitation over TP. However, the systematic overestimation of precipitation
in models, along with potential inaccuracies in the partitioning between
convective and stratiform precipitation caused by cumulus parameteriza-
tion schemes, may affect the representativeness of our findings. In addition,
given the potential impact of internal climate variability, the use of a single
season’s simulation limits the generalizability of the results. Although the
specificmagnitude of sub-daily precipitation changes attributable to climate
change may vary across different years, the relative qualitative responses of
sub-daily precipitation over TP to RCC/PCC and the underlying mechan-
isms, such as atmospheric stabilization and enhanced convection driven by
warming, are expected to remain generally valid. Besides, we also noted that
removing the post-1980 linear trend of climate change may overlook the
effects of natural climate variability, such as El Niño or large-scale circula-
tion shifts. Future work should involve coordinated, large attribution efforts
with decadal-long simulations and combine higher-resolution models,
particularly the convection-permitting models at kilometer scales38,39 and
more comprehensive observational data to better understand the evolving
characteristics of sub-daily precipitation under long-term climate change,

Fig. 9 | Atmospheric vertical velocity and humid-
ity in CTL experiment and its response to regional
climate change. Vertical cross section of the water
vapour mixing ratio (shading, units: g kg−1) and the
vertical circulation vectors (zonal winds and 1000
times of vertical velocity, units: 10−3 m/s), which are
latitudinal averaged over TP during 0800–1400 BST
(a, c) and 1400–2000 BST (b, d) for CTL experiment
(a, b) and the difference between CTL and NoRCC
experiment (c, d).
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which will provide scientific support for water resource management, dis-
aster risk reduction, and sustainable development across the TP and sur-
rounding regions.

Methods
Data
To ensure a comprehensive evaluation of the simulated summer pre-
cipitation over the TP in 2020, we employ three distinct types of pre-
cipitation observations, addressing the scarcity of station-based data and
their concentration in the central and eastern regions. These datasets are:
1. Daily surface rain gauge data provided by the National Meteorological

Information Center (NMIC) of the China Meteorological Adminis-
tration (CMA). This dataset comprises 83 stations across the TP, most
of which are situated in the semi-humid and semi-arid regions of the
plateau.

2. CN05.1 observational data developed by the National Climate Centre
of the China Meteorological Administration, with a spatial resolution
of 0.25° × 0.25°. This dataset integrates a large number of observational
stations to ensure reliability and employs advanced interpolation
techniques to improve coverage in regions with sparse station data.

3. The GSMaP_Gauge product, archived by the Japan Aerospace
Exploration Agency’s (JAXA) Global Precipitation Measurement
(GPM) mission, with spatial and temporal resolutions of 0.1° × 0.1°
and 1 h, respectively. In the GPM era, Global Satellite Mapping of
Precipitation (GSMaP) and Integrated Multi-satellite Retrievals for
GPM (IMERG) are two widely used satellite precipitation products.
The GSMaP_Gauge product used in this study is a gauge-calibrated
product that adjusts the GSMaP_MVK estimates using the Climate
Prediction Center’s gauge-based global daily precipitation analysis.
Compare to IMERG, it demonstrates higher accuracy40.

The study also utilizes the fifth generation European Centre for
Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis
(ERA5)with spatial resolutionof approximately30 kmtocalculate the trend
of the post-1980 regional climate change. No interpolation is performed on
the data when evaluating the spatial distribution of precipitation in order to
gain a more comprehensive understanding of the differences in precipita-
tion distribution in various observations. For quantitative comparison, all
simulated variables are bilinearly interpolated to the resolution of the target
observational dataset when calculating the spatial correlation between
observed and simulated precipitation.

To investigate the response of sub-daily precipitation over the TP to
regional climatechangeacrossEastAsia and theTP,wedivide theday into four
distinct diurnal phases: morning (0800–1400 BST), afternoon (1400–2000
BST), evening (2000–0200 BST), and early morning (0200–0800 BST).

Model configuration and experimental design
This study employs a storyline framework32 and dynamical downscaling
simulations with and without regional climate change using the Weather
Research and Forecasting Model (WRF) to investigate the impacts of
regional climate change over East Asia and TP on the sub-daily pre-
cipitation over TP. We focus on the summer precipitation in a climato-
logically normal year of 2020. The regional averaged summer
precipitation in 2020 was 281.07mm, exceeding the 1980–2010 clima-
tology by only 2.96 mm, corresponding to a precipitation anomaly per-
centage of 1.06%. Three sets of ensemble experiments are conducted
(Table 1). The control (CTL) experiments are driven by realistic initial and
boundary conditions (IBCs) based on the National Centers for Environ-
mental Prediction (NCEP/FNL) final analysis data, using a piecewise
integration method that has been shown to improve the credibility of
modeled climate sensitivity41,42. To evaluate the response of sub-daily
precipitation over TP to regional climate change over East Asia and TP,
two additional sets of ensemble simulations are performed. The first
(NoRCC experiment) uses the same configuration as the CTL experiment
but removes the post-1980 regional climate change trend estimated by the
ERA5 reanalysis data from the IBCs across the entire simulation domain.
The second (NoPCC experiment) is identical to the NoRCC experiment,
except that the post-1980 climate change trend is removed only from the
IBCs over the TP. The differences between the CTL and NoRCC simu-
lations and between the CTL and NoPCC simulations are defined as the
precipitation response to regional climate change over East Asia and the
TP, abbreviated as RCC and PCC, respectively.

Table 1 | Experiments design

Experiment Variables adjusted in the IBCs

CTL No adjusted

NoRCC Remove the atrend of temperature, relative humidity, geopotential
height and horizontal winds during 1980–2020 in model domain

NoPCC Remove the atrend of temperature, relative humidity, geopotential
height and horizontal winds during 1980–2020 only over TP

aTrends of the 1980–2020 regional climate change estimated from the ERA5 reanalysis data.

Fig. 10 | Regions where removing the regional
climate chang trend in different sensitivity
experiments. Spatial distributions of the linear
trends in temperature at 2 m and 500 hPa (units: °C/
decade) over the model domain a,b and TP c,d.
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Removing the climate change trend is a commonly method for
assessing climate change impacts27–29 within the “storyline” approach,
which is common and increasingly attractive approaches when attri-
buting the effect of climate change43. Moreover, conducting single-
season or short-term simulations is an accepted practice. By removing
the climate change trend, numerous studies have quantitatively attrib-
uted the influence of climate change on precipitation events in United
States44, Japan45, Indian46, China34, and Mediterranean region47. We first
compute the climate change trend for all variables used in IBCs of WRF
model (including geopotential height, horizontal winds, air temperature,
relative humidity, etc.) from the ERA5 monthly reanalysis data. The
calculated trends are then interpolated onto theWRFmodel’s horizontal
and vertical grids and removed from the IBCs prior tomodel integration.
Figure 10 illustrates the spatial distributions of the removed linear trends
in 2-m temperature and 500-hPa air temperature for the NoRCC and
NoPCC experiments.

The model is configured with a horizontal grid spacing of 27 km
(Fig. 1a, b) and grid cells of 280 × 220, centered at (30°N, 105°E). The
unevenly spaced terrain-following vertical coordinate levels are used with
38 vertical layers up to 50 hPa. The IBCs are derived from the NCEP/FNL
final analysis data with a horizontal resolution of 1° and 6-h temporal
intervals. All simulations are initialized from 00 UTC 25 May and inte-
grate continuously to 00 UTC September 1, 2020, without any form of
spectral nudging. The first 7 days before June 1st are considered the spin-
up period, and the period from 1 June to August 31 of 2020, is used for
analysis.

To assess the uncertainties, all experiments include six ensemble
members that differ in their microphysical parameterization schemes:
the Thompson aerosol-aware scheme48, Purdue-Lin microphysics
scheme49, WRF Single Moment 6-class (WSM6) scheme, Goddard
microphysics scheme,Morrison double-momentmicrophysics scheme,
WRF Double-Moment 6-class microphysics scheme. The other main
physical parameterization schemes include the Betts-Miller-Janjic
cumulus convection scheme50,51, the Community Atmosphere Model
longwave radiation and shortwave radiation scheme52, the Yonsei
University planetary boundary layer scheme53 and the Noah land sur-
face model54.

Data availability
The data used in the manuscript are publicly available for GSMaP_Gauge
(ftp://hokusai.eorc.jaxa.jp), CN05.1 (https://ccrc.iap.ac.cn/resource/detail?
id=228) and ERA5 (https://doi.org/10.24381/cds.bd0915c6). In compliance
with data policies in China, the precipitation datasets for CMA_station
employed in this study are not publicly available online. For detailed
information regarding data access, researchers and interested parties are
encouraged to contact either the ChinaMeteorological Data Service Center
(http://data.cma.cn/en) or the China Meteorological Administration
(CMA) (http://www.cma.gov.cn/en2014/aboutcma/contactus/). The WRF
simulation datasets generated during this study are too large to be con-
veniently hosted in a public repository but are available from the corre-
sponding author on reasonable request.

Code availability
All figures are produced using Python v3.12 and NCAR Command Lan-
guage. All codes are also available from the corresponding author upon
reasonable request.
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