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ABSTRACT

Rapid climate change on the Qinghai-Tibetan Plateau (QTP) is reshaping ecosystems, altering water availability and affecting
human livelihoods. Understanding the timing and distribution of these changes is now critical. This study examines precipita-
tion and temperature changes from 1980 to 2100 using CMIP6 global climate models (GCMs) and high-resolution observational
data. It examined seasonal and annual variability, model biases and projected changes for various climate scenarios. Our find-
ings show that climate models consistently overestimated precipitation, particularly in southeastern QTP, while cold biases are
prevalent in central and western regions in the past. Seasonal precipitation patterns exhibit significant variation across QTP. Bias
corrections enhanced model reliability, reinforcing projections of wetter conditions and continued warming across QTP. Future
projections indicate wetter conditions in winter and summer, though some areas may experience a slight decline in annual
accumulations. Temperature trends project pronounced warming across all seasons, with the strongest increases expected in
winter. Both maximum and minimum temperatures project significant upward trends, particularly at higher elevations. These
findings indicate a shift toward a warmer and wetter climate at QTP, with potential environmental and socio-economic impacts.
The study underscores the urgency of adaptive strategies to mitigate climate risks and enhance resilience in this high-altitude
environment.

1 | Introduction

The Qinghai-Tibetan Plateau (QTP), often referred to as the
“Roof of the World,” is an essential area for studying climate
change because of its great elevation, intricate topography and
its role in influencing both regional and global atmospheric cir-
culation (Zhang, You, et al. 2022; Yao et al. 2019; Zhang, Liu,
et al. 2022). The QTP is critical in regulating monsoon patterns,

hydrological cycles and the cryosphere, as it is the source of
major river systems such as the Yangtze, Yellow, Mekong and
Brahmaputra Rivers, which provide water to over 1.4 billion
people downstream (Zhang, You, et al. 2022).

In the past 50years, the QTP has experienced warming at nearly
double the global average rate, resulting in accelerated glacier
melting, permafrost thawing and instability in ecosystems
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(Zhang, You, et al. 2022). Despite the extensive research on cli-
mate variability in the QTP, significant uncertainties persist re-
garding the spatial and temporal changes in temperature and
precipitation, especially at varying elevations and across differ-
ent seasons (Chen et al. 2020; Cui et al. 2021; Ayugi et al. 2020;
Ngoma et al. 2021; Fan et al. 2022; Zhang, You, et al. 2022; Lun
et al. 2021).

Numerous studies have analysed past and projected tempera-
ture and precipitation trends on the QTP using datasets from
the Coupled Model Intercomparison Project Phase 5 (CMIP5)
and Phase 6 (CMIP6) (Hu et al. 2014; You, Jiang, et al. 2016;
Xu, Zhang, et al. 2016). While CMIP5 models have success-
fully captured large-scale temperature patterns, they have
inherent biases, particularly cold biases for temperature sim-
ulations and wet biases for precipitation estimates, especially
in high-altitude areas (Ayugi et al. 2020; Ngoma et al. 2021;
Fan et al. 2022; Zhang, You, et al. 2022; Lun et al. 2021; Cui
et al. 2021). The newer CMIP6 models show advancements in
spatial resolution, cloud parameterization and representation
of radiative forcing, yet they still carry uncertainties regard-
ing extreme temperature occurrences and variations in pre-
cipitation forecasts (Fan et al. 2022; Zhang, You, et al. 2022;
Zhou et al. 2023; Zhang, Liu, et al. 2022). Projections suggest
that surface air temperature over the QTP could rise by 3°C-
7°C by the end of the 21st century under SSP5-8.5 scenarios,
with maximum (tmax) and minimum (¢min) temperatures in-
creasing at a rate between 0.19°C and 0.36°C per decade (You
et al. 2017; Zhang, You, et al. 2022). Despite these predictions,
the extent, geographical distribution and elevation-related de-
pendence of these changes remain uncertain, emphasising the
need for further high-resolution climate modelling research
(Zhang, You, et al. 2022).

A key factor influencing future warming in the QTP is
Elevation-Dependent Warming (EDW), which indicates that
regions at higher altitudes experience substantially greater
temperature increases (You, Chen, et al. 2020; Zhang, You,
et al. 2022). Several mechanisms contribute to EDW, including
rises in atmospheric moisture content, improved absorption of
solar radiation and feedback loops related to snow and glacier
reduction (You, Chen, et al. 2020; Zhang, You, et al. 2022).
Although there is strong observational evidence supporting
EDW, General Circulation Models (GCMs) struggle to accu-
rately represent its magnitude and regional variability, result-
ing in significant biases in future climate estimates (Zhang,
You, et al. 2022). Additionally, uncertainties regarding vari-
ations in tmax and tmin create notable limitations, hindering
our capacity to forecast heatwave magnitudes, frost occur-
rences and daily temperature variations (Chen et al. 2017).
Addressing these uncertainties is crucial for enhancing cli-
mate predictions and delivering more precise evaluations of
extreme temperature events in the QTP.

In addition to temperature biases, precipitation forecasts for
the QTP remain exceedingly uncertain, with pronounced sea-
sonal and regional differences. Historical data show a slight
rise in precipitation since the 1960s, although this trend dis-
plays considerable spatial and temporal variability (Xu et al.
2007; Zhang, You, et al. 2022). Both CMIP5 and CMIP6
models often overpredict precipitation levels, particularly in

regions influenced by monsoon activity, due to their inabil-
ity to comprehensively represent convective processes and
atmospheric moisture transport dynamics (Ayugi et al. 2020;
Ngoma et al. 2021; Fan et al. 2022; Zhang, You, et al. 2022;
Lun et al. 2021; Cui et al. 2021). Future precipitation forecasts
are highly inconsistent, with some research indicating wet-
ter summers and drier winters, while other studies propose
a general increase in annual precipitation (Fan et al. 2022;
Zhang, You, et al. 2022). These discrepancies highlight the
importance of robust bias correction methods to enhance the
accuracy of climate models and guide critical policy decisions
related to water resources, agriculture and climate adaptation
strategies.

Bias correction techniques have been commonly utilised in
climate modelling to mitigate systematic errors in Global
Climate Model (GCM) outputs (Ayugi et al. 2020; Ngoma
et al. 2021; Fan et al. 2022; Zhang, You, et al. 2022). One of the
most effective methods for adjusting modelled climate vari-
ables to align with observed data and correct systematic biases
is Quantile Mapping Bias Correction (QMBC) (Gudmundsson
et al. 2012; Ayugi et al. 2020; Ngoma et al. 2021; Jose and
Dwarakish 2022). QMBC has proven to significantly enhance
the downscaling of temperature and precipitation projections,
particularly in high-altitude regions (Ayugi et al. 2020; Fan
et al. 2022; Zhang, You, et al. 2022). Despite its prevalent ap-
plication, there are concerns about the potential inflation of
variability due to quantile-based adjustments (Maraun 2013).
Some research indicates that QMBC could inadvertently
exaggerate extreme temperature and precipitation events,
highlighting the need for further refinement and assessment
in high-mountain areas such as the Tibetan Plateau (QTP)
(Maraun 2013; Gudmundsson et al. 2012). Given these issues,
there have been limited systematic applications of QMBC to
CMIP6 projections over the QTP, resulting in a significant gap
in bias-corrected climate datasets (Ayugi et al. 2020; Ngoma
etal. 2021; Fan et al. 2022; Zhang, You, et al. 2022). Addressing
this gap is essential for enhancing regional climate adaptation
strategies and hydrological impact evaluations.

The goal of this study is to assess biases in CMIP6 models and
produce bias-corrected projections for precipitation, maximum
temperature (fmax), minimum temperature (tmin) and average
temperature (tas) across winter, summer and annual timescales
in the QTP. By implementing QMBC, this research aims to im-
prove the reliability of future climate projections, providing
critical insights for policymakers, water resource managers and
climate adaptation planning. In contrast to prior studies, this
research specifically investigates spatial and temporal trends
across multiple Shared Socioeconomic Pathways (SSP) sce-
narios (SSP2-4.5 and SSP5-8.5), delivering a comprehensive,
high-resolution evaluation of future climate variability within
the QTP.

The remainder of this paper is organised as follows: Section 2
details the datasets, GCMs and statistical methodologies uti-
lised, including bias correction techniques. Section 3 presents
the results, while Section 4 discusses their implications. Finally,
Section 5 concludes with suggestions for future research, cli-
mate adaptation strategies and improvements in GCM-based
climate projections.
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FIGURE1 | The distribution of elevation and land cover features across the Qinghai-Tibetan Plateau region (Zhang et al. 2021). [Colour figure

can be viewed at wileyonlinelibrary.com]

2 | Study Area, Data and Methodology
2.1 | Study Area

The QTP is located in Asia, spanning 23°N-40°N and
73°E-106°E (Figure 1). It is flanked by the Qilian and Kunlun
Mountains to the north, the Himalayan Mountains to the south,
the Karakorum Range to the west and the Hengduan Mountains
to the east. As the world's highest and largest plateau, it averages
an elevation of 4000m and covers roughly 2.5 million square
kilometres (Zhang et al. 2021). The plateau generally transi-
tions from warm and humid in the southeast to cold and dry
in the northwest. Its annual average air temperature is below
0°C, with the highest temperatures reaching up to 10°C (Feng
et al. 2020). Precipitation distribution on the Tibetan Plateau
(TP) is highly uneven, with most rainfall occurring from May to
September during the rainy season. In areas with relatively high
precipitation, the rainy season accounts for 60%-70% of the an-
nual total, while in drier regions, it constitutes 80%-90% of the
yearly rainfall (Li et al. 2017; Xu, Zhang, et al. 2016).

The QTP has experienced rising annual temperatures, particu-
larly between 1955 and 1996, at a rate of 0.16°C per decade for
winter temperatures, making it highly sensitive to global cli-
mate change (Kuang and Jiao 2016). Since the 1950s, there has
been a slight increase in precipitation, though rainfall pattern
changes vary across the region.

2.2 | CMIP6 GCM Outputs and CN05.1 Datasets

In this study, we downloaded and processed daily gridded
CNO5.1 datasets from the National Meteorological Information
Center, China Meteorological Administration (Wu and Xue-Jie
2013) to analyse precipitation, tas, tmax and tmin variables for
the period 1980-2014. The CN05.1 dataset (0.25° resolution) in-
tegrates over 2400 stations across China, including 300-500 in
the QTP, providing a superior benchmark for regional climate
variability. We also downloaded and processed daily outputs
from 18 CMIP6 models (r1ilplfl) from the CMIP6 repository
(https://esgf-node.llnl.gov/search/cmip6) to analyse climate
variables over the QTP from 1980 to 2100 (Table S1). These mod-
els were chosen to accommodate the study's extensive variable
set precipitation, tas, tmax and tmin and their in-depth analysis.
The number of models in an ensemble and its size depend on the
specific application or research question, with no clear consen-
sus on the optimal size (Lu et al. 2022; Maher et al. 2018; Ullah
et al. 2022). The future scenarios (2015-2100) of SSP2-4.5 and
SSP5-8.5 were chosen to examine their evolution as response to
future GHG emissions.

All the downloaded CMIP6 datasets were standardised to en-
sure consistency in units and calendar time. The GCMs and
CNO05.1 dataset were regridded to a 1°X1° resolution using
the bilinear interpolation method. To reduce future biases
and distinguish external forcing from internal variability,
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multi-model ensembles (MMEs) were created for the histori-
cal period and all SSP scenarios, following the technique rec-
ommended by Milinski et al. (2019) and Ullah et al. (2022).
Winter, summer and annual values of the four variables were
calculated for historical datasets and future bias-corrected
scenarios.

2.3 | Methodology
2.3.1 | Spatio-Temporal Simulations

The winter (December-January-February), summer (June-July-
August) and annual (January-December) simulations from 1980
to 2014 were calculated for the variables to observe patterns and
evaluate the seasonal performance of all GCMs. The temporal
evolution of all variables during this period was also determined.
The Mann-Kendall (MK) test was used to investigate the temporal
trend and assess its significance for precipitation, tas, tmax and
tmin across all time scales, with a significance level of 5%. The
MK trend test can handle outliers and missing values and does
not require datasets to follow a normal distribution (Mann 1945;
Kendall 1975). A similar approach has been employed in other
similar related studies across various regions (Lu et al. 2022; Ullah
et al. 2022; Ayugi et al. 2024). The results are described in the
Supporting Information in detail.

2.3.2 | Model Performance Metrics

The evaluation used statistical metrics of bias, root mean
square error (RMSE) and correlation coefficient (r). Further
details on these statistics can be found in the works of Karim
et al. (2020, 2023) and Ngoma et al. (2021). The historical spa-
tial bias of the MMEs for seasonal and annual precipitation,
tas, tmax and tmin was assessed. The statistical formulas for
the metrics are:

N
. 1 . .
Bias = N k; (Mi - 0Oi) 1)

N
_ l . An2
RMSE_\/; k;(Ml 0i) 2)

(0i — Oi) (Mi — Mi)

vE

. \/m > (Mi—oMi)?

where M is model simulated and O is observed variable values, i
denote observed and simulated pairs while n shows total num-
ber of pairs.

(©)

Taylor diagrams were used to measure the agreement between
models and observations, considering climatology patterns.
This was done using correlation coefficients, RMSE and the
ratio of standard deviations (Taylor 2001). The Taylor Skill Score
(TSS) ranks the GCMs based on their performance, considering
standard deviation and correlation coefficients (Taylor 2001).

Implementation of Taylor metrics can be found in the works of
Ayugi et al. (2021) and Babaousmail et al. (2021):

4(1+R,)

(“—"‘+&)2(1+R0)2

GD Gm

TSS =

@

where, R, is the spatial correlation coefficient for simulated and
observed variable patterns, R is the full attainable correlation
coefficient (i.e., 0.999), while o, and o, are the standard devia-
tions of simulated and observed temperature patterns, respec-
tively. The TSS value ranges from 0 to 1, with values closer to 1
indicating better model performance. The results are described
in Supporting Information in detail.

2.3.3 | Bias Correction

Persistent biases in CMIP6 GCMs for climatic variables over
the QTP region (Zhou and Zhang 2021; Zhang, Liu, et al. 2022)
necessitate an effective bias reduction method to obtain reliable
future projections. QMBC is a straightforward and efficient
technique with low computational demands, successfully ap-
plied to various variables in regions such as the Horn of Africa
(Ayugi et al. 2020), South Asia (Gupta et al. 2019) and Europe
(Cardell et al. 2019). QMBC aligns the model's cumulative den-
sity function (CDF) distribution with the observed distribution,
ensuring that the model's output matches the observed data
while maintaining rank correlation.

For normally distributed temperature variables, the QMBC
method can be expressed as follows (Gupta et al. 2019):
Xnscor = T Fo_h1 (Fms (XmS)) - F;ti (Fms (XmS)) ©)

For precipitation, which often follows a gamma distribution, the
corrected model simulation is given by:

F,. ' > xth
Xr;s.corr = { . (Fms (Xms)) lfxms = (6)

0, " if xms < xth

where X is a climatic variable, Xms.corr is bias-corrected model
simulated data; F is CDF, whereas F! is its inverse. (0 =ob-
served, m=model, h=historical period and s=simulation/
projection period). This study applied QMBC to initially bias-
correct monthly variables of precipitation, tas, tmax and tmin
for the historical period 1980-2014. The QMBC method was im-
plemented in the Climate Data Bias Correction tool (Gupta et al.
2019) by first calculating bias coefficients for 1980-2014 and
then incorporating them into raw historical and future GCM
scenarios of SSP2-4.5 and SSP5-8.5. The results are provided in
detail in Supporting Information in detail.

2.3.4 | QMBC Performance Evaluation for GCMs

To assess the response of selected GCMs to the implementation
of the QMBC approach, we conducted a probability density func-
tion (PDF) analysis. This analysis was performed to compare
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changes in bias-corrected simulation values before and after
correction against the benchmark dataset CN05.1. The PDF
analysis employs an integral function for continuous random
variables across multiple intervals, allowing us to determine the
probability of occurrence for various values within those inter-
vals (Ali et al. 2021). In this study, we utilised kernel smoothing
density estimation, which helps identify and categorise likely
changes as well as rare events (Farooqui and Soomro 1984).

2.3.5 | Bias-Corrected Future Climate Projections

This study analyses future climate changes in seasonal and annual
precipitation, near-surface air temperature (tas), maximum tem-
perature (tmax) and minimum temperature (tmin) under SSP2-4.5
and SSP5-8.5 scenarios for the period from 2015 to 2100, utilising
bias-corrected projections. Changes were quantified by compar-
ing future climate values to a historical baseline (1980-2014).
Probabilistic estimates, including means and ranges, were used
to capture uncertainties and provide a clearer understanding of
warming trends and precipitation variability (Brunner et al. 2020).

Future climate conditions were evaluated for mid-century (2023-
2056) and late-century (2067-2100) timescales by comparing pro-
jected anomalies with historical trends. Research indicates that
20-, 25- and 30-year timeframes yield spatially consistent and sta-
tistically significant trends (p <0.05), effectively balancing inter-
annual variability and anthropogenic climate change signals (You
et al. 2021; Hawkins et al. 2020). The IRLS regression method was
used to analyse spatial trends, ensuring outlier robustness, crucial
for high-altitude regions like the QTP (Iyakaremye et al. 2021).
This study offers key insights for climate adaptation, water re-
source management and extreme event analysis over the QTP.

3 | Results

3.1 | Historical Climate Simulations
and Persistent Biases

The evaluation of historical seasonal and annual precipitation
and temperature simulations (tas, tmax, tmin) from 1980 to 2014
reveals substantial discrepancies between observed data and the
MME (Figure 2). Precipitation simulations consistently overesti-
mate values, particularly in summer, with observed precipitation
ranging from 240 to 340 mm/year, while MME estimates fluctuate
between 470 and 520mm/year. Annual precipitation figures are
documented between 440 and 550 mm/year, in stark contrast to
MME projections of 960 to 1065 mm/year. Seasonal bias distribu-
tion indicates wet biases of 0-350 mm in summer and 0 to 140mm
in winter for the southern QTP, with annual precipitation bias
peaking at 1100mm in the southeast (Figure 2). Trends in Table S2
show significant increases in annual (0.43 to 0.46 mm/year) and
summer precipitation (0.27 to 0.32 mm/year).

Winter tas from 1980 to 2014 reveal lower values in observed data
(-12.8°C to —11.7°C) compared to MME data (—11.6°C to —8.1°C)
(Figure 2), while summer tas continuously increased in observed
data (8.6°C to 10.3°C) and MME (8.6°C to 10.1°C). Notably, the
MME consistently underestimated observed tas values across all
timeframes. The trends (Table S2) record significant warming in

the winter (0.02°C/year), annual (0.06°C/year) and summer sea-
son (0.03°C/year). MME trends reflect the observed patterns, even
if they are modest in size. Temperature simulations exhibit sea-
sonal biases, with winter tas underestimated (observed: —12.8°C to
—11.7°C; MME: —11.6°C to —8.1°C) and summer tas values slightly
underrepresented (observed: 8.6°C-10.3°C; MME: 8.6°C-10.1°C).
Bias analysis highlights significant cold biases in winter tas (—12°C
to 0°C) and moderate cold biases in summer tas (—6°C to 0°C) in
the south (Figure 2). The annual tas distribution shows cold biases
(—4°C to 0°C) with warm biases in the northeast. It is observed
that CMIP6 advancements simulate reduced northwest QTP cold
biases to about 1°C compared to CMIP5 GCMs (Lun et al. 2021).

Winter tmax shows observed values from —4.3°C to 0.1°C, while
MME values range from —7.6°C to 5.4°C, maintaining under-
estimation (Figure 3). The Biases analyses show cold biases for
winter tmax (—6°C to 0°C) and tmin (=11°C to 0°C) (Figure 3).
The observed trends in tmax during winters exhibit the most
substantial changes at 0.09°C/year, followed by 0.03°C/year
in summers and 0.06°C/year annually (Table S4). The MME
trends, although small in magnitude, align with these patterns
for seasonal and annual tmax.

Similarly, winter tmin values (Figure 3) portray an increase
across the QTP in observed data (ranging from -18.3°C to
—15.5°C) and in the MME data (ranging from —18.7°C to
—17.1°C) with persistent cold biases (-11°C to 0°C) for the
season. Likewise, summer tmin values also demonstrate a no-
table increase in observed data (ranging from 3.2°C to 5.4°C)
and in MME data (ranging from 3.7°C to 5.6°C) over the QTP.
It is noteworthy that the MME underestimates observed tmin
values in summer and overestimates them in winter and an-
nually. Annual tmin values also depict an increase in observed
data (ranging from —6.6°C to —4.7°C) and in MME data (rang-
ing from —6.8°C to —5.5°C). The observed trends (Table S5) for
tmin are particularly robust in winters at 0.07°C/year, followed
by summers at 0.01°C/year, and annually at 0.02°C/year. The
MMEs depict the strongest trend during winters, followed by
annual and summer timescales. Trends across all temperature
variables indicate significant warming especially in winters.
The warming is most pronounced during winter, attributed to
solar activity variations and while precipitation changes could
be attributed to the large-scale air-sea interactions (Haigh 1996;
Meehl et al. 2008). Importantly, the overestimations in precipi-
tation while underestimating winter temperature extremes, re-
flects the ongoing challenges in modelling snow-ice feedbacks
and regional variability (Jiang et al. 2005, 2016; You et al. 2019).

3.2 | Twenty-First Century Climate Change
Projections

3.2.1 | Projected Changes in Precipitation

Following the successful application of bias correction, the
study investigated potential changes in climatic variables
under the MME for both modest mitigation (SSP2-4.5) and
business-as-usual (SSP5-8.5) pathways throughout the
mid (2023-2056), late (2067-2100) and entire 21st century.
Figure 4 depicts changes in winter, summer and annual
precipitation and tas over the QTP. Winter precipitation is
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FIGURE 2 | The winter, summer and annual spatial distribution of observed (b, e, h) and MME precipitation (a, d, g), observed (k, n, q) and MME
(j, m, p) data delineated the tas variable for 1980-2014 across the QTP region. The rightmost column shows the seasonal and annual biases in the pre-
cipitation (c, f, i) and tas (1, o, r) for all three timescales. Precipitation shows stronger magnitudes at the southern and southeastern regions, whereas tas
shows stronger magnitudes at the northern and northeastern areas for the mentioned years. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 | The spatial distributions of winter, summer and annual maximum (tasmax) and minimum (tasmin) temperatures from 1980 to 2014
over the Qinghai-Tibetan Plateau (QTP) are shown using both observations and multi-model ensemble (MME) outputs. Panels (a, d, g) and (b, e, h)
represent tasmax from MME and observations, respectively, while panels (j, m, p) and (k, n, q) show the same for tasmin. The rightmost column (c,
f, i for tasmax; 1, o, r for tasmin) illustrates seasonal and annual biases across the datasets. Both tasmax and tasmin exhibit higher values primarily
in the eastern region with pronounced values in the northern and northeastern regions. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 | Projected changes in bias-corrected multi-model ensemble (MME) outputs for seasonal and annual precipitation (a—c) and near-
surface air temperature (tas; d-f) over the Qinghai-Tibetan Plateau (QTP) under SSP2-4.5 (blue line) and SSP5-8.5 (red line), relative to the 1980-
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half of the century. [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE1 | Meanand Mann-Kendall trend values of precipitation, tas, tmax and tmin variables over QTP region during 21st century, mid-century
and late century periods under the SSP2-4.5 and SSP5-8.5 scenarios based on bias corrected MME of CMIP6 GCMs.

2015-2100 2023-2056 2067-2100
Trend Trend MK Trend
Season scenario Mean MK trend sign Mean MK trend sign Mean trend sign
(Pre) Winter SSP2-4.5 20.52 0.29 A= 19.66 0.176 A+ 21.43 0.159 At
SSP5-8.5 21.01 <0.000 A= 19.43 0.178 At 23.48 0.207 At
(Pre) Summer  SSP2-4.5  194.99 <0.000 A= 190.08 0.228 At 204.44  0.226 A
SSP5-8.5  223.60 0.200 A= 208.86 0.132 A= 243.95 0.343 A=
(Pre) Annual SSP2-4.5 358.79 0.061 A— 348.98 0.206 A= 374.49 0.201 A+
SSP5-8.5  371.19 0.010 A= 347.04 0.005 A= 403.37 0.293 A=
(tas) Winter SSP2-4.5 -9.1 0.11 A= -9.7 <0.000 A= -8.3 0.20 A=
SSP5-8.5 =73 0.20 A= -8.8 0.18 A= =51 0.25 A=
(tas) Summer SSP2-4.5 9.9 0.03 A= 9.4 <0.000 A= 10.6 0.05 A=
SSP5-8.5 11.1 0.04 A= 10.0 0.096 A= 12.6 0.19 A=
(tas) Annual SSP2-4.5 0.3 0.01 A= -0.1 <0.000 A= 1.0 0.18 A=
SSP5-8.5 1.5 0.02 A= 0.3 0.20 A= 3.2 0.21 A=
(tmax) Winter ~ SSP2-4.5 -1.0 0.200 A= -1.5 0.04 A= -0.3 0.14 A=
SSP5-8.5 0.3 0.300 A= -1.2 0.13 A= 2.3 0.17 A=
(tmax) SSP2-4.5 16.6 0.162 A= 16.0 0.01 A= 17.3 0.09 A=
Summer SSP5-8.5  17.8 0171 A= 16.5 017 A= 196 024 A=
(tmax) SSP2-4.5 8.0 0.074 A= 7.5 0.013 A= 8.7 0.03 A=
Annual SSP5-8.5 9.2 0.082 A= 7.9 0.13 A= 112 0.09 A=
(tmin) Winter SSP2-4.5 -15.9 0.33 A= -16.4 0.21 A= -15.2 0.17 At
SSP5-8.5 —14.7 0.42 A= -16.1 0.33 A= —-12.8 0.58 A=
(tmin) SSP2-4.5 4.5 0.15 A= 4.1 0.030 A= 5.2 0.18 A=
Summer SSP5-8.5 5.7 0.21 A= 45 0.120 A= 7.4 0.22 A=
(tmin) Annual ~ SSP2-4.5 -5.6 0.20 A= —-6.1 0.040 A= —-4.9 0.16 A=
SSP5-8.5 —4.2 0.30 A= —5.6 0.200 A= -2.1 0.36 A=

Note: The value <0.000 represents the trend values smaller than 0.0001. The A/ V¥ signs indicate increase/decrease in the trend. The = and # denotes significant and

insignificant trend at 95% confidence interval.

expected to rise by an average of 2.5mm/year (SSP2-4.5)
and 10mm/year (SSP5-8.5) in the 21st century, with late-
century values reaching 3.4 mm/year (SSP2-4.5) and 13 mm/
year (SSP5-8.5). Summer precipitation is projected to increase
by 17.4mm/year (SSP2-4.5) and 25.3mm/year (SSP5-8.5),
with late-century values reaching 26 mm/year (SSP2-4.5)
and 44mm/year (SSP5-8.5). Annual precipitation shows an
increasing pattern, ranging from —2.41mm/year (SSP2-4.5)
to 6.68 mm/year (SSP5-8.5). Mid-century projections show a
decrease of —0.91 mm (SSP2-4.5) and —1.26 mm (SSP5-8.5),
while end-of-century projections show increases of 6.19 mm/
year (SSP2-4.5) and 15.59 mm/year (SSP5-8.5). Projection un-
certainties are notably lower for winter, summer and annual
timescales, as reflected by the relatively narrow inter-model
spread. Corresponding precipitation trends (Table 1) fur-
ther substantiate these findings, with pronounced increases

projected for late-century summer (0.343mm/year) and
annual precipitation (0.293mm/year) under the SSP5-8.5
scenario. These changes are further supported by box-and-
whisker plots (Figure S20a-c), which illustrate statistically
significant precipitation increases, particularly during mid-
and late-century summers in the high-emission pathway.

Figure 5 depicts the spatial distribution of trends in winter, sum-
mer and annual precipitation using the IRLS method for the
twenty-first century. Winter precipitation (Figure 5a-f) is pro-
jected to increase across the southeastern QTP under SSP2-4.5
(0.01-0.05mm/year) and SSP5-8.5 (0.01-0.10 mm/year), with a
more robust increase in the late century (0.01-0.12 mm/year).
Summer precipitation (Figure 5g-1) is expected to rise in parts
of southern QTP under SSP2-4.5 (0.01-0.10mm/year) and
SSP5-8.5 (0-0.13mm/year), while negative tendencies (—0.01
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drying (brown) to wetting (blue), with scale units in mm/year. SSP5-8.5 projects stronger and more widespread increases in precipitation, particu-
larly in summer and in the central and southeastern regions of the QTP. SSP2-4.5 shows more moderate or regionally varied changes. [Colour figure

can be viewed at wileyonlinelibrary.com]|

to —0.13mm/year) elsewhere. Late-century projections show
more significant increases, particularly under SSP5-8.5 (0.01
to 0.15mm/year). Annual precipitation (Figure 5m-r) is pro-
jected to increase across the southeastern QTP under SSP2-4.5
(0.01-0.10mm/year) and across the entire QTP under SSP5-8.5
(0.01-0.14 mm/year). Southern to southeastern parts are likely to
experience increased precipitation in the late century under both
SSP2-4.5 (0.01-0.10mm/year) and SSP5-8.5 (0.01-0.15mm/
year). Overall, summer, annual and winter precipitation are ex-
pected to rise, particularly under SSP5-8.5.

3.2.2 | Projected Changes in Mean Temperature (tas)
Figure 4d-f depicts changes in winter, summer and annual

precipitation and tas over the QTP. Winter temperatures are
projected to increase by 2.9°C and 4.7°C in the 21st century

under SSP2-4.5 and SSP5-8.5, respectively (see Figure 4d).
Late-century projections show stronger warming, with aver-
age increases of 3.6°C and 6.8°C under SSP2-4.5 and SSP5-8.5.
Summer temperatures (Figure 9e) are projected to increase
by 2.2°C and 3.8°C under SSP2-4.5 and SSP5-8.5, respec-
tively, with late-century increases of 2.7°C and 4.8°C. Annual
tas (Figure 4f) is expected to rise by 2.16°C and 3.32°C under
SSP2-4.5 and SSP5-8.5, respectively, with late-century in-
creases of 2.7°C and 5°C. Mid-century changes are smaller than
late-century changes. The MME has the lowest uncertainty
(inter-model ranges) over the annual, summer and winter times-
cales. SSP2-4.5 may result in reduced late-century winters and
annual timescales. Table 1 indicates significant warming, espe-
cially in late-century winter (0.25°C/year) and annual (0.21°C/
year) temperatures under SSP5-8.5. Box-whisker plots of tas in
the 21st century (Figure S20d-f) show significant warming, es-
pecially in winters under SSP5-8.5, with a higher median. Zhou
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et al. (2023) examined annual fas projections under SSP2-4.5
(SSP5-8.5) and predicted increases of 1.29°C, 2°C, 2.89°C
(1.41°C, 2.52°C, 5.36°C) in the near, mid and long term. Summer
temperatures in the QTP region may increase by 1.22°C, 1.88°C,
2.72°C (1.39°C, 2.46°C, 5.01°C) and winter temperatures by
1.42°C, 2.22°C, 3.24°C (1.58°C, 2.77°C, 5.92°C) under SSP2-4.5
(SSP5-8.5).

Figure 6 shows the seasonal and annual spatial distributions
of tas trends in the 21st century. Winter tas (Figure 6a-f) is
projected to rise across the QTP, with the northern half ex-
periencing more pronounced warming under both scenarios
(0.025°C to 0.040°C/year). Late-century tas may warm sig-
nificantly (0.015°C to 0.040°C/year) under SSP5-8.5 but only
slightly (0.004°C to 0.020°C/year) under SSP2-4.5. Summer
tas (Figure 6g-1) is expected to be much warmer under both
scenarios (0.015°C to 0.040°C/year), with late-century sum-
mers cooler under SSP2-4.5 compared to mid-century sum-
mers. This is reflective of the SSP2-4.5 scenarios’ downward
trajectory for socioeconomic development and radiative

forcing (Gidden et al. 2019). Annual tas (Figure 6m-r) is
projected to rise (0.016°C to 0.040°C/year) across the QTP.
Mid-century years (0.016°C to 0.036°C/year) may experience
less warming than late-century years (0.026°C to 0.040°C/
year) under SSP5-8.5, while SSP2-4.5 predicts lower warm-
ing patterns (0.004°C to 0.032°C/year) for late-century years.
Zhang et al. (2023) found that under SSP5-8.5, the tas trend
over QTP is 0.16°C/decade, with more pronounced effects
over the northeastern Plateau. Fan et al. (2022) predict that
under SSP5-8.5, northern regions of the TP will see the great-
est increases in mean temperature, exceeding 7°C by the end
of the 21st century. Late-century tas in winters, summers and
annual months may show a slight decrease under SSP2-4.5.
Winters show stronger warming trends than summers and an-
nual timescales, confirming the persistence of the elevation-
dependent warming (EDW) phenomenon. Rangwala et al.
(2009) found that western TP warmed more than the eastern
TP during the late 20th and early 21st centuries, though the
comparisons between warming rates varied significantly with
the observation period. Zhou et al. (2023) report that under
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FIGURE 6 | Spatial distribution of projected precipitation variability (standard deviation in mm/day) over the Qinghai-Tibetan Plateau (QTP) un-
der SSP2-4.5 and SSP5-8.5 scenarios for the periods 2015-2100, 2023-2056 and 2067-2100. Panels (a—f) show winter (DJF) variability, (g-1) summer
(JJA) variability and (m-r) annual variability. Each row corresponds to a specific time slice, with the left column of each pair representing SSP2-4.5

and the right representing SSP5-8.5. The colour scale indicates the magnitude of interannual variability, ranging from low (blue) to high (red).

Results suggest increasing variability across most regions, particularly under SSP5-8.5, with stronger fluctuations in northern and northeastern QTP

during winter and in the central and southeastern regions during summer and annually. [Colour figure can be viewed at wileyonlinelibrary.com]
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SSP2-4.5 (SSP5-8.5), annual tas across the QTP may increase
by 0.31°C, 0.29°C, 0.28°C/decade (0.5°C, 0.61°C, 0.74°C/de-
cade). Under SSP2-4.5 (SSP5-8.5), summer temperatures may
rise by 0.32°C, 0.31°C, 0.11°C/decade (0.45°C, 0.61°C, 0.68°C/
decade). Under SSP2-4.5 (SSP5-8.5), winter temperatures
may rise by 0.36°C, 0.36°C, 0.21°C/decade (0.54°C, 0.67°C,
0.83°C/decade).

3.2.3 | Projected Changes in Maximum Temperature
(tmax)

Projected changes in seasonal and annual tmax across the QTP
for mid-century (2023-2056) and late-century (2067-2100), rel-
ative to 1980-2014, are shown in Figure 7. Winter tmax is pro-
jected to increase under SSP2-4.5 (2.7°C) and SSP5-8.5 (4.0°C)
in mid-century, with late-century warming reaching 3.3°C
(SSP2-4.5) and 5.9°C (SSP5-8.5) (Figure 7a). Similarly, summer
tmax is expected to rise by 2.3°C (SSP2-4.5) and 3.5°C (SSP5-8.5)
in mid-century, with further increases of 3.6°C (SSP2-4.5) and
5.9°C (SSP5-8.5) by late-century (Figure 7b). On an annual
scale, tmax follows a comparable trajectory (Figure 7c), with
projected mid-century increases of 2.0°C (SSP2-4.5) and 2.4°C
(SSP5-8.5), and late-century warming of 3.2°C (SSP2-4.5) and
5.7°C (SSP5-8.5).

The MME projections show greater uncertainties for tmax,
particularly during winter, summer and annual timescales.
Late-century tmax under SSP2-4.5 may exhibit periodic de-
creases in certain years, suggesting potential interannual
variability in warming trends. Table 1 confirms that winter
tmax warming rates are 0.36°C/decade (SSP2-4.5) and 0.54°C/
decade (SSP5-8.5). The annual tmax trend is projected at
0.31°C/decade (SSP2-4.5) and 0.5°C/decade (SSP5-8.5). These
results are consistent with Zhou et al. (2023), who highlighted
that winter and annual temperatures show stronger warm-
ing trends compared to summer across the QTP. Box-whisker
plots of 21st century tmax (Figure S21g-i) show significant
warming, especially in winters under SSP5-8.5, with a higher
median.

Figure 8 shows the projected rise in tmax for winter, sum-
mer and annual periods in the 21st century. Under SSP2-4.5
and SSP5-8.5 (0.012°C to 0.040°C/year), winter tmax
(Figure 8a-f) is expected to warm significantly, particularly
at high altitudes on the western QTP. Late-century tmax may
decrease (0.004°C to 0.028°C/year) over central regions under
SSP2-4.5, while mid and late-century tmax may rise (0.012°C
to 0.040°C/year) under SSP5-8.5. Summer tmax (Figure 8g-1)
shows significant warming under both scenarios (0.012°C to
0.040°C/year). Under SSP2-4.5, late-century summer tmax
may show a slower rate of rise over southern parts (0.004°C
to 0.028°C/year). Mid and late-century tmax under SSP5-8.5
appear significantly higher in the northern QTP. Annual tmax
(Figure 8m-r) follows similar patterns, with a significant
rise (0.02°C to 0.040°C/year) over the northern half of the
QTP. Mid and late-century tmax under SSP2-4.5 (0.004°C to
0.040°C/year) may show a weaker rise than under SSP5-8.5
(0.012°C to 0.040°C/year). The stronger rise in winter tmax at
higher altitudes in the western QTP confirms the future phe-
nomenon of EDW.

3.2.4 | Projected Changes in Minimum Temperature
(tmin)

The tmin changes over QTP for 21st century are presented in
Figure 7d-f. Winter tmin exhibits a stronger warming trend
than tmax across the QTP. Figure 7d shows that winter tmin
is projected to rise by 2.4°C (SSP2-4.5) and 2.7°C (SSP5-8.5)
in mid-century, with late-century warming reaching 3.6°C
(SSP2-4.5) and 6.0°C (SSP5-8.5). Summer tmin projections indi-
cate warming of 2.1°C (SSP2-4.5) and 3.3°C (SSP5-8.5) in mid-
century, increasing to 2.9°C (SSP2-4.5) and 5.4°C (SSP5-8.5) in
late-century (Figure 7e). On an annual scale, tmin is expected
to increase (Figure 7f) by 1.6°C (SSP2-4.5) and 2.1°C (SSP5-8.5)
in mid-century, with late-century warming of 2.9°C (SSP2-4.5)
and 5.4°C (SSP5-8.5). Unlike tmax, winter tmin warming is more
substantial across the QTP, consistent with EDW trends. Annual,
winter and summer inter-model ranges for tmin show a declining
trend over the 21st century, suggesting improved model agree-
ment over time. Table 1 confirms that winter tmin is projected
to rise at a rate of 0.36°C/decade (SSP2-4.5) and 0.67°C/decade
(SSP5-8.5), aligning with the findings of Zhou et al. (2023), who
reported higher winter warming rates than summer across the
QTP. Additionally, box-whisker distributions for winter and an-
nual tmax and tmin (Figure S21j-1) confirm that tmin will warm
at a faster rate than tmax in mid- and late-century.

Figure 9 shows that winter tmin in the 21st century is expected
to show stronger warming (0.016°C to 0.044°C/year) across the
QTP, especially in the northern parts, similar to the changes in
tmax. Mid and late-century winters are expected to have a greater
rise in tmin under SSP5-8.5 (0.012°C-0.044°C/year) than under
SSP2-4.5 (0.004°C-0.032°C/year). Summer tmin (Figure 9g-1)
shows warming tendencies, particularly in the northern parts,
under both scenarios (0.012°C to 0.040°C/year). Mid and late-
century tmin may appear with stronger warming under SSP5-8.5
(0.012°C to 0.040°C/year), while a minor rate of late-century
tmin rise (0.004°C to 0.028°C/year) is likely over southern QTP
under SSP2-4.5. Annual tmin (Figure 9m-r) is expected to follow
stronger warming tendencies (0.016°C to 0.040°C/year) across
the QTP. Southern QTP parts may show a faster increase in tmin
(0.012°C to 0.040°C/year) under SSP5-8.5 than under SSP2-4.5
(0.004°C to 0.032°C/year). Overall, the 21st century is expected to
see a stronger rise in winter tmin, followed by annual and sum-
mer temperatures across the QTP, particularly at higher altitudes
in the western QTP. The future rate of warming in tmin on sea-
sonal and annual scales is higher than in tmax, confirming that a
warming climate may persist in the 21st century.

4 | Discussion

High spatiotemporal changes in precipitation and temperature
patterns have an impact on agricultural production, water re-
sources, hydroelectric power generation and the environment
in the QTP. GCMs are used to investigate these changes, but
their accuracy is limited by biases and uncertainties (You, Jiang,
et al. 2016; Hu et al. 2022; Wang et al. 2022). The performance
of GCMs is determined by the climate variables used in a given
study, and a trade-off must be made between selecting GCMs
and obtaining reliable climate projections. Previous research
(Cui et al. 2021; Lun et al. 2021; Zhang, Liu, et al. 2022) indicates
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FIGURE 7 | Projections of bias-corrected multi-model ensemble (MME) outputs for seasonal and annual maximum temperature (tmax; panels
a-c) and minimum temperature (tmin; panels d—f) over the Qinghai-Tibetan Plateau (QTP) under SSP2-4.5 (blue line) and SSP5-8.5 (red line), rela-
tive to the historical baseline period of 1980-2014 (olive green line). The black solid line represents observed data. Shaded regions indicate the inter-
model spread: Orange for historical, light blue for SSP2-4.5 and light red for SSP5-8.5. Vertical dashed lines mark three future time slices: 2015-2100,
2023-2056 and 2067-2100. Mean temperature changes for each period are summarised in grey-shaded boxes, with values shown in green (histori-
cal), blue (SSP2-4.5) and red (SSP5-8.5). The projections indicate substantial warming across all scenarios, with stronger increases in tmin than tmax,
particularly under SSP5-8.5 during winter and in the late 21st century. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 | Spatial distribution of projected trends in maximum temperature (tmax;°C/year) over the Qinghai-Tibetan Plateau (QTP) under
SSP2-4.5 and SSP5-8.5 scenarios for three future periods: 2015-2100, 2023-2056 and 2067-2100. Panels (a—f) represent winter (DJF), (g-1) summer
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particularly in the northern and western regions. Winter and annual trends show greater spatial intensity compared to summer, reflecting stronger

seasonal warming responses. [Colour figure can be viewed at wileyonlinelibrary.com]

that using suitable GCMs reduces uncertainty in climate vari-
ables. The current study proposes intensive evaluation and bias-
constrained projections of CMIP6 GCMs for precipitation, tas,
tmax and tmin variables in the sensitive region of the QTP.

4.1 | Factors Influencing Precipitation Changes
Across QTP

Future projections for precipitation over the QTP show diverse
changes. Winter precipitation is expected to increase under
SSP2-4.5 and SSP5-8.5, especially in southern to southeastern
QTP. Summer and winter precipitation are expected to increase
in southeastern QTP, though some parts of northern QTP may ex-
perience dry conditions on an annual timescale in mid and late-
century under the SSP2-4.5 scenario. Projection works by You,
Jiang, et al. (2016), Xu, Guo et al. (2016), Cui et al. (2021), Hu
et al. (2022) and Zhang, Liu, et al. (2022) also estimated match-
ing results for precipitation, especially at annual timescales. Chen

et al. (2017) revealed that summer precipitation in the QTP will
slightly decrease under RCP2.6 by —3.4mm per decade, while
RCP4.5 and RCP8.5 reveal increases by 2.4 and 18.4mm per de-
cade, respectively. Zhang, Liu, et al. (2022) predicted near-term an-
nual precipitation over QTP from 280 to 660 mm, with mid-term
increases of 413-465mm and 430-465mm, mainly concentrated
in July and August, with 80-90 mm for 2031-2050 and 90-100 mm
for 2061-2080. According to Zhou et al. (2023), CMIP6-based esti-
mates of seasonal precipitation accumulations are 218% (spring),
76% (summer), 129% (autumn) and 533% (winter) of those ob-
served. These findings highlight the rise in precipitation changes,
yet the factors behind the changes have not been explored.

4.2 | Projected Warming Over the QTP: Trends
and Patterns

Our analysis of spatiotemporal surface temperatures (tas,
tmax and tmin) from the CMIP6 MME reveals rapid warming
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FIGURE 9

| Spatial distribution of projected trends in minimum temperature (tmin;°C/year) over the Qinghai-Tibetan Plateau (QTP) under

SSP2-4.5 and SSP5-8.5 scenarios for the periods 2015-2100, 2023-2056 and 2067-2100. Panels (a—f) show trends for winter (DJF), (g-1) for summer
(JJA) and (m-r) for annual scales. In each panel pair, the left column shows SSP2-4.5 and the right column SSP5-8.5. The colour scale reflects the rate

of warming, from lower (blue/green) to higher (yellow/red)°C/year. Results indicate consistent warming in tmin across the region, with SSP5-8.5

exhibiting stronger and more spatially extensive trends, particularly during winter and over central and eastern QTP. [Colour figure can be viewed

at wileyonlinelibrary.com]

over the QTP in the near, mid and late 21st centuries. Winter
tas, tmax and tmin are expected to rise dramatically under
higher emission scenarios, particularly in late-century sce-
narios. Mid- and late-century winter and annual tas and tmin
are expected to warm faster than tmax, confirming an asym-
metrical warming pattern in which tmin rises faster than
tmax, consistent with Screen's (2014) findings in high latitude
regions.

Recent studies highlight an accelerating warming trend across
the QTP, with projections under high-emission scenarios ex-
ceeding earlier expectations. Zhou and Zhang (2021) found that
by the end of the 21st century (2081-2100), projected warm-
ing under RCP8.5 and RCP4.5 scenarios is 0.63°C and 0.32°C
higher, respectively, than previously estimated. Fan et al. (2022)
reported century-scale increases in annual mean temperature
reaching 1.25°C, 3.30°C, 5.61°C and 7.46°C under SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively—highlighting a
steep climate gradient tied to emission intensity.

Zhang et al. (2023) reinforced these findings, identifying a
robust warming trend under SSP5-8.5, with annual near-
surface air temperature (tas) rising at a rate of 0.16°C per year.
Similarly, Zhou et al. (2023) projected substantial increases
in annual tas across three future time slices: 1.29°C, 2.00°C
and 2.89°C under SSP2-4.5, and 1.41°C, 2.52°C, and 5.36°C
under SSP5-8.5. Seasonally, summer warming is expected to
reach up to 5.01°C and winter tas up to 5.92°C by century's
end under SSP5-8.5, indicating intensified warming during the
cold season.

Adding to this, Zhang, You, et al. (2022) emphasised the role
of EDW, particularly during winter months, with amplified
temperature increases over high-altitude regions of the TP.
Notably, warming under transient climate scenarios was ap-
proximately 0.2°C higher than under stabilised pathways at
the same global temperature thresholds—underscoring the
importance of emission trajectories in shaping regional climate
outcomes.
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4.3 | Accelerated Warming Over the QTP: Drivers
and Impacts

The accelerated warming over the QTP is driven by interactions
such as snow-albedo feedback and cloud-radiation effects (Duan
and Xiao 2015; Liu and Chen 2000). Wang et al. (2022) attributed
around 60% of the observed warming (1.8°C-2.0°C) from 1980
to 2018 to anthropogenic influences. Temperature variations
across the QTP are also linked to elevation differences (Wu
et al. 2023) and changes in ENSO episodes, which modify atmo-
spheric circulation anomalies (Yong et al. 2023).

Warming impacts are evident on the QTP, including vegetation
degradation, glacier mass loss, permafrost thaw and rising perma-
frost temperatures (You, Kang, Fliigel, et al. 2010; Zhang 2007).
Future warming is projected to be influenced by land use changes,
atmospheric circulation and surface water vapour, particularly in
winter (Song et al. 2021). Additional factors such as cloud cover,
ozone and vegetation also play roles (You, Chen, et al. 2020). Guo
et al. (2016), Zhou et al. (2023) and You, Chen, et al. (2020) high-
light snow-albedo feedbacks and solar radiation as key contrib-
utors to EDW over the QTP, leading to increased snow melt and
rising snow lines (Yao et al. 2019). Accelerated warming leads to
significant changes in hydrology and water resources on and be-
yond the QTP (Zhou and Zhang 2021; Zhang, Liu, et al. 2022).
You, Chen, et al. (2020) reported a west-east gradient in pro-
jected snow water equivalent changes, with the largest reductions
in the western QTP. The QTP is recognised as a major driver of
regional and global environmental changes (You, Kang, Pepin,
et al. 2010b).

5 | Conclusion and Recommendations

This study investigates precipitation and air temperature (tas,
tmax, tmin) dynamics over the QTP using models from the
Coupled Model Intercomparison Project Phase 6 (CMIP6) and
high-resolution observational datasets from 1980 to 2100. The
research aims to analyse temporal and spatial climate varia-
tions, assess GCMs, and provide bias-corrected future projec-
tions based on different SSP scenarios.

The results for historical evaluations, detailed in the Supporting
Information reveal that the MME significantly overestimates
precipitation, with winter observed levels ranging from 0 to
30mm per year versus MME estimates of 0 to 90 mm. Summer
precipitation varies from 240 to 340mm observed compared
to 470 to 520mm predicted by MME. Annual precipitation is
between 440 and 550 mm observed, against MME projections
of 960-1065mm. Temperatures exhibit a warming trend, with
annual tas increasing by 0.06°C per year, winter temperatures
by 0.02°C, and summer by 0.03°C. Winter tmax ranges from
—4.3°C to 0.1°C observed compared to —7.6 to 5.4°C MME,
while winter tmin varies from —18.3°C to —15.5°C observed and
—18.7°C to —17.1°C MME. The bias analysis shows significant
wet biases in southeastern QTP precipitation, with annual bi-
ases of 0 to 1100 mm, and summer biases in northern QTP ex-
hibit dry biases of 0 to —100mm. Temperature biases indicate
a cold tendency, especially in central and western areas, with
winter biases for tas reaching —12°C to 0°C. GCM performance
varies significantly, and a bias correction process applied to the

top five performing GCMs resulted in improved accuracy for
tas, tmax, tmin and precipitation projections.

Future projections indicate a general trend toward warmer and
wetter conditions across the QTP, accompanied by significant
seasonal and spatial variations. Under the SSP2-4.5 and SSP5-8.5
scenarios, winter precipitation is projected to increase by 2.5 and
10mm, respectively, with particularly pronounced increases an-
ticipated in the southern and southeastern regions of the QTP.
Summer precipitation is expected to rise by 17.4 and 25.3mm,
with the most substantial increases occurring in the southeastern
areas of the QTP. Annual precipitation changes may range from
a decrease of 2.41mm to an increase of 6.68 mm, with certain
northern regions likely to experience a decline in annual precipi-
tation during the mid to late century under the SSP2-4.5 scenario.

Temperature projections indicate a significant warming trend
across the QTP throughout the 21st century, with notable sea-
sonal and spatial variations. Mean winter temperatures (tas)
are expected to rise by 2.9°C and 4.7°C under the SSP2-4.5 and
SSP5-8.5 scenarios, respectively. By the late century, warm-
ing could reach between 3.6°C and 6.8°C in the northern and
northwestern regions of the QTP. Similarly, summer mean tem-
peratures are projected to increase by 2.2°C and 3.8°C, with
projected late-century increases of 2.7°C-4.8°C for northern
QTP. Overall, annual mean temperatures are estimated to rise
between 2.16°C and 3.32°C, indicating a sustained long-term
warming trend under both SSP scenarios.

Projections reveal a consistent and striking asymmetry in
warming between minimum (tmin) and maximum (tmax) tem-
peratures across the QTP. Minimum temperatures are expected
to rise more sharply than their daytime counterparts, a pattern
most evident during winter. Under SSP2-4.5, winter tmax and
tmin are projected to increase by 2.7°C and 3.1°C, respectively,
while under SSP5-8.5, these values rise to 4.0°C and 4.2°C. This
disparity is not limited to the cold season—Ilate-century pro-
jections suggest that annual and winter tmin will continue to
outpace tmax, reinforcing the asymmetrical warming signal.
Summer temperatures follow a similar trajectory, with annual
tmax and tmin expected to increase by 3.72°C and 3.74°C under
SSP5-8.5. This persistent amplification of warming may have
far-reaching consequences for permafrost stability, hydrological
cycles and energy demand, emphasising the need to consider
diurnal temperature dynamics in climate impact assessments.

Despite ongoing warming, projections suggest that some central
and southern regions of the Tibetan Plateau (QTP) may see a de-
crease in maximum and minimum temperatures by the late 21st
century, indicating regional climate variability. The more signif-
icant rise in winter and annual minimum temperatures could
have serious implications for ecosystem stability, permafrost
degradation and hydrological cycles. These findings highlight
the need for further research into regional climate feedbacks
and the effects of a changing thermal regime across the QTP.

Projected increases in temperature and precipitation on the QTP
could significantly affect water resources, ecosystem stability and
the likelihood of natural disasters. Enhanced winter warming
may lead to accelerated glacier retreat and permafrost thawing,
impacting downstream water availability, while drier conditions
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in northern regions could heighten drought risks and harm ag-
ricultural productivity. To tackle these challenges, collaboration
among stakeholders is crucial, focusing on vulnerable areas to
improve disaster preparedness, resilience and adaptive strate-
gies, alongside further research into extreme weather events and
climate modelling (Shen et al. 2016; Zhang et al. 2019).
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