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ABSTRACT

The  diurnal  temperature  range  (DTR)  serves  as  a  vital  indicator  reflecting  both  natural  climate  variability  and
anthropogenic climate change. This study investigates the historical and projected multitemporal DTR variations over the
Tibetan Plateau. It assesses 23 climate models from phase 6 of the Coupled Model Intercomparison Project (CMIP6) using
CN05.1  observational  data  as  validation,  evaluating  their  ability  to  simulate  DTR  over  the  Tibetan  Plateau.  Then,  the
evolution  of  DTR over  the  Tibetan  Plateau  under  different  shared  socioeconomic  pathway  (SSP)  scenarios  for  the  near,
middle, and long term of future projection are analyzed using 11 selected robustly performing models. Key findings reveal:
(1)  Among  the  models  examined,  BCC-CSM2-MR,  EC-Earth3,  EC-Earth3-CC,  EC-Earth3-Veg,  EC-Earth3-Veg-LR,
FGOALS-g3,  FIO-ESM-2-0,  GFDL-ESM4,  MPI-ESM1-2-HR,  MPI- ESM1-2-LR,  and  INM-CM5-0  exhibit  superior
integrated simulation capability for capturing the spatiotemporal variability of DTR over the Tibetan Plateau. (2) Projection
indicates a slightly increasing trend in DTR on the Tibetan Plateau in the SSP1-2.6 scenario, and decreasing trends in the
SSP2-4.5, SSP3-7.0, and SPP5-8.5 scenarios. In certain areas, such as the southeastern edge of the Tibetan Plateau, western
hinterland of  the  Tibetan  Plateau,  southern  Kunlun,  and the  Qaidam basins,  the  changes  in  DTR are  relatively  large.  (3)
Notably, the warming rate of maximum temperature under SSP2-4.5, SSP3-7.0, and SPP5-8.5 is slower compared to that of
minimum temperature, and it emerges as the primary contributor to the projected decrease in DTR over the Tibetan Plateau
in the future.
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Article Highlights:

•  Most CMIP6 models successfully capture the spatiotemporal variability of DTR over the Tibetan Plateau.
•  Future projections indicate declining (slightly increasing) DTR trends under SSP2-4.5, SSP3-7.0, and SPP5-8.5 (SSP1-
2.6).
•  The rate of increase for Tmax is slower than Tmin, which primarily contributes to the reduction in DTR.

 

 
 

 

1.    Introduction

The  global  climate  has  been  experiencing  notable
changes attributable to nearly a century of global warming,
and  recent  evidence  suggests  that  the  severity  of  climate

change might be more significant than previously anticipated
(IPCC,  2021).  Although  the  mean  surface  temperature  is
often emphasized as  a  crucial  variable in  assessing climate
change,  many  earth  system  processes  are  influenced  by
extreme  temperature  fluctuations,  extending  beyond
changes  in  mean  values.  The  diurnal  temperature  range
(DTR),  reflecting  the  distinction  between  daily  maximum
and minimum temperatures, serves as a comprehensive metric
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that combines information on temperature extremes and con-
sistently responds to anthropogenic greenhouse gas emissions
(Karl  et al.,  1993; New  et al.,  2000; Vose  et al.,  2005).
Given that minimum temperature hinges on longwave radia-
tion  and  maximum  temperature  on  shortwave  radiation
(Wang and Dickinson, 2013), the DTR serves as an intuitive
measure of severe weather intensity and rapid short-term cli-
mate  changes.  Additionally,  long-term  changes  in  DTR
impact various facets, including urban ecology, agricultural
production, and human health (Lobell, 2007; Ren and Zhou,
2014; Christidis et al.,  2019). Consequently, DTR has been
identified  as  a  fundamental  index  of  climate  dynamics  by
the  World  Climate  Research  Program  (WCRP)  and  serves
as a valuable benchmark for assessing the ability of numerous
climate models  to  evaluate local  climate change within the
context  of  global  warming  (Hansen  et al.,  1995; Braganza
et al., 2004; Shahid et al., 2012).

Global mean temperatures have risen at a rate exceeding
0.1°C (10 yr)−1 since 1950 (IPCC, 2021). This rise in mean
temperature  has  been  accompanied  by  a  less  pronounced
increase  in  maximum  temperatures  compared  to  minimum
temperatures, consequently leading to a significant decrease
in the DTR (Karl et al., 1991; Vose et al., 2005; Wang et al.,
2012).  Similarly,  observations  in  China  and  its  subregions
also  depict  a  decreasing  trend  in  DTR  (Wang  et al.,  2012;
Ren and Zhou, 2014; Shen et al., 2014; You et al., 2016).

The Tibetan Plateau, as an influential climate-sensitive
and  vulnerable  region,  exerts  significant  impacts  on  both
East  Asia  and  the  global  climate,  primarily  due  to  the
dynamic and thermal effects arising from its extensive topog-
raphy  and  geomorphology  (Wu  et al.,  2005; Zhou  et al.,
2009a; Yao et al., 2012). As an early and sensitive indicator
of  global  warming,  climate  change  on  the  Tibetan  Plateau
has  garnered  substantial  attention  (Su  et al.,  2013; You
et al., 2017; Zhu and Yang, 2020; Cui et al., 2021; Hu et al.,
2022). The DTR on the Tibetan Plateau has been decreasing
at  an  approximate  rate  of  0.2°C  (10  yr)−1 since  the  1960s,
with areas experiencing the most significant DTR reduction,
like the southern fringe of the Himalayas, corresponding to
regions  with  the  most  notable  warming  (Duan  and  Wu,
2006; You  et al.,  2016).  However,  capturing  changes  in
DTR  has  posed  challenges  for  climate  models  (Stone  and
Weaver,  2003).  Factors  such as cloud cover,  soil  moisture,
and  precipitation  variability  play  significant  roles  in  DTR
dynamics  (Karl  et al.,  1993; Wild  et al.,  2005; Zhou  et al.,
2009b; Wang et al.,  2014).  Previous  models,  such as  those
that participated in phases 3 and 5 of the Coupled Model Inter-
comparison Project (CMIP3 and CMIP5, respectively), simu-
lated  global  DTR  values  lower  than  those  observed  since
1950 (Lewis and Karoly, 2013). Although the CMIP5 models
generally  reproduced  the  spatial  and  temporal  evolution  of
DTR on the Tibetan Plateau, they underestimated the magni-
tude of the changes (You et al., 2017).

Presently, the WCRP is conducting phase 6 of the Cou-
pled  Model  Intercomparison  Project  (CMIP6),  involving
global climate modeling teams from various research institu-
tions in numerical experiments with new models. These mod-

els  are  being  provided  to  scientists  to  study  global  and
regional  climate  change,  along  with  its  impacts  and
responses. Wang and Clow (2020) found that, at a worldwide
scale,  CMIP6-simulated  DTR  values  were  lower  than
observed values, with some models overestimating DTR at
high  latitudes  in  the  Northern  Hemisphere. Wang  et al.
(2024) found that CMIP6 models could reflect the decreasing
trend of DTR during 1901–2014 globally. Liu et al.  (2022)
found the winter DTR exhibits a continuous declining trend
in  the  historical  and  the  future  SSP2-4.5  scenario  in  East
Asia. Despite CMIP6 models having higher resolution and rel-
atively  better  simulation  of  extreme  temperatures  than
CMIP5 models (Di Luca et al., 2020), their ability to simulate
DTR at a global scale has remained relatively static. CMIP6
models  outperform  CMIP5  models  only  during  the  period
of rapid DTR decrease from 1951 to 1980 (Wang and Clow,
2020). At the regional scale, evaluations of historical simula-
tions indicate that CMIP6 models generally reproduce the spa-
tial and temporal distribution characteristics of DTR in large
regions,  encompassing  East  Asia,  China,  and  even  smaller
areas  like  the  North  China  Plain  and  the  southern
Himalayan  slopes  (Hamal  et al.,  2021; Liu  et al.,  2022;
Wang et al., 2022a, b).

However,  the  spatiotemporal  simulation  capability  of
the CMIP6 models for DTR on the Tibetan Plateau has yet
to undergo a comprehensive evaluation and necessitates fur-
ther  investigation.  Additionally,  examining  the  future
changes  in  DTR  on  the  Tibetan  Plateau  under  various
Shared  Socioeconomic  Pathway  (SSP)  scenarios  for  the
21st  century  holds  substantial  significance  and requires  in-
depth  analysis.  The  goal  of  this  study  is  to  address  these
knowledge gaps and, in doing so, provide insights into inte-
grated  disaster  mitigation  and  prevention  strategies  on  the
Tibetan Plateau. 

2.    Region, data and methods
 

2.1.    Study region

The Tibetan Plateau, mainly situated in the southwestern
part  of  China,  spans  the  geographical  coordinates  of
25°–40°N  and  70°–105°E.  Recognized  as  Earth’s “third
pole”, it  encompasses an area of approximately 2.5 million
square kilometers and boasts an average altitude surpassing
4500 m. Endowed with distinctive ecological features, it has
developed a unique ecological pattern due to its unique geo-
graphical and climatic settings. The specific study area fea-
tured in this paper is depicted in Fig. 1. 

2.2.    Data
 

2.2.1.    Observed data

The  observational  data  utilized  in  this  study  are  from
the CN05.1 dataset, extending to the latest available period
provided  by  the  National  Climate  Center  of  China.  These
observations span from 1961 to 2022 and are compiled from
an  extensive  collection  of  values  sourced  from  over  2400
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major  domestic  ground-based  meteorological  stations.  The
dataset provides information at a resolution of 0.25° × 0.25°
based  on  real-time  monitoring  records  and  was  derived
through the “anomaly approach” interpolation method; plus,
it also offers 0.5° × 0.5° and 1.0° × 1.0° resolution data (Wu
and  Gao,  2013).  It  encompasses  several  primary  variables:
mean temperature, maximum temperature, minimum tempera-
ture, precipitation, surface evaporation, wind speed, and rela-
tive humidity. For this study, the monthly maximum, mini-
mum, and mean temperature records of the 0.5° × 0.5° resolu-
tion dataset were selected.
 

2.2.2.    Simulation data

For the assessment, this study employed the monthly his-
torical simulation results obtained from 23 CMIP6 models,
including all models that have SSP scenario data. To ensure
consistent weighting of each model in the calculation, only
the data with the r1i1p1f1 variant label were selected. The his-
torical  assessment  period  spans  from  1995  to  2014,  while
the future projection period extends from 2022 to 2100. To
analyze potential changes in DTR across different stages in
the future, we divided the projection period into three subperi-
ods: 2022–40 (near-term of the 21st century), 2040–60 (mid-
term),  and  2080–2100  (long-term),  following  the  CMIP-
divided analysis periods (Eyring et al., 2016).

The study uses 23 models from the Tier-1 core experi-
ment of the Scenario Model Comparison Program, covering
four  SSPs:  SSP1-2.6,  SSP2-4.5,  SSP3-7.0,  and  SSP5-8.5.
These  scenarios  project  climate  change  over  the  Tibetan
Plateau, ranging from low- to high-emission scenarios, aim-
ing to contribute to reducing the future disaster risks associ-

ated with DTR. Additionally, the data are available for down-
load,  and  further  details  can  be  accessed  by  searching  at
https://esgf-node.llnl.gov/projects/cmip6/.  Note  that  some
models do not provide outputs for SSP1-2.6 and SSP3-7.0,
as indicated in Table 1.
 

2.3.    Methods

In this paper, the DTR values over the Tibetan Plateau
were calculated utilizing the CN05.1 observation data (Wu
and Gao, 2013) alongside historical simulations from the 23
CMIP6 models. Consequently, the ability of these 23 models
to reproduce the DTR over the Tibetan Plateau was evaluated
with respect to the observed data, enabling the identification
of  models  exhibiting  superior  simulation  performance.
These selected models were then used to project future DTR
changes across the Tibetan Plateau.

For  model  evaluation,  a  bilinear  interpolation  method
was employed to interpolate the simulated model  data uni-
formly and observed data onto a 0.5° × 0.5° resolution. This
facilitated a comparison between the 23 model datasets and
the measured data while exploring the comprehensive simula-
tion effects of the models.

To evaluate the simulation ability of each model for the
DTR  of  the  Tibetan  Plateau,  we  utilized  various  metrics
such  as  the  correlation  coefficient,  root-mean-square  error,
and the ratio of standard deviation between model data and
observational data over time. These metrics are graphically
represented  on  a  Taylor  diagram  to  visualize  and  analyze
the simulation capacity of the 23 models concerning the tem-
poral  and  spatial  variation  of  the  DTR  over  the  Tibetan
Plateau during the historical period: 

 

 

Fig. 1. Topographic map of the Tibetan Plateau (units: m).
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where Xo,i and Xm,i stand for the DTR values of the observa-
tion and simulation, and o and m denote the mean values
of  the  observed  and  simulated  DTR,  respectively;  RMSE
refers  to  the  root-mean-square  error; o and m represent
the  standard  deviations  of  the  observation  and  the  model,

respectively;  and R signifies  the  correlation  coefficient
between the observation and the model.

In order to minimize the influence of individual CMIP6
model  errors  on  the  projected  results,  the  multimodel
median was used: 
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where n represents the number of models involved in the cal-
culation. Each grid cell participates individually in the calcula-
tion of the multimodel median for each monthly time step. 

3.    Results
 

3.1.    Evaluation of DTR simulation
 

3.1.1.    Climatological average state

The climatological spatial distribution of the DTR over
the  Tibetan  Plateau  from  1995  to  2014  is  represented  in
Fig. 2, showcasing comparisons between the CN05.1 observa-
tions and the CMIP6 models. The observed DTR reveals spe-
cific patterns: Areas in the eastern and western hinterlands,
as well as the Qaidam Basin, show larger zones with DTR val-
ues exceeding 14°C. In contrast, the eastern and southeastern
mountainous edge regions of the Tibetan Plateau, and the east-
ern Pamir Plateau, exhibit relatively minor DTR values, rang-
ing between 6°C and 8°C.

 

Table 1. Basic information on the 23 CMIP6 models employed in this study.

Model name Nation and institute Horizontal Resolution (lon×lat) SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5

ACCESS-CM2 Australia, CSIRO-ACCESS 192 × 144 √ √ √ √
ACCESS-ESM1-5 Australia, CSIRO-ACCESS 192 × 145 √ √ √ √
AWI-CM-1-1-MR Germany, AWI 384 × 192 √ √ √ √
BCC-CSM2-MR China, BCC 320 × 160 √ √ √ √

CanESM5 Canada, CCCma 128 × 64 √ √ √ √
CAS-ESM2.0 China, IAP-CAS 256 × 128 √ √ √ √

CIESM China, THU 288 × 192 √ √ × √
CMCC-ESM2 Italy, CMCC 288 × 192 √ √ √ √

EC-Earth3 Multinational, AEMET etc. 512 × 256 √ √ √ √
EC-Earth3-CC Multinational, AEMET etc. 512 × 256 × √ × √
EC-Earth3-Veg Multinational, AEMET etc. 512 × 256 √ √ √ √

EC-Earth3-Veg-LR Multinational, AEMET etc. 320 × 160 √ √ √ √
FGOALS-g3 China, IAP-CAS 180 × 80 √ √ √ √
FIO-ESM-2-0 China, FIO 288 × 192 √ √ × √
GFDL-ESM4 USA, GFDL 288 × 180 √ √ √ √
INM-CM4-8 Russia, INM 180 × 120 √ √ √ √
INM-CM5-0 Russia, INM 180 × 120 √ √ √ √

IPSL-CM6A-LR France, IPSL 144 × 143 √ √ √ √
MIROC6 Japan, MIROC 256 × 128 √ √ √ √

MPI-ESM1-2-HR Japan, MRI 320 × 160 √ √ √ √
MPI-ESM1-2-LR Japan, MRI 192 × 96 √ √ √ √

MRI-ESM2.0 Japan, MRI 320 × 160 √ √ √ √
NESM3 China, NUIST 192 × 96 √ √ × √
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The assessment of the CMIP6 model simulations demon-
strates varied degrees of overestimation or underestimation
of  the  DTR  across  different  subregions  of  the  Tibetan
Plateau,  particularly  highlighted  in  the  case  of  the  CIESM
and NESM3 models.  The former  exhibits  a  notable  degree
of  overestimation,  indicating  a  minimum DTR value  of  up
to 25°C and a maximum value of 60.4°C. In contrast, the latter
model  significantly  underestimates  the  DTR,  with  a  maxi-
mum value of only 4.5°C.

Comparing  these  findings  with  observational  data,
some models,  such  as  EC-Earth3,  EC-Earth3-CC,  and  EC-
Earth3-Veg, simulate the distribution better in both low and
high-value  regions,  approaching  values  observed  in  the
data.  On  the  other  hand,  six  models—BCC-CSM2-MR,

CAS-ESM2-0,  CMCC-ESM2,  EC-Earth3-Veg-LR,  MPI-
ESM1-2-HR,  and  MPI-ESM1-2-LR—better  simulate  low-
value  areas  but  are  less  accurate  in  high-value  areas.  Con-
versely, INM-CM4-8 and INM-CM5-0 depict good simula-
tions for high-value areas but perform poorly for low-value
areas.  The  models  with  relatively  good  spatial  correlation
coefficients are CAS-ESM2-0, IPSL-CM6A-LR, EC-Earth3-
Veg-LR, MPI-ESM1-2-HR, FIO-ESM-2-0, and EC-Earth3-
CC, for which the correlation coefficients exceed 0.4. In sum-
mary, the DTR simulations from various models for different
subregions  of  the  Tibetan  Plateau  display  varying  degrees
of overestimation or underestimation, but some models can
capture  the  spatial  distribution  characteristics  of  the  DTR
across the Tibetan Plateau. 

 

 

Fig. 2. Spatial distribution of the climatological mean state of DTR simulated by CN05.1 observations and 23 CMIP6 models from 1995
to 2014 (units: °C). R represents the spatial correlation coefficient between the model and the observation.
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3.1.2.    Inter-monthly variation

In  order  to  evaluate  each  model’s  ability  to  reproduce
the  monthly  variation  of  DTR,  the  climatological  annual
cycle  of  area-averaged  DTR  over  the  Tibetan  Plateau  is
depicted in Fig.  3,  showcasing observations and the results
from  23  CMIP6  models.  According  to  the  observed  data,
the  highest  DTR  value  occurs  in  December,  at  15.4°C,
while the lowest value is recorded in July, at around 11°C.
Comparing  the  observed  spatial  distribution  of  DTR  in
Fig.  2 and  prior  research,  it  is  apparent  that  the  DTR over
the Tibetan Plateau exceeds that of eastern China during the
same period, displaying a significant diurnal variation and a
pronounced sensitivity to changes between July to September
and December to February.

Upon analyzing the CMIP6 model simulations, several
models—namely,  EC-Earth3-CC,  MPI-ESM1-2-HR,  EC-
Earth3-Veg,  MPI-ESM1-2-LR,  EC-Earth3,  GFDL-ESM4,
IPSL-CM6A-LR,  CAS-ESM2-0,  Can  ESM5,  and  EC-
Earth3-Veg-LR—demonstrate  commendable  accuracy  in
replicating the monthly variational trend of DTR, and their
temporal  correlation  coefficients  with  observations  surpass
0.93.  These  models  closely  align  with  the  observed  peak
and  trough  occurrence  times.  However,  MPI-ESM1-2-HR
and  MPI-ESM1-2-LR  slightly  underpredict  the  peak  com-
pared to observations, while EC-Earth3-CC and EC-Earth3-

Veg provide a closer match. Conversely, MIROC6 shows a
trend  opposite  to  the  observed  data,  whereas  CIESM  and
NESM exhibit significant deviation in simulating maximum
and  minimum  values,  indicating  the  poorest  performance
among  the  models.  The  remaining  models  display  various
deviation levels in peak or trough timings, and some reveal
multiple  peaks  or  troughs,  suggesting  moderate  simulation
capabilities.  Therefore,  further  quantitative assessments are
necessary to enhance their accuracy and reliability. 

3.1.3.    Quantitative  evaluation  of  CMIP6  simulation
ability

The selection of models demonstrating strong simulation
capabilities for the spatiotemporal variation of DTR will be
a focus in this part of the study for future projections of the
DTR trend over the Tibetan Plateau. To appraise the capacity
of the 23 CMIP6 models to simulate DTR variation over the
Tibetan  Plateau,  we  assess  the  temporal  correlation  coeffi-
cients, standard deviation ratios, and RMSE between the simu-
lated and observed DTR data after normalization from 1995
to 2014. These results are visualized in a Taylor diagram, as
depicted in Fig. 4. In this diagram, the horizontal and vertical
axes  represent  normalized  standard  deviations,  indicating
the ratio of model standard deviation to that of observations.
The radial lines illustrate the correlation coefficients, signify-
ing the correlation between observed and model data. Addi-

 

 

Fig.  3. Monthly  area-averaged  DTR  during  1995–2014  over  the  Tibetan  Plateau  simulated  by  CN05.1  observations  and  23
CMIP6 models (units: °C). R denotes the temporal correlation coefficient between the model and the observation.
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tionally,  the  arcs  from the point  labelled REF at  the  origin
illustrate the RMSE, with values spaced at intervals of 0.25,
0.5, 0.75, and 1. The closer the model results are to a normal-
ized  standard  deviation  of  1,  correlation  coefficient  of  1,
and RMSE of 0, the better the agreement between the model
simulations and observed data.

Figure 4 indicates that the correlation coefficients of all
models successfully passed the significance test at the 95%
confidence  level.  The  BCC-CSM2-MR,  EC-Earth3,  EC-
Earth3-CC, EC-Earth3-Veg, EC-Earth3-Veg-LR, FGOALS-
g3, FIO-ESM-2-0, GFDL-ESM4, MPI -ESM1-2-HR, MPI-
ESM1-2-LR,  INM-CM5-0  and  CanESM5  models  show
robust  correlation  coefficients  of  more  than  0.65,  which
range from 0.67–0.87, indicating a high level of agreement
between  their  simulations  and  observed  DTR  variations.
The  standard  deviation  ratios  between  the  simulated  and
observed  DTR  for  BCC-CSM2-MR,  CMCC-ESM2,  and
FIO-ESM-2-0 are close to 1, at 0.98, 0.99, and 1.01, respec-
tively,  suggesting  that  the  interannual  DTR  variation  in
these models closely resembles that of the observations, indi-
cating  a  more  accurate  representation.  Furthermore,  com-
pared  with  the  other  models,  BCC-CSM2-MR,  EC-Earth3,
EC-Earth3-CC,  EC-Earth3-Veg,  EC-Earth3-Veg-LR,
FGOALS-g3,  FIO-ESM-2-0,  GFDL-ESM4,  MPI-ESM1-2-
HR,  MPI- ESM1-2-LR,  and  INM-CM5-0  have  relatively

small RMSEs of less than 0.75, which suggests these models
display less deviation from the observed data, strengthening
their robust performance in simulating DTR variation. How-
ever, CIESM and NESM3 perform poorly in simulating the
spatial  and  temporal  evolution  of  DTR  on  the  Tibetan
Plateau.  Excluding  CIESM  and  NESM3,  the  simulations
from the other models demonstrate smaller biases compared
to  the  observed  results.  Moreover,  the  mean  DTRs  of  EC-
Earth3-CC,  EC-Earth3-Veg,  EC-Earth3-Veg,  EC-Earth3,
FGOALS-g3,  IPSL-CM6A-LR, and GFDL-ESM4 are  very
close  to  the  observations.  The  majority  of  CMIP6  models
exhibit  plausible  results  in  simulating  DTR  variation  over
the Tibetan Plateau. Several models show general agreement
with observations regarding the mean, bias, correlation, stan-
dard deviation, and RMSE.

Consequently, models with a temporal correlation coeffi-
cient greater than 0.65, spatial correlation coefficient greater
than 0.3, RMSE less than 0.75, and standard deviation ratio
between 0.65 and 1 were selected as models with relatively
good  simulation  performance  for  further  projection.  These
selected  CMIP6  models  are  BCC-CSM2-MR,  EC-Earth3,
EC-Earth3-CC,  EC-Earth3-Veg,  EC-Earth3-Veg-LR,
FGOALS-g3,  FIO-ESM-2-0,  GFDL-ESM4,  MPI-ESM1-2-
HR, MPI-ESM1-2-LR, and INM-CM5-0.
 

 

 

Fig. 4. Taylor diagram of DTR simulated by CMIP6 models from 1995 to 2014 (the red dotted line indicates
that the correlation coefficient passes the significance test with confidence of 95%).
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3.2.    Future projection of  DTR over the Tibetan Plateau
based on selected CMIP6 models

Based  on  the  previous  analysis,  11  models  (BCC-
CSM2-MR,  EC-Earth3,  EC-Earth3-CC,  EC-Earth3-Veg,
EC-Earth3-Veg-LR,  FGOALS-g3,  FIO-ESM-2-0,  GFDL-
ESM4,  MPI-ESM1-2-HR,  MPI-ESM1-2-LR,  and  INM-
CM5-0)  were  selected  for  their  relatively  greater  ability  to
simulate the spatial and temporal variations of DTR on the
Tibetan  Plateau  from  1995  to  2014.  These  chosen  models
are employed to investigate the future trends of DTR on the
Tibetan Plateau throughout the 21st century. To better under-
stand the potential changes in DTR at various stages in the
future,  the  entire  future  projection  period  was  segmented
into three subperiods: 2022–40, 2040–60, and 2080–2100, cat-
egorized  as  the  near-term,  mid-term,  and  long-term  of  the
21st  century,  respectively,  following  the  periods  classified
by CMIP analysis (Eyring et al., 2016). 

3.2.1.    Temporal variation

The  annual  average  time  series  of  the  multimodel
median  DTR  from  the  11  selected  CMIP6  models  on  the
Tibetan  Plateau  under  different  scenarios  is  depicted  in
Fig. 5. The results demonstrate a decline in the regional aver-
age DTR across  the SSP2-4.5,  SSP3-7.0,  SSP5-8.5 scenar-
ios, but a less pronounced rate of increase under the SSP1-
2.6  scenario.  Analyzing  the  entire  period  from  2022  to
2100,  the  trend  of  DTR  under  the  SSP1-2.6  scenario  is
upward,  with  a  rate  of  0.018°C  (10  yr)−1,  resulting  in  an
approximate increase of 0.18°C from 2022 to the end of the
century.  In  contrast,  under  the  other  three  scenarios,  the
DTR experiences a general downward trend. The decline is
less significant under the SSP2-4.5 scenario, with a trend of
−0.011°C (10 yr)−1, while the declines are more pronounced

under  the  SSP3-7.0  and  SSP5-8.5  scenarios,  at −0.024°C
and −0.051°C (10 yr)−1, respectively.

However,  during  the  subperiods,  the  trend  varies
slightly. In the near-term, unlike the entire period, there is a
slight downward trend observed in DTR under the SSP1-2.6
scenario.  Under  the  SSP2-4.5  and  SSP3-7.0  scenarios,  the
declines are greater than that of the entire period. Under the
SSP2-4.5 scenario, the DTR drops to 11.83°C in 2040, indicat-
ing  an  overall  decrease  of  approximately  0.1°C from 2022
to  2040.  Similar  declining  trends  are  observed  under  the
SSP5-8.5 scenario, with declines of 0.1°C. In the mid-term,
the DTR under the SSP1-2.6 and SSP3-7.0 scenarios displays
a  slight  upward  trend.  In  contrast,  SSP2-4.5  and  SSP5-8.5
show  similar  declining  trends  in  the  near-term.  Looking
ahead to the long-term subperiod, the SSP1-2.6 scenario indi-
cates an increase of 0.1°C compared to the near-term. How-
ever, under the other three scenarios, there is a notable reduc-
tion in DTR, becoming more prominent as radiative forcing
increases.  The  DTR  decreases  by  0.13°C,  0.25°C,  and
0.39°C under the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenar-
ios,  respectively.  The  most  substantial  decline  in  DTR  is
observed under the SSP5-8.5 scenario.
 

3.2.2.    Spatial distribution

The  spatial  distribution  variations  in  the  DTR  on  the
Tibetan Plateau under different SSP scenarios and policy mea-
sures  is  investigated in this  section. Figure 6 illustrates  the
projected results of the multimodel median during the near,
mid,  and  long  term  for  different  scenarios.  The  maximum
DTR  values  are  consistently  concentrated  in  the  Qaidam
Basin and the Gangdise–Himalayan Mountains across all sce-
narios.  In  contrast,  the  minimum multimodel  median  DTR
value  is  observed  in  the  southeastern  part  of  the  Tibetan

 

(10 yr)−1

(10 yr)−1

(10 yr)−1

(10 yr)−1

 

Fig.  5. Annual  average  time series  of  the  multimodel  median  DTR over  the  Tibetan  Plateau  under
four SSP scenarios in 2022–2100, in which the pink, red, blue, and yellow lines represent the SSP1-
2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, respectively.
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Plateau—specifically, in the Lhasa–Nyingchi region. The dis-
tribution and values of these extremities remain relatively sta-
ble over the years. Comparing this distribution to the climatol-
ogy of DTR from 1995 to 2014, it can be seen that the maxi-
mum  values  have  decreased  by  approximately  1°C–2°C,
and their distribution range has expanded, particularly in the
Gangdise–Himalayan  Mountains.  The  distribution  area  of
the large values has expanded southward, while the minimum
values  remain  unchanged  compared  to  the  1995–2014
period.

Using the projected results, we further analyze the spatial
distribution  of  climatological  changes  in  the  multimodel
median DTR over the three subperiods compared to the histor-
ical period of 1995–2014, as shown in Fig. 7. In each subpe-
riod, the DTR undergoes relatively different changes under
different SSP scenarios compared to the historical reference
period. Positive values are evident across nearly all regions
under  the  SSP1-2.6  and  SSP3-7.0  scenarios  throughout  all
subperiods, except for the southeastern edge of the Tibetan

Plateau, and in most regions under the SSP5-8.5 scenario in
the  long  term.  Conversely,  negative  values  are  notable
under  the  SSP2-4.5  scenario,  and  under  SSP5-8.5  in  the
near-term and mid-term periods.

From  the  near- to  long-term  period,  there  is  a  slight
increase in the median DTR distribution under the SSP1-2.6
scenario. The most notable increase occurs at the southeastern
edge of the Tibetan Plateau and in the western hinterlands.
However, under the SSP2-4.5, SSP3-7.0, and SSP5-8.5 sce-
narios, the DTR exhibits decreases in various areas from the
near- to long-term period, especially under the SSP5-8.5 sce-
nario. These changes become more pronounced in magnitude
over the years. In the same subperiods, as the radiative forcing
of the SSP scenarios increases, the area experiencing warming
expands  under  SSP2-4.5  compared  to  SSP1-2.6.  However,
this trend reverses under SSP3-7.0 and SSP5-8.5, where the
area  of  warming decreases  compared to  SSP2-4.5,  particu-
larly in the long term.

Under the scenario of low radiative forcing and sustain-

 

 

Fig. 6. Spatial distribution of the multimodel median DTR over the Tibetan Plateau in 2022–40, 2041–60, and 2081–2100 under
different SSP scenarios (units: °C).
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able  development,  a  modest  increase  in  the  DTR  over  the
southeastern Tibetan Plateau is projected for the late 21st cen-
tury.  Conversely,  in  scenarios  following  conventional  and
high radiative forcing development pathways, the overall pro-
jection  indicates  a  decrease  in  the  DTR across  the  Tibetan
Plateau by the late 21st century.
 

3.2.3.    Inhomogeneity of DTR variation

To  examine  the  direct  reasons  behind  the  variation  in
DTR across the various scenarios during the three subperi-
ods, Fig. 8 depicts the annual average time series of the multi-
model median DTR, Tmin (minimum temperature), and Tmax

(maximum temperature) from 2022 to 2100 under four differ-
ent scenarios. Under the SSP1-2.6, SSP2-4.5, SSP3-7.0, and
SSP5-8.5  scenario,  the  changes  in  DTR  are  0.018°C,
−0.011°C, −0.024°C, and −0.051°C (10 yr)−1, respectively.

Under the SSP1-2.6 scenario, there is a minimal rise in
both Tmin and Tmax,  with Tmax experiencing  a  relatively

larger increase than Tmin, showing a warming trend rate 1.21
times  that  of Tmin.  As  a  result,  there  is  a  slight  overall
increase  in  DTR  by  the  end  of  the  century.  Conversely,
under the SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios, Tmax

and Tmin exhibit  notable  increases,  but Tmin experiences  a
more substantial rise than Tmax in all three scenarios.

Specifically, under the SSP2-4.5 scenario, the warming
trend rate of Tmin is 1.06 times that of Tmax. Under the SSP3-
7.0  scenario, Tmin warms  at  a  trend  rate  1.09  times  that  of
Tmax,  and  under  the  SSP5-8.5  scenario  the  warming  trend
rate  of Tmin is  1.1  times  that  of Tmax.  This  variance  in  the
warming  trend  rates  between Tmin and Tmax leads  to  a
decrease in DTR over the Tibetan Plateau by the end of the
21st century under these scenarios. In essence, the differing
warming trend rates of Tmax and Tmin across the different sce-
narios, where Tmin warms at a faster pace than Tmax, contribute
to  varying  levels  of  reduction  in  DTR  on  the  Tibetan
Plateau.

 

 

 

Fig.  7. Spatial  distribution of  climatological  changes in  the multimodel  median DTR over  the Tibetan Plateau under  different
scenarios for 2022–40, 2041–60, and 2081–2100 compared to the historical period of 1995–2014 (units: °C).
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3.2.4.    Uncertainty among the models

Uncertainty  in  model  simulations  can  be  categorized
into  internal  variability,  model  uncertainty,  and  scenario
uncertainty  (Hawkins  and  Sutton,  2011).  In  addition,  the
uncertainty of the study results also stems from two factors:
(1)  The data  utilized in  this  study consist  of  the  maximum
and minimum monthly temperature data. Given the relatively
large time intervals considered in our research, the outcomes
are  expected  to  resemble  those  obtained  using  daily-scale
data,  thus  minimizing  potential  errors.  (2)  The  projections
for  DTR  on  the  Tibetan  Plateau  for  the  21st  century
involved selecting CMIP6 models with robust simulation per-
formance. Human judgment errors may exist despite our sta-
tistically based selection process.

The  projection  results  are  based  on  the  multimodel
median of 11 selected CMIP6 models, and exploring the dif-
ferences  among  models  contributes  to  understanding  the
uncertainty of the future projection. The ranges of projected

DTR by each selected CMIP6 model under the four scenarios
across near-, mid- and long-term periods are represented in
Fig. 9. The differences between the minimum and maximum
DTR projections  among  these  models  are  within  2.5°,  and
the multimodel ensemble (MME) values are lower than the
multimodel median values. However, the differences are not
remarkable,  ranging  from  approximately  0.15°  to  0.42°.
From the minimum and maximum projected DTR values, as
well  as  the  25th  and  75th  percentiles  values,  it  can  be
observed  that  there  are  models  with  exceptionally  low
results.  In  the  long-term  period,  from  the  SSP1-2.6  to  the
SSP5-8.5 scenarios, the decreasing trend in DTR is evident.

The utilization of the multimodel median in projection
likely mitigated model-induced errors. Moreover, compared
to the MME, the influence of errors induced by a minority
of models with cold bias is diminished. While acknowledging
the uncertainties within our study, we maintain that the con-
clusion  about  the  general  declining  trend  of  the  DTR over
the  Tibetan  Plateau  under  the  SSP2-4.5,  SSP3-7.0,  and

 

 

Fig. 8. Annual time series of the multimodel median DTR, Tmin, and Tmax under the (a) SSP1-2.6, (b) SSP2-4.5, (c) SSP3-
7.0, and (d) SSP5-8.5 scenario for the period 2022–2100.
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SSP5-8.5 scenarios over the 21st century is reasonably reli-
able.
 

4.    Conclusion

In this study, we assessed the simulation capabilities of
23 CMIP6 climate models regarding the spatial distribution
and temporal changes of DTR climate states on the Tibetan
Plateau. We compared the models with CN05.1 observational
data to explore the temporal and spatial variation characteris-
tics of DTR from 1995 to 2014. Then, we identified 11 mod-
els—BCC-CSM2-MR,  EC-Earth3,  EC-Earth3-CC,  EC-
Earth3-Veg, EC-Earth3-Veg-LR, FGOALS-g3, FIO-ESM-2-
0, GFDL-ESM4, MPI-ESM1-2-HR, MPI- ESM1-2-LR, and
INM-CM5-0—as those that most effectively reproduced spe-
cific spatial and temporal evolution characteristics and spatial
distribution features.  Ultimately,  the DTR over the Tibetan
Plateau  under  various  SSP  scenarios  for  the  near,  middle,
and long term of future projection was then analyzed using
the 11 selected models with robust performance.

The analysis revealed varying degrees of overestimation
or underestimation among models in different regions of the
Tibetan  Plateau.  Notably,  EC-Earth3-CC,  EC-Earth3-Veg,
EC-Earth3,  MPI-ESM1-2-HR,  and  MPI-ESM1-2-LR  suc-
ceeded in replicating the spatial distribution of the climatic
mean  state  of  DTR.  AWI-CM-1-1-MR,  CAS-ESM22-0,
BCC-CSM2-MR,  EC-Earth3,  EC-Earth3-CC,  EC-Earth3-
Veg, EC-Earth3-Veg-LR, FGOALS-g3, FIO-ESM-2-0, and

MPI-ESM1-2-HR showed good spatial correlation with obser-
vations, with correlation coefficients above 0.65. Regarding
the month-to-month DTR variations from 1995 to 2014, EC-
Earth3-CC,  EC-Earth3-Veg,  MPI-ESM1-2-HR,  and  MPI-
ESM1-2-LR  showed  better  alignment  in  reproducing  the
peak and trough occurrence times. However, MPI-ESM1-2-
HR and MPI-ESM1-2-LR slightly underestimated peak val-
ues  compared  to  actual  observations,  while  EC-Earth3-CC
and  EC-Earth3-Veg  were  closer  to  observed  values.
CanESM5,  CAS-ESM2-0,  EC-Earth3-CC,  EC-Earth3-Veg,
EC-Earth3,  EC-Earth3-Veg-LR,  MPI-ESM1-2-HR,  IPSL-
CM6A-LR,  MPI-ESM1-2-LR,  and  GFDL-ESM4 had  good
temporal correlation with observations, with correlation coef-
ficients reaching above 0.9. As a result, models with a tempo-
ral correlation coefficient greater than 0.65, spatial correlation
coefficient greater than 0.3, RMSE less than 0.75, and stan-
dard  deviation  ratio  between  0.65  and  1  were  identified  as
having relatively good simulation performance for further pro-
jection.  These  CMIP6  models  were  BCC-CSM2-MR,  EC-
Earth3,  EC-Earth3-CC,  EC-Earth3-Veg,  EC-Earth3-Veg-
LR,  FGOALS-g3,  FIO-ESM-2-0,  GFDL-ESM4,  MPI-
ESM1-2-HR, MPI-ESM1-2-LR, and INM-CM5-0.

The selected models were then used to project the spatial
distribution and temporal trends of DTR across different sub-
periods  of  the  21st  century  under  various  SSP  scenarios.
The  results  of  the  multimodel  median  of  the  selected
CMIP6 models showed changes in DTR based on radiative
forcing, with a decrease observed under higher radiative forc-
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Fig. 9. Ranges of projected DTR by each selected CMIP6 model over the Tibetan Plateau for
the near-term, mid-term and long-term subperiods under different SSP scenarios (units: °C).
Box-and-whisker plots show the MME, median, minimum, maximum, and the 25th and 75th
percentiles values of the selected CMIP6 models.
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ing scenarios. Under the SSP1-2.6 scenario, a marginal rise
in  the  annual  mean  value  of  DTR  was  observed  on  the
Tibetan Plateau. However, as the radiative forcing of SSP sce-
narios  intensifies,  there  are  increasing  trends  of  DTR from
the near- to  long-term periods.  Under  the SSP1-2.6,  SSP2-
4.5, SSP3-7.0, and SSP5-8.5 scenario, the trends of changes
in  DTR  are  0.018°C, −0.011°C, −0.024°C,  and −0.051°C
(10  yr)−1,  respectively.  Under  the  different  subperiods,  the
changes in trends are slightly different. In the 2022–2040 sub-
period,  the  trends  in  DTR on  the  Tibetan  Plateau  varies  at
rates of 0.023°C, −0.053°C, −0.035°C, and −0.043°C (10 yr)−1

under the SSP1-2.6 to SSP5-8.5 scenarios, respectively, com-
pared to the historical period of 1995–2014. In 2041–2060,
the  projected  trends  in  DTR  are  estimated  at  0.012°C,
−0.033°C, −0.01°C,  and −0.02°C  (10  yr)−1,  respectively.
Towards  the  end  of  the  century  (2081–2100),  projected
trends of 0.02°C, −0.01°C, −0.017°C, and −0.049°C (10 yr)−1

are  expected,  ranked  according  to  the  radiative  forcing  of
SSP  scenarios  from  lowest  to  highest.  Notably,  specific
regions  like  the  southeastern  edge  of  the  Tibetan  Plateau,
western  hinterlands  of  the  Tibetan  Plateau,  southern  Kun-
lun, and Qaidam basins exhibit more substantial changes in
DTR  due  to  factors  such  as  altitude,  topographic  distinc-
tions, and human activities.

The direct reasons behind the DTR trend changes under
different SSP scenarios were analyzed. The slower warming
pace of Tmax compared to Tmin leads to differential declining
trends in DTR over the Tibetan Plateau during the mid and
late  21st  century.  As  the  radiative  forcing  intensity  of  the
SSP  scenarios  increases,  this  factor  leads  to  a  more  pro-
nounced decline in DTR.

The  future  changes  in  DTR  in  East  Asia  or  globally
also  exhibit  certain  decreasing  trends  (Liu  et al.,  2022;
Wang  et al.,  2024).  However,  in  comparison  to  these
results, the decreasing trend in DTR on the Tibetan Plateau
is more pronounced than in East Asia or globally. We antici-
pate that this research will deepen our comprehension of the
climate features related to DTR on the Tibetan Plateau, poten-
tially  assisting  in  addressing  the  potential  risks  linked  to
future  DTR  changes  in  this  region.  Furthermore,  in  future
work,  we  will  further  investigate  the  physical  mechanisms
underlying the decreasing DTR under the SSP scenarios on
the Tibetan Plateau.
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