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ABSTRACT

Precipitation over the Tibetan Plateau (TP) is important to local and downstream ecosystems. Based on a weighting
method considering model skill and independence, changes in the TP precipitation for near-term (2021-40), mid-term
(2041-60) and long-term (2081-2100) under shared socio-economic pathways (SSP1-1.9, SSP1-2.6, SSP2-4.5, SSSP3-7.0,
SSP5-8.5) are projected with 27 models from the latest Sixth Phase of the Couple Model Intercomparison Project. The
annual mean precipitation is projected to increase by 7.4%-21.6% under five SSPs with a stronger change in the northern
TP by the end of the 21st century relative to the present climatology. Changes in the TP precipitation at seasonal scales
show a similar moistening trend to that of annual mean precipitation, except for the drying trend in winter precipitation
along the southern edges of the TP.

Weighting generally suggests a slightly stronger increase in TP precipitation with reduced model uncertainty compared
to equally-weighted projections. The effect of weighting exhibits spatial and seasonal differences. Seasonally, weighting
leads to a prevailing enhancement of increase in spring precipitation over the TP. Spatially, the influence of weighting is
more remarkable over the northwestern TP regarding the annual, summer and autumn precipitation. Differences between
weighted and original MMEs can give us more confidence in a stronger increase in precipitation over the TP, especially for
the season of spring and the region of the northwestern TP, which requires additional attention in decision making.
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Article Highlights:

¢ The annual mean precipitation over the TP will increase with a relatively greater change in the north regarding the long-
term projection.

¢ Changes in the TP precipitation at seasonal scales show a similar moistening trend to that of annual mean precipitation,
except for winter.

* Weighting suggests a slightly greater increase in TP precipitation and reduced model uncertainty, with spatial and
seasonal differences.

* Weighting implies greater increase in TP precipitation than raw projections, especially for spring and the northwestern
TP.

rivers (Immerzeel et al., 2010; Immerzeel and Bierkens,
2012). The TP precipitation has influence on large-scale circu-
The TP is known as the Asian water tower, as the precipi-  lations, like the Western Pacific subtropical high and the
tation and glaciers there nourish more than 10 major Asian  East Asian summer monsoon, through modulating the heat
source over the TP (Duan et al., 2017; Liu et al., 2020). It is

% This paper is a contribution to the special issue on Third Pole observed that the p rec1p1tat10¥1 over the TP has decreased
Atmospheric Physics, Chemistry, and Hydrology. over the southeastern TP and increased over the northwest-
* Corresponding author: Tianjun ZHOU ern TP since 1979, which contributes to the melting (advanc-
Email: zhoutj@lasg.iap.ac.cn ing) of glaciers over the southeastern (northwestern) TP in
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addition to the warming climate (Yao et al., 2012). In view
of the importance of the TP precipitation to the local and
downstream ecosystems, it is crucial to know the changes in
TP precipitation under global warming, which has far-reach-
ing influences on the climate system and water manage-
ment in the related Asian countries for the future (Pritchard,
2019; Immerzeel et al., 2020).

Simulated by GCMs, the precipitation over the TP is pro-
jected to increase with the radiation forcing, as a response to
the enhanced evaporation and upward water vapor trans-
port (Hao et al., 2013; Su et al., 2013; Hu et al., 2015;
Zhang et al., 2015; Feng and Zhou, 2017; Li et al., 2021;
Xie and Wang, 2021; Yang et al., 2021). In regional or down-
scaling simulations, the precipitation over the southern TP
is projected to decrease in summer, which is related to the
dynamic process reproduced by regional models with higher
resolution (Ji and Kang, 2013; Wang et al., 2018; Zhang et
al., 2019; Zhang and Gao, 2020; Fu et al., 2021). In addi-
tion, the extreme precipitation over the TP is also projected
to increase, including the precipitation intensity and fre-
quency (Gao et al., 2018; Zhou et al., 2020; Li et al., 2021).
Although great efforts have been made, the picture of future
changes in precipitation over the TP is still clouded by the
uncertainty of these projections. For instance, projections by
GCMs show a large envelope as a result from different cli-
mate sensitivities and scenarios considered. In addition,
changes in precipitation over the southern TP in summer dif-
fer between projections by GCMs and regional models.
Zhou et al. (2020) estimated the ranges and uncertainties of
projected precipitation over the TP and found the largest
uncertainty is located at the western and northern edges of
TP. Considering the currently limited knowledge of natural
climate sensitivity and uncertain scenarios in the future, it is
necessary to ensure a sample size of model simulations to
embrace all the possibilities of future climate, while taking
into account the different performances of models used (Xu
etal., 2010).

To improve the projection of future climate and reduce
the model uncertainty, a weighting method has been devel-
oped in recent years, which gives models different weights
according to their skill and independence (Sanderson et al.,
2015a, b, 2017; Brunner et al., 2020). This method has been
applied to the projection of a range of variables, including
global temperature, maximum temperature in North Amer-
ica, temperature and precipitation in Europe, total and
extreme precipitation over China, Arctic sea ice and Antarc-
tic ozone concentrations (Knutti et al., 2017; Lorenz et al.,
2018; Brunner et al., 2019, 2020; Amos et al., 2020; Liang
et al., 2020; Merrifield et al., 2020; Li et al., 2021). The
weighting method shows potential for providing a more rea-
sonable ensemble mean of models and reducing the uncer-
tainty of projections (Brunner et al., 2020). For instance, the
ensemble mean of 17 CMIP5 models based on performance
and independence performs better than a rank-based weight-
ing method and the simple arithmetic mean in reproducing
total and extreme precipitation over China, especially for
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western China (Li et al., 2021). Given the large uncertainty
in projecting TP precipitation (Zhou et al., 2020), whether
the projection could be improved by the weighting method
remains unknown.

With 27 models from the newly released CMIP6 (the
Sixth Phase of the Couple Model Intercomparison Project;
Eyring et al., 2016), we aim to address the following ques-
tions: (1) How will precipitation over the TP change by the
end-of-century (2081-2100) relative to the historical period
from 1985 to 2014 in the projection of the advanced CMIP6
models? (2) What is the impact of weighting the CMIP6 mod-
els with their skill and independence on the projection of
the TP precipitation?

The remaining part of the paper is organized as follows.
Data and the analysis methods used are introduced in sec-
tion 2. Results are shown in section 3 and the conclusions
are summarized in section 4.

2. Data and methods

2.1. Model data

The TP region in this study is defined as areas above
2500 m as shown in Fig. 1. Monthly precipitation data simu-
lated by 27 models from CMIP6 is used in the study (Table 1).
The basic information, including the modeling center,
model acronym and horizontal resolution, is summarized in
Table 1. More information about the CMIP6 models can be
found at https://esgf-node.llnl.gov/search/cmip6/. The data
is interpolated onto a 1° x 1° grid using bilinear interpola-
tion. The historical and SSP1-1.9, SSP1-2.6, SSP2-4.5,
SSSP3-7.0, SSP5-8.5 simulations from each model are used
in the study. The scenarios are the combination of Shared
Socioeconomic Pathways (SSP) and radiation forcing lev-
els (O'Neill et al., 2016; Riahi et al., 2017). The period of
1985-2014 in the historical record is regarded as the present
climatology. For future change, we focus on the period of
202140, 2041-60 and 2081-2100 as the near-term, mid-
term and long-term projection, respectively. The multi-
model ensemble mean (MME hereinafter) and uncertainty
are calculated by the average and standard deviation of the
9-yearrunning-averaged series toremove interannual variabil-
ity. In addition, the ratio of MME to uncertainty is defined
as the signal-to-noise ratio (SNR hereinafter), to represent
the significance of the projected change.

2.2. Observational data

APHRODITE is used to evaluate the CMIP6 models in
simulating precipitation over the TP (Yatagai et al., 2012).
APHRODITE is a daily and gridded precipitation data
based on gauge observations. The horizontal resolution of
APHRODITE is 0.5° x 0.5° and the available period is from
1951 to 2015. The observational precipitation data is interpo-
lated conservatively onto 1° x 1° grids.

2.3. Weighting method
A weighting method is applied to the 27 CMIP6 mod-
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Fig. 1. Evaluation of precipitation over the Tibetan Plateau (TP) simulated by the 27 CMIP6 models in terms of equally-
weighted multi-model ensemble mean (MME; middle column) and weighted MME (right column) compared to the
observation (left column). (a—c) Annual mean precipitation over the TP (mm d-!). (d-f) The contribution of summer to the
annual total precipitation over the TP (%). (g—i) Interannual variability of annual mean precipitation over the TP (mm d-1). R
values given above panels of the rightmost two columns are pattern correlation coefficient between MME and observation.

The TP is outlined by the black curves, where the topography is above 2500 m.

els used as proposed in Sanderson et al. (2017). This
method gives each model a different weight according to its
quality (skill weight) and independence (uniqueness
weight). Here we calculate different weights for models
according to their simulation of historical annual or sea-
sonal precipitation within the TP region in terms of the clima-
tology, the contribution of summer (June—July—August
mean) to the annual total precipitation, and the interannual
variability (i.e. the standard deviation) of precipitation. For
each grid within the TP region, the climatology of annual or
seasonal precipitation is calculated as:

()

where P,y is the annual or seasonal mean precipitation in
a specific year and the overbar represents its average value
during the historical period (1985-2014). The contribution
of summer to the annual total precipitation is calculated as:

Pim = PanN

Py

Prye = (2)

Pann

where Pjj, is the summer precipitation in a specific year.

The interannual variability (i.e. the standard deviation) of
annual or seasonal precipitation is calculated as:

N
1
Pva.r= P i_Pcmz, 3
N1 ;:1( ANNG) ~ Peim) A3)

where i indicates years from 1985 to 2014 and N represents
the number of years, which is equal to 30 in this study.

The steps to derive the final weights are as follows:

(1) Calculate the area-weighted RMSE between two mod-
els (or between model and observation) and normalize it
with its mean value;

(2) The distance matrix for metric v is the normalized
RMSE 6,;

(3) The final distance matrix among models (observa-
tion) is the linear combination of 6,:

6:2&.

Considering that the precipitation over the TP shows a
remarkable seasonal cycle, it is more important for models

“4)
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Table 1. Institutions, model acronyms, horizontal resolutions for atmospheric components (lat x lon grid points) and final weights of the

27 GCMs analyzed. The bold are 12 models with SSP1-1.9 provided.

lat x lon grid ~ Final

Institution Model Acronym points Weight
1 Commonwealth Scientific and Industrial Research Organisation (Australia) ACCESS-CM2 144 x 192 0.037
2 ACCESS-ESM1-5  145x192  0.033
3 Beijing Climate Center (China) BCC-CSM2-MR  160x320  0.036
4 Chinese Academy of Meteorological Sciences (China) CAMS-CSM1-0 160 x320  0.038
5 Canadian Centre for Climate Modelling and Analysis (Canada) CanESM5 64 x 128 0.035
6 CanESMS5-CanOE 0.033
7 National Center for Atmospheric Research, Climate and Global Dynamics Laboratory CESM2-WACCM 192 x 288 0.037

A
8 Ce(n[tjrz lgational de Recherches Meteorologiques, Centre Europeen de Recherche etde =~ CNRM-CM6-1 128 x 256 0.040
9 Formation Avancee en Calcul Scientifique (France) CNRM-ESM2-1 0.043
10 EC-Earth-Consortium EC-Earth3 256 x 512 0.062
11 EC-Earth3-Veg 0.062
12 Chinese Academy of Sciences (China) FGOALS-{3-L 180 x 288 0.034
13 FGOALS-g3 80 x 180 0.031
14 National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics Lab- GFDL-ESM4 180 x 288 0.043
oratory (USA)

15 Goddard Institute for Space Studies (USA) GISS-E2-1-G 90 x 144 0.005
16 Institute for Numerical Mathematics, Russian Academy of Science (Russia) INM-CM4-8 120 x 180 0.027
17 INM-CMS5-0 0.026
18 Institut Pierre Simon Laplace (France) IPSL-CM6A-LR 143 x 144 0.041
19 Department of Geosciences, University of Arizona (USA) MCM-UA-1-0 80 x 96 0.009
20 MIROC (Japan) MIROC6 128 x 256  0.034
21 MIROC-ES2L 64 x 128 0.042
22 Max Planck Institute for Meteorology (Germany) MPI-ESM1-2-HR 192 x 384 0.041
23 MPI-ESM1-2-LR 96 x 192 0.037
24 Meteorological Research Institute (Japan) MRI-ESM2-0 160 x 320 0.043
25 NCC (Norway) NorESM2-LM 96 x 144 0.043
26 NorESM2-MM 192 x 288 0.045
27 Met Office Hadley Centre (UK) UKESM1-0-LL 144 x192  0.043

to have a good match with observations in terms of the precip-
itation in wet seasons than in dry seasons. For this purpose,
we give metrics related to summer (like the climatology and
interannual variability of summer precipitation) the weights
of 1.5, and decrease the weights of metrics related to winter
(like the climatology and interannual variability of winter pre-
cipitation) to 0.5 in the process of linear combination. This
is different from Sanderson et al. (2017), where equal
weights of metrics were used to get the linear combination
of 6,.
(4) The skill weight for model i is:

. _Si(obs) \2
we(i) =e s

®)

where d;(bs) 1s the final distance matrix between model i and
the observations.
(5) The uniqueness weight for model i is:

-1

n 57\
wu(i)=[1+Ze_(Du) ] ,

J#i

(6)

where 6;; is the final distance matrix between models i and

j- Dy and D, are skill and uniqueness parameters, respec-
tively. As demonstrated in Sanderson et al. (2015b, 2017),
D, and D, determine the degree or strength of weighting.
Smaller (larger) Dy (D,) results in larger impact of weight-
ing. Note these two parameters only affect the weights of
models, while the rank of models in terms of their perfor-
mance or independence totally depends on their distance
matrix (Brunner et al., 2020). Here we use the upper 25% of
the distribution of d;cbsy (0.7-1.9) in increasing order and
the lower 25% of the distribution of ¢;; (0.2-2.0) in increas-
ing order as the values of Dy(0.9) and D,(1.1), respectively.
The sensitivity of results to the values of D, and D, is dis-
cussed in section 4.

Due to the exponential form of the function (5), the
skill weight wy is restricted between 0 and 1. When 8;(ps) is
close to 0, wg goes to 1. Conversely, w, goes toward 0 as dj(obs)
increases. In terms of the uniqueness weight w,,, a model inde-
pendent of others tends to have a uniqueness weight of 1 as
d;; is large enough. On the contrary, uniqueness weights for
models with similar components decreases with reducing
dij.

(6) The final weight for model i is:
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w(i) = Awg(Dwy (i) , (7
where A is a unified constant to make > w(i) = 1.
1

2.4. Sensitivity of the projected precipitation to global
warming

The sensitivity of the change in the TP precipitation to
global warming is represented by the linear regression coeffi-
cient between the global-mean surface air temperature
(GSAT) and the projected annual mean precipitation over
the TP under each scenario (Zhou et al., 2020). In addition,
to analyze the impact of different warming thresholds on the
TP precipitation, the relative change in the TP precipitation
at the time when increase in GSAT exceeds 1.5°C, 2.0°C,
3.0°C and 4.0°C (relative to 1850-1900) is calculated. The
exceedance time is defined as the first year when the 21-
year averaged GSAT exceeds the given threshold. Then the
relative change in TP precipitation is calculated as the 21-
year average around the exceedance year.

3. Results

3.1. Evaluation and weights for CMIP6 models

The evaluation of the precipitation over the TP simu-
lated by the 27 CMIP6 models in terms of MME are shown
in Fig. 1. Results show that the precipitation over the TP
decreases from the southeastern TP to the northwestern TP.
The MME of 27 models can reproduce the spatial pattern of
the observed annual mean precipitation over the TP but with
a well-recognized wet bias (e.g., Su et al., 2013). Summer
(June to August) precipitation contributes more than 50% to
the total annual precipitation over the TP in the observa-
tions, except for the western TP. In particular, summer precip-
itation over the central TP (around 87°E) exceeds 70% of
the annual total precipitation. The MME of models can repro-
duce the spatial pattern but underestimates the contribution
of summer precipitation to the annual total precipitation
over the TP. The observed interannual variability of TP pre-
cipitation is larger over the southeastern and the southwest-
ern TP than that over the northern TP. The MME fails to cap-
ture the large interannual variability over the southwestern
TP and overestimates the variability over other regions of
the TP.

To give the weighted projection of the TP precipitation,
we first calculate the distance matrix and weights of each
model based on the methods introduced in section 2.3. As
shown in Fig. 2a, in terms of the RMSE-based matrix, mod-
els have better skill in simulating the climatology and interan-
nual variability of the TP precipitation than the contribution
of summer to the annual total precipitation.

After scaling by the skill parameter D, the skill
weights of 14 models are larger than the originally average
weight (0.037). Especially, EC-Earth3 and EC-Earth3-Veg
obtain the highest weights due to their higher agreement
with the observations. It is worth noting that the skill
weights of GISS-E2-1-G and MCM-UA-1-0 have been
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decreased for a different reason. To be specific, for GISS-
E2-1-G, the weight is limited by its skill in simulating
spring and autumn precipitation over the TP, implying the
deficiency of the model in simulating TP precipitation in
atmospheric circulation transition seasons. By contrast,
MCM-UA-1-0 suffers from deficiencies in simulating win-
ter precipitation over the TP for both climatology and interan-
nual variability, indicating bias associated with simulation
of snow.

As shown in Fig. 2b, models from the same institute are
close to each other, like CanESM5 and CanESMS5-OE,
CNRM-CM6-1 and CNRM-ESM2-1, EC-Earth3 and EC-
Earth3-Veg, INM-CM4-8 and INM-CM5-0. Models from dif-
ferent institutes but sharing similar components of models
can also be identified through the distance matrix (Fig. 2b).
CAMS-CSM1-0 is found to be close to the MPI models
because their atmospheric models are developed based on
the same set of model physics and numerics (Miiller et al.,
2018; Rong et al., 2018). The same is true for NorESM2-
MM and CESM2-WACCM as they have same numeric sets
for their atmosphere, sea ice and land ice models (Gettel-
man et al.,, 2019; Seland et al., 2020). Furthermore,
ACCESS-CM2 is close to UKESM1-0-LL because they
share the same atmosphere model and similar sea ice mod-
els (please see Senior et al., 2020; and https://research.csiro.
au/access/what/cm2/). GISS-E2-1-G and MCM-UA-1-0 are
distinct from other models and therefore have relatively
larger uniqueness weights.

The final unified weights of models are shown in paren-
theses along Y axis of Fig. 2b, which were used to weight
the projections of TP precipitation. As shown in Fig. 1, the
simulation of TP precipitation has been improved after
weighting. For instance, the pattern correlation coefficients
between weighted MMEs and observations increase in
terms of all metrics compared to original equally-weighted
MMEs. Also the overestimation of the climatology and inter-
annual variability of annual precipitation over the TP has
been reduced after weighting, while the underestimation of
the contribution of summer to annual precipitation is
improved.

3.2. Future change in TP precipitation in weighted
CMIP6 projections

As shown in Table 2, for near-term (2021-40), because
of the weak influence of external forcing, the SNRs for
near-term projection are less than 100% for SSP2-4.5,
SSP3-7.0 and SSP5-8.5, which means the projection uncer-
tainty is large for this period, although weighting reduces
the standard deviation slightly. For mid-term (2041-60),
with the growing influence of external forcing, the forced
responses and SNRs are larger than those for near-term with
SNRs all exceeding 100%. For long-term (2081-2100), the
change in the TP precipitation is dominated by the external
forcing, and the relative increase enhances with the radia-
tion forcing in SSPs. The largest increase in TP precipita-
tion is 21.6% (21.1%) under SSP5-8.5 in terms of weighted
(equally-weighted) MME. All SNRs exceed 160% for long-
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(b) Distance between models
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FGOALS—13-L(0.034)
MRI—ESM2—0(0.028)

Fig. 2. Distance matrix and weights. (a) Distance matrix between models (each
column, sorted by unified skill weights in parentheses) and the observation in terms
of climatology of annual mean, spring (March to May), summer (June to August),
autumn (September to November) and winter (December to February) precipitation,
the contribution of summer to the annual total precipitation , interannual variability of
annual mean, spring, summer, autumn and winter precipitation, as well as their
combined average (each row from top to bottom). (b) Distance matrix in terms of
combined metrics between models, with unified uniqueness weights in parentheses
along the x-axis and unified final weights in parentheses of the y-axis.
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term projection, indicating the significance of the change in
TP precipitation at the end of the century.

Compared to the original equally-weighted projections,
the model weighting technique leads to a slightly stronger

increase of TP precipitation in the future (Table 2). The
larger precipitation change signal leads to larger SNRs in
the weighted projections, which are also partly contributed
by the slightly reduced uncertainty range. For example, the
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parentheses are standard deviations among models, and values to the right of the parentheses are SNRs.
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The relative change in TP precipitation (%) relative to 1985-2014 for different future periods and SSPs. Values in the

SSP1-1.9 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
near-term  equally-weighted ~ 4.93.0)164.7  3.8(3.0)126.1 2.6(3.3)77.6 2.8(3.6)77.3 3.2(3.9)80.2
weighted 52(29)180.8  3.6(2.8)129.4 2.5(3.1)79.9 2.6(3.4)77.3 3.0(3.8)78.8
mid-term  equally-weighted  6.7(4.0)1654  6.5(4.1)158.0  6.3(5.0)126.9 5.9(5.6)106.4 8.0(6.0)134.6
weighted 73(3.8)192.9  6.6(4.1)161.6  6.2(4.8)129.4 5.9(5.4)109.2 8.0(5.9)136.5
long-term  equally-weighted ~ 6.9(3.7)186.4  8.1(4.9)163.7  10.0(5.9)169.4  14709.1)162.3  21.1(11.1)190.4
weighted 74352113 82(4.8)168.9  102(5.9)173.0  15.0(8.8)170.2  21.6(10.9)198.8

SNR increases from 190.4% to 198.8% (from 162.3% to
170.2%) under SSP5-8.5 (SSP3-7.0) for projections of
2081-2100; meanwhile, the likely (66%) uncertainty range
among models decreases slightly from 11.1% to 10.9%
(from 9.1% to 8.8%) after weighting. The greater SNRs sug-
gest more robust projections resulted from the weighting
method.

The spatial characteristics of the relative change in TP
precipitation for long-term projection, as well as the differ-
ence between the weighted MME and equally-weighted
MME are shown in Figs. 3-8. As shown in Fig. 3, the
annual mean precipitation is projected to increase over the
whole TP under all SSPs except for SSP1-1.9. Under SSP1-
1.9, a decrease by 5% of the annual precipitation is pro-
jected but with low agreements among models. The model
agreements are also low at the northern and southeastern TP
under SSP1-1.9. Under SSP1-2.6 and SSP2-4.5, more than
two thirds of the models agree with the increase in the precipi-
tation over the whole TP except for some areas in southwest-
ern TP. With the enhanced external forcing under SSP3-7.0
and SSP5-8.5, the projected increase in the TP precipitation
intensifies and shows a good agreement among models. The
relative change is stronger over the central and northern TP
with an increase over 30% (Figs. 3a—e). Weighting
enhances the increase in the precipitation over northwestern
Indian Peninsula and northwestern TP, while weakening the
increase over the region from the northeastern Indian Penin-
sula to southern and eastern TP under SSP1-1.9 and SSP1-
2.6. For the other three SSPs, differences between weighted
and equally-weighted MME:s increase with the growing radia-
tion forcing. The range of enhanced increase in precipita-
tion expands over the TP, and the opposite differences over
the northern Indian Peninsula change turns into a prevailing
weakened change projected by weighted MME. This
implies a stronger increase in precipitation over the TP and
a weaker increase over the northern Indian Peninsula can be
considered in comparison to the original projection by
equally-weighted MME (Figs. 3f—j). In addition, the impact
of weighting is pronounced over the basin north of the TP,
corresponding to the remarkable change in precipitation rela-
tive to present climatology there. Although the models have
high consistency in terms of the sign of the change under sce-
narios with strong radiation forcing, the projected change in
TP precipitation shows a range among models.

Spatial patterns of the standard deviation among mod-

els in the long-term projection of annual mean precipitation
over the TP under SSP5-8.5 are shown in Fig. 4. The stan-
dard deviation of model projections is greater than 25%
over the northern and the southeastern TP, as well as their
adjacent areas like Tarim Basin and the Indian Peninsula.
After weighting the models, the range of projections has
been reduced over most region of TP, especially for areas
with large deviation.

Similar to annual mean precipitation, the change in
spring precipitation shows a prevailing increase over the TP
projected by weighted MME, and the increase enhances
with the growing external forcing (Figs. 5a—e). The loca-
tion of maximum increase is more eastward for spring rela-
tive to annual mean precipitation. In addition, models show
a lower consistency in terms of the sign of the projected
change in spring precipitation compared to annual mean pre-
cipitation. The projection is more consistent among models
over the main body of the TP, but with large deviation
along the southwestern edges of the TP. For instance, less
than two thirds of the models agree with the sign of the
change along the southwestern edges even under SSP5-8.5
(Fig. 5e). Weighting enhances the increase in spring precipita-
tion over the central and northern TP and weakens it over
the southwestern, southeastern and northeastern TP (Figs.
5f—j). The range of enhanced increase expands and the differ-
ence gets more obvious with the growing radiation forcing.
The difference of the projected precipitation over the north-
ern Indian Peninsula between weighted and equally-
weighted MMEs shows spatial inconsistency under SSP1-
1.9 but consistent enhancement under other scenarios.

Different from the annual and spring precipitation, the
projected increase in the summer precipitation shows a
higher consistency among models over the central and south-
ern TP, which may relate to the consistently strengthened
South Asia Summer Monsoon (SASM; Figs. 6a—e). The pro-
jected summer precipitation increases over the main body of
the TP, with the maximum increase over the southeastern
TP. The summer precipitation over the northeastern TP is pro-
jected to decrease slightly but the agreement of models is
low there. Note the summer precipitation is projected to
decrease over regions northwest of the TP, where the precipi-
tation is minimum in summer in terms of climatology and
shows a drying trend of summer precipitation in future projec-
tions (Jiang et al., 2020; Li et al., 2022). The spatial character-
istics of difference in projected summer precipitation
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Fig. 3. Change in the annual mean precipitation for long-term projection relative to 1985-2014 under (a) SSP1-
1.9, (b) SSP1-2.6, (c) SSP2-4.5, (d) SSP3-7.0 and (e) SSP5-8.5 in %. Slashes mean more than two thirds of the
models agree with the sign. (f—j) the same as (a—e), but for the difference between weighted and equally-
weighted MME.
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Fig. 4. Spatial patterns of the standard deviation among
models in the long-term projection of annual mean
precipitation over the TP (%) relative to historical period
(1985-2014) under SSP5-8.5: (a) equally-weighted MME, (b)
weighted MME, (c) difference between weighted and equally-
weighted MME:s.

between weighted and equally-weighted MMEs are similar
to the case of annual mean precipitation (Figs. 6f—j). The
region of enhanced increase is confined within the western
and the northwestern TP. The southeastern TP is another
region of enhanced increase but the difference is less than
that over the northwestern TP. The increasing precipitation
over the central to eastern TP is weakened by weighted
MME. The inverse impacts of weighting over the northwest-
ern and the northeastern Indian Peninsula under SSP1-1.9
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change into a consistent weakened increase over the north-
ern Indian Peninsula under other scenarios. This implies the
intensity of the strengthened SASM projected by the origi-
nal equally-weighted MME is overestimated.

The autumn precipitation over the western part of the
TP shows a drying trend under SSP1-1.9 and SSP1-2.6.
Other than that, the autumn precipitation is projected to
increase with the intensifying external forcing over the
entire TP. Models have a high level of agreement in terms
of the sign of the change except for the western and the south-
eastern TP. Generally, the projected autumn precipitation
over the TP shows similar spatial patterns to the change in
annual mean precipitation (Figs. 7a—e). Resembling the
annual and summer precipitation, the influence of weight-
ing on the projected autumn precipitation is more remark-
able over the northwestern TP with an intensified increase.
The autumn precipitation over the northeastern (northwest-
ern) India Peninsula is weakened (enhanced) after weight-
ing (Figs. 7).

Changes in the winter precipitation over the TP are
quite different from changes in other seasons. The winter pre-
cipitation shows a moistening trend over the central to north-
ern TP, which intensifies with the growing radiation forc-
ing. In contrast, the winter precipitation is projected to
decrease along the southern edges of the TP. Models have a
higher consistency regarding the moistening trend than the
drying trend (Figs. 8a—e). The difference between weighted
and original equally-weighted MMEs in terms of the pro-
jected winter precipitation over the TP varies with scenar-
ios, featured by the weakened (enhanced) wetting (drying)
trend over the western (southern) TP on the whole (Figs.
8f—)).

3.3. The response of TP precipitation to global warming

The projected change in the TP precipitation is signifi-
cantly correlated with the change in the global mean sur-
face temperature (Fig. 9). As shown in Fig. 10 and Table 3,
models with high weights are inclined to show higher sensitiv-
ity of the projected TP precipitation to the global tempera-
ture change. As a result, the mean response of TP precipita-
tion to the increased global surface air temperature among
models is enhanced after weighting, especially under SSP1-
1.9 (from 8.5% K-! to 9.4% K-!) and SSP1-2.6 (from 9.4%
K-1t0 9.8% K-1). In addition, the sensitivity of the TP precipi-
tation to the global temperature change among models is
more uncertain under SSP1-1.9 and SSP1-2.6 due to their rela-
tively weak external forcing.

In terms of global warming targets, for scenarios with
unanimous GSAT change relative to 1850-1900 above
1.5°C (SSP2-4.5, SSP3-7.0 and SSP5-8.5), the weighted
MME change in the TP precipitation is on average about
3.0% relative to present climatology. When unanimous
global warming exceeds 2.0°C (for SSP3-7.0 and SSP5-
8.5), the averaged TP precipitation increase is about 5.0% in
weighted MME. Regarding the 27 models we used, the
global warming is extremely unlikely to cross thresholds of
3.0°C or 4.0°C at the end of the century under scenarios
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Fig. 5. The same as Fig. 3, but for spring precipitation (March—April-May mean).
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Fig. 7. The same as Fig. 3, but for autumn precipitation (September—October—November mean).
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Fig. 9. The scatter plots of the change in the global mean
surface temperature (units: K) and TP precipitation (units: %)
in the (a) near-term (2021-40), (b) mid-term (2041-60), (c)
long-term (2081-2100) projection. Dots indicate different
models and black lines are linear regression lines, with
regression values indicated by r (% K-1).

with low emissions, like SSP1-1.9 and SSP1-2.6. Under
SSP1-1.9, the relative increase in the TP precipitation is
5.4% and 6.1% when GSAT increase exceeds 1.5°C and
2.0°C, respectively. For SSP1-2.6, the TP precipitation
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Fig. 10. The response of the annual mean precipitation over
the TP to the global-mean surface air temperature increase
under five scenarios (% K-1). Models are sorted according to
the weights in the parentheses. The black solid (dashed) lines
are weighted (original) MME:s.

increases by 3.6% and 6.8% when GSAT increase exceeds
1.5°C and 2.0°C, respectively (Table 3).

4. Summary and discussion

The future change in the precipitation over the TP
under global warming is important to the local and down-
stream ecosystems. Based on a weighting method consider-
ing model skill and independence, changes in the TP precipita-
tion under SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5 scenarios are projected by 27 CMIP6 models, as
well as its response to global warming targets. The main
results are summarized as follows.

(1) The annual mean precipitation is projected to
increase over the whole TP with a greater change in the
north by the end of 21st century relative to the present clima-
tology. The area-averaged annual mean precipitation over
the TP will increase by 7.4%—-21.6% by the end of the cen-
tury under five SSPs projected by the weighted MME. The
increase in the annual mean precipitation intensifies with
growing external forcing and models agree well with the
sign of the change. Except for the drying trend in winter pre-
cipitation along the southern edges of the TP, changes in the
TP precipitation at seasonal scales show a prevailing moisten-
ing trend similar to that of annual mean precipitation.

(2) The model weighting technique generally suggests
a slightly stronger increase in TP precipitation in the future
but with spatial and seasonal differences in details. The
enhanced increase shows the highest spatial consistency in
terms of the change in spring precipitation over the TP.
Regarding annual, summer and autumn precipitation, the
influence of weighting is more remarkable over the northwest-
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Table 3. The sensitivity of the TP precipitation to the global warming (% K-!), and responses of the TP precipitation to different
thresholds of the global warming (%). In terms of different thresholds, values in the parentheses are standard deviations among models,
and values right to the parentheses are the percentage of models whose exceedances are true.

SSP1-1.9 SSP1-2.6 SSP2-4.5 SSP3-7.0 SSP5-8.5
Sensitivity equally-weighted 8.5 5.7 5.2 6.1
weighted 9.3 5.8 5.4 6.2
1.5°C equally-weighted 5.1(2.6)67 3.9(2.4)81 3.2(3.2)100 2.9(3.3)100 3.2(3.3)100
weighted 5.4(2.6) 3.6(2.1) 3.0(3.0) 2.8(3.2) 3.1(3.3)
20°C equally-weighted 6.0(1.7)33 6.9(2.8)44 5.6(4.1)96 4.7(3.4)100 5.3(3.8)100
weighted 6.1(1.5) 6.8(2.8) 5.4(3.9) 4.6(3.3) 5.3(3.8)
3.0°C equally-weighted —(-)0 —(-)0 11.7(3.3)30 9.6(3.9)85 11.5(4.1)96
weighted —(-)0 —(-)0 11.5(2.9) 9.6(3.9) 11.6(4.2)
40°C equally-weighted —(-)0 —(-)0 22.5(4.0)7 17.8(5.4)37 18.6(4.9)56
weighted —(-)0 —(-)0 22.5(2.8) 17.9(4.8) 19.1(4.8)

ern TP, which gives us more confidence in a wetter northwest-
ern TP in the future. Weighting also reduces the model uncer-
tainty in projecting TP precipitation regarding both the areal
average and regional changes, especially at regions with
large standard deviations among models.

(3) With the United Nations Sustainable Development
Goals and the Paris Agreement, global-scale efforts are under-
way to limit global warming levels, such as the 2°C or
1.5°C warming targets relative to preindustrial levels
(UNFCCC, 2015). In particular, SSP1-1.9 and SSP1-2.6 are
designed to achieve stabilized global warming of 1.5°C and
2°C, respectively. Based on the weighted projections, for
SSP1-1.9 (SSP1-2.6), the relative increase in the annual
mean TP precipitation is 5.4% (3.6%) and 6.1% (6.8%)
when GSAT increase exceeds 1.5°C and 2.0°C, respec-
tively.

Although the values of parameters D; and D, do not
affect the rank of models, they have influence on the final
weights, as well as the effect of weighting. From this perspec-
tive, the sensitivity of the difference between weighted and
original results to variant values of D and D, is tested and
shown in Fig. 11. Results show the effect of weighting is
more sensitive to D, than to D,,. As shown in Fig. 11a, ratios
of weighted to original results in terms of the relative
change in TP precipitation, standard deviation among mod-
els and the SNR are around 1.0 despite different values of
D,. This implies the effect of weighting is not very sensi-
tive to the values of D,, which may relate to the close dis-
tance between models. In contrast, values of D have larger
influence on the effect of weighting due to the relatively far
distance between the observation and simulations. As
shown in Fig. 11b, the relative change in TP precipitation
increases with reducing Dy, especially for values less than
0.9, resulting from the decreased model variation and
increased SNR. To conclude, it is qualitatively consistent
that model weighting leads to slight increases in precipita-
tion change and SNR, and decreases in model deviation,
although quantitative projections are slightly affected by
weighting parameters. In addition, it is worth noting that lim-
ited observations over the TP, especially its western part,

(a)

1 4 . — Projected precipitation
1 —a— Standard deviation
1.2 4 —x—  Signal—to—noise ratio

,].O-‘ J—- % % %

0.6 -

0.1030507091113151.71.9

Du
(b)

Ratio of weighted to original MME

1.4 4
1.2-f
1.o-f
o.8-f
o.es-f

0.103050709 1113151719

Ds

Fig. 11. Ratios of weighted MME to equally-weighted MME
for long-term projections under SSP5-8.5 varying with
different values of D, or D;. (a) The case of Dy = 0.9. (b) The
case of D, = 1.1. The blue, skyblue and green lines represent
relative change in the annual mean TP precipitation, standard
deviation among models and the signal-to-noise ratio,
respectively.

Ratio of weighted to original MME



1148

may lead to uncertainties in evaluating the model perfor-
mances.

In order to produce more reliable future projections, dif-
ferent methods have been proposed including weighting mod-
els according to their independence and performance, emer-
gentconstraints and decadal predictions initialized by observa-
tions. However, no consensus has been reached on a robust
and universal method to get the optimal projections (Lee et
al., 2021). The model weighting method used in this study
focuses on model performance in simulating historical cli-
mate, which is the necessary condition for a reasonable
future projection, as well as model independence to get a bal-
ance between the size and validness of samples. Results con-
cerning the increasing precipitation over the TP in the future
is consistent with previous studies (Su et al., 2013; Fu et al.,
2021; Xie and Wang, 2021; Yang et al., 2021). Further-
more, difference between weighted and equally-weighted
MME:s can give us more confidence on the future climate of
the TP from specific aspects, such as the stronger increase
in the precipitation over the TP, especially for the season of
spring and the region of the northwestern TP.
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