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Projection of future climate
change in the Poyang Lake Basin
of China under the global
warming of 1.5-3°C
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This study projected the future climate changes in the Poyang Lake Basin (PLB)
of China under various global warming targets (1.5-3°C), based on the latest
Coupled Model Intercomparison Project Phase 6 (CMIP6) and 4 statistical
downscaling methods, including Quantile Mapping (QM), Daily Translation
(DT), Delta, and Local Intensity Scaling (LOCI). The RMSE, R? and KGE
indicators were used to evaluate the competency of the aforementioned
methods applied to daily precipitation (Pre), daily mean temperature (Tas),
daily maximum temperature (Tasmax), and daily minimum temperature
(Tasmin). The global warming of 1.5, 2 and 3°C will occur around 2040, from
2045 to 2080 and around 2075, respectively, for the emission scenarios of
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5. The results demonstrated that
under the 1.5, 2 and 3°C global warming targets, the projected annual
precipitation declined by 14.82, 11.92 and 8.91% relative to the reference
period (1986-2005), respectively. The Tas increased significantly by 0.43,
0.94 and 1.92°C and the Tasmax increased by 0.58, 1.11 and 2.09°C. The
Tasmin decreased by 0.29°C under the 1.5°C warming target, while it
increased by 0.19 and 1.18°C under the 2 and 3°C warming targets. The
spatial distributions of future annual precipitation in the PLB were relative
consistent. However, the regional variability was significant, which the
southern and eastern regions experienced more precipitation than the
northern and western regions. The south-central part of the Ganjiang basin
was the high-value area while the northeastern part was the low-value area. The
Tas, Tasmax and Tasmin had a consistent spatial variation characteristic that the
high latitude areas were warmer than the low latitude areas, and the western
regions were warmer than the central and eastern regions while the
northeastern regions were cooler than the remaining regions.
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1 Introduction

Climate change research has attracted great attention from
the international community, and the catastrophic consequences
of climate change not only disrupt the balance of natural
but the
development of human society. The Sixth Assessment Report
(AR6) released by the IPCC (Intergovernmental Panel on
Climate Change) in 2021 that
experiencing more pronounced warming than the historical

ecosystems also  seriously  limit sustainable

showed the globe is
period, with the global average surface temperature from
2011 to 2020 has alone risen by 1.09°C (0.95-1.20°C)
compared to the pre-industrial period (1850-1900) (IPCC
2021). Global warming has become an indisputable fact. To
actively respond to the tremendous risks posed by global
climate change, many countries unanimously adopted the
Paris Agreement at the 21st United Nations Climate Change
Conference, which set the goal of limiting the global average
temperature rise to well below 2°C (and striving to limit it less
than 1.5°C) by 2100 compared to pre-industrial levels
(Schleussner et al., 2016). As global warming intensifies, sea
levels would rise dramatically, and extensive areas of permafrost
would melt, which potentially paralyzes the natural ecosystems.
Simultaneously, global warming would heighten the risk of
flooding, and the global food security and water scarcity
problems threaten human lives significantly (Schleussner
et al, 2016). Therefore, projecting the future global and
regional climate change under different global warming
targets is of great practical significance. Accurately grasping
the future climate change trend will help to scientifically
formulate countermeasures against climate change.

Global Climate Models (GCMs) are powerful tools for
climate simulation and future climate change projection. The
Coupled Model Intercomparison Project (CMIP) developed by
WCRP (World Climate Research Program) provides a more
comprehensive understanding of the past, present, and future
climate change, which is a primary basis for the Assessment
Reports compiled by IPCC and is presently in its sixth phase
(CMIP6) 2016). The
Intercomparison Project (ScenarioMIP) was authorized by

(Eyring et al, Scenario  Model
CMIP6 as one of 23 sub-programs designed and organized by
various countries, which is a rectangular combination of different
Shared Socioeconomic Pathways (SSPs) and the Representative
Concentration Pathways (RCPs) (O’Neill et al., 2016; Riahi et al.,
2017; Su et al, 2021). For this study, four ScenarioMIP core
experiment (Tier-1) scenarios were selected, the SSP1-2.6, SSP2-
4.5, SSP3-7.0, and SSP5-8.5, respectively.

Since the establishment of the global warming target of the
Paris Agreement and the strengthening of the global warming
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trend, many scholars have used GCMs to explore the global or
regional climate mean states or extreme climate change
characteristics under different future warming scenarios. More
studies have been conducted to analyze global or regional future
climate change under global warming based on CMIP5, and both
found that the future temperature and precipitation, as well as
extreme climate events were projected to increase significantly
with the rising global warming targets (Guo et al., 2016a; Guo
et al., 2016b; Li et al., 2018; Nkemelang et al., 2018; Nangombe
et al.,, 2018; Ullah et al., 2020). However, CMIP5 was used in the
research mentioned above, while CMIP6 was more complex in
the experimental setting and had a higher model resolution than
CMIP5. Zhu et al. (2021) comparatively analyzed the ability of
CMIP5 and CMIP6 to capture future extreme climate events in
China under global warming. They pointed out that CMIP6 had
higher accuracy in simulating temperature and precipitation.
According to Zhuang et al. (2021), the major land regions of the
Belt and Road Initiative would continue to warm in the future,
with stronger warming amplitude in the high latitude regions
than the low latitude regions. As the global warming target
intensified, Kim and Bae. (2021) predicted the area of warm
and arid climate zones in the Asian monsoon region would
expand, while the cold and polar climate zones would shrink.
Kamal et al. (2021) and Mondal et al. (2021) discussed the future
climate change of Bangladesh and the Indus river basin under the
1.5 and 2°C global warming targets, and they concluded that
future climate change would seriously threaten the local
agricultural production. Zhang et al. (2021) pointed out that
when global warming amplitude reached 5°C, the land area of
overheating zone in China would up to 70% under the high
emission scenario (SSP5-8.5). Nashwan and Shahid (2022)
predicted that the future annual precipitation in northern
Egypt would increase by 37% and 54% under SSP1-1.9 and
SSP1-2.6 the
distribution would be more uneven and the

scenarios, spatial
of

hydrological hazards would increase. The majority of the

respectively. However,
risk

studies mentioned above mainly predicted future climate
change at large scales under various global warming targets.
However, a few studies have been conducted at local scales,
especially for large basins. Actually, the basin is close related to
human production and livelihood, which is an indispensable
condition for the origin of human civilization (Hu et al.,, 2022).
Therefore, future climate change at the basin scale deserves more
attention.

China is one of the most sensitive areas of global climate
change over the world. The warming amplitude in China is large
than the global average level during the same period, leading to
frequent occurrence of climate extremes (Wu et al., 2020; Zhang
et al, 2020). The Poyang Lake is the largest freshwater lake in
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China. The Poyang Lake Basin (PLB) is also an important
ecological function reserve and internationally important
wetland in China. The PLB which plays a crucial role in food
security, water conservation, flood storage, climate regulation
and ecological protection. However, some previous studies
revealed that the risk of climate extremes and the frequency
of droughts and floods in the PLB increased in the last 20 years,
which has resulted in water resources problems and ecological
problems under the background of global warming (Shankman
et al.,, 2006; Guo et al., 2008; Lei et al., 2021a).

Currently, the climate change studies in the PLB were mainly
focused on simulating precipitation or extreme precipitation
changes, and the effects of climate change on the basin runoff,
evapotranspiration or meteorological drought (Li and Hu, 2019;
Leietal, 2021a), since only a few studies concentrate on predicting
future climate change. Thus, quantitative and scientific prediction
of the future climate change of the PLB under different global
warming targets is projected by the multi-model ensemble (MME)
based on 17 CMIP6, which provides scientific guidance for water
resources management, agricultural activity planning, flood and
disaster environment

drought prevention and ecological

management of the PLB.

2 Materials and methods
2.1 Study area

The Poyang Lake (113.74-11847°E, 24.57-30.01°N) is
located in the northern region of Jiangxi Province and on the
south bank of the middle and lower reaches of the Yangtze River.
It receives water from Ganjiang, Fuhe, Xinjiang, Raohe and
Xiushui after regulation and storage flows down into the
Yangtze River. The basin is about 620 km from north to south
and 490 km from east to west (Ye et al., 2011). The drainage area
is approximately 1622 x 10*km? covering 94% of Jiangxi
Province and 9% of the Yangtze River Basin (Lei et al,

2021b). The Poyang Lake Basin (PLB) has a typical
subtropical monsoon humid climate with an annual
precipitation of ~1680mm and an average annual

temperature of around 17.6°C (Zhang et al, 2014). The
northern PLB is the lower Poyang plain, while the southern
part is dominated by the Gannan mountains. The overall
topography is higher in the south than the north. The PLB is
densely populated, socio-economical developed area and it has
abundant natural resources which makes it an important
biodiversity conservation area.

2.2 Datasets

24 meteorological stations distributed general evenly across
the PLB were obtained from the China Surface Meteorological
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Daily Dataset (V3.0) provided by the China Meteorological Data
(http://data.cma.cn/). The
(ERA5)
European Centre for Medium-Range Weather Forecasts

Service Center fifth-generation

atmospheric reanalysis dataset released by the

(ECMWF) was also used in this study (https://www.ccmwf.
int), with a temporal-spatial resolution of 0.25° x 0.25° and 6-
hourly. A common time series from 1980 to 2020 were extracted
from two datasets. The distribution of the 24 meteorological
stations and ERA5 grid points over the PLB was shown in
Figure 1.

The latest production of 17 GCMs from CMIP6 were selected
to predict the future climate changes under 1.5-3°C global
warming targets over the PLB. The basic information of
GCMs was listed in Table 1, and more detailed information
can be found at the website (https://esgf-node.llnl.gov/search/
cmip6/). The GCMs of CMIP6 covered the historical simulation
period from 1980 to 2014 as well as the future period from
2030 to 2099. Four emission scenarios (SSP1-2.6, SSP2-4.5, SSP3-
7.0, and SSP5-8.5) were chosen for each GCM to predict future
climate changes in the PLB. The dataset used in this study
includes daily precipitation (Pre), daily mean temperature
(Tas), daily maximum temperature (Tasmax) and daily
minimum temperature (Tasmin).

2.2 Methods

2.2.1 Delta

Delta method defines the difference between future and
historical periods as a climate change signal, which is used for
historical observations for a specific region to generate future
climate change scenarios. This method was widely used in hydro
meteorological studies because it was relatively simple and
requires limited computational parameters (Immerzeel et al,
20125 Chen et al,, 2013). The equations are as follows:

1
@

Togjsa = Topsa + (TGCM,f,m - TERA,ref,m)

Pugisa = Pobsa + (Pecmsm | Perarerm)

Where T and P represent temperature and precipitation; The
subscripts of d and m represent temporal resolution (day and
month), respectively. Ty4j rq and Pagj s are the temperature
and precipitation data after downscaling, respectively. Tops 4 and
Pops,q are the observed temperature and precipitation in the PLB,
respectively. Taen, Fams Poew, Fums TERA,ref,m, and I_’ERA,ef,m
indicate monthly average data of temperature
precipitation for CMIP6 and ERA5.

and

2.2.2 Daily Translation (DT)

Daily Translation is a quantile-based deviation correction
method, assuming future and historical climate events have
consistent deviations in all quantile levels. The distribution of
temperature or precipitation is downscaled by revising the time
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http://data.cma.cn/
https://www.ecmwf.int
https://www.ecmwf.int
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.985145

Zhang et al.

30°N

28°N

26° N

24° N

114.0 E 116.0 E 118‘° E 12Q° E 122.0 E
r4
2 1
en
z
% .
a A Meteorological Stations
ERAS Grid Points
— Rivers
o5 - Poyang Lake
% |:| Subbasin Boundary
o DEM (m)
- High : 2109m
-
—
Low : -185m
“ | 0 50 100
b mm _km
114°E 116° E 118° E 120°E 122°E

FIGURE 1

Distribution of meteorological stations and ERA5 grid points over the PLB.

TABLE 1 Basic information of 17 CMIP6 global climate models.

No. Model

1 BCC-CSM2-MR
2 CanESM5

3 CESM2

4 CNRM-CM6-1
5 CNRM-ESM2-1
6 EC-Earth3

7 EC-Earth3-Veg
8 FGOALS-g3

9 GFDL-ESM4

10 INM-CM4-8

11 INM-CM5-0

12 IPSL-CM6A-LR
13 MIROC6

14 MPI-ESM1-2-HR
15 MRI-ESM2-0

16 NorESM2-LM
17 NorESM2-MM

Institution (Country)

BCC (China) 100
CCCma (Canada) 500
NCAR (United States) 100
CNRM-CERFACS (France) 250
CNRM-CERFACS (France) 250
EC-Earth-Consortium (European) 100
EC-Earth-Consortium (European) 100
CAS (China) 250
NOAA (United States) 100
INM (Russia) 100
INM (Russia) 100
IPSL (France) 250
CCSR (Japan) 250
MPI (Germany) 100
MRI (Japan) 100
NCC (Norway) 250
NCC (Norway) 100

series quantile (Chiew and Mpelasoka, 2009; Chen et al., 2013),

using formulas as follows:
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precipitation of CMIP6, respectively. Topsg> Possg TERAref.q>

Pirarefrq represent the percentile of temperature and

precipitation of observations and ERAS.

2.2.3 Quantile Mapping (QM)

Quantile Mapping is a statistical conversion method that
directly corrects GCMs or RCMs, which can correct future
period precipitation based on the range in the historical
period. The QM method has been shown to be effective in
reducing the bias of meteorological data (Jakob Themef3l et al.,
2011; Themef3l et al., 2011; Chen et al., 2013). The following
are the specific equations:

P, =P + Af

Af :fZ)IBS,cal(fERA,cal(P?}IIIA)) _ff_:‘llZA,cul(fERA,cul(PgllA))

®)
(6)

Where P; is the station precipitation. cal is the calibration
period.P%, indicates the ERA5 precipitation that is not
downscaled and used for validation. fgraca is the cumulative
distribution function of Py . f ok .y and fzk, . are the inverse
function of observed and

cumulative  distribution

ERA5 precipitation.

2.2.4 Local Intensity Scaling (LOCI)

LOCI is a reliable method for directly correcting GCMs or
RCMs, despite the low resolution of GCMs or RCMs, the
data still contain reliable precipitation information
(Schmidli et al., 2006). The LOCI method is based on
scaling factors for scaling, which are calculated in the
following manners:

Fre(Prra > Py ) = Fre(Pops > Pyye ) ?)
<POBS 2 Pﬁ‘,;‘;‘) - Pgie

S= (8)
o= P ) - i

P, = max( Py + S(Pyiy, - Py’ ), 0) )

Where P, and P}, are the same as for Eqs. 5, 6 above. Pops and

Ppra are the precipitation of the stations and ERAS5,

thres thres
P OBS P ERA

the stations and ERA5, respectively.

respectively. and are the precipitation threshold of

2.2.5 Evaluation criteria

The root mean square error (RMSE), coefficient of
determination (R%), and Kling-Gupta efficiency (KGE) were
used to analyze the bias between the downscaled CMIP6 and
the observations (Gupta et al, 2009). The KGE is an
improvement of NSE (Nash-Sutcliffe efficiency), which can
comprehensively evaluate the mean and error between
observed and simulated values, and has been widely used in

current research.
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KGE=1-(r-1’+ (B-17+(y-1))  (10)

Where 7 is the correlation coefficient. § is the mean ratio of
simulated temperature/precipitation to observed temperature/
precipitation.y indicates the ratio of the variance of the simulated

temperature/precipitation to observed temperature/
precipitation.
A perfect match between observed and simulated

temperature and precipitation would return a KGE of 1.
Whereas, using the average level of observed data as simulated
result will return a KGE of 0. If the KGE is less than 0, the
downscaled result is not credible.

3 Results

3.1 Validation of the downscaling methods
in the PLB

Table 2 indicates that the QM method can effectively reduce
the RMSE of monthly precipitation. The R> demonstrates that the
QM method appeared to outperform the other methods, with a
0.80 or higher values for most of the models. The KGE of the QM
method was approximately 0.49, which was significantly higher
as compared to the other three methods. Overall, the QM method
delivered the best performance in downscaling precipitation in
the PLB.

The RMSEs of the downscaled historical temperature and the
observed temperature of the basin fell within the range of 3°C,
and the RMSE of monthly Tas was less than the monthly Tasmax
and Tasmin (Table 3). The QM method markedly decreased the
RMSE of the downscaled monthly Tas and increased the R* and
KGE apparently. As opposed to Delta and QM, the DT method
appeared to increase the RMSE for the monthly Tasmax and
Tasmin simulated by CMIP6 models. In contrast, the Delta
method could effectively reduce the RMSE and even result in
a higher R* in comparison to DT and QM. There was no
the KGE of the three
downscaling methods, but the Delta method showed a slightly

discernible difference among
better performance overall. Generally, the QM method was
found to be more effective in downscaling the Tas of the PLB,
while the Delta method could optimally downscale the Tasmax

and Tasmin.

3.2 Applicability evaluation of
CMIP6 models in the PLB

Taylor diagram (Taylor, 2001) was used in this study to
further test and evaluate the simulation performance of
17 CMIP6 global climate models for precipitation and
temperature in the historical period (1980-2014) of the PLB
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TABLE 2 Comparison of downscaling methods of the historical monthly precipitation from CMIP6.

Index RMSE/mm R
Method Delta DT QM LOCI Delta
Mean-Pre 61.02 61.53 49.45 57.42 0.63

KGE
DT QM LOCI Delta DT QM LOCI
0.64 0.80 0.70 0.42 0.42 0.49 0.44

TABLE 3 Comparison of downscaling methods of the historical monthly Tas, Tasmax, and Tasmin of the CMIP6.

Index RMSE/"C R’

Method Delta DT QM Delta
Mean -Tas 2.03 2.04 1.92 0.990
Mean -Tasmax 2.35 245 243 0.986
Mean -Tasmin 245 2.68 2.59 0.992

(Figure 2). It showed the simulation effect of multiple models
intuitively and concisely in the form of graphics.
Simultaneously, the spatial correlation coefficient, standard
deviation (SD) and root mean square error (RMSE) between
the simulation results and the observed data can also be
displayed in a single figure. The SD and RMSE were
normalized as normalized standard deviation (NSD) and
normalized root mean square error (NRMSE). Briefly, the
closer the distance to the OBS site in the diagram, the
better the model simulated the observed data. As Figure 2A
illustrated, the 17 CMIP6 global climate models showed
relatively strong performance to simulate precipitation in
the PLB from 1980 to 2014. Spatial correlation coefficients
of most models with the observed data were above 0.79, and
the NRMSEs were controlled between 0.4 and 0.8, which can
basically simulate the spatial pattern of precipitation in the
basin. For the Tas, Tasmax and Tasmin of the PLB (Figures
2B-D), the spatial correlation coefficients between each
CMIP6 climate model and the observed data were large
than 0.98, and the NRMSEs of most models were less than
0.2, and the simulation results of each model were more
concentrated. It is remarkable that CMIP6 showed the best
simulation performance on the Tasmin of the basin.
Summarily, the CMIP6 global climate models can simulate
the spatial distribution of temperature in the basin from
1980 to 2014.

Furthermore, the spatial correlation coefficients of
historical precipitation and temperature with observed data
for the PLB simulated by the MME were higher than those of
most models, with precipitation was about 0.93 and the Tas,
Tasmax and Tasmin were all above 0.99. The NRMSEs were
significantly reduced, the precipitation was about 0.4, the
NRMSEs of temperature were far less than 0.2. This
indicated that the

simulation performance of the
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KGE
DT QM Delta DT QM
0.990 0.991 0.81 0.81 0.85
0.983 0.984 0.82 0.79 0.80
0.976 0.984 0.77 071 0.73

CMIP6 MME was superior to the majority of single models,
better reproducing the spatial and temporal characteristics of
precipitation and temperature for the PLB from 1980 to 2014.
It is noteworthy that both single models and the MME had
much better simulation performance for the temperature than
precipitation.

showed the simulation of CMIP6 MME
precipitation and temperature on the observed data at annual
scale after downscaling in the PLB from 1980 to 2014. The results
indicated that the annual precipitation, Tas, Tasmax and Tasmin

Figure 3

of MME simulation maintained relatively consistent trends with
the observed data in the same period, respectively. The
CMIP6 MME can well reflect the inter-annual variation
pattern of observed data. For time series, the precipitation,
of MME
underestimate the observed to some extent, particularly the

Tas, Tasmax and Tasmin simulation  all
Tasmin.

Furthermore, the spatial distribution of precipitation and
temperature from 1980-2014 observed data and MME
simulation in the PLB (Figure 4) demonstrated that, despite
the spatial distribution of both observed precipitation and
MME simulation precipitation showed a decreasing trend
from the east to west, the regional differences were
significant (Figures 4A.,B). The maximum precipitation
occurred in the Xinjiang basin, while the minimum
precipitation appeared in the Ganjiang basin and the
Xiushui MME

precipitation underestimated what was actually observed in

basin.  Comparatively, simulation
the PLB, especially in the Raohe basin. The spatial mean of
MME simulation precipitation was 1407 mm/a (Figure 4B),
whereas the observed precipitation was 1697 mm/a
(Figure 4A), with a difference of 290 mm/a.

The spatial distribution of the Tas, Tasmax and Tasmin of

observed and MME simulation in the PLB both showed a high
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consistency with a gradual decrease from the south to
north (Figures 4C-H). The maximum value occurred in the
south-central part of the Ganjiang basin, where the
Tas exceeded 19°C. However, the temperature (Tas, Tasmax
by MME
underestimated the observed temperature in the northeast

and  Tasmin) simulated significantly

of the basin and overestimated the temperature in

Xiushui Basin. In comparison, the Tas, Tasmax and Tasmin
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of the MME simulation were lower than those observed in
the PLB. The spatial means of MME simulation
temperature were 16.84°C/Tas (Figure 4D), 21.58°C/Tasmax
(Figure 4F) and 12.50°C/Tasmin (Figure 4H), while the
observed data were 17.99°C/Tas (Figure 4C), 22.85°C/
Tasmax (Figure 4E) and 14.50°C/Tasmin (Figure 4G), with
a difference of 1.15°C/Tas, 1.27°C/Tasmax and 2°C/Tasmax,
respectively.
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3.3 Projection of the future climate
change in PLB under global warming

3.3.1 Spatiotemporal variations of the future
annual precipitation in the PLB

IPCC based on the longest global surface temperature dataset
available, found that the global average surface temperature has
increased by 0.61 (0.55-0.67°C) since 1986-2005 compared to
the pre-industrial period (1850-1900) in the AR5 (IPCC 2013).
However, the warming value were revised by the AR6 (IPCC
2021), which the global average surface temperature was higher
by 0.08 (—0.01 to 0.12°C) than in the AR5. That was the global
average surface temperature has increased by 0.69°C since
1986-2005 compared to the pre-industrial period. The
reference period was unanimously approved by many scholars
(Su et al, 2018; Su et al, 2017; Zhang et al., 2017; Chen et al,,
2017; Sun et al,, 2017). Accordingly, if the Tas in the PLB was
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calculated for the future period 2030-2099 and the Tas increased
by 0.81°C as compared to the reference period, i.e., 1986-2005, it
will reach the global warming target of 1.5°C. An increase of
1.31°C  will
and an increase of 2.31°C will reach the global warming target
of 3°C.

To avoid the uncertainty in selecting a single warming year,

reach the global warming target of 2°C,

the year in which the global warming target was first achieved
would be the center year, extrapolating 10 years forward and
9 years backward for a total of 20 years as the warming period.
The global warming time series for each emission scenario
simulated by MME were listed in Table 4. The global
warming of 1.5, 2 and 3°C will occur around 2040, from
2045 to 2080 and around 2075, respectively, for the emission
scenarios of SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5.
Whereas, the SSP1-2.6 and SSP2-4.5 did not reach the 3°C
global warming target. The occurrence time of the high
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CMIP6 multi-model ensemble precipitation and temperature spatial distribution simulation of observation data. (A,C,E,G) are the observed
precipitation, Tas, Tasmax and Tasmin of the PLB. (B,D,F,H) are the simulated precipitation, Tas, Tasmax and Tasmin of the CMIP6.

TABLE 4 Period of CMIP6 multi-model ensemble reaching different temperature warming targets from 1986 to 2005.

Scenario ("C) SSP1-2.6

15 2048 [2038-2057)
2 2077 [2067-2086)
3 N N

*N indicates that the emission scenario did not reach this warming target.

emission scenario was earlier than that of the low emission path
under the same global warming target.

The boxplot diagrams of temperature and precipitation
change show the climatic change characteristics in the PLB
under various global warming targets and emission scenarios
(Figures 5A, 7A, 9A, 11A). Each box includes the 5%, 25%, 75%,
and 95% quartiles of the meteorological data points, where the
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SSP2-4.5

2048 [2038-2057]
2066 [2056-2075]

09

SSP3-7.0 SSP5-8.5

2048 [2038-2057]
2066 [2056-2075]
2077 [2067-2086]

2037 [2030-2046)
2048 [2038-2057)
2071 [2061-2080]

short black horizontal line in the middle of the box represents
the 50% quartile of the data points. The long horizontal line
indicates the median value of the data sequence. Results showed
that although the annual precipitation would increase as global
warming intensifies, which was lower than that of the reference
period and the increasing amplitude was smaller, as well as the
interannual variation would be greater (Figure 5A). Specifically,
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Boxplot diagram of precipitation change under different scenarios (A) and the error bar plot of precipitation change relative to the reference
period (B) in the PLB. Ref denotes the reference period (1986-2005). The black vertical line indicates the standard deviation of 17 CMIP6 models.

the annual precipitation of SSP1-2.6 was the highest and the
SSP3-7.0 was the lowest under the same global warming target.
Summarily, the annual precipitation increased with the rise of
the global warming targets under the same emission scenario.

This study further analyzed temperature and precipitation
change trends under different global warming targets relative
to the reference period (Figures 5B, 7B, 9B, 11B). As shown in
Figure 5B, under the 1.5°C global warming target, the annual
precipitation was anticipated to decline by 12.47, 14.68, 16.90,
and 15.22% under SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5,
respectively. At the global warming level of 2°C, the reduction
would be 8.35, 12.54, 14.47, and 12.32%, respectively. The
amplitude was significantly smaller than that of the 1.5°C
global warming target and would further reduce at the 3°C

global warming target. The reduction of the annual
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precipitation under SSP3-7.0 and SSP5-8.5 would
be 12.02 and 5.80%, respectively.

As global warming from 1.5°C to 2°C, annual precipitation
would increase by 4.12, 2.14, 2.44, and 2.90% under SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. When the global
warming target increased from 2°C to 3°C, the annual
precipitation of SSP3-7.0 and SSP5-8.5 would increase by
2.44 and 6.52%, respectively, which SSP5-8.5 showed the most
significant change, followed by SSP1-2.6. After averaging the four
emission scenarios, the rates of precipitation change for 1.5, 2 and
3°C were —14.82, —11.92, and —8.91%, respectively. These results
indicated that an additional global warming level of 0.5°C would
increase the annual precipitation across the basin by an average
of 2.90%, and further warming of 1°C would result in an increase

of 4.48%.
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Spatial distribution of precipitation in the PLB relative to the reference period (1986-2005). (A—E) are the 1.5°C global warming target. (F-J) are
the 2°C global warming target. (K—M) are the 3°C global warming target. (E,J,M) are the emission scenarios averaging results.

Under the global warming targets of 1.5, 2 and 3°C, the
standard deviations corresponding to the four emission scenarios
between 17 CMIP6 models were 16.97 and 17.01% (SSP1-2.6),
16.16 and 16.43% (SSP2-4.5), 16.31, 16.35, and 16.51% (SSP3-
7.0), as well as 16.03, 16.15, and 16.76% (SSP5-8.5), respectively.
The standard deviations of the averaged emission scenarios were
16.37%/1.5°C, 16.48%/2°C, and 16.64%/3°C. Obviously, the
standard deviations between 17 models increased slightly as
the global warming target rose (Figure 5B). There was large
uncertainty in predicting future precipitation, which was mainly
related to the influence of internal variability of the climate
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system, model uncertainty and natural and anthropogenic
aerosol emission uncertainty (IPCC 2021).

The spatial distribution of annual precipitation under
different global warming targets in the PLB shows that the
spatial distribution pattern of the future annual precipitation
simulated by the CMIP6 MME was relatively consistent but with
significant regional variability. Figure 6 and Table5 both indicate
that he future total annual precipitation in the whole PLB and
each sub-basin decreased relative to the reference period
(1986-2005). Regarding the regional variability, the southern
part of the basin received more precipitation than the northern
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TABLE 5 Variations of precipitation in sub-basins of the PLB relative to the reference period (1986-2005).

Sub-basin 1.5°C-SSPs
Pre (mm)/Change (%)
Ganjiang 1451/-11.01%
Fuhe 1452/-16.35%
Xinjiang 1651/-12.87%
Raohe 1362/-26.18%
Xiushui 1440/-12.71%

part as well as the eastern regions fell more precipitation than the
western regions. Such spatial distribution pattern may be mainly
related to the topography characteristics and the influence of
monsoon in the basin. The northern part of the basin is
dominated by the Poyang Lake Plain, while the eastern and
southern mountains block the summer humid airflow and lack
the orographic rain, which is the area with lower precipitation in
the PLB. The Raohe basin showed the least annual precipitation
compared to other sub-basins, followed by the Xiushui basin.
Except for SSP3-7.0 under the global warming targets of 1.5 and
2°C (Figures 6C,H), the future annual precipitation in the south-
central Ganjiang basin showed a noticeable increasing trend with
a maximum amplitude of variation about 15-20% (Figure 6F),
which was the high-value area of precipitation in the PLB.
Conversely, the lowest precipitation values were found in the
areas from west-central Raohe basin to the northwestern of
Ganjiang basin, where the maximum annual precipitation
would significantly drop by -35-30% (Figure 6C). Table 5
further manifests that without respect to consider emission
scenarios, the future annual precipitation in the Raohe basin
dramatically decreased by 26.18, 23.29 and 20.03% from the
reference period under 1.5, 2 and 3°C warming targets.

Under the global warming level of 1.5, 2 and 3°C, the average
annual precipitation was projected to 1464, 1514 and 1566 mm,
respectively (Figures 6E,J,M). Despite the annual precipitation
during the future warming periods was less than the reference
period, the reduction was moderated with the enhancement of
the global warming targets (Table 5). Thus, the overall future
annual precipitation in the whole basin and the 5 sub-basins
would increase with the rising global warming targets. The
drought conditions in the northern part of the basin will be
relieved to some extent, while the south-central part of the
Ganjiang basin will continue to face with wet conditions,
increasing the risk of flooding events.

3.3.2 Spatiotemporal variations of future Tas in
the PLB

As seen in Figure 7A, the PLB will continuously keep
warming the under all emission
Obviously, the highest Tas value was found in the SSP3-

in future scenarios.

Frontiers in Environmental Science

12

2°C-SSPs 3°C-SSPs

Pre (mm)/Change (%) Pre (mm)/Change (%)

1505/-7.73%

1504/-13.34%
1705/-10.01%
1416/-23.29%
1465/-11.17%

1546/-5.29%
1566/-9.80%
1763/-7.00%
1476/-20.03%
1530/-7.26%

7.0 scenario under the global warming level of 2°C, while it
was achieved the highest in the SSP5-8.5 scenario among 1.5 and
3°C warming targets. Under the same emission scenario, the
future Tas in the PLB increased as the global warming target rose.
At 1.5°C global warming target, an increase of the Tas was
expected by 0.37, 0.42, 0.41, and 0.53°C under SSP1-2.6, SSP2-
4.5, SSP3-7.0 and SSP5-8.5, respectively, with respect to the
reference period. At 2°C global warming target, the Tas of the
four emissions scenarios would rise by 0.74, 0.93, 1.07 and 1.02°C,
respectively. Whereas the global warming level rose to 3°C, the
Tas increase amplitude under SSP3-7.0 scenario would exceed
the safety threshold of 1.5°C set by the Paris Agreement, reaching
1.70°C, while the warming under the high emission scenario of
SSP5-8.5 remarkably reached 2.14°C. Notably, the warming
amplitude increased dramatically with the rise of the global
warming targets. Under the global warming target of 1.5°C,
2°C, and 3°C, the PLB would warm up by 0.43°C, 0.94°C, and
1.92°C respectively. The warming amplitude under 2°C was
nearly twice that of 1.5°C and the warming amplitude under
3°C was roughly about 4.5 times as much as that of 1.5 and twice
that of 2°C. Global warming from 1.5°C to 2°C would increase the
Tas by 0.51°C, with the strongest increase occurring at SSP3-7.0,
while global warming from 2°C to 3°C will heighten the basin’s
future Tas by 0.87°C, and SSP5-8.5 showed a significant increase
(Figure 7B).

Figure 7B shows that under the global warming targets of 1.5,
2 and 3°C, standard deviations relevant to the four emission
scenarios among 17 CMIP6 models were 1.22 and 1.24°C (SSP1-
2.6), 1.15and 1.16°C (SSP2-4.5), 1.10, 1.11 and 1.13°C (SSP3-7.0),
as well as 1.19, 1.20 and 1.27°C (SSP5-8.5), respectively. After
averaging all emission scenarios, the standard deviations were
1.16°C/1.5°C, 1.17°C/2°C and 1.20°C/3°C. Consequently, the
uncertainty between 17 CMIP6 models was larger for the 3°C
global warming target than for the 1.5 and 2°C targets.

Under four future emission scenarios, the spatial variation of
future Tas in the PLB simulated by the CMIP6 MME possessed a
high the period,
demonstrating that the whole basin will persist to warm in

consistency compared to reference
the future. But the regional variability is substantial and thus

need to be considered (Figure 8). Under all global warming
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FIGURE 7

Boxplot diagram of Tas change under different scenarios (A) and the error bar plot of Tas change relative to the reference period (B) in the PLB.
Refer denotes the reference period (1986-2005). The black vertical line indicates the standard deviation of 17 CMIP6 models.

targets, the warming of the future Tas of the basin roughly
followed a trend of increasing from south to north and from
east to west, with the Xiushui basin in the northwest being the
area of higher warming, while the northeast of the basin (i.e., the
Raohe basin and Xinjiang basin) and the central Ganjiang basin
being the areas of lower warming. That was further demonstrated
in Table 6. Irrespective of the scenarios used in this study, i.e.
SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5, the warming of
Xiushui basin would be significantly greater than the global
average warming level. Clearly, when global warming was 1.5,
2 and 3°C, the Tas in the Xiushui basin warmed by 1.97, 2.55 and
3.56°C. The descending order of future Tas of each sub-basin was
the Xiushui, Ganjiang, Fuhe, Xinjiang and Raohe.

It must be pointed out that the increasing range in the future
Tas under the 2°C global warming target would be stronger than
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the 1.5°C. Likewise, such an increase at the 3°C global warming
target was more powerful than 1.5 and 2°C. For example, under
the high emission scenario of SSP5-8.5, the warming in the lower
latitudes of the basin generally exceeded 1°C at the 3°C global
warming target (Figure 8L) and the warming was only above 0°C
at the global warming of 2°C (Figure 8I), whereas the southern
part of the basin showed a cooling tendency at the 1.5°C global
warming target (Figure 8D). The Tas in the southern Raohe
basin, the Xinjiang basin and the central Ganjiang basin
decreased at 1.5 and 2°C global warming targets compared to
the reference period, but the cooling amplitude retained within
1°C. Nevertheless, the cooling range under the 2°C global
warming target was less than that of the 1.5°C warming target.
At the global warming level of 3°C, the whole basin manifested

continuous warming.
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TABLE 6 Same as Table 5 but for Tas in the PLB.

Sub-basin 1.5°C-SSPs 2°C-SSPs 3°C-SSPs
Tas ("C)/Change (°C) Tas ("C)/Change (°C) Tas ("C)/Change (°C)
Ganjiang 18.66/0.60 19.17/1.11 20.11/2.05
Fuhe 18.44/0.16 18.98/0.71 19.92/1.64
Xinjiang 17.71/-0.44 18.17/0.01 19.15/1.00
Raohe 17.38/-0.47 17.93/0.09 18.92/1.07
Xiushui 19.08/1.97 19.66/2.55 20.68/3.56
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FIGURE 9

Boxplot diagram of Tasmax change under different scenarios (A) and the error bar plot of Tasmax change relative to the reference period (B) in

the PLB.

Under 1.5, 2 and 3°C global warming targets, the basin’s
future Tas would be 18.40, 18.92 and 19.88°C, respectively
(Figures 8E,J,M), showing an overall noticeable rising trend
with the rising global warming targets, particularly in
northwestern part of the basin, where the risk of drought
disasters is projected to increase.

3.3.3 Spatiotemporal variations of future Tasmax
in the PLB

Under various emission scenarios, the future Tasmax in the
PLB varied between 22 and 27°C, showing an obvious rule of
interannual variation in warming (Figure 9A). The Tasmax of
SSP5-8.5 was higher than that of the other scenarios at 1.5°C
global warming target, while the Tasmax of SSP3-7.0 was slightly
warmer than that of SSP5-8.5 at the global warming of 2°C.
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Under the same emission scenario, the Tasmax in the basin
increased obviously with the rising global warming targets, which
followed the same variation as the Tas. Relative to the reference
period, the Tasmax of SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-
8.5 increased by 0.57, 0.56, 0.55 and 0.63°C respectively at the
1.5°C global warming target. When global warming reached 2°C,
the four emission scenarios changed by 0.94, 1.10, 1.24, and
1.15°C respectively. At the 3°C global warming target, the Tasmax
changes of SSP3-7.0 and SSP5-8.5 were elevated by 1.94 and
2.24°C respectively. After averaging four emission scenarios, the
Tasmax in the PLB rose by 0.58, 1.11 and 2.09°C under the 1.5,
2 and 3°C global warming targets respectively, with remarkable
warming amplitude than the Tas of the basin. The increasing
range in the future Tasmax of the basin under the 2°C global
warming target was twice as high as 1.5°C, and the increasing
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Spatial distribution of Tasmax in the PLB relative to the reference period (1986-2005). (A—E) are the 1.5°C global warming target. (F-J) are the
2°C global warming target. (K=M) are the 3°C global warming target. (E,J,M) are the emission scenarios averaging results.

range under the 3°C global warming target was about four times
as high as the 1.5°C and about twice as high as 2°C. Global
warming from 1.5°C to 2°C would increase the future Tasmax of
the basin by 0.53°C, while a global warming from 2 to 3°C would
increase it by 0.90°C (Figure 9B).

Figure 9B further indicated that under the global warming
scenarios of 1.5, 2 and 3°C, standard deviations of Tasmax
simulated by 17 CMIP6 models relevant to the four emission
scenarios were 1.75 and 1.77°C (SSP1-2.6), 1.70 and 1.71°C
(SSP2-4.5), 1.67, 1.68 and 1.71°C (SSP3-7.0), as well as 1.68,
1.69 and 1.73°C (SSP5-8.5). After averaging emission
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scenarios, the standard deviations of Tasmax were 1.70°C/
1.5°C, 1.71°C/2°C, and 1.72°C/3°C. Accordingly, the standard
deviation of Tasmax was larger than the Tas, and the
uncertainty of the prediction results was consistent with the
variation of the Tas, which would increase with the rising
global warming targets.

Compared to the reference period, the spatial distribution of the
future Tasmax in the PLB was roughly like the Tas, with all of them
showing significant warming, which the warming amplitude being
generally larger in the high latitude regions than the low latitude
regions, as well as in the western margin of the basin than in the
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TABLE 7 Same as Table 5 but for the Tasmax in the PLB.

Sub-basin 1.5°C-SSPs
Tasmax ("C)/Change (°C)
Ganjiang 23.68/0.79
Fuhe 23.12/0.18
Xinjiang 22.59/-0.39
Raohe 22.68/-0.12
Xiushui 24.29/2.01

central and eastern parts of the basin (Figure 10). Combined with
Figure 10 and Table 7 to consider the regional variability, the center
of warming was located in the Xiushui basin and the western part of
the Ganjiang basin, while the Xinjiang basin was the main low-value
warming area, followed by the south-central part of the Ganjiang
basin. When global warming was 1.5, 2 and 3°C, the Tasmax in the
Xiushui basin warmed by 2.01, 2.50 and 3.51°C. The rate of increase
approximated the Tas, with the descending order of future Tasmax
was the Xiushui, Ganjiang, Fuhe, Raohe and Xinjiang.

When the global warming reached 1.5°C, the Tasmax of all
sub-basins was lower than the reference period except for the
areas from the Xiushui basin to the western part of the Ganjiang
basin, as well as the southern Raohe basin, where the cooling
amplitude in the Xinjiang basin was the most dramatic, ranging
between —0.5 and —1°C, average cooling about 0.39°C. When the
global warming was 2°C, most areas of the Xinjiang basin
continued to cool down but the cooling rate was retained
within 0.5°C. Nonetheless, other sub-basins began to warm up
by varying degrees. When the global warming achieved 3°C, the
increasing rate in the northwestern regions of the basin and the
western part of the Ganjiang basin were above 3°C, in local
regions with values above 4°C. All remaining regions generally
exceeded 1°C warming rates.

After averaging various emission scenarios, the Tasmax
under the 1.5, 2 and 3°C global warming targets were different
amounting to 23.40, 23.95 and 24.91°C (Figures 10E,J,M),
increasing remarkably with the rising global warming targets
and emission scenarios. In conclusion, extreme high temperature
events were predicted to occur frequently in the PLB, threatening
local agricultural production to some extent, especially in the
northwestern part of the basin and the western part of the
Ganjiang basin.

3.3.4 Spatiotemporal variations of future Tasmin
in the PLB

Figure 11A shows that future Tasmin in the PLB fluctuated
between 13 and 17°C. At the global warming level of 1.5°C, the
Tasmin of each emission scenario was lower than the reference
period, but the cooling amplitude reduced with the increasing
emission scenario, where the descending order was SSP1-2.6,

Frontiers in Environmental Science

2°C-SSPs

Tasmax (‘C)/Change (°C)

10.3389/fenvs.2022.985145
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24.22/1.34 25.17/2.29
23.68/0.74 24.65/1.71
23.13/0.15 24.11/1.14
23.18/0.38 24.19/1.39
24.78/2.50 25.79/3.51
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SSP2-4.5, SSP3-7.0 and SSP5-8.5. At the global warming level of
2°C, except for SSP1-2.6, the Tasmin of SSP2-4.5, SSP3-7.0 and
SSP5-8.5 began to increase with the order of SSP3-7.0, SSP5-8.5,
SSP2-4.5 and SSP1-2.6. Figure 11B indicates that under the 1.5°C
warming target, the Tasmin of SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5 decreased by 0.44, 0.32, 0.28 and 0.13°C with respect to
the reference period, respectively. When global warming reached
2°C, the temperature changes were —0.09, 0.18, 0.35 and 0.30°C.
And for the global warming target of 3°C, SSP3-7.0 and SSP5-
8.5 warmed by 0.93 and 1.43°C respectively. On average, the
future Tasmin changes in the PLB were separately for —0.29,
0.19 and 1.18°C under the global warming targets of 1.5, 2 and
3°C, which the temperature increasing amplitude under the 3°C
global warming target was much higher than that of 1.5 and 2°C.
The global warming target rose from 1.5°C to 2°C would increase
the future Tasmin of the basin by 0.48°C and the target rose from
2°C to 3°C would increase the Tasmin by 0.86°C in the future.

When the global warming scenarios of 1.5, 2 and 3°C,
standard deviations relevant to the four emission scenarios
among 17 CMIP6 models were separately for 1.18 and 1.20°C
(SSP1-2.6), 1.11 and to 1.13°C (SSP2-4.5), 1.07, 1.08 and 1.09°C
(SSP3-7.0), as well as 1.06, 1.14 and 1.22°C (SSP5-8.5). After
averaging emission scenarios, the standard deviations were
1.10°C/1.5°C, 1.14°C/2°Cand 1.16°C/3°C. In conclusion, the
standard deviation of the Tasmin was lower than the Tas and
Tasmax, the uncertainty in the prediction of future Tasmin for
the basin increased with the rising warming amplitude.

Figure 12 demonstrates that the spatial variation of future
Tasmin in the PLB was similar with the spatial distribution of the
Tas, in which the high-value area of warming was still located in
the Xiushui basin in the northwest, while the eastern part of the
Poyang Lake, including the Xinjiang basin and the southern
Raohe basin, were the low-value areas of warming, followed by
the south-central part of the Ganjiang basin.

It can be concluded from Table 8, the Tasmin of all sub-
basins except the Xiushui basin decreased obviously at the 1.5°C
global warming target, and the cooling rate in the eastern part of
the Poyang Lake can reach 2°C, but the dimension of cooling
gradually shrunk with the elevation of emission scenarios. The
descending order of the average cooling amplitude was Raohe,
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FIGURE 11

Boxplot diagram of Tasmin change under different scenarios (A) and the error bar plot of Tasmin change relative to the reference period (B) in

the PLB.

Xinjiang, Fuhe and Ganjiang. Nevertheless, the warming
amplitude of the Tasmin in the Xiushui basin was obviously
lower than that of the Tas and Tasmax, ranging from 0.5 to 1.5°C,
averaging 0.99°C. At the global warming level of 2°C, the warming
range in the Xiushui Basin increased between 1.5 and 2.5°C,
averaging 1.56°C, while the eastern part of the Poyang Lake, the
Xinjiang basin, the Fuhe basin and the southern Raohe basin
continued to cool down, but the cooling rate was lower
than 1.5°C.

On average for each emission scenario, the Tasmin under 1.5,
2 and 3°C global warming targets were 14.15, 14.65 and 15.61°C
(Figures 12E,J,M), respectively, which the warming degree at the
3°C warming target was greater than 1.5 and 2°C. At 3°C global
warming target, the overall warming in the northwestern part of
the basin reached more than 2.5°C, and up to 4°C in the Xiushui
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basin under the high emission scenario of SSP5-8.5 (Figure 12L).
Despite the overall future Tasmin in the PLB obviously decreased
at 1.5°C global warming target, it will keep increasing as global
warming intensifies. It is predicted that the future Tasmin in the
PLB will increase with the rising emission scenarios and global
warming targets, which not only reduces the impact of low-
temperature frost damage to crops to a certain degree, but also
increases the risk of drought emergence.

Furthermore, although the time to reach the global warming
targets in the PLB was different under the four emission
scenarios, the spatial distribution of surface temperature
changes (Tas, Tasmax and Tasmin) in the basin under
different global warming levels showed consistency among the
emission scenarios (Figures 8-12). For the spatial scale, whether
Tas, Tasmax or Tasmin, warming was mainly shown to intensify
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Spatial distribution of Tasmin in the PLB relative to the reference period (1986-2005). (A—E) are the 1.5°C global warming target. (F-J) are the
2°C global warming target. (K=M) are the 3°C global warming target. (E,J,M) are the emission scenarios averaging results.

TABLE 8 Same as T Table 5 but for the Tasmin in the PLB.

Sub-basin 1.5°C-SSPs 2°C-SSPs 3°C-SSPs
Tasmin ("C)/Change ("C) Tasmin ("C)/Change (°C) Tasmin ("C)/Change (°C)
Ganjiang 14.46/-0.13 14.96/0.37 15.91/1.32
Fuhe 14.35/-0.56 14.81/-0.10 15.78/0.88
Xinjiang 13.53/-0.99 13.92/-0.61 14.91/0.39
Raohe 13.08/-1.13 13.58/-0.62 14.56/0.35
Xiushui 14.37/0.99 14.93/1.56 16.08/2.71
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from the south to north, and more specifically from southeast to
northwest, which was consistent with the spatial pattern of
temperature change in China or other regions of the world in
the context of global warming (Li et al., 2018; Xu et al,, 2017;
Zhuang et al., 2021). The future warming center of the basin was
located in the Xiushui basin in the northwest, and this high
temperature center would be strengthened gradually with the
increasing global warming and emission scenarios. Therefore, it
can be considered as the most sensitive area of global warming in
the PLB, which was consistent with the study of Zhan et al.
(2013).

4 Conclusion

Four statistical downscaling methods were used in this study
to correct the bias of 17 CMIP6 models based on the observation
data from 24 meteorological stations and ERA5 reanalysis data in
the PLB. The future climate change characteristics of the PLB
under the 1.5-3°C global warming targets were projected by the
multi-model ensemble (MME). The main conclusions are
summarized as follows:

The RMSE, R* and KGE evaluation metrics were used to
assess the efficacy of QM, Delta, and LOCI in downscaling the
17 CMIP6 products, including the precipitation, Tas, Tasmax
and Tasmin. The Taylor diagram (Figure 2) and spatiotemporal
distribution of temperature and precipitation simulation (Figures
3, 4) further demonstrated that simulation performance of the
CMIP6 MME was superior to the majority of single models and
can be adopted in this research. By calculating the Tas of the
basin for the future projection period (2030-2099), it was
determined that under the emission scenarios of SSP1-2.6,
SSP2-4.5, SSP3-7.0 and SSP5-8.5, the years when the PLB
reached the 1.5°C global warming target were 2048, 2048,
2048 and 2037 respectively. The years when it reached the 2°C
global warming target were 2077, 2066, 2066 and
2048 respectively. Notably, SSP1-2.6 and SSP2-4.5 did not
reach the 3°C global warming target, but SSP3-7.0 and SSP5-
8.5 reached the target in 2077 and 2071, respectively.

Under 1.5, 2 and 3°C global warming targets, the future annual
precipitation decreased by 14.82, 11.92 and 8.91% relative to the
reference period (1986-2005). Emphatically, as global warming
rising from 1.5 to 2°C, the annual precipitation would increase
by 2.90%, while it increased from 2 to 3°C, the annual precipitation
will significantly increase by 4.48%. Although the annual
precipitation in the future warming periods of the basin were
lower than the reference period, the reduction would decrease
with the rising global warming targets (1.5°C-3°C), which
indicated that the annual precipitation in the future still shows
an overall trend of increasing with the intensification of global
warming. That was mainly related to the rising radiative forcing
level in the future, especially drove by higher greenhouse gas
concentration in the future. In addition, the atmospheric water-
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vapour content and oceanic evaporation will increase with the
intensification of global warming, resulting in the increase of
precipitation in the future of the basin. Furthermore, the
standard deviations between 17 CMIP6 models were different,
amounting to 16.37/1.5°C, 16.48/2°C and 16.64%/3°C. Spatially,
the distribution characteristics of future annual precipitation in
the PLB were relatively consistent, but the regional variability is
significant. The annual precipitation was higher in the southern
regions than in the northern regions as well as the eastern part
experienced more precipitation than the western part. Such spatial
distribution pattern may be mainly related to the topography
characteristics and the influence of monsoon in the basin.

The interannual trend of future temperature in the PLB
indicated that the basin will continuously warm up in the
future. Under the 1.5, 2 and 3°C global warming targets, the
projected Tas increased significantly by 0.43, 0.94 and 1.92°C
and the Tasmax increased by 0.58, 1.11 and 2.09°C. The
Tasmin decreased by 0.29°C under the 1.5°C warming
target, while it increased by 0.19 and 1.18°C under the
2 and 3°C warming targets. The standard deviations were
1.16/1.5°C, 1.17/2°C and 1.20°C/3°C (Tas), 1.70/1.5°C, 1.71/
2°C and 1.72°C/3°C (Tasmax), as well as 1.10/1.5°C, 1.14/2°C
and 1.16°C/3°C (Tasmin), respectively. Spatially, the future
Tas, Tasmax and Tasmin indicated more consistent spatial
variation, which the warming degree overall showed that the
high latitude areas were larger than the low latitude areas, and
the western part of the basin was larger than the central and
eastern parts of the basin.

Regardless of the precipitation, Tas, Tasmax or Tasmin
increased with the rising global warming targets under the
same emission scenario. And the warming amplitude of the
3°C global warming target was much larger than that of the
1.5 and 2°C. In summary, the PLB should strengthen the early
warning and forecasting of flooding, develop flood prevention
measures, and establish an emergency system for flood
prevention and rescue to reduce flood losses (Zhang et al., 2018).
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