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a b s t r a c t 

Renewable energy, especially solar power, is vital for mitigating global warming, while climate change also 

impacts solar photovoltaic potential (PVpot). This study analyzes historical (1985–2014) and future (2015–2100) 

climate effects on PVpot, and quantifies contributions from changed radiation, temperature, and wind speed. 

Historically, global PVpot increased by 0.42 ‰ , with notable rises in eastern China ( + 7.1 ‰ ) and southern 

Europe ( + 3.5 ‰ ). By the end of the century, increased radiation-induced PVpot ( + 1.27 ‰ ) offsets temperature- 

induced PVpot loss (− 0.54 ‰ ) under SSP1-2.6, yielding a net PVpot increase ( + 0.74 ‰ ). Under SSP2-4.5, the 

temperature-induced PVpot decline (− 1.50 ‰ ) drives the final PVpot reduction (− 1.15 ‰ ). Under SSP3-7.0 

and SSP5-8.5, combined radiation-induced (− 1.94 ‰ and − 1.99 ‰ ) and temperature-induced PVpot changes 

(− 2.67 ‰ and − 3.41 ‰ ) result in significant PVpot declines (− 4.57 ‰ and − 5.31 ‰ ). Regional analysis reveals 

that eastern China ( + 0.7 ‰ to + 8.6 ‰ ), southern Europe ( + 0.3 ‰ to + 2.5 ‰ ), and Northwest South America 

( + 0.6 ‰ to + 2.1 ‰ ) retain positive changes in future PVpot across all climate scenarios, which may be due 

to reduced aerosols and cloud cover, suggesting these areas can remain suitable for photovoltaic installations 

despite climate changes. In contrast, temperature-driven PVpot declines over the Qinghai–Tibet Plateau (− 9.1 ‰ 

to − 4.3 ‰ ) and northern Africa (− 9.3 ‰ to − 4.9 ‰ ) under future high-emission scenarios indicate that these 

historically advantageous regions will become less suitable for solar energy deployment. The findings underscore 

that climate changes driven by sustainable development pathways will generate more PVpot in the future for 

better global warming mitigation. 

� �

�����, � �� �� ��� ���������� ��, � ��������� ����� (PVpot) . 

� ������� (1985–2014 � ) �� � (2015–2100 � ) ���PVpot �� �, �����, � ������ 

� . �����, ��PVpot ���0.42 ‰ , �� � ��� ( + 7.1 ‰ ) ��� ( + 3.5 ‰ ) ����� . ����

� , � SSP1-2.6 	, �����PVpot �� ( + 1.27 ‰ ) ���� ����PVpot � � (− 0.54 ‰ ) , ��PVpot ��

( + 0.74 ‰ ). � SSP2-4.5 	, � ��� �PVpot 	� (− 1.50 ‰ ) ����PVpot �� (− 1.15 ‰ ) . � SSP3-7.0 �SSP5- 

8.5 � , ���� � (− 1.94 ‰ �− 1.99 ‰ ) ������PVpot �� (− 2.67 ‰ �− 3.41 ‰ ) ����PVpot ��	

� (− 4.57 ‰ �− 5.31 ‰ ) . 	�����, ���� ( + 0.7 ‰ ∼+ 8.6 ‰ ) , �� ( + 0.3 ‰ ∼+ 2.5 ‰ ) �� �� �


� ( + 0.6 ‰ ∼+ 2.1 ‰ ) �� ����� 	�PVpot ���� ��, ���� � �����
���, �� �� �� 

� ����, ��� 	 �� ����� ���. ��
 	, � ��� ��	, � ��� (− 9.1 ‰ ∼− 4.3 ‰ ) �
� 

(− 9.3 ‰ ∼− 4.9 ‰ ) �� ��� ��� �� ��	� , ������� �� 	 ������� � � �. � �� �	� 

�, ����� � ���������� �� ������ ��� �, ���� � ��� ���. 
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. Introduction 

Climate warming has become an urgent global problem that needs to

e addressed seriously. The COP29 report indicates that the global mean

emperature in 2024 reached a new record level, temporarily exceeding

he critical 1.5 °C threshold. This highlights the accelerating impacts

f climate warming, including frequent extreme weather events, rising
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ea levels, and ecosystem degradation ( IPCC, 2018 ; King and Harring-

on, 2018 ; UNFCCC, 2015 ). 

In response to the climate change crisis, reducing greenhouse gas

missions has become a priority for countries worldwide, among which

he rapid development of renewable energy is regarded as a key solution

 Gaetan et al., 2024 ). In recent years, the application of green energy

uch as solar energy has grown significantly. By the time of net-zero
) . 
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missions, renewable energy can account for about 60 % of global pri-

ary energy, with solar energy being a key contributor ( DeAngelo et al.,

021 ). As Creutzig et al. (2017) pointed out, photovoltaic (PV) power

eneration will provide 30 %–50 % of electricity in the future. Solar

nergy can play a key role in future energy production, with renewable

nergy needs being met by using only 0.5 %–1 % of the world’s land sur-

ace, as long as deployment strategies effectively take into account the

ocation-specific climate change impacts ( Saxena et al., 2023 ). There-

ore, solar PV energy is fundamental for decarbonizing the global econ-

my and supporting the renewable energy transitions that are needed

o combat climate change. 

PV power generation is primarily driven by surface downwelling

hortwave radiation. Air temperature and wind speed can also affect

he efficiency of solar panels ( Jerez et al., 2015 ). As ambient tempera-

ure rises, solar panel efficiency typically decreases, while wind speed

an cool the panels to increase efficiency ( Peters and Buonassisi, 2019 ;

azem and Chaichan, 2016 ; Dubey et al., 2013 ). Therefore, climate

hange potentially affects both PV power production and the operational

tability of solar panel arrays. The actual PV power output is determined

y multiplying the PV potential (PVpot) by the nominal installed ca-

acity. Calculating changes in PVpot across different climate scenarios

an provide a standardized evaluation method, enabling more accurate

omparisons of meteorological impacts on PV power generation. This

pproach also supports the development of adaptation and optimiza-

ion strategies tailored to diverse regions. Given the context of global

arming and the large-scale deployment of PV power generation, it is

rucial to investigate how historical and future climate warming affect

V energy yield. 

Many previous studies focusing on the regional scale have as-

essed both long-term and short-term changes in future PV availability

 Arregocés et al., 2024 ; Poddar et al., 2021 ), but their conclusions of-

en remain inconsistent due to differences in methodology, assumptions,

nd scope. For the global scale, some previous studies have relied on

epresentative Concentration Pathway (RCP) scenarios ( Saxena et al.,

023 ; Feron et al., 2020 ). Since the RCPs were finalized for use in the

PCC’s Fifth Assessment Report, the development of the more complex

hared Socioeconomic Pathways (SSPs) has been a much longer and

ore intricate process. Additionally, some studies have used specific

alculation methods to evaluate PV performance under particular con-

itions (e.g., Lei et al., 2023 ), while different regions may require more

ailored methods for accurate assessment, owing to their different local

actors such as climate, geography, and infrastructure. 

Meanwhile, previous research has often neglected to thoroughly

ompare the impacts of various climate scenarios (i.e., SSP1-1.9, SSP1-

.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5), predominantly focusing on a

imited selection of scenarios of interest while overlooking intermediate

nd more nuanced pathways ( Arregocés et al., 2024 ; Lei et al., 2023 ;

eron et al., 2020 ; Jerez et al., 2015 ). Given the wide array of potential

uture conditions, a more comprehensive analysis of the historical and

rojected extent of global solar PV power generation is crucial. This in-

ludes identifying the key factors that influence these changes across di-

erse climate scenarios. Such an approach can provide valuable insights

nto the geographical distribution of solar PVpot and inform investment

trategies for future PV capacity development. 

In order to assess the historical and future impacts of climate changes

n solar PVpot, historical data from ERA5 (1985–2014) and predicted

uture simulations from CMIP6 under various SSP scenarios (2015–

100) are analyzed. To minimize uncertainties resulting from different

alculation methods of PVpot, the multi-algorithm ensemble mean is

nally analyzed, including evaluating the changes in PVpot driven by

ariations in meteorological factors. This study aims to comprehensively

uantify the variations in global solar PVpot and their meteorological

nfluencing factors under complex climate conditions. Section 2 intro-

uces the data and methods. Section 3 explores the historical and future

mpacts of climate change on solar PVpot. Finally, Section 4 provides

onclusions. 
a  

2

. Data and methods 

.1. Historical and future meteorological variables 

We analyze the impacts of historical and future climate change

n solar PVpot and further quantify the contribution of each changed

eteorological variable. The historical meteorological variables dur-

ng 1985–2014 are adopted from the ERA5 reanalysis dataset ( https:

/www.ecmwf.int/en/forecasts/dataset/ecmwf- reanalysis- v5 ). The fu-

ure meteorological variables during different periods (2015–2044, de-

oted as early-century; 2045–2074, denoted as mid-century; and 2071–

100, denoted as late-century) are obtained from the future projections

f the Scenario Model Intercomparison Project (ScenarioMIP) in CMIP6

 https://esgf-node.llnl.gov/search/cmip6/ ) with five different SSP sce-

arios (i.e., SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5). We

ownloaded simulations from 15 global climate models as shown in Ta-

le S1, and a nearest-neighbor interpolation method was applied to re-

ample the simulated variables to the specified horizontal resolution of

.25° × 0.25°. 

.2. Calculation method of solar PVpot 

The solar PV power production depends on its PVpot, which means

hat PVpot multiplied by the nominal installed watts of the PV power

apacity is the actual PV power output. In other words, PVpot is a di-

ensionless value that describes the performance of a solar cell relative

o its nominal power capacity under the real environmental conditions.

According to previous studies ( Jerez et al., 2015 ), PVpot can be cal-

ulated as follows: 

Vpot ( 𝑡) = 𝑃r ( 𝑡) ×
𝑅( 𝑡) 
𝑅STC 

, (1) 

here 𝑅 ( 𝑡 ) represents surface downward shortwave radiation

SWDOWN) at time 𝑡 ; 𝑅STC is a constant value ( 𝑅STC = 1000 W m− 2 ),

hich refers to the surface downwelling shortwave radiation on a PV

anel under standard test conditions; and 𝑃r ( 𝑡 ) is the performance ratio,
ndicating the temperature influence on the PV power efficiency. 𝑃r ( 𝑡 )
an be calculated as follows: 

r ( 𝑡) = 1 + 𝛾 ×
(
𝑇cell ( 𝑡) − 𝑇STC 

)
, (2) 

here 𝑇STC represents the temperature standard test condition

 𝑇STC = 25 °C), and 𝛾 is taken here as − 0.005 °C− 1 , considering the

onversion rate of typical monocrystalline silicon solar panels. 𝑇cell ( 𝑡 )
epresents the temperature of the solar cell. Solar cell performance de-

lines as the temperature rises, primarily due to elevated carrier concen-

rations, intensifying internal carrier recombination rates. PV modules’

lectrical efficiency and power output do not always exhibit a linear

ependence on operating temperature ( Dubey et al., 2013 ; Peters and

uonassisi, 2019 ). As the efficiency of solar cells varies depending on the

emperature sensitivities of different PV modules, three commonly used

ormulas of 𝑇cell ( 𝑡 ) (Eqs. (S1–S3)) are selected for the ensemble mean to
eflect the more general result (Table S2). 

.3. Calculation method of meteorology-driven PVpot changes 

In order to quantify the contribution of each changed meteorologi-

al variable (i.e., surface SWDOWN, 2-m temperature, and 10-m wind

peed) to PVpot changes, the equation of meteorology-driven PVpot

hange can be expressed as follows by combining Eqs. (1) and (2) , and

ne calculation method of the temperature of the solar cell ( 𝑇cell ) as

isted in Table S2. Here, we take Eqs. (1) , (2) , and (S1) as an example: 

PVpot = Δ𝑅
(
𝑖1 + 𝑖2 Δ𝑅 + 2 𝑖2 𝑅 + 𝑖3 𝑇 + 𝑖4 𝑊

)
+ 𝑖3 𝑅 ⋅ Δ𝑇 

+ 𝑖4 𝑅 ⋅ Δ𝑊 + 𝑖3 Δ𝑅 ⋅ Δ𝑇 + 𝑖4 Δ𝑅 ⋅ Δ𝑊 , 
(3) 

here 𝑖1 = 1 . 1035 × 10 −3 m2 W− 1 , 𝑖2 = −1 . 4 × 10 −7 m4 W− 2 , 𝑖3 =
4 . 715 × 10 −6 m2 W− 1 °C− 1 , and 𝑖4 = 7 . 64 × 10 −6 m s W− 1 . 𝑅 , 𝑇 ,

nd 𝑊 are the surface SWDOWN, 2-m temperature, and 10-m wind

https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
https://esgf-node.llnl.gov/search/cmip6/
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Fig. 1. (a) Historical changes in PVpot from 1985–1999 to 2000–2014, and the contributions of (b) changed surface SWDOWN flux, (c) changed 2-m temperature, 

and (d) changed 10-m wind speed to the changed PVpot. The global land mean and the averages of six analyzed areas are listed in the lower left of each panel. The 

regions A, B, C, D, E, and F represent northern Africa, eastern China, southern Europe, Northwest South America, the Qinghai–Tibet Plateau, and the western United 

States, respectively. 
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peed, respectively. Δ𝑅 , Δ𝑇 , and Δ𝑊 represent the changed radiation,

hanged temperature, and changed wind speed, respectively. Therefore,

he changed PVpot induced by the changes only in surface SWDOWN

ux (2-m temperature, 10-m wind speed) can be obtained by taking

𝑇 = Δ𝑊 = 0 ( Δ𝑅 = Δ𝑊 = 0 , Δ𝑅 = Δ𝑇 = 0 ). 
Additionally, the t -test has been adopted to reduce uncertainties

mong CMIP6 models. Changes are considered significant only if more

han half of the CMIP6 models pass the t -test ( p < 0.05). If none of the

odels meets the significance threshold ( p ≥ 0.05), the values for that

egion are treated as negligible and excluded from the final calculation.

or the mean values of the six analyzed regions, we also use the t -test to

ssess their significance (significant ( p < 0.05) and robust ( p < 0.01)).

or the time trend analysis, the Mann–Kendall test is applied to detect

ignificance. 

. Results and discussion 

.1. Historical changes in solar PVpot 

The global land mean solar PVpot and its trend from 1985 to 2014

re first assessed. Six key regions representing different geographic and

ocioeconomic conditions are also selected for detailed analysis, includ-

ng northern Africa (7°–18°N, 0°–35°E), eastern China (24°–34°N, 105°–

20°E), southern Europe (43°–50°N, 5°–30°E), Northwest South America

0°–20°S, 60°–80°W), the Qinghai–Tibet Plateau (28°–40°N, 84°–95°E),

nd the western United States (35°–47°N, 100°–120°W). 

The historical global land mean PVpot is 17.06 % during 1985–2014,

ith high values in northern Africa (26.1 %), the Qinghai–Tibet Plateau

26.5 %), and western United States (21.9 %), and low values predom-

nantly in southern Europe (15.2 %) and eastern China (15.7 %) (Fig.

1(a)). This distribution aligns with previous research ( Dubey et al.,

013 ), which identified plateaus and deserts as optimal for PV installa-

ion. However, according to the 30-year trend of PVpot (Fig. S1(b)), we
3

nd contrasting changes over these regions, e.g., significant increases

decreases) in PVpot are calculated over Southeast China (Qinghai–Tibet

lateau) with a value of + 0.37 %/10 yr (− 0.11 %/10 yr), where the 30-

ear averaged PVpot is very small (large), indicating inconsistent refer-

nce information for PV installation by results from the time mean and

he time trend of PVpot. 

To investigate the impacts of historical climate change on PVpot

nd further quantify the contribution of each changed meteorologi-

al variable, we divide the period into two phases (1985–1999 and

000–2014) according to the temporal variation in PVpot during 1985–

014 (Fig. S2). Our findings indicate that historical climate change

romoted an increase in PVpot across most regions, such as eastern

hina ( + 7.1 ‰ ), southern Europe ( + 3.5 ‰ ), and Northwest South

merica ( + 2.7 ‰ ), while the Qinghai–Tibet Plateau shows a decrease

− 2.3 ‰ ) ( Fig. 1 (a)). Comparing the contributions of changed mete-

rological variables ( Fig. 1 (b–d)), radiation changes dominate PVpot

ains ( + 0.88 ‰ ). The rising air temperature inhibits the decrease in

Vpot, especially over northern Africa (− 1.0 ‰ ). The impact of histor-

cal wind speed changes on PVpot is minor ( + 0.0038 ‰ ). Overall, de-

pite the 30-year averaged PVpot being very high over northern Africa

nd the Qinghai–Tibet Plateau, the rising air temperature (Fig. S3(b))

itigates the increase in PVpot during 1985–2014. Conversely, east-

rn China and southern Europe, where the PVpot is relatively low, ex-

ibit substantial increases in PVpot driven by the rising radiation (Fig.

3(a)). By comparing the contribution of each meteorological element

o the PVpot and the absolute time trend of meteorological elements

Fig. S4), the changes in PVpot are similar to the changes in radia-

ion (Fig. S4(a)), but there is inconsistency between the temperature

hanges (Fig. S4(b)) and the changes in the temperature-induced PVpot

 Fig. 1 (c)); the areas with the largest temperature increases are not nec-

ssarily the areas where the temperature-induced PVpot decreases most

ignificantly. 
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.2. Projected future changes in solar PVpot 

In addition to assessing the impact of historical climate change on

Vpot, it is essential to estimate how PVpot will evolve under future

limate scenarios, to facilitate better comparative analyses and future

lanning. This section quantitatively examines the future changes in

Vpot under multiple climate scenarios (i.e., SSP1-1.9, SSP1-2.6, SSP2-

.5, SSP3-7.0, and SSP5-8.5) during mid-century (2045–2074) and late-

entury (2071–2100) periods compared with the early-century (2015–

045) period. 

.2.1. Change in PVpot under future climate scenarios 

By the end of the century, the declines in PVpot under SSP3-7.0

− 4.57 ‰ ) and SSP5-8.5 (− 5.31 ‰ ) are nearly doubled comparing with

hat during the mid-century (− 2.67 ‰ and − 2.68 ‰ ) ( Fig. 2 ). More

Vpot is obtained under SSP1-1.9 and SSP1-2.6, with the changes in-

reased from + 1.08 ‰ to + 1.86 ‰ and + 0.26 ‰ to + 0.74 ‰ , respec-

ively, underscoring how climate change under a low-emissions scenario

ill generate more PVpot in the future. 

For the changes in PVpot in the six analyzed regions, eastern China

 + 0.7 ‰ to + 8.6 ‰ ), southern Europe ( + 0.3 ‰ to + 2.5 ‰ ) and North-

est South America ( + 0.6 ‰ to + 2.1 ‰ ) remain positive in the future

cross all climate scenarios ( Fig. 2 ), not only during the mid-century

ut also during the late-century period, suggesting these areas remain

uitable for PV installations despite climate changes in the future. How-

ver, the positive changes in future PVpot over northern Africa and the

inghai–Tibet Plateau can only be found under SSP1-1.9 and SSP1-2.6,

nd the negative changes are significant under SSP3-7.0 and SSP5-8.5,

ith values of − 9.3 ‰ to − 4.9 ‰ for northern Africa and − 9.1 ‰ to

 4.3 ‰ for the Qinghai–Tibet Plateau. 

.2.2. Impact of driving meteorological factors 

Fig. 3 highlights the influence of changes in SWDOWN on future

Vpot. Under high-emission scenarios (SSP3-7.0 and SSP5-8.5), reduc-

ions in SWDOWN (Fig. S5) are the primary driver of declining PVpot.

specially, by the end of the century under SSP5-8.5, eastern China

hows a radiation increase of 10.4 W m− 2 , which will contribute a

0.4 ‰ rise in PVpot ( Fig. 3 (j)), while northern Africa will experience a

adiation drop of 4.9 W m− 2 , resulting in a 4.5 ‰ PVpot reduction. Se-

ere emission scenarios lead to radiation declines in regions such as the

ahara Desert, Qinghai–Tibet Plateau, and the western United States,

hich subsequently reduce PVpot, while eastern China shows the oppo-

ite. These results underscore the significant influence of changed radi-

tion on future PVpot. 

Temperature changes are also a critical factor affecting PVpot (Fig.

6). Future temperature increases consistently reduce PVpot, with more

evere impacts under higher emission scenarios. Only during the late-

entury period under SSP1-1.9 does the decreased temperature over

igh-latitude regions (Fig. S7(b)) cause a slight increase in PVpot

 + 0.016 ‰ , Fig. S6(b)), while all other scenarios show significant

emperature-induced PVpot declines (− 0.2 ‰ to − 3.41 ‰ ). Notably,

egions experiencing the greatest temperature increases are located at

igh latitudes around 60°–90°N (Fig. S7), whereas temperature-induced

eclines in PVpot are predominantly concentrated near the equator.

his discrepancy indicates that the relationship between temperature

ise and PVpot reduction is not linear but influenced by regional cli-

atic differences. Among the analyzed regions, northern Africa and

he Qinghai–Tibet Plateau are most vulnerable to temperature-induced

Vpot declines, highlighting their sensitivity to temperature variations.

Compared to radiation- and temperature-induced PVpot changes,

ariations in future wind speed have a relatively minor impact on PVpot

− 0.019 ‰ to + 0.037 ‰ ) (Fig. S9). Except under the SSP2-4.5 scenario,

ll other scenarios show that increased (decreased) wind speed (Fig. S8)

ill lead to a rise (decline) in PVpot, and the change in PVpot caused

y wind speed change is more obvious at the end of this century. 
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.3. Discussion 

The above results highlight the impacts of climate change on PVpot.

he changes under SSP1-2.6 are most similar to the patterns of histori-

al change. By maintaining conditions similar to those projected under

SP1-1.9 and SSP1-2.6, we can anticipate a continuous increase in global

Vpot. 

Regional analysis reveals a significant increase in PVpot in eastern

hina, where a remarkable rise in PVpot ( + 0.7 ‰ ∼+ 8.6 ‰ ) is exhibited

cross all climate scenarios, driven primarily by increased SWDOWN.

his increase is likely linked to regional reductions in aerosol concentra-

ions and cloud cover dynamics ( Zhang et al., 2022 ; Hong et al., 2020 ),

hich enhance solar radiation availability. 

In contrast, regions such as the Qinghai–Tibet Plateau and northern

frica exhibit significant declines in PVpot under high-emission scenar-

os (SSP3-7.0 and SSP5-8.5), with reductions ranging from − 9.3 ‰ to

 4.3 ‰ . These declines can primarily be attributed to reductions in

WDOWN and the adverse effects of rising temperatures. The Qinghai–

ibet Plateau, despite its high elevation and historically favorable con-

itions for solar energy, faces similar challenges due to increased cloud

over and temperature ( Yang et al., 2022 ; Dumka et al., 2021 ). These

egional disparities underscore the importance of understanding the un-

erlying climatic mechanisms driving PVpot changes, particularly in ar-

as vulnerable to the adverse effects of climate change. 

Additionally, there are also uncertainties with limited meteorologi-

al factors. In this study, we focused on three key meteorological vari-

bles —radiation, temperature, and wind speed —as they are directly in-

orporated into the PVpot formula. However, other factors such as cloud

over and relative humidity may also influence PVpot ( Yang et al., 2022 ;

eher et al., 2019 ). Therefore, future studies should further refine the

nalysis by incorporating these factors to achieve more comprehensive

esults. 

. Conclusions 

The historical analysis carried out in this study shows a global mean

Vpot of 17.06 %, with high values over the Qinghai–Tibet Plateau

26.5 %), northern Africa (26.1 %), and western United States (21.9 %),

nd low values predominantly over eastern China (15.7 %) and southern

urope (15.2 %). The 30-year trend of PVpot reveals contrasting changes

ver these hotspot regions, with significant increases of 0.37 %/10 yr

0.17 %/10 yr) over eastern China (southern Europe) and significant de-

reases of 0.11 %/10 yr (0.026 %/10 yr) over the Qinghai–Tibet Plateau

northern Africa). The rising air temperatures mitigate the increase in

Vpot over northern Africa and the Qinghai–Tibet Plateau, while ris-

ng radiation dominates the substantially increased PVpot over east-

rn China and southern Europe. All these results indicate that climate

hanges have been affecting strategies for PV installation. 

Future projections show significant declines in the global land mean

Vpot under the extreme climate scenarios of SSP3-7.0 (− 2.67 ‰ ) and

SP5-8.5 (− 2.68 ‰ ) during the mid-century compared with that during

he early-century period, and the decline nearly doubles by the end of

he century (− 4.57 ‰ for SSP3-7.0 and − 5.31 ‰ for SSP5-8.5). Mean-

hile, more PVpot is obtained under the low-emissions scenario of SSP1-

.9 (SSP1-2.6), with the changes increased from + 1.08 ‰ ( + 0.26 ‰ )

uring the mid-century to + 1.86 ‰ ( + 0.74 ‰ ) by the end of the cen-

ury. 

Hotspot regions like northern Africa and the Qinghai–Tibet Plateau

ill be vulnerable to future climate changes due to increased cloud

over and temperature, and the negative changes in PVpot are signif-

cant under SSP3-7.0 and SSP5-8.5. In contrast, regions such as eastern

hina ( + 0.7 ‰ to + 8.6 ‰ ), southern Europe ( + 0.3 ‰ to + 2.5 ‰ ), and

orthwest South America ( + 0.6 ‰ to + 2.1 ‰ ) retain positive changes

n future PVpot across all climate scenarios because of reductions in

erosol concentrations and cloud cover dynamics, suggesting these ar-
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Fig. 2. Future changes in PVpot under the scenarios of (a, b) SSP1-1.9, (c, d) SSP1-2.6, (e, f) SSP2-4.5, (g, h) SSP3-7.0, and (i, j) SSP5-8.5 during the mid-century 

(2045–2074, left column) and late-century (2071–2100, right column) periods compared with during the early-century period (2015–2030). Dotted regions are 

defined as those where at least half of selected models agree on the sign of the changes as significant ( p < 0.05), while missing regions (in gray) are considered 

negligible, indicating that no model shows significant changes. The global land means and the averages of six analyzed areas are listed in the lower left of each panel. 

A single asterisk (∗ ) indicates the average change in this area is statistically significant ( p < 0.05), while double asterisks (∗ ∗ ) indicate a robust ( p < 0.01) value. The 

regions A, B, C, D, E, and F represent northern Africa, eastern China, southern Europe, Northwest South America, the Qinghai–Tibet Plateau, and the western United 

States, respectively. 
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Fig. 3. Changed solar photovoltaic power potential induced by the changes only in surface downward short-wave radiation flux during the mid-century (2045–2074, 

left column) and the late-century (2071–2100, right column) compared with that during the early-century (2015–2030) under scenarios of (a–b) SSP1-1.9, (c–d) 

SSP1-2.6, (e–f) SSP2-4.5, (g–h) SSP3-7.0, and (i–j) SSP5-8.5. Dotted regions are defined as those where at least half of selected models agree on the sign of the changes 

as significant (p < 0.05), while missing regions (in grey) are considered negligible, indicating that no models show significant changes. The global land means and the 

averages of six analyzed areas are listed in the lower left bottom of each panel. A single asterisk (∗ ) indicates the average change in this area is statistically significant 

(p < 0.05), while double asterisks (∗ ∗ ) indicate a robust (p < 0.01) value. The regions A, B, C, D, E, and F represent Northern Africa, Eastern China, Southern Europe, 

Northwest South America, Qinghai-Tibet Plateau, and the Western United States, respectively. 
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