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. Introduction 

On September 22, 2020, Chinese President Xi Jin-Ping solemnly an-

ounced that "China will scale up its Intended Nationally Determined

ontributions by adopting more vigorous policies and measures, aiming

o have CO 2 emissions peak before 2030 and achieve carbon neutrality

efore 2060" at the General Debate of the 74 th Session of the United Na-

ions General Assembly. The so-called carbon neutrality means a state

f net-zero carbon dioxide emissions. This ritual commitment shows the

esponsibility of China as a global superpower to follow a "green, low-

arbon, high-quality" development path. Our series of deployments to

ddress climate change and carbon neutrality will have far-reaching im-

acts on the energy structure, industrial structure, and socioeconomic

evelopment of China and even the world. It will also have considerable

ffects on technological progress and global governance. The ultimate

oal of carbon neutrality is to unify international countries to jointly

chieve the temperature target of the Paris Agreement, i.e., to control

he global average temperature rise within 2 °C and to strive for only

.5 °C above preindustrial levels. Different from the traditional carbon

mission scenarios [1] , the Paris Agreement established the first sce-

ario in which temperature is regarded as a target to constrain climate

hange, pushing a new direction of climate research. Achievement of

he target would require a decrease in atmospheric CO 2 concentration

 2 , 3 ]. However, the World Climate Research Programme (WCRP) stated

n 2018 that "the scientific community lacks consensus on the climate ef-

ects of CO 2 removal" and launched the Carbon Dioxide Removal Model

omparison Program [4] ; as of 2021, the data were still renewing, and

elevant studies were few. 

Climate change is closely related to human society. Current global

arming, mainly caused by the massive emissions of greenhouse gases,

specially carbon dioxide, has dramatically affected human production

nd life. Despite a continuous increase in CO 2 since the 20 th century,

he global average temperature has shown a stepwise increase, includ-

ng warming in the early 20 th century, cooling in the mid-20 th century,

apid warming in the late 20 th century, and a hiatus in the early 21 st 
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entury [5–7] , underpinned by the nonmonotonic evolution of surface

emperature [ 8 , 9 ]. During the period of warming, global temperature

hange followed the familiar "temperature–CO 2 " relationship, but dur-

ng the hiatus period, i.e., the early 21 st century, the relationship was

ecoupled. This implies that the relationship between CO 2 concentra-

ion and surface temperature, which is of most concern to humans, is

ot linear and may involve complex dynamic feedbacks. Previous stud-

es have suggested that the coupled and decoupled "temperature–CO 2 "

elationship can be due to the different time-scale responses of the cli-

ate system to anthropogenic activities, such as a slow response due to

he large heat capacity of the ocean to anthropogenic radiative forcing

10–13] . On the other hand, the internal variability of the climate sys-

em, such as the cold phase of the Pacific Decadal Oscillation (PDO),

ay offset the warming effect of human activities [ 5 , 6 ]. In the future,

nder the scenario of "emission peak" and "carbon neutrality," our ulti-

ate goal is to limit the rise of global surface temperature. Our control of

arbon emissions will finally act on climate change. The management

f CO 2 concentration is only a method, not the ultimate goal. There-

ore, a scientific understanding of the "temperature–CO 2 " relationship

especially around some key turning points) is essential for planning

nd coping with climate change in the coming decades. 

2020 was an extraordinary year with worldwide climate extremes.

he sudden epidemic of COVID-19 early in the year led to a severe reduc-

ion in our productivity. As a vast industrial country, the stagnation in

roductivity caused a significant decrease in CO 2 and aerosol emissions.

ith effective epidemic prevention measures, our productivity levels be-

an to recover at the end of the year and were coming on strong in 2021,

hile the emissions in the rest of the world continued to decline. COVID-

9 forced us to passively experience an emission reduction. Reductions

n CO 2 or aerosols may cause an asynchronous response of the ocean

nd atmosphere in a short period, as the response of the ocean to radia-

ive change is slower than that of the land and atmosphere, which may

ause potential ecological, environmental, and engineering safety risks.

xtreme weather tends to become more frequent under global warming;

or example, the record-breaking Yangtze River floods in China triggered
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Fig. 1. Schematic diagram of the evolution of CO 2 concentration in a carbon- 

neutral background. 
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Fig. 2. Diagrams of climate-dynamical processes at different stages of atmo- 

spheric CO 2 concentration change. (a) During rising stages, CO 2 radiative forc- 

ing is the main driving force of the climate system. Due to the small heat ca- 

pacity, land warms rapidly with the increasing of CO 2 radiative forcing; the 

ocean’s response is slow owing to its large heat capacity. The thermal difference 

between land and ocean increases, which enhances monsoon circulation. (b) 

After carbon neutrality, CO 2 radiative forcing stabilizes or decreases, while the 

ocean is still slowly absorbing heat and warming. The land-ocean thermal con- 

trast diminishes, weakening the monsoon circulation; if the CO 2 concentration 

decreases dramatically, the deep ocean will release heat upward to decelerate 

the cooling of the sea and land surface. 
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y the strong anomalous Mei-yu event in 2020; the dust storms in north-

rn China and thunderstorms and windy weather in southern China in

arly 2021; the daily rainfall of more than 100 mm in South Xinjiang in

une; and the once-in-a-thousand-year event in Zhengzhou on July 20,

f which the hourly rainfall exceeded 200 mm. Beyond China, these ex-

reme weather events include the wildfires in Australia and California in

020, the snowstorm on the eastern coast of Canada, the heatwave in In-

ia and France, the extreme cold weather in Texas in February 2021 that

ed to widespread, long-term power outages, the extreme precipitation

n Europe in spring, etc. These extreme events resulted in tremendous

amage to the production and lives of human beings. Should these se-

ere weather and climate disasters be attributed mainly to human activi-

ies or natural variability? The actual physical processes of the "emission

eak and carbon neutrality" scenario may be more complex. A better

omprehension of the changes in the proportion of the climate disas-

er process is of high scientific and application value for predicting the

ntensity, area, and duration of extreme weather and climate disasters

nder future scenarios. 

The target of carbon neutrality is an integrated and extremely com-

lex issue that is widely associated with climate, ecology, energy, en-

ironment, society, etc. It results from interactions of multiple systems,

uch as land, atmosphere, ocean, and cryosphere. At present, the cli-

ate impact of carbon neutrality is still unclear, and it may be related

o planning a reasonable carbon emission path to realize the optimal

ayout of energy, industry, the ecological environment, and other fields

o achieve carbon neutrality with relatively small socioeconomic costs.

o date, there are several questions that still need to be answered. How

ill the regional climate over China and the global climate respond to

he three critical stages of the carbon neutrality target ( Fig. 1 ), i.e., from

ow to the "emission peak", from the "emission peak" to "carbon neutral-

ty," and from "carbon neutrality" to the end of this century? What will

e our stance on achieving an "emission peak"? Are there feedbacks from

limate change on carbon emissions or uptakes in both directions? What

re the possible feedbacks? How much uncertainty is there? To address

hese questions, it is essential to understand the relationship between

tmospheric CO 2 and temperature, i.e., to address the climate under

arbon neutrality, which is now a critical task. 

. Understanding climate dynamics under carbon neutrality 

During the historical period, researchers have conducted climate

nalysis with instrumental data, which, however, are unavailable in the

uture carbon-neutral scenario. Earth system models and climate dynam-

cs theory are needed to comprehend and project climate change. 

Under a carbon-neutral scenario, accurate prediction of climate–

arbon feedbacks and the hazards of weather and climate highly de-

ends on the precise projection of the future climate. The scenario of car-

on neutrality will be significantly distinguished from the scenario we

ave experienced since the industrial revolution. Additionally, the cor-

esponding climate dynamics are different from the well-known stages

uring which CO is rising. Before neutrality, the CO concentration
2 2 

2 
ill continue to increase, and radiative forcing during this period will

e the leading factor in global warming, dominated by the rapid re-

ponses of the climate system (especially land and mixed-layer oceans).

he heating effect due to the greenhouse gas (GHG) effect notably (ap-

roximately 90%) enters the ocean, which acts as a "heat reservoir"

 1 , 14 ]. After carbon neutrality, GHGs will stabilize or decline. The slow

esponses of the climate system (the slow absorption or release of heat

rom the deep ocean) will gradually increase. The "heat reservoir" effect

ay resist the cooling effect led by the decline in CO 2 concentration or

lowly warm the global surface when the CO 2 concentration stabilizes.

upposing that the CO 2 concentration decreases too rapidly, the ocean

ay even overwhelm GHGs and become the driver of global climate

hange, as shown in Fig. 2 . 

China features a typical monsoon climate. The thermal contrast

etween land and ocean plays an essential role in forming the East

sian monsoon [15] . Before carbon neutralization, the land warms more

apidly than the ocean, strengthening the thermal contrast and favoring

he continued enhancement of the East Asian summer monsoon. After

arbon neutralization, the ocean may still warm or cool slowly due to

ts thermal inertia, leading to a weaker thermal contrast and weakening

he East Asian summer monsoon [ 16 , 17 ]. All of the above factors may

ave impacts on the climate in China. 

Multiple studies have suggested that the El Niño–Southern Oscilla-

ion (ENSO) amplitude will strengthen, and extreme El Niño events will

ontinue to increase during the carbon-neutral stage [ 18 , 19 ]. During

xtreme El Niño events (e.g., the 2015–2016 super El Niño event), the

arbon emissions from the biosphere will increase due to high temper-

tures and droughts in the tropics [20] . The response in the oceans un-

er global warming may alter the uptake and storage of CO 2 , which

an impact the realization of carbon neutrality. For example, the North

tlantic Ocean is one of the major global carbon sinks. Due to deep con-

ection in the sinking branch of the AMOC, a large amount of carbon

s sequestered in the deep North Atlantic; therefore, a weakening of the

MOC will reduce its carbon storage capacity [21] , thus affecting the

tmospheric carbon concentration. In addition, under the low-carbon

missions scenario, the North Atlantic Ocean would potentially gradu-

lly replace the Southern Ocean as the focus of global ocean heat uptake

ue to the weakening of the Atlantic Meridional Overturning Circulation

AMOC) [22] . Under the carbon neutrality goal, future anthropogenic

erosol emissions will continue to decrease. The subsequent warming

ffect will be superimposed on the cooling effect caused by CO 2 reduc-

ion, resulting in an increase in surface warming and a decrease in the

ate of temperature decline, thus prolonging the time needed to achieve
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Fig. 3. Relationship between China and other countries in terms of net carbon 

emissions and climate. 
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he Paris Agreement’s low-temperature rise target [23] . Therefore, when

esigning specific pathways to achieve carbon neutrality, the critical cli-

ate impacts of anthropogenic aerosols need to be considered. 

Although the scientific community has some preliminary under-

tanding of the above processes, some difficulties appear in research: 

(1) Uncertainty in atmospheric CO 2 concentrations in the future. The

future pathway of CO 2 concentration is a result of net carbon

emissions from countries all over the world. At present, although

most countries have proposed related carbon neutral policies,

there is still much uncertainty regarding the pathway of CO 2 

emissions as well as its concentration. This increases the diffi-

culty of climate prediction. 

(2) Uncertainty of numerical simulation. The Earth system model is

an ideal tool to carry out climate prediction in the carbon neutral-

ity scenario. Many physical processes in the Earth system model

are simplified, and the details of weather and climate processes

are not fully described, which introduce simulation biases. More-

over, the lack of observation data and knowledge of some re-

gional climate phenomena makes it difficult to judge whether

the presentation in the Earth system model is reasonable. This

uncertainty may affect other regional climate phenomena. 

(3) The influence of internal climate variability. In addition to hu-

man activities, the climate is also influenced by internal climate

variability. For example, during the first decade of the 21st cen-

tury, atmospheric CO 2 continued to rise, but global temperature

displayed a hiatus due to the cooling of the eastern Pacific Ocean

[5] . Considering that in numerical simulation experiments, inter-

nal climate variability is stochastic, it is a challenge to force out

the variability. This makes climate prediction more difficult. 

In general, the scientific understanding of climate dynamics under

arbon-neutral scenarios is insufficient. The impact of these dynamic

rocesses on East Asia and the global climate is less understood. In ad-

ition, the precise quantification of the climate–carbon feedbacks un-

er future climate relies on a deeper understanding of climate dynam-

cs and a more accurate prediction of climate change under a carbon-

eutral scenario. Therefore, we need to conduct independent research

nd systematically understand the climate dynamic processes under car-

on neutrality scenarios, as well as their impacts on climate change in

hina and the globe. A deep understanding of these issues may enable

s to accurately and scientifically project the risk of climate in China

nd the world under the influence of carbon-neutral policies, the cli-

ate conditions in critical areas of carbon sources and sinks, and the

limate–carbon feedback before and after carbon neutrality. It provides

cientific support to the rational layout of energy, industry, ecology, and

he environment in China and makes carbon neutrality better and more

table. 

. Quantitative analyses of climate–carbon feedback 

At present, while there has been some relevant research on carbon–

limate feedback, there is still considerable uncertainty in the climate–

arbon-cycle model results that still need to be further developed [24–

6] . In the field of climatology, recent studies have primarily focused on

ne-way impacts, i.e., carbon emissions on climate change, while in fact,

he carbon cycle and climate are interactive. The IPCC Fifth Assessment

eport (IPCC AR5) concludes that there is positive feedback between

he carbon cycle and climate: under the future scenario, global warming

ay weaken the carbon sink of ecosystems, leading to higher CO 2 con-

entrations in the atmosphere and further reinforcing global warming.

he above understanding provides some implications: (1) If we ignore

he weakening of the carbon sink under global warming, the timing of

arbon neutrality achievement may be delayed. (2) If the atmospheric

O 2 concentration does not decrease enough after carbon neutrality, the

lobal temperature may rise slowly and continue to weaken the global
3 
arbon sink. Therefore, all countries cannot evade the efforts to control

arbon emissions. 

However, there is uncertainty in understanding some key parameters

n the climate–carbon feedback (e.g., feedback strength, critical thresh-

lds, and spatial distribution), which significantly constrains the plan-

ing of carbon-emission reduction. Supposing that we do not have an

ccurate understanding of the climate–carbon feedback; then we may

ail to achieve the optimal deployment of the development of energy,

ndustry, ecological environment and other fields in China. It may bring

dditional socioeconomic losses. Therefore, there is an urgent need to

onduct research on the carbon cycle and climate feedback. In addition,

n recent years, the WCRP updated the "Grand Challenges" on climate re-

earch, in which carbon–climate feedback was listed as one of the seven

hallenges. This implies the importance of climate–carbon feedback. 

. Interaction between China/global climate and carbon 

missions 

CO 2 can mix in the atmosphere and affect the climate through

hanges in its concentration on a global scale. That is, the climate change

f each country is not solely determined by the net carbon emissions

ithin the territory of each country but depends on the net carbon emis-

ions on Earth. Therefore, on the issue of climate change and carbon

missions, all countries on the worldwide scale are not isolated but are

losely linked communities [ 1 , 27-29 ], as shown in Fig. 3 . 

China has developed a long-term plan to achieve carbon neutral-

ty, which will significantly contribute to global climate mitigation and

arbon reduction. Based on the understanding of carbon–climate feed-

acks and climate dynamics under the "carbon neutrality" scenario, this

akes it possible to estimate the contribution of China’s carbon neutral-

ty policy to global warming mitigation, climate disasters, and ecological

arbon sinks. On the other hand, other countries might also influence

he domestic carbon emissions in China. Imagine an extreme scenario

nder which our country achieves carbon neutrality while the net CO 2 

missions of other countries are positive. Then, the CO 2 concentration

till rises, leading to a higher-than-expected temperature increase in our

ountry, further weakening the (ecosystem) carbon sink and destroying

he carbon-neutral state of China. Considering this, we can also rely

n the further study of climate–carbon feedback and climate dynamics

o assess the impact of carbon emissions from other countries on our

arbon-neutral status. These two aspects are important issues to be con-

idered in climate diplomacy. 

Based on an in-depth understanding of the carbon–climate feedback

nd carbon-neutral climate dynamics, it is feasible to conduct a study

n the interaction among China’s carbon neutrality, global climate, and

arbon emissions with the aid of sophisticated Earth system models.

onducting research in this area and quantifying the contribution of

hina’s carbon neutral policies to global climate and carbon emissions

elps increase China’s discourse power in climate diplomacy. Moreover,

ssessing the impacts of carbon emissions of other countries on climate
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nd carbon emissions in China and timely adjusting China’s deployment

n the fields of energy, industry, ecology, and the environment prudently

avor the achievement of carbon-neutral goals. 

. Solutions to scientific problems associated with carbon 

eutrality 

The major political plan of carbon neutrality gives rise to a series

f scientific problems. Future human-induced GHG change is a physi-

al problem and a complex problem involving politics, society, and the

conomy. Anthropogenic perturbations can result in impacts and con-

equences that threaten the security of the Earth system. Due to the

omplexity of the Earth system and the nature of nonlinear responses,

hanges in the relationship between humans and nature in the short

erm will inevitably cause significant uncertainty in the prediction of

he future environment. Thus, it is worthwhile to start from the follow-

ng three aspects. 

(1) One solution is climate dynamic research and Earth system model

development. The understanding of climate dynamics under car-

bon neutrality relies on the theoretical study of climate dynamics

and Earth system models. The Earth system model is the only dy-

namic tool that we use to predict the future. Climate dynamics

studies can be used to validate Earth system models and jointly

contribute to accurate estimates of climate–carbon feedbacks to-

gether with models. With a proper understanding of carbon-

neutral climate dynamics and the key quantitative indicators of

the climate–carbon feedback, we can use them to assess the in-

teractions between China and the globe on climate and carbon

emissions. 

(2) The second solution is to develop multidisciplinary theoretical

research, emphasizing the interactions of multiple systems of the

Earth, including the atmosphere–ocean, atmosphere–land, and

other multilayer interactions, as well as the two-way feedback

of climate and carbon. Carbon neutrality is not only a scientific

issue but also a complex sociological topic. It is important to focus

on the intersection of social sciences (e.g., economics and inter-

national relations) with climatology. Currently, the promotion of

interdisciplinary research is an inevitable trend in the develop-

ment of Earth sciences. The understanding of carbon neutrality

is also accompanied by the rapid development of computer tech-

nology, which provides computing power for large numerical cal-

culations. 

(3) The third solution is to effectively gather human resources, ex-

tensively recruit outstanding scientists in related fields, and bring

into research teamwork synergy. For example, we could build

large-scale computer devices to provide strong support for large-

scale scientific calculations and establish carbon-neutral research

centers. In particular, attention and emphasis should be placed

on institutional arrangements and national scientific policies to

strengthen the scientific innovation of China. For example, fund-

ing for fundamental research should be strengthened, and young

researchers, especially scholars who have recently received their

doctoral degrees, should be given more opportunities to explore

independently, and the evaluation mechanism should not be

paper-centered but should be more varied. 

. Conclusion and prospects 

In the process of energy change and carbon neutrality emerging glob-

lly, greenhouse gases such as CO 2 in the atmosphere will be influenced

y significant anthropogenic perturbations. Although low-carbon emis-

ions may slow atmospheric warming, the overall trend of climate warm-

ng will continue for a long time. Achieving carbon neutrality is likely

o lead to changes in global and national weather hazard patterns and

otentially decrease the uncertainty of climate variability and the oc-
4 
urrence of climate extremes, with important implications for global se-

urity. Therefore, the feedback and response of the Earth system to an-

hropogenic CO 2 emissions after carbon neutrality and its impacts will

e scientific issues worthy of attention in the future. Carbon neutrality

s closely related to domestic production and lives, and there is little

ime left for planning. This set of factors has given rise to key scientific

uestions that need to be addressed in the context of carbon neutrality,

ainly including the following: 

(1) Carbon-neutral climate dynamics research (understanding the

key climate dynamic processes under carbon-neutral scenarios,

including the fast and slow responses of the climate system, in-

ternal climate variability, and their impacts on our domestic and

global climate). 

(2) Two-way feedbacks between the regional and global climate–

carbon feedback (to understand the spatial distributions of the

crucial quantitative indicators, such as feedback coefficients and

critical thresholds and climate–carbon feedbacks in China and

worldwide). 

(3) The contribution of China’s carbon neutrality to global climate

and carbon emissions (assessing the contribution of China’s car-

bon neutrality policy to global warming mitigation, climate dis-

asters, ecological carbon sinks, etc. and evaluating the impact of

other countries’ carbon emissions on China’s carbon neutrality

status and route). 

In summary, climate change has profoundly affected human produc-

ion and life. Carbon neutrality is not a purely scientific topic but a

omplex and comprehensive issue. Established policies and emission re-

uction pathways might be highly affected by unexpected events, such

s the frequent occurrence of extreme weather disasters and outbreaks

f epidemics in recent years, which make the "carbon peak and carbon-

eutral" scenario face great uncertainty. There is enormous uncertainty

ut also a massive challenge to the scientific community. However, we

hould believe that we will make a breakthrough in climate issues in the

ontext of carbon neutrality with our joint efforts, which will serve our

ountry’s carbon emission policy at different stages. 
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