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Abstract

Climate change, dominated by global warming, will persist throughout this
century, and implementing adaptation and mitigation measures in response to
climate change impacts and risks has garnered widespread international recog-
nition. However, theories and methodologies in climate change impact and risk
research remain non-standardized, leading to a lack of comparability among re-
search findings. Based on the concepts of theoretical paradigm and constructive
paradigm proposed by philosopher of science Thomas Kuhn, we systematically
organize and integrate a “vulnerability-element separation-uncertainty-risk” the-
oretical framework for climate change impact and risk research, and summarize
the corresponding methodological system that includes field observations and
scientific experiments, numerical modeling and statistical methods, risk quan-
tification assessment frameworks, among others. Climate change impact and
risk research should follow the logical relationships of the “four elements” of the
theoretical paradigm, comprehensively employ multiple analytical methods, and
strive for comprehensiveness and systematization in relevant research, thereby
enhancing the scientific rigor of climate change impact and risk research and
the applicability and guiding significance of its findings.
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Abstract

Climate change, dominated by global warming, will continue throughout the
21st century. Adaptation and mitigation measures targeting climate change
impacts and risks have gained widespread acceptance from governments, scien-
tists, and organizations worldwide. However, theories and methods for assessing
climate change impacts and risks remain non-standardized, leading to incompa-
rable results across different sectors. Drawing upon the concepts of theoretical
and structural paradigms proposed by philosopher of science Thomas Kuhn, this
study first proposes a theoretical paradigm for climate change impact and risk
research based on the logical framework of “Vulnerability-Separation-Uncer-
tainty-Risks.” We then summarize corresponding analytical methods, including
field observations, experiments, numerical models, statistical approaches, and
frameworks for quantified risk assessment. Furthermore, based on the transfer
logic among the four components of the theoretical paradigm, systematic re-
search on climate change impacts and risks can be accomplished through the
integrated application of diverse analytical methods. This study may help ad-
vance research on climate change impacts and risks and enhance the scientific
rigor and practical guidance of related studies.

Keywords: climate change impacts; research paradigm; theoretical paradigm;
analytical methods

1. Theoretical Paradigm for Climate Change Impact and
Risk Research

In a broad sense, a paradigm represents an integration of research thinking and
methods—a conceptual and scientific system recognized by the scientific com-
munity. Masterman summarized Kuhn’ s paradigm into three aspects: first,
as a belief or metaphysical speculation (philosophical paradigm); second, as a
concrete scientific achievement or shared example (sociological or theoretical
paradigm); and third, as a tool, method, or analogical image that demonstrates
success through its own application (artificial or structural paradigm). While
the primary meaning lies in the philosophical dimension, Kuhn’ s originality
resides in the sociological implications and constructive functions of paradigms.
The sociological paradigm establishes a new relationship between applied mod-
els and metaphysics, providing pathways from general philosophical theory to
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practical scientific issues. This paper employs the latter two meanings—theoret-
ical paradigm and structural paradigm—to first propose a theoretical paradigm
for climate change impact and risk research. This paradigm assesses vulnerabil-
ity as its foundation, focuses on separating the contribution of climate factors
from other drivers of change, treats deterministic and complexity analysis as
key components, and ultimately aims to project climate change risks. The rela-
tive importance of these components varies across different research stages, with
earlier phases often emphasizing uncertainty less and conducting less thorough
quantitative separation of impacts.

1.1 Vulnerability Assessment

Vulnerability assessment has consistently emphasized the importance of vulnera-
bility in understanding receptor responses to climate change. The IPCC’ s Fifth
Assessment Report further clarified vulnerability concepts and components, in-
cluding sensitivity or susceptibility to hazards and the lack of coping and adap-
tive capacity. Generally, higher sensitivity and weaker adaptive capacity result
in greater system vulnerability. Vulnerability can be categorized as natural or so-
cial: the former reflects natural attributes of receptors, while the latter describes
potential losses to social systems under climate change. System vulnerability
represents the intrinsic cause of climate change impacts on natural and social sys-
tems. Vulnerability evaluation helps scientists and decision-makers understand
environmental change impacts, identify vulnerable systems, and characterize
vulnerability manifestations and causes. By synthesizing international vulnera-
bility research, scholars have standardized vulnerability concepts and defined six
dimensions for vulnerability assessment across natural environment and socioe-
conomic domains. Fiissel proposed a vulnerability assessment framework, while
Klein and Nicholls developed a seven-step technical route for climate change im-
pact assessment that offers greater operability. Systematic analyses of natural
ecosystem vulnerability to climate change have yielded preliminary conclusions,
such as comparisons of rice yield changes under rising mean temperatures and
increasing diurnal temperature ranges.

Table 1 Six domains for system vulnerability assessment [12]

Figure 1 [Figure 1: see original paper] Conceptual framework for climate
change vulnerability assessment (redrawn from ref. [13])

2. Climate Factor Impact Degree Identification

Relative to system vulnerability, research on separating climate factor contribu-
tions remains generally insufficient. Climate change and human activities jointly
drive dynamic changes and spatial heterogeneity across different assessment do-
mains. The ability to isolate climate change impacts from observed trends has
become a bottleneck constraining effective adaptation actions. The IPCC Fifth
Assessment Report emphasizes impact attribution, noting that evidence for cli-
mate change impacts on natural systems is most comprehensive, while some

chinarxiv.org/items/chinaxiv-201704.00185 Machine Translation


https://chinarxiv.org/items/chinaxiv-201704.00185

ChinaRxiv [$X]

impacts on human systems can also be partially attributed to climate change.
In China, quantitative separation of climate versus non-climate factors has only
been conducted for agricultural yield variability and water resource evolution,
creating substantial uncertainty in evaluating climate change impact magnitude
and scope. Studies have attributed changes in crop phenology and yields to
variety shifts and climate variables, while other scholars have analyzed runoff
reductions in the Haihe, Yellow River middle reaches, and Liaohe basins. Cli-
mate change often acts comprehensively on natural and socioeconomic systems,
resulting in cross-cutting impact characteristics. The IPCC Fifth Assessment
Report further notes that climate-related hazards affect impoverished popula-
tions directly through reduced crop yields or destroyed homes, and indirectly
through food price increases and security risks. The report calls for develop-
ing cross-sectoral, integrated assessment models to enhance understanding of
impact propagation chains and degree identification.

3. Uncertainty Analysis

Uncertainty sources in climate change impact and risk research include: (1) lim-
ited observational information, (2) insufficient understanding of climate change
processes and receptor response mechanisms, and (3) immature core technolo-
gies and methods. The degree of certainty regarding findings on vulnerability,
climate impact separation, and future risks depends on evidence quality and
consistency. For basic climate facts and trends, complex system processes and
feedbacks create strong uncertainties, as current climate models show large dif-
ferences in simulating Earth’ s radiation balance, clouds, and precipitation, mak-
ing future scenario projections less reliable. In vulnerability research, adaptation
creates feedbacks among system components and between systems and their en-
vironment, generating significant uncertainty and complexity. Integrated warm-
ing and CO fertilization experiments with numerical simulations reveal that
while elevated CO increases photosynthetic rates and optimal temperatures for
photosynthesis, high temperatures may cause yield losses and potentially force
systems into reverse succession. The applicability and uncertainty of physical
mechanism models require deeper investigation, including inadequate under-
standing of receptor adaptation processes, spatiotemporal heterogeneity, model
assumptions, and constraints. Scale conversion issues exist when applying site-
based models to regional scales. Walker et al. summarized uncertainties in
mechanism-based simulations. When climate scenario data drive domain assess-
ment models, uncertainties cascade like a waterfall, amplifying through complex
receptor responses, data applicability, and model limitations.

4. Risk Identification and Assessment

Risk identification and quantitative assessment form the scientific basis for risk
management and climate change adaptation. The IPCC Fifth Assessment Re-
port defines risk as the probability of hazardous events or trends multiplied by
their consequences, representing the combined effect of vulnerability and haz-
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ard. Analogous to natural disaster risk, climate change and extreme events
serve as risk sources, while exposed socioeconomic and environmental systems
constitute risk-bearing entities. Vulnerability reflects the susceptibility of these
entities. Climate change risk fundamentally exhibits futurity, benefit/loss du-
ality, and uncertainty. The IPCC report particularly notes that differences
in vulnerability and exposure, caused by non-climatic factors and multiple in-
equities, lead to varying climate change risks. Marginalized populations are
typically most vulnerable, and uncertainties in future responses are large due to
human-natural system interconnections. Risk assessment methods can incorpo-
rate inconsistent impact evaluation results into risk frameworks, coupling risk
evaluation with decision-making by quantitatively or qualitatively describing
potential risks while fully considering uncertainties. The report highlights key
risks under high vulnerability, defined as large-magnitude, high-probability, or
irreversible impacts with limited potential for risk reduction through adaptation
or mitigation. Current research in China remains weaker than international ef-
forts, with most content focusing on future trend projections rather than key
risk identification and quantitative assessment.

2. Methodological System for Climate Change Impact and
Risk Research

Rich methodologies have emerged domestically and internationally, including
experimental and statistical techniques to identify climate impacts, numerical
models for future risk projection, and statistical methods for uncertainty anal-
ysis. These approaches encompass observation technologies, simulation tech-
niques using experimental facilities, and analytical frameworks.

2.1 Observation Techniques

Advances in Earth observation technologies have achieved unprecedented cover-
age of land surface changes, providing high spatiotemporal resolution monitoring
data. Combined with socioeconomic census data and statistics, this has shifted
climate change impact research from qualitative analysis of geographic phenom-
ena to integrated qualitative-quantitative approaches. The IPCC Fourth Assess-
ment Report integrated nearly 30,000 data series from natural and biological
systems worldwide, revealing significant changes in cryosphere, freshwater, and
terrestrial ecosystems, including glacial retreat, lake expansion, earlier spring
phenology, and species range shifts toward poles and higher elevations. Tech-
niques like dendrochronology have expanded temporal scope, while experimen-
tal facilities such as Open-Top Chambers (OTC) and Free-Air CO Enrichment
(FACE) have rapidly developed to reveal plant ecophysiological effects and pop-
ulation/community vulnerability under climate change.
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2.2 Experimental Techniques

Multi-factor control experiments examining temperature, precipitation, radia-
tion, and other variables have been widely applied. However, scaling results
from typical species studies to ecosystem, landscape, or regional scales remains
challenging. While observation and experimental advances have fundamentally
improved mechanistic understanding, objective analyses of global climate change
impacts remain limited. Most experiments focus on single-factor effects, whereas
natural conditions involve complex interactions.

2.3 Climate Models and Assessment Domain Models

Numerical models in climate change impact research include climate models
and domain-specific assessment models. Historical climate data can be obtained
through meteorological station interpolation or proxy data reconstruction, but
future scenarios rely primarily on climate models, including Global Climate
Models (GCMs) and Regional Climate Models (RCMs) with dynamical down-
scaling. The IPCC Fifth Assessment Report employs Representative Concentra-
tion Pathways (RCPs) as scenario frameworks. Domain mechanism models are
widely used for impact assessment and risk projection, including biogeochemical
models (CENTURY, SIB2), dynamic vegetation models (IBIS, LPJ), distributed
hydrological models (VIC, SWAT), and crop models (DSSAT, CERES). Dy-
namic vegetation models simulate vegetation physiology, phenology, and nutri-
ent cycles, providing effective tools for projecting terrestrial ecosystem changes
under climate change. These models have been applied to assess ecosystem
vulnerability in China.

Table 2 Mechanism models for climate change impact assessment

To address uncertainties in domain mechanism models, integrated assessment
methods based on regional scales offer a viable direction. Comprehensive ap-
proaches combining field surveys, multi-scenario analysis, multi-model simu-
lation, and integration of holistic and individual perspectives can objectively
reveal regional system vulnerability and adaptation mechanisms, providing sci-
entific support for developing effective adaptation technologies.

2.4 Statistical Methods

Statistical methods for vulnerability assessment and climate attribution have be-
come increasingly sophisticated. Parametric methods such as cluster analysis,
principal component analysis, fuzzy comprehensive evaluation, and analytic hier-
archy process are widely applied. Non-parametric machine learning algorithms,
including artificial neural networks and rough set methods, have also emerged.
Spatial analysis functions effectively express heterogeneity in climate change
impacts. Statistical methods are crucial for uncertainty analysis: some uncer-
tainties can be quantified (e.g., across model ensembles), while others require
qualitative description (e.g., expert judgment). The IPCC Fifth Assessment Re-
port employs both qualitative and quantitative uncertainty treatment, including
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confidence levels, probability methods, Generalized Likelihood Uncertainty Es-
timation (GLUE), and Bayesian modeling. Probabilistic climate scenarios from
ensemble simulations can directly inform risk assessment, enabling risk-based
impact evaluation. For instance, Luo et al. integrated greenhouse gas emis-
sion scenarios, climate sensitivity, and regional response uncertainties to assess
climate change risks to wheat production in South Australia.

2.5 Risk Quantification Assessment Framework

Based on the three risk components—hazard, receptor vulnerability, and expo-
sure—current quantification models fall into two categories. The first builds on
traditional natural disaster risk assessment, where risk equals hazard multiplied
by vulnerability and exposure. These models have clear indicators and solid
research foundations but focus heavily on climatic hazards, limiting applicabil-
ity when impact mechanisms, especially indirect pathways, are unclear. Such
models have been applied to major meteorological and hydrological disaster risk
assessment in China. The second category originates from system vulnerabil-
ity, defining risk as the probability of exceeding critical vulnerability thresh-
olds. These models first calibrate system vulnerability standards, then examine
whether future climate change threatens these thresholds. This approach facili-
tates risk assessment when hazards are difficult to measure or impact chains are
complex. Indicator system methods are commonly used, employing statistical
approaches to hierarchically evaluate issues like ecosystem quality, biodiversity,
and adaptation capacity.

3. Conclusions and Discussion

The theoretical paradigm for climate change impact and risk research follows
the logical sequence: vulnerability assessment as the foundation, separation
of climate factor influences, uncertainty analysis throughout, and dual foci on
past impacts and future risks. Notably, climate change impact and risk assess-
ment should be based on domain-specific vulnerability characteristics, but these
domains often experience combined climate and human pressures. Therefore,
strengthening climate impact separation is essential for scientific assessment.
Due to limited understanding and analytical tools, effective differentiation of
human versus non-climatic factors remains inadequate, creating substantial un-
certainties in evaluating impact magnitude and scope, which constrains adapta-
tion implementation.

Figure 3 [Figure 3: see original paper| Theory paradigms for climate
change impact and risk research and corresponding analytical methods

During research implementation, the four paradigm elements should mutually
reinforce each other, yet current studies often address only single components
without fully developing the theoretical framework. For example, risk research
frequently focuses solely on future projections without integrating vulnerability
for quantitative assessment, while uncertainty analysis often concentrates on
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model performance comparisons rather than uncertainty propagation through
risk formation processes. The chain-development B2 inherent in the theoretical
paradigm is essential for ensuring research completeness.

Comparative analysis across domains shows that agricultural research in China
has relatively well-reflected this theoretical paradigm, employing field surveys,
statistical models, and crop mechanism models for vulnerability assessment,
attributing yield changes to climate trends, analyzing uncertainties through en-
semble projections, and identifying key risks. Observation, experimental, and
modeling methods support paradigm implementation. While observations pro-
vide validation data, they are often limited in scale. Numerical and statistical
models continue developing as primary systematic research tools, though their
assumptions and simplifications introduce uncertainties. Future research should
adopt multi-indicator, multi-factor approaches, calibrate models with observa-
tional data, and couple mechanism models with regional climate systems to
reduce uncertainties and identify ecosystem vulnerability and adaptation.
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