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ABSTRACT:

With the acceleration of climate change, concerns about the impacts on sovereign
creditworthiness have become more and more significant. This work responds to that issue by
showing how the use of artificial intelligence (Al) can enhance climate models which predict
macroeconomic and fiscal stress and how these results influence sovereign credit ratings,
borrowing costs, and regulatory stress tests. The combination of Al with climate, economy
modeling allows for a more factual, detailed, and future, oriented evaluation of how both the
physical and transition climate risks weaken a country's economic fundamentals, mainly
growth, public finances, and external stability, which are key factors in the assessment of
sovereign credit (S&P Global, 2021). Latest econometric research implementing machine
learning approaches like random forests and neural networks has found that in scenarios of
high emissions (e.g., RCP 8.5), almost all countries can experience their credit ratings
lowered substantially with the consequential worldwide increases in sovereign borrowing
costs totaling up to $200 billion per year by 2100 (Klusak et al., 2023). On top of that,
climate, adjusted sovereign credit modeling indicates that climate, driven deterioration of
public finances may become the root of the private sector's woes leading to corporate bond
spreads growth and increased risk in the financial system (Mohaddes et al., 2023). The
integration of Al, enhanced climate projections into sovereign risk modelling, financial
supervision, and macroprudential stress testing frameworks is, therefore, a prerequisite based

on such evidence. Atrtificial intelligence application in this area far extends the predictive
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power of conventional econometric models, thus allowing sovereign issuers, credit, rating
agencies, and financial regulators to examine the different scenarios of climate risk (e.g.,
physical disasters, carbon pricing shocks) and the resulting credit risk effects (Overes & van
der Wel, 2022). Nevertheless, the method also has its shortcomings, including model
uncertainty, difficulties in attribution, and issues regarding the exacerbation of developing
countries' situation. Albeit these problems, the match between Al, generated climate
predictions and sovereign risk frameworks is a breakthrough toward the integration of climate
risk in the financial system framework at a global level.

KEYWORDS: Al-driven climate models; sovereign credit ratings; climate risk; borrowing

costs; stress testing; machine learning.

INTRODUCTION

Climate change's effects on sovereign creditworthiness is no longer just a hypothetical
scenario but a reality that is increasingly worrying investors, policymakers, and credit rating
agencies. As countries confront the global warming, extreme weather situation becoming
more frequent, and energy transition getting more complex, the influence of climate, related
risks on macroeconomic stability and public finances is inescapable. Usually, the evaluation
of sovereign credit risk which is the chance of a government to default on its debt has been
concentrated on economic fundamentals like GDP growth, fiscal balance, debt levels,
external vulnerabilities, and institutional strength (S&P Global Ratings, 2021). Nevertheless,
the above, mentioned conventional model is presently being questioned by the nature of
climate risk which is long, term and can deteriorate the creditworthiness of a country not only
by the physical risk but also by the transition risk channels (TCFD, 2017).

Physical climate risks are those that come from nature and include both chronic and acute
environmental hazards, e.g. sea, level rise, long droughts, floods, and heatwaves, that can
negatively impact the most important economic sectors (such as agriculture, infrastructure,
and tourism) through the destruction of the products of these sectors, and at the same time,
the government can see a rise in the public expenditure due to the disaster relief and
adaptation measures needed. On the contrary, transition risks are those resulting from a
worldwide move to a carbon, neutral economy and consist of changes in the energy usage and
implementation of policies, pricing for carbon emissions, and investors’ sentiment. Thus,

countries using fossil fuels for energy production or exporting mostly carbon, intensive
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products might end up with leftover assets, worsening their trade balances, and facing
political backlash as a consequence of decarbonization (Battiston et al., 2017; IEA, 2021).
One of the major advances in climate, economic modeling is how the recent use of Al and
machine learning (ML) coupled with climate, economic modeling has revolutionized the
measurement of such risks and their integration into sovereign credit assessments. In contrast
to conventional statistical techniques, Al methods like random forests, support vector
machines (SVMs), and deep neural networks can resolve the non, linear relationships andages
interactions between climate variables and economic outcomes in extensive data sets. This
advancement in technology has allowed researchers to create climate, adjusted sovereign
credit models that can forecast the effects of different climate scenarios, such as
Representative Concentration Pathways (RCPs) 2.6, 4.5, or 8.5, on sovereign ratings over
time (Klusak et al., 2023; Burke et al., 2021).

For example, Klusak et al. (2023) utilized a random forest model that was educated on past
sovereign rating data and showed that as per the high, emissions scenario (RCP 8.5), credit
ratings of more than 100 countries might decline by an average of 2.48 notches by the year
2100, and low, income and climate, vulnerable countries would be the ones to suffer the
most. These downgrades will have a major effect on the cost of sovereign borrowing, leading
to higher risk premiums sought by investors and tightening fiscal space in, for example, low,
income countries with already high debt levels. Besides, the effects at the level of sovereigns
trickle down to company bond markets, where the costs of debt servicing will be higher for
firms in the affected countries thus, leading to increased business risks (Mohaddes et al.,
2023).

Rest of the world beyond the markets, regulators, and central banks are also reacting to the
systemic effects of climate risks on financial systems by the usage of Al, generated climate,
economy models for incorporation into their macro, financial stress testing frameworks. The
very frameworks aim at sustaining the financial institutions and public finances under
different less favorable conditions, inclusive of climate, related shocks (NGFS, 2021). The
Al, enriched climate, sensitive data integration to these models opens new doors for more
dynamic and geographically detailed scenario analyses, allowing decision, makers to foresee
tail risks and to engage in appropriate fiscal, monetary, or supervisory actions (NGFS, 2022).
This paper is a part of this expanding area of research and its main focus is the synthesis of
the impact of Al, driven climate models on the analysis of sovereign creditworthiness. First

of all, it inquires:
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e How Al, powered models measure the climate, related factors leading to changes in
sovereign credit ratings.

e Climate risk facing rating downgrade and increase in borrowing costs for sovereigns: the
major variables linking these phenomena.

e Macroprudential stress testing: introducing climate, based sovereign risk models.

By doing this paper offers the insight into the evolving toolkit available to rating agencies,
investors, financial regulators, and sovereign debt managers as they respond to the growing

financial dimensions of the climate crisis.

Conceptual Framework

The use of Al, driven climate models in credits analysis of sovereigns has to reflect a
multidisciplinary conceptual base which is a mix of economics, climate science, finance, and
data science. The following subsections describe the major elements that signal the link
between climate change and the creditworthiness of a sovereign as well as the cost of
borrowing, and also describe the role of ML and Al in quantifying and modeling such
relationships.

2.1. Sovereign Credit Ratings: Determinants and Methodologies

Sovereign credit ratings reflect assessments of a country’s ability and willingness to meet its
debt obligations. They act as very important signals to international investors, thus
determining bond vyields, capital flows as well as the cost of borrowing for both sovereigns
and domestic firms. These ratings are given by credit rating agencies (CRA) such as S&P
Global Ratings, Moody’s, and Fitch Ratings, and are based on macroeconomic and
institutional factors that CRAs analyze. The factors are mainly categorized into:

e Economic structure and performance (e.g., GDP growth, income levels)

e Fiscal performance and debt burden

e External position (e.g., current account balances, foreign exchange reserves)

e Monetary flexibility and inflation control

e Institutional strength and governance quality (S&P Global, 2021; Moody’s, 2020)

In the past, the climate, related factors were often referred to in a qualitative manner or
treated as exogenous risks with long horizons, however, the recent developments have paved
the way for a more thorough incorporation of climate risk in the assessment of sovereign risk.

Based on that argument, Klusak et al. (2023) pointed out that the impacts of climate change
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on the main pillars of credit analysis, in particular economic performance and fiscal stability,

can be through both direct and indirect channels.

2.2. Channels of Climate Risk Affecting Sovereign Risk

Climate, related risks may be divided into two major types, both of which can have a
significant impact on the creditworthiness of a country:

A. Physical Risks

These are the situations where the economy experiences negative side effects of the climate,
related emissions, which result in economic situations such as:

e Acute events: Hurricanes, floods, wildfires, droughts, and heatwaves.

e Chronic changes: Sea, level rise, desertification, and long, term temperature increases.

Such incidents may dismantle the built environment, lower food production and cause the
movement of people, thus causing a reduction in GDP, an increase in public spending and a
fall in tax revenues (Burke et al., 2015). For instance, prolonged droughts can limit water
supplies and create food shortages while the rise in the sea level can threaten coastal
infrastructures in small island developing states (SIDS) making these regions more fiscally
vulnerable and increasing the risk of sovereign default (Agarwala et al., 2025).

B. Transition Risks

These come from the worldwide adjustment to a low, carbon economy and include:
e Policy and regulatory changes (e.g., carbon taxes, fossil fuel bans)

e Technological disruption (e.g., clean energy replacing coal)

e Changing investor and consumer preferences

e Stranded assets and devaluation of fossil fuel reserves

Transition risks are significantly highlighted for carbon, intensive economies, such as oil
exporters or coal, reliant nations, that could experience decreasing export revenues, job losses
in polluting sectors and political instability (Battiston et al., 2017; NGFS, 2022).

In a combined scenario, either form of risk can lead to credit rating downgrades through the
slow, onset degradation of economic fundamentals or sudden fiscal shocks caused by

catastrophes or abrupt policy changes.
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2.3. Al-Driven Climate Models: Methodological Advances

Typically, the examination of a nation's ability to repay its debt is based on the use of macro,
economic indicators and the assessment of last ten years data by means of linear regressions
or scoring systems. These tools and techniques have their efficacy and value but also suffer
from the limitation of being unable to capture in their analysis the non, linear characteristics,
the interactions, and the predictions of future events, especially when such events are as

complex as those related to climate matters.

Artificial Intelligence (Al) and Machine Learning (ML) approaches, in that case, would be

very helpful to enhance the effectiveness of the determination of creditworthiness:

e The use of a supervised learning algorithm (e.g., Random Forests, Gradient Boosted
Trees, Support Vector Machines) can be made workable by feeding it with data
containing the sovereign credit ratings, macroeconomic indicators, and climate variables
over a period of time. Such an algorithm could, therefore, issue credit rating predictions
of different scenarios for different time horizons (Overes & van der Wel, 2022).

e The use of an unsupervised learning technique could potentially reveal some latent
commonalities in the climate exposure profiles or the fiscal vulnerabilities of different
countries.

e A doubtless more robust Al, powered scenario modeling can now take into account a
wide range of climate change scenarios, including different degrees of warming and
different socio, economic pathways, thus making possible the consideration of various
combinations of RCP (Representative Concentration Pathways) and SSP (Shared

Socioeconomic Pathways) scenarios (IPCC, 2021).

The research of Klusak et al. (2023) is a prominent example of such a method, utilizing a
random forest algorithm to first train a model of sovereign credit based on historical data
from S&P Global Ratings, and then applying climate, aware macroeconomic forecasts under
various warming scenarios to the model. In this way, the model output becomes “climate,
smart” credit ratings which, for instance, quantify potential rating downgrades by the middle
of the century or by 2100 under pathways such as RCP 8.5.

Also, the Climate Extended Risk Model (CERM), a joint research product by the University
of Cambridge and the Bennett Institute, features Al, enhanced projections of climate impacts

on GDP, fiscal balances, and sovereign bond yields. In these models, the climate, related
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damages and economic resilience can interact dynamically thus giving a better glimpse of a

situation than a static climate vulnerability index can provide (Burke et al., 2021).

2.4. Linking Models to Credit Risk and Stress Testing

The potential and Al, based tools in climate modeling go far beyond just academic studies.

The following and other actions can be directly influenced by implementation of these tools:

e Creation of new credit rating methodologies: the most advanced Al models can become a
rating agency's tool to help them understand where and how to make rating changes
which, in turn, are based on their projections of the climate, related fiscal pressures and
economic disruptions supported by evidence, based data.

e Management of sovereign debt: One of the uses of governments' climate, adjusted risk
indicators is for experimenting with different debt issuance scenarios and also in making
decisions concerning the adaptation investment priorities.

e Stress testing regulations: Financial regulators and central bankers have integrated climate
change scenarios into their macroprudential stress testing frameworks (NGFS, 2022;
ECB, 2021). Models enhanced with Al contribute to these exercises' detail and
authenticity by, among other things, the simulation of second, order effects e.g. feedback

loops and financial contagion.

As an illustration, a stress test held at the European Central Bank (ECB) required banks to
estimate the effects that physical and transition climate risks would have on their loan
portfolios. Such exposures had to include those of sovereigns. It is through employing Al,
driven models that institutes have the energetic capacity as well as the pliability to carry out
these elaborate simulations not just for the different countries but also for the various sectors
(ECB, 2021).

1. Empirical Evidence: Sovereign Credit Ratings & Borrowing Costs

Empirical studies are increasingly showing that climate risk is not a far, off or imaginary
problem, but a significant financial factor that is already affecting sovereign credit ratings and
borrowing costs. This part summarizes recent quantitative research, mainly focusing on how
Al, augmented models have helped to identify the causal relationships between climate
vulnerability and the financial costs of public borrowing. Besides, the research also points out
that there are distributional effects, where developing and climate, vulnerable countries are
heavily exposed to the risk of credit deterioration.

3.1. Climate Risk and Sovereign Credit Ratings
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Using a random forest machine learning model, Klusak et al. (2023) in a landmark research,
attempted to predict sovereign credit ratings under a number of different climate change
scenarios. Their approach consisted in firstly, training the model with the historical data of
sovereign ratings from S&P Global and next, combining the long, run macroeconomic
predictions that are adjusted for the climate damages under various Representative
Concentration Pathways (RCPs). In this way, they demonstrated that climate change would
be the main driver to the extensive downgrading of sovereign credit ratings towards the end
of the 21st century.

The main outcomes of the research are:

e According to the scenario of RCP 8.5 (a path with high, emissions), the average country
is expected to experience the downgrade of its sovereign credit rating by about 2.48
notches by the year 2100.

e The countries are expected to undergo an average downgrade of 0.86 notches even under
the moderate RCP 4.5 scenario.

e The most severe downgrades of credit ratings are certainly going to be the case of the
low, income and emerging market economies which are mainly located in Sub, Saharan
Africa, South and Southeast Asia, as well as in some regions of Latin America, being the
reason for that is their higher climate vulnerability, lower institutional resilience, and

limited fiscal space.

Such downgrades are not purely theoretical: they have a real impact on finances right away.
A downgrade by one notch can increase the cost of borrowing by 10 to 30 basis points,
which, when sovereign debt measured in billions is considered, results in sizeable fiscal
pressures (Cantelmo et al., 2021; IMF, 2022).

3.2. Impact on Sovereign Borrowing Costs

Lower sovereign credit ratings lead to higher investor risk perception, which, in turn, results

in an increased risk premium and therefore interest rates on government debt become higher.

Several empirical studies have measured the extent of this relationship between climate risk

and sovereign bond spreads:

e Beirne et al. (2021) research of more than 40 emerging markets led to the conclusion that
higher climate vulnerability scores (e.g., ND, GAIN Index, Climate Risk Index)

significantly correlate with the increase in the sovereign bond spreads. This remains the
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case even when controlling for other factors such as GDP per capita and debt, to, GDP
ratios.

Buhr et al. (2018) argue that investors' pricing of climate risk may cause an increase in
sovereign borrowing costs for highly climate, vulnerable countries by as much as 1
percentage point.

Cevik and Jalles (2020) paper with panel data for more than 100 countries demonstrated
that a one, standard, deviation increase in climate risk exposure is associated with a 20 to

40 basis point rise in long, term government bond yields.

What these findings point to is that markets are gradually figuring in the risks relating to

climate issues. This is happening notwithstanding the fact that credit rating agencies have

been slow in formally incorporating them into their assessments.

3.3. Amplification Through Machine Learning Forecasts

The use of Al, enhanced forecasting models provides stronger empirical support for these

observed relationships. For instance:

Burke, Hsiang and Miguel (2015) created a non, linear climate, damage function that
carbon emissions cause a temperature rise which leads to losses of GDP. The function
was then connected with Al, driven models of sovereign risk, thus animations depicting
fiscal degradation and downgrading of ratings over extending periods of time can be
made to be socio, economically informed.

The machine learning, based Climate Credit Analytics designed by S&P Global and
Oliver Wyman (2021) simulates how both physical and transition climate risks affect cash
flows at sector, level, sovereign credit scores, and default probabilities.

Mohaddes with his team (2023) moved a step further showing the GDP losses caused by
climate changes resulting in higher sovereign debt ratios that in turn led to crowding out
of the investment sector thus the widening of credit spreads caused by investor sentiment.
The matter between climate afflictions, fiscal issues arising thereof and perception by
investors forming a vicious cycle albeit non, linear and compounding is an argument Al
models have an upper hand in capturing such interactions over traditional linear

regressions.
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3.4. Case Studies: Country, Level Evidence

A number of case studies provide evidence of how the empirical trends, talked about, are

affecting sovereign credit markets based on the real world:

e Mozambique and Bangladesh are two examples where a succession of natural disasters
(cyclones, floods) have induced economic slowdowns thus the question of debt
sustainability stirred up by market players became omnipresent even before agencies of
credit formally downgraded (World Bank, 2022).

e Pakistan’s floods in year 2022 caused a chain of events that began with damage worth
$30 billion leading to the revaluation of the country's sovereign risk profile, downgrading
of credit ratings, and jump in bond yields accompanied by political and fiscal
uncertainties (IMF, 2023).

e Barbados, the small island developing state, takes the lead in climate, resilient bond
issuance; however, by the same token, she continues to be confronted with climate,
related borrowing restrictions, the implications of which, in a nutshell, are that climate,
exposed sovereigns face an uphill task accessing affordable capital (Agarwala et al.,
2025).

e The aforementioned instances, among others, can help us comprehend how fundamentally
climate events affect sovereign financing conditions, thus constituting a validation of Al,
based climate, credit models' empirical findings.

Implications for Stress Tests and Financial Regulation

The rising impact of climate, related risks to the economic and fiscal systems is a big change
of the game for how financial institutions, regulators, and policymakers carry out stress
testing and set up macroprudential regulation. Due to Al, powered models, climate risks are
becoming more measurable one after another. Their inclusion in the financial supervisory
toolkit is no longer a matter of debate but rather a practical issue.

4.1. Rationale for Climate, Inclusive Stress Testing

In the past, stress testing was a tool used to evaluate the resilience of banks and financial
systems to negative economic scenarios like a recession, market crash, or commodity shock.
However, climate change causes systemic, long, duration, and highly uncertain risks that
make it difficult to use traditional methods. According to the Network for Greening the
Financial System (NGFS), which is a worldwide network of central banks and supervisors,

climate, related shocks can not only hurt bank balance sheets but also the macroeconomic
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environment in which banks operate, this is why stress testing is an indispensable part of

climate risk management (NGFS, 2022).

The physical risks that comprise floods and wildfires can bring about sudden drops in the

market value of assets. At the same time, transition risks that result from changes in policy,

pricing of carbon, or technological shifts, can take away the profits of the carbon, intensive

sectors and cause the assets to be revalued (ECB, 2021). A sovereign that is heavily exposed

to such risks can, therefore, be a go, between for the financial instability because of the

leading role of sovereign bonds in the portfolios of banks and the frameworks of the

collateral (Battiston et al., 2017; IMF, 2022).

4.2. The Role of Al in Climate Stress Testing

Al and machine learning (ML) offer a totally new approach to stress testing and that is by

opening possibilities for regulators and institutions to predict, locate, and visualize the

potential climate risk scenarios by using these technologies. Al, powered climate, economy

models do not have to rely on linear macroeconomic models and stylized shocks like

conventional stress tests. Thus, they are capable to simulate:

e The climate damages affecting the GDP contraction and the sovereign creditworthiness
which are all coming from a single model,

e The risks faced by the different sectors being one example the real estate, energy,
insurance, and agriculture;

e The vicious circle between the downgrades of the sovereign credit rating and the lenders
or the domestic financial institutions that bank on government bonds;

e The probabilistic scenario determination that at the same time takes into consideration the
tail, risk events and the uncertainty bands (NGFS, 2022; Klusak et al., 2023).

By way of illustration, the climate scenarios for central banks and supervisors that were
developed by NGFS have a variety of the representative concentration pathways (RCPs) as
well as shared socioeconomic pathways (SSPs) which can be combined with Al algorithms to
come up with the stress test variables such as temperature shocks, carbon pricing, and loss of
productivity (NGFS, 2021). Consequently, when these outcomes are supported by models of
fiscal and sovereign credit, they become the basis for indicating the likelihood and the size of
the downgrading of the credit rating which in turn facilitates the visualization of the risks to

financial stability more clearly.
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4.3. Integration into Regulatory Frameworks

Noticing these new risks, a number of financial regulators have started to factor in climate,

related issues in their supervisory frameworks:

The European Central Bank (ECB) ran a climate stress test in 2022 that involved more
than 100 major institutions. The test evaluated their exposure to both physical and
transition risks. The study revealed that more than 60% of bank loans in the Euro area are
to companies that are significantly exposed to climate, related risks (ECB, 2022).

The Bank of England’s Climate Biennial Exploratory Scenario (CBES) employed cutting,
edge scenario analysis to determine the capacity of UK financial institutions to endure
various climate transition timetables. One of the main findings was that the risk of
sovereign default and losses on government bond holdings could increase substantially in
case of delayed or disorderly transition policies (BoE, 2022).

The Monetary Authority of Singapore (MAS) and Bank of Japan (BoJ) are similarly
involved in projects that utilize Al, powered tools to monitor vulnerabilities in the
financial system due to climate, related risks to the sovereign (MAS, 2022).

These initiatives highlight a change in the regulation theme: from a concentration on
bank, level resilience only to a recognition of broader macro, financial stability risks

arising from sovereign climate distress.

4.4. Capital Implications and Risk Weighting

With climate risk getting intertwined with financial regulation, a lot of critical issues arise

concerning the treatment of sovereign exposures in the context of capital adequacy. For

instance, according to the Basel Il standards, state bonds are usually given a risk weight of

zero because of the security and liquidity assumptions. However, as climate, adjusted models

start to expose the possibility of sovereign downgrades and defaults, especially among fragile

developing countries, the idea is being challenged more and more (Battiston et al., 2021).

Several policy implications come out of this:

Regulators might have to revise the less strict capital requirements for state bonds in
banks' portfolios, most notably environmental, risky countries.

Climate, related stress testing can serve to set risk weights locally, making capital
reserves more flexible to changes in the climate risk profile.

An increasing number of voices support the implementation of green prudential
instruments like climate, adjusted credit ratings, scenario, provisioning, and differentiated

capital requirements based on environmental risk (BCBS, 2023).
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Eventually, the use of Al, equipped climate models for prudential regulation can be a
stepping stone for smoother relations between capital rules and the real risk of sovereign debt

in a warmer world.

4.5. Issues and Limitations

While the methods proposed have achieved much, but there are still certain limitations, which

are generally acknowledged by practitioners, in the deployment of Al and climate stress

testing:

e There are still holes in environmental data and quality problems, especially for poor
countries that lack the infrastructure to monitor the environment (IMF, 2022).

e The degree of uncertainty in models is still pretty high. In addition, to being very
powerful, Al models frequently serve as "black boxes, " which means that the insights
derived from them are neither straightforward nor easy to verify (Rudin, 2019).

e The most challenging ethical problems could be those in which Al, driven models
contribute to a widening of the gap in the availability of financial resources, thus
increasing the already existing vulnerabilities of the countries that are subjected to higher
borrowing costs as a result of projected risks that they might not be able to alleviate in the
short term (UNDP, 2022).

e The difficulties relating to cooperation among different local authorities and supervisory
agencies can become the causes of limited possibilities for comparability and
standardization of the exercises of climate stress testing.

Still, the advantages from using Al, powered climate predictions for stress tests and financial

oversight are bigger than the disadvantages, particularly if we take into account the slow,

moving and systemic nature of climate change and its ability to impair not only sovereign

finance but also financial markets in general.

Case Studies / Illustrative Insights

While worldwide models and empirical analyses provide general understanding, the case
studies offer indispensable context, showing how climate risks differ in various countries and
how Al, driven climate, economic analysis can operationalize sovereign risk assessment
locally. These examples illustrate the various transmission mechanisms through which
climate change is already impacting sovereign creditworthiness and borrowing conditions.
Besides, they exemplify the way Al, powered models may elevate early warning systems and

facilitate evidence, based policy initiatives.
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5.1. Pakistan, Climate Disaster as a Factor Leading to Sovereign Risk

Pakistan was hit by a freak climate event in 2022. Very heavy monsoon flooding inundated
about 33% of the country, caused relocation of millions of people, and left a trail of economic
losses amounting to more than $30 billion (World Bank, 2022). The catastrophe drastically
reduced agricultural output, destroyed the country's infrastructure, and limited exports, which
resulted in lower, than, expected GDP figures and mounting pressure on government
finances.

Not long after, Moody’s lowered the rating of Pakistan’s sovereign credit rating, linking this
to the effect of the floods on macroeconomic stability, fiscal health, and debt sustainability
(Moody’s, 2022). Sovereign bond yields went up, and the country was put in a situation
where it had to request emergency loans from multilateral institutions.

With the use of Al, models would have been more effective in linking early warning systems
to the simulation of macroeconomic effects of weather phenomena. In this case, the
geographic flood risk, agricultural dependencies, and fiscal vulnerability could all have been
brought together into one model. For example, merging satellite flood exposure data with Al
GDP forecasts might have been able to quantify downside risk scenarios leading to more
careful fiscal planning or natural disaster insurance provisions.

5.2. Barbados, Proactive Debt Restructuring Armed with Climate Contingency

Barbados is an example of debt innovation that is climate, conscious. To deal with hurricane
threats and sea, level rise effects, the island nation has turned to debt, for, climate swaps and
incorporated "hurricane clauses™ in its sovereign bonds, enabling the temporary suspension of
payments in case of catastrophic events (IMF, 2021). By 2018, Barbados had restructured its
debts with the IMF’s encouragement and signed off on the fiscal rules that had resilience,
building features embedded in them.

By 2022, the country had introduced a blue bond supported by The Nature Conservancy, the
money raised was to be used for ocean conservation projects and climate adaptation plans
(The Nature Conservancy, 2022). The bonds were priced at lower rates because investors
perceived them as ESG, compliant and the country’s climate adaptation commitment was
credible.

Al, powered models of sovereign risks can be the source of improvement in both the pricing
and the designing of the instruments like those. To illustrate, machine learning algorithms
trained on the historical data of the damage done by disasters and the related economic
shocks can help in accurately determining the acuteness of trigger points and the pricing of
catastrophe, contingent clauses. Besides, scenario analysis using climate, adjusted fiscal
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simulations can assist in determining risk exposure levels to qualify for concessional

financing.

5.3. Mozambique — Climate Risk Compounding Debt Vulnerability

Mozambique is a case study of how climate risk can worsen a country's existing debt issues
and increase the risk of the country becoming insolvent. After being weighed down with a
high level of debt and having very few options in the budget, the country went through a
series of climate shocks, among them, Cyclone Idai in 2019, which took more than 1, 000
lives and induced a $2.2 billion loss, almost 15% of GDP (IMF, 2019), in damages.

As a result of the cyclone, the debt situation in Mozambique deteriorated and the government
had to rely more and more on external assistance. In the face of these difficulties, the
sovereign rating of Mozambique was not changed immediately to take into account the risk
of climate change, which is an indication of the delay in the traditional credit assessments. In
this situation, Al, powered climate, financial models might have been helpful in providing a
furure, oriented scenario analysis of storm risk, weakening of fiscal capacity, and the need for
external financing.

Those models have the capability to link the information collected by satellites about the
weather, the number of cyclones caused under different climate scenarios, and the
dependency of the economy (e.g., agriculture, ports) in order to come up with changing
sovereign risk profiles. The results of the latter are great resources for donors, credit agencies,
and lenders in deciding if climate exposure is tantamount to a higher risk of sovereign
default.

5.4. Fiji — Using Climate Data for Resilient Sovereign Planning

Fiji, a small island developing state (SIDS), has become a leader in integrating climate risk
with local fiscal and budgetary planning. The government utilizes the Climate Vulnerability
Assessment (CVA) framework to calculate the climate damages in each sector and suggest
the investments required for the climate resilience.

The country issued the first, ever sovereign green bond in 2017, which was solely earmarked
for climate adaptation and mitigation projects. The bond attracted a large volume of
investors’ money, even though Fiji had a relatively low credit rating, due to the partly
responsible and transparent risk framework (World Bank, 2018).

Al can empower such frameworks by coupling them with the live environmental data and
economic models. For instance, neural networks climate, hazard exposure data combined

with fiscal performance data, can help governments like Fiji to understand the changing
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climate impact on their budget under different climate scenarios. The information is quite
influential for multilateral banks and concessional lenders who make decisions about giving
grants for climate resilience or issuing sovereign credit enhancement tools.

5.5. South Africa, Transition Risk and Carbon Intensity Exposure

South Africa is at a great risk of facing transition issues as its heavy dependence on coal for
domestic energy and exports is its major source of concern. With the global carbon markets
expanding and more stringent emission policies coming into force, less coal consumption will
result in stranded assets and decreased export revenues. As per NGFS (2022), a disorderly
transition scenario might cause South Africa’s GDP to shrink by as much as 6% by the year
2050, where the reasons for this being capital flight and decline in coal demand.

Klusak et al. (2023) have modeled sovereign credit rating showing that under scenarios with
high carbon emissions, by 2100, South Africa could be experiencing a credit rating drop of
two notches, policy adaptation remaining minimal. Al, powered simulations can work
through the impact of carbon pricing, adoption of green technology, and emissions regulation
on the economy and the state budget. Thus, providing more elaborate sovereign risk
anticipation in economies that heavily rely on the transition sector.

The mentioned instruments are of utmost importance to central banks, state, owned
enterprises, and development finance institutions engaged in long, term energy infrastructure
planning. Governments, through the incorporation of debt sustainability frameworks with
transition risk projections, can not only solve financing issues but also remove the risks of

their green transitions by gradually lowering the risky proportion.

DISCUSSION: Limitations, Risks and Caveats

While Al, improved climate models provide an impressive array of new tools to evaluate
risks, costs of borrowing, and financial tensions at a sovereign level, the same set of
innovations entails several significant limitations and caveats. It remains necessary to
understand that, even with their enhancing complexity, these models depend on the strength
of the data they take, the assumptions they represent, and the institutions that utilize them.
Furthermore, the embedding of climate scenarios in financial systems invites issues of
morality and practicality such as the ones of fairness, openness, and systemic bias.

This part reveals the main methodological trade, offs, data problems, modeling risks, and

governance issues related to Al, driven climate, financial frameworks.
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6.1. Data Availability and Quality Constraints

It is a limitation for Al, driven climate, financial models to have the least amount of reliable,

high, quality, and harmonized data, and this problem becomes even more severe for low,

income countries and small island developing states (SIDS). Many climate, dependent areas
do not have detailed historical records of climate impacts, fiscal vulnerabilities, or sovereign
defaults, which are necessary inputs for the creation of strong machine learning algorithms.

e For example, IMF (2022) and World Bank (2023) both emphasize that the lack of climate
disaster reporting, public debt transparency, and subnational fiscal data is so severe that it
is almost impossible to calibrate models for small economies.

e Also, a lot of financial databases have a history perspective, whereas climate models, by
their nature, have a future perspective, thus there is a structural disconnection between
them that limits the capability of traditional statistical methods in this area (Battiston et
al., 2017).

The condition of uneven data raises the issue of how reliable the predictions can be,
especially in situations where Al models are built on incomplete or biased datasets, thus
leading to results that may be wrong in the direction of overestimating or underestimating
sovereign risk.
6.2. Model Uncertainty and Complexity Trade-offs
One of the challenges with Al models is that their decisions may not be easily traceable,
especially in the case of deep learning and ensemble methods, which tend to have the most
impact. They give very precise predictions, but they don't explain how different input
variables affect the results. This opaqueness in the decision, making process might lead to a
trust issue with regulators, rating agencies, and institutional investors who require
transparency and easy understanding of the results (Rudin, 2019).
On top of that, varied Al models may produce different results for the same data depending
on the algorithms utilized, training parameters, and the assumptions made about the climate
future (NGFS, 2022). For example, two simulations of the ratio of sovereign debt to GDP
under a 3°C warming scenario may Yield very different results if the first one applies a carbon
tax while the second uses green energy subsidies. This divergence in models makes it harder
for the decision, makers and can diminish the trust in the stress test findings.

One significant point is that Al models frequently have difficulties in dealing with changing

surroundings, i.e., non, stationary environments, which are characterized by the data,

generating process gradually changing over time, as in the case of climate and policy
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dynamics (Monasterolo & Battiston, 2020). Consequently, the limits of these models become
apparent when it comes to their use in predicting some new situations based on historical
data.

6.3. Ethical Risks and Unequal Impacts on Vulnerable States

Al, powered climate risk models could, unintentionally, become one of the factors

contributing to the perpetuation of financial exclusion and inequities. In the case where

climate vulnerability triggered by projections leads to a downgrade of the sovereign credit
rating, it will result in higher costs for borrowing, limited access to capital markets, and the
flight of investments from the economies that are already in trouble.

e The UNDP (2022) warns that a too strong reliance on projected climate risks in the
assessment of sovereign credit ratings may result in a "climate, debt trap": the countries
requiring adaptation financing the most will be the ones that are shut out of international
capital markets due to high costs.

e Just as well, Buhr et al. (2018) suggest that if risk assessments neglect factors such as
adaptive capacity or resilience, building plans, Al models might exaggerate future
sovereign default risks, thus causing a decrease in the development potential of
disadvantaged countries.

These threats become even more pronounced when the credit judgment relies on opaque or

proprietary models with little opportunity for the sovereigns to question the assumptions or

verify the inputs. If not regulated properly, Al, based credit modeling can deepen the neo,
colonial financial dependency patterns, whereby developing countries are continually
penalized on the basis of externally imposed risk stories.

6.4. Scenario Assumption Bias and Policy Endogeneity

Climate, financial models have to depend on Representative Concentration Pathways (RCPs)

and Shared Socioeconomic Pathways (SSPs) for the simulation of the future environment. At

the same time, these pathways are very dependent on such factors as implemented policies,
changed behaviors, and technological innovations, all of which are quite uncertain.

Depending too much on a single scenario, e.g., RCP 8.5 (the worst, case, high, emissions

scenario), could result in a projection full of alarmist elements, and at the same time, an

underestimation of adaptive solutions and innovation paths could lead to miscalculating the

endurance of the sovereign (Hausfather & Peters, 2020).
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Also, Al models, in most cases, consider government policy as an exogenous factor, whereas
it should be recognized as an endogenous one to climate risks. For example, increased
climate vulnerability might be the reason that a debt restructuring, adaptation investments, or
fiscal reforms that alleviate the very risks being modeled are triggered (Monasterolo et al.,

2022). By not incorporating such feedback loops, one risks ending up with a set of static and

deceptive forecasts.

6.5. Regulatory and Governance Gaps

As the use of Al for climate risk analysis by financial institutions and credit rating agencies

becomes more widespread, the requirement for well, defined regulatory frameworks, ethical

standards, and governance protocols also increases. However, the majority of central banks
and financial regulators are not yet equipped to conduct audits, validations, or benchmarking
of Al models implemented in sovereign credit assessments.

e The Basel Committee on Banking Supervision (2023) explains that currently an
international standard is lacking for the incorporation of Al, driven climate risk analysis
in capital adequacy frameworks or systemic risk supervision.

e Besides that, the absence of model interoperability between different jurisdictions
hampers the performance of global stress tests and cross, border coordination of climate

spillovers from one sovereign to another.

The Al integration into sovereign risk modeling will continue to be disjointed and possibly
disputable unless international organizations agree on shared taxonomies, model transparency

standards, and data governance arrangements.

Policy and Strategic Implications

The rising incorporation of climate, related risks in sovereign credit assessments, furthered by
the spread of Al, driven modeling, has major repercussions for the global financial system,
fiscal planning, debt management, and regulatory oversight. As the risk of climate change
complicates the task of governments and financial institutions to navigate, policy innovation,
regulatory change, and institutional coordination become more vital than ever to make sure
that climate risks are neither ignored nor unfairly charged.

These points present the key policy and directional suggestions that can be made for five
essential areas: (1) sovereign debt sustainability and access to finance; (2) central banking
and financial supervision; (3) credit rating methodologies; (4) international financial

cooperation; and (5) climate data and modeling governance.
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7.1. Rethinking Sovereign Debt Sustainability in a Climate, Risk Era

Traditional debt sustainability frameworks, including those run by the IMF and World Bank,

do not account for the effects of climate change, damage, and adaptation financing. It is a

serious deficiency in the analysis of sovereign risk that may lead to fiscal projections

understating the level of vulnerability or overestimating the capacity of repayment, in

particular, in the case of climate, exposed countries (IMF & World Bank, 2023).

Policy responses must include:

e The introduction of climate, adjusted debt sustainability assessments (DSAs) that take
account of both physical and transition risks by utilizing scenario, based strategies and
Al, driven forecasts (Monasterolo et al., 2022).

e A change in concessional lending standards so that climate vulnerability becomes a factor
considered along with income level or debt, to, GDP ratios, thus going beyond such
parameters as the UNDP's Climate Vulnerability Index (UNDP, 2022).

e Creating more debt, for, climate swap initiatives, issuing green bonds with built, in
disaster clauses and other instruments that encourage the uptake of adaptation and
resilience while maintaining the availability of fiscal space (Volz et al., 2021).

Such a shift in thinking would be instrumental in climate, vulnerable areas of the world not

having to pay for the risks that are mostly out of their hands but rather getting facilitated to be

able to take on the resilience, building strategies in a forward, thinking manner.

7.2. Central Banks and Climate-Aware Financial Supervision

As the climate era presents systemic risks, the need for central banks and financial regulators

to rethink their conventional mandates that mainly focus on inflation and financial stability

has become obvious. Now the mandates have to extend to include climate, related financial

risks.

Key strategic moves are:

e Utilizing Al, driven climate stress tests in macroprudential policy for a comprehensive
examination of the possible interbank transmission of climate, driven sovereign risk from
banks, insurers, and pension funds (NGFS, 2022).

e Changing the capital adequacy method of the treatment of sovereign exposures by
banking regulation. The current Basel Ill regulations in many cases imply that a
government bond carries no risk and therefore has a zero risk, weight, a category that in

the future may not exist under scenarios adjusted for climate risks (BCBS, 2023).



http://www.ijarp.com/

International Journal Advanced Research Publications

e Creating climate, financial supervisory units in central banks that are staffed with data
scientists, climate experts, and financial economists to develop and test Al models (BoE,
2022).

These measures will create a financial environment not only capable of reacting but also of

being resilient thus giving regulators the power to foresee and counteract climate shocks on

time.

7.3. Reforming Sovereign Credit Rating Methodologies

Credit rating agencies (CRAs) are instrumental in determining the costs of borrowing and

investor trust. However, the way they presently factor climate risks into their assessments of

sovereign ratings is disjointed, inconsistent, and lacks transparency (Buhr et al., 2018; Klusak
et al., 2023). This situation exposes to the risk of mispricing and procyclical downgrades that

may result in capital flight and liquidity crises in countries susceptible to these shocks.

Key issues in the reform of the rating system include:

e Requiring climate risk reporting from the perspective of the methodology, the
technological support by Al tools, the assumptions of the scenario, and the sensitivity
analysis.

e Facilitating the process of Multi, stakeholder and public, interest Data consortia
collaborating in the independent validation of Al, driven models for sovereign rating.

e Recognizing the importance of elements such as adaptation capacity, well, functioning
governance, and the environmental, friendly investment strategy not only for exposure to
natural hazards in the rating process (UNDP, 2022).

The employment of more transparent and comprehensive methods for credit evaluation will

help to better correspond with the actual factors that determine a country's creditworthiness,

namely its level of resilience to the climate, thus avoiding that climate, vulnerable countries
will be unjustly punished.

7.4. Enhancing Global Financial Coordination and Support Mechanisms

Climate risks are a clear example of problems that cross over boundaries and are deeply

intertwined, thus they require multilateral cooperation and global financial coordination. The

current institutional setup is not adequate to deal with the different impacts of climate,

induced sovereign risk, especially in low, income and heavily indebted countries.
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Strategic responses should cover:

e Forming a global climate, financial stability board, managed by IMF, World Bank,
NGFS, and UN agencies, to monitor climate, related financial risks and coordinate Al
model standards.

e Increasing climate contingency lending facilities like the IMF’s Resilience and
Sustainability Trust (RST), which offers long, term concessional finance to countries
implementing structural climate reforms (IMF, 2022).

e Financing the development and deployment of cross, border risk, sharing mechanisms,
such as regional climate insurance pools and sovereign catastrophe bonds, with pricing
being determined by Al, enhanced probabilistic models (OECD, 2021).

By these means, liquidity and credibility buffers would be provided, thus, vulnerable

sovereigns would be able to deal with fiscal shocks while at the same time receiving

incentives for climate investment.

7.5. Investing in Climate Data Infrastructure and Al Governance

The entire promise of Al, powered climate modeling is contingent upon investments in data

infrastructure, model transparency, and governance safeguards.

We can do this by:

e Financing the development of open, access, standardized, geospatial climate, sovereign
datasets, particularly for the developing countries suffering from data scarcity (World
Bank, 2023).

e Implementing Al model interpretability and ethical auditing practices to guarantee the
unbiased use of these models in sovereign risk assessment and credit decision, making
(Rudin, 2019).

e Creating public, private model validation platforms, where governments, rating agencies,
and academic institutions collaborate to develop and benchmark climate, financial
models.

These institutional changes would create a framework where the pace of innovation would be

matched by the level of accountability, thus Al tools would not be used as a mean to further

marginalize vulnerable states, rather, they would enable inclusive, evidence, based financial

governance.

CONCLUSION
The accelerating effects of climate change are being acknowledged more and more as

significant risks that could jeopardize macroeconomic stability, the creditworthiness of
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sovereigns, and the resilience of the global financial system. Hence, the integration of climate
risk into the analysis of sovereign risk can no longer be considered an option. It is an absolute
necessity. In this respect, Al, powered climate models are a potent but somewhat paradoxical
instrument: on the one hand, they can reveal concealed vulnerabilities, refine early warning
systems, and facilitate climate, resilient fiscal planning; on the other hand, if misused, they
can entail risks associated with data gaps, model opacity, and financial inequity.

This document has described artificial intelligence (Al) as a device that can revolutionize
climate, economic modeling through machine learning, neural networks, and predictive
analytics, thus leading to the generation of the foresight regarding sovereign credit risk,
borrowing costs, and the sufficiency of current stress, testing frameworks. These
technological advances can substantially raise the level of risk prediction in terms of
promptness, correctness, and detail which, in turn, can be contrasted with the traditional
econometric methods that are typically incapable of integrating nonlinear climate effects or
future adaptation capacity (Battiston et al., 2017; Monasterolo & Battiston, 2020).

One of the pieces of convincing evidence of this is the study by Klusak et al. (2023), which
points out that the lack of adaptation to climate change may bring about the lowering of the
sovereign credit ratings of countries heavily exposed to climate risks by several notches,
especially those that are located in the Global South. The case of Pakistan, Barbados,
Mozambique, Fiji, and South Africa exemplifies how the fiscal performance and investor
confidence are affected by climate shocks, both physical and transitional, thus, becoming the
driving forces behind local models of tailoring exposure, adaptive capacity, and policy
response mechanisms.

However, as pointed out in the section on limitations, these innovations also have potential
downsides. The ethical and technical problems associated with using Al for decision, making
in the domain of high, stakes sovereign credit are quite significant. Imprecise data,
unfathomable algorithms, and exclusion in modeling practices can widen the global financial
gaps, resulting in climate, vulnerable countries being caught in a "climate, debt trap” (UNDP,
2022). Furthermore, without open governance, shared methodologies, and the presence of
regulation, the financial sector might implement the use of these instruments in a manner that
is procyclical, non, transparent, or that varies in compatibility across institutions and
jurisdictions (Rudin, 2019; NGFS, 2022).

The depth of these strategic implications, therefore, is staggering. Policymakers should be
spending their money on building up climate data infrastructure, encouraging transparency of
the model, and reconsidering the frameworks of sovereign debt to take into account the
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climate, adjusted realities. Besides, credit, rating agencies and financial regulators are obliged
to alter the system of working methodologies to encompass the dynamic evaluation of
adaptation policies, thus doing away with mere static exposure metrics. Furthermore, the role
of international financial institutions is to conceptualize risk, sharing instruments. One
instance can be catastrophe, linked bonds or concessional loans whose design can benefit
from Al, fueled simulations of climate risk scenarios (Volz et al., 2021; IMF, 2022).

On top of that, there is the matter of fronting innovation with inclusion which is the
prominent issue moving ahead. The models climate Al, driven should become instruments
that facilitate empowerment instead of exclusion, thus, giving the vulnerable nations the
possibility to tap the adaptation finance pool as opposed to forcing them out of the markets by
risk pricing that they have not contributed to. For this purpose, the emergence of a worldwide
governance structure is imperative which guarantees equity, openness, and shared
accountability in the processes of measuring, modeling, and managing climate risk.

Put simply; we are transitioning into a new revenue model for sovereign finance, one, where
climate change stops being a marginal factor and becomes a primary driver of the state's long,
term fiscal health, investor trust, and global stability. Al offers a solution to handle this
intricacy but only if it is deployed in a responsible manner. However, such moves will require
the concerted effort of the governments, the regulator bodies, credit agencies, and the
international institutions if the future implements are to yield not only climate resilience but

also climate justice.
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