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Abstract: This study sought to examine the effects of public debt and official development assistance (ODA) on the balance of trade in
selected Caribbean Community (CARICOM) member states. The goal was to provide actionable policy insights that could help enhance
regional economic stability. This study created a hybrid methodology that combined a panel ordinary least squares model with a deep
residual network model and used it to examine data from seven Caribbean countries over the 2013–2022 period. The results indicated a
significant negative dependence between public debt and trade balance, with a corresponding coefficient of −0.6153 indicating that a 1%
rise in public debt was associated with a 0.62% decline in the trade balance. Additionally, ODA was found to have a positive impact, which
was reflected by a 1% increase in ODA corresponding with a 1.95% improvement in the logarithmic value of the trade balance. Due to these
results, this study lobbies in favor of the implementation of debt-for-climate swaps as a policy mechanism to alleviate debt burdens while
facilitating the allocation of resources to climate-resilient infrastructure. This strategy seeks to facilitate long-term economic resilience in
the region by addressing both fiscal sustainability and environmental challenges. A limitation of this study is that due to limitations of data,
all 15 CARICOM full member states and 5 associate member states were not included. Nevertheless, the findings of this study remain
valuable, as they justify the need for debt relief in the region.
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1. Introduction

Caribbean nations are among the most heavily indebted in the
world. In fact, the high persistent levels of debt of the Caribbean
nations are one of the region’s most critical development chal-
lenges [1]. Notably, debt accumulation is typically framed through
the perspective of fiscal mismanagement or narrow economic indi-
cators. However, in the Caribbean context, debt accumulation is
deeply rooted in structural vulnerabilities, such as the vulnerability
to climate-related disasters and extreme weather events.

Since 2010, as a consequence of experiencing adverse weather
events, the Caribbean has incurred damages to housing, agriculture,
and infrastructure totaling at least US$3.2 billion [2]. In multi-
ple instances, the damage caused by an extreme weather event
has approached or even exceeded a country’s annual GDP. For
example, Tropical Storm Erika, which occurred in 2015, caused
damages in Dominica equivalent to 90% of the country’s GDP
[3, 4]. In comparison, Hurricane Maria, which occurred in 2017,
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caused damages estimated at 226% of Dominica’s 2016 GDP
[5, 6]. The recent Hurricane Beryl, which made landfall on Carria-
cou, Grenada, as a high-end Category 4 storm in July 2024, caused
approximately US$218 million in economic losses [7]. These
estimates highlight the high cost associated with weather-related
stressors in the Caribbean region.

Without adequate savings to replace the damaged infrastruc-
ture, the governments of the Caribbean countries must turn to
borrowing as a financing mechanism. Unfortunately, borrowing to
replace national infrastructure in countries that have a high risk
of experiencing extreme weather events has created a precarious
cycle inwhich climate vulnerability translates into long-term indebt-
edness. Even more worrisome is the fact that climate change is
occurring, which would lead to an increase in the frequency and
intensity of extreme weather events and would also magnify the
impacts of slow-onset events such as sea level rise and salinization.
As such, the Caribbean region’s reliance on debt threatens to become
unsustainable [8]. Moreover, the aftermath of these disasters is fre-
quently accompanied by disruptions in key revenue-earning sectors,
particularly agriculture and tourism.

This interplay between disaster-induced economic disruption
and trade performance is significant. The balance of trade plays
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an important role in the region’s macroeconomic stability. How-
ever, many Caribbean Community (CARICOM) member states
experience a persistent balance of trade deficits driven by struc-
tural dependence on imports and limited export diversification. This
dependence renders the region vulnerable to external shocks and
logistical disruptions, which reinforces external imbalances [9].

The issue of public debt is inherently linked to trade per-
formance. Rising external debt, especially when denominated in
foreign currencies, results in increased requirements for debt ser-
vice, which has the potential to reduce public funds available for
public investment. This in turn limits the investment that could have
built productive capacity to generate more revenue from exports. As
such, in the absence of effective trade reforms or industrial diver-
sification strategies, countries may find themselves in a perpetual
situation of high debt and balance of trade deficits [10].

In this context, official development assistance (ODA) emerges
as a relevant tool. ODA provides concessional financing that can
mitigate reliance on external debt while facilitating long-term
investment in infrastructure, education, and climate resilience [11].
Unfortunately, access to such funding remains constrained. Many
Caribbean countries are classified as middle- or high-income based
on per capita GDP, a statistic that does not account for their struc-
tural and climate vulnerabilities. This classification disqualifies
them from many forms of concessional assistance, sending them
toward borrowing on less congenial terms [12].

These dynamics highlight the interconnected nature of pub-
lic debt, trade imbalances, and ODA. High public debt may cause
a debt overhang, which may limit public investment in potential
revenue-earning projects. The balance of trade deficit hinders the
government’s potential to generate surplus revenue to reduce its
debt. Likewise, inadequate access to concessional finance further
limits the government’s fiscal space.

A shift in global financial architecture that considers structural
vulnerability, rather than per capita income alone, could facili-
tate improved access to ODA for Caribbean countries. In turn,
this would enable investment in productive sectors, improve export
performance, and ultimately reduce the debt burden.

The objective of this study is to examine the impact of public
debt and ODA on the balance of trade in selective CARICOMmem-
ber states. Arising from the findings, policy recommendations will
be proposed to help improve the situation in the region.

This study creates the POLS-ResNet model, which is a hybrid
approach that combines the strengths of the panel ordinary least
squares (POLS) model for capturing linear relationships in panel
data and the residual neural network (ResNet) for modeling nonlin-
ear patterns in data. The model was created by first estimating the
linear components using the POLS model. After the residuals were
generated, they were fed into the ResNet to learn complex nonlin-
ear relationships. The final predictions are obtained by combining
the linear outputs from POLS with the nonlinear outputs learned by
the ResNet, resulting in a stronger and more accurate model.

The findings reveal that a 1% increase in ODA was linked to a
1.95% improvement in the balance of trade, suggesting a significant
positive relationship. This indicates that foreign aid or development
assistance can improve trade performance. Conversely, a 1% rise
in debt corresponded to approximately a 0.62% deterioration in the
balance of trade, highlighting the adverse impact of high debt on the
Caribbean’s ongoing trade deficit. These results reveal the impor-
tance of implementing structural reforms to enhance the region’s
trade balance.

Several contributions were made to this study. The first contri-
bution is the implementation of an empirical analysis of the impact
of public debt andODAon international tradewithin the CARICOM

region. This addresses a gap in the literature where there is limited
research specifically focusing on the Caribbean. The second con-
tribution was the employment of a nonlinear modeling approach to
examine the relationships between the balance of trade, public debt,
and ODA across seven CARICOM member states. This empirical
research advances beyond prior studies that predominantly relied on
linear regression techniques. The third contribution was the intro-
duction and application of the POLS-ResNet model. Such a model
is a hybrid approach that combines the strengths of econometric and
machine learning methods, thereby capturing complex patterns in
the data more effectively while improving predictive accuracy.

The remainder of this study is structured as follows. Section
2 furnishes a literature review. The data and methodology for the
analysis are outlined in Section 3. Section 4 presents the results of
the analysis. Section 5 provides a discussion. Finally, the study is
concluded in Section 6.

2. Literature Review

The balance of trade, ODA, and public debt are deeply
interconnected aggregates that significantly influence a country’s
macroeconomic stability and external sustainability. The balance
of trade measures the difference between a country’s exports and
imports and acts as a reflection of the country’s global competitive-
ness. In comparison, public debt is an indicator of the borrowing
activities of a country’s government. ODA, which often comprises
concessional loans and grants from international donors, is a tool
that can be used to support fiscal stability and stimulate economic
development. However, the effectiveness of ODA in improving
the performance of international trade depends on its absorption,
allocation, and interplay with fiscal policy and debt dynamics.

2.1. Theoretical foundations: linking ODA, public
debt, and trade

The absorption theory delivers one of the foremost frameworks
connectingODA tomacroeconomic outcomes, stating that the effec-
tiveness of aid is conditional on a country’s absorptive capacity [13].
Ideally, ODA should finance higher consumption (C), investment
(I), or government spending (G). But, by national income account-
ing, this should generate increased imports (M − X)/Y [14]. This
invites the query of whether aid enables productive investment or
merely drives import consumption, with adverse implications for the
balance of trade.

The Aid for Trade (AfT) framework, which is more auspi-
cious in tone, adverts that targeted aid can trigger structural reforms,
develop trade infrastructure, and liberalize economies, thus ame-
liorating productive and export capacity [15]. Nevertheless, the
efficacy of AfT depends uponwhether aid is channeled toward long-
term capacity building instead of short-term donor-aligned priorities
such as tied aid, which may create trade distortions.

In comparison, Dutch disease theory offers a prudent perspec-
tive, cautioning that excessive aid inflows can appreciate the real
exchange rate, reduce export competitiveness, and encourage trade
imbalances. Similarly, dependency theory asserts that aid may sus-
tain structural weaknesses and external dependence if it debilitates
domestic industry through aid-financed imports or dissuades reform.

2.2. Debt dynamics and trade: nonlinear risks and
fiscal discipline

Moving the attention to public debt, the debt overhang hypoth-
esis postulates that when countries face high external liabilities
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relative to their repayment capacity, it generates uncertainty and dis-
courages both foreign and domestic investment [16, 17]. Investors
expect future taxation or austerity, culminating in capital flight and
suppressed economic activity. Although public borrowing can stim-
ulate short-term demand (as per Keynesian theory), its long-run
effect depends on the quality of investments made. If debt ser-
vicing prevails over fiscal spending, it crowds out investment and
debilitates export-led growth.

The neoclassical perspective continues this view, highlight-
ing the crowding-out effect where excessive public debt redirects
resources from development spending and productive investment
[18, 19]. Here, nonlinearities are important because while moderate
debt may support growth, high debt places structural constraints on
trade and macroeconomic performance.

2.3. Fiscal deficits, trade imbalances, and aid:
converging hypotheses

The twin deficits hypothesis links fiscal deficits with current
account (and hence trade) deficits, particularly under high capital
mobility. The hypothesis presents several variants: (1) fiscal deficits
drive trade deficits through higher demand and imports (Keyne-
sian view); (2) trade deficits cause fiscal deficits; (3) bidirectional
causality [20]; and (4) no causality at all (Ricardian equivalence
hypothesis), which assumes forward-looking consumers neutralize
the effect of government borrowing [21].

Elaborating further, the triple deficit hypothesis incorporates
private savings–investment balances and posits that chronic trade
deficits can result from imbalances in fiscal and private savings
[22]. This framework furnishes a more thorough understanding of
macroeconomic disequilibrium.

When ODA is integrated into the triple deficit framework, it
becomes apparent that aid dependency, fiscal deficits, and trade
imbalances can be mutually reinforcing. As Easterly [23] posits,
high dependence on ODA can decrease motives for fiscal disci-
pline and structural reform, while raising economic vulnerability.
Aid inflows may replace domestic industry and the corresponding
productivity by financing imports instead of projects and activities
to build productive capacity. This thereby weakens trade perfor-
mance and bolsters the need for more aid, creating a vicious cycle
of dependency and underdevelopment.

2.4. Limitations of existing theories

The aforementioned theories, namely, absorption theory, Aid
for Trade, and the debt overhang hypothesis, have conceptual lim-
itations that restrict their explanatory power, particularly when
applied to small, vulnerable economies. For instance, absorption
theory assumes a linear and homogeneous relationship between
aid inflows and macroeconomic variables. More broadly, model-
ing Small Island Developing States (SIDS) like the CARICOM
economies carries meta-theoretical challenges, such as data scarcity,
nonlinearity, non-stationarity, the existence of structural breaks, etc.
These challenges are intermingled with short time series, insuf-
ficient data for wide cross-country analysis, and the difficulty of
capturing data on economic activity in the informal sector.

2.5. Empirical gaps and Caribbean-specific
challenges

Despite strong theoretical foundations, there is limited empir-
ical research conducted on these linkages in the Caribbean. Much
of the literature either generalizes from large Latin American

economies or relies on linear methodologies that may overlook the
complexity of the Caribbean fiscal and trade dynamics. For exam-
ple, Cevik and Nanda [24] analyzed the fiscal sustainability of 16
Caribbean states and found the existence of positive debt-fiscal bal-
ance dynamics. Notwithstanding this, their methodology relied on a
linear regressionmodel, which did not consider nonlinear thresholds
or asymmetric effects that are common in small island economies.

Likewise, Thompson et al. [21] examined the twin deficits
hypothesis in Trinidad and Tobago (T&T) using another linear
methodology, namely, the vector error correction model (VECM).
While the authors address non-stationarity, the VECMmethod does
not account for nonlinearity, which may limit the robustness of their
conclusions, especially given the prevalence of structural breaks,
regime shifts, and threshold effects in the data on the Caribbean
small open economies.

2.6. Need for addressing the gaps and moving
toward a nonlinear framework for the Caribbean

Given these gaps, this study aspires to make an empirical
contribution by examining the relationship between the balance
of trade, public debt, and ODA in the Caribbean, using nonlinear
methods. The balance of trade will function as the dependent vari-
able, providing an avenue to assess how fiscal conditions and aid
inflows affect external competitiveness. Nonlinearmodeling ismore
appropriate for capturing structural asymmetries, aid thresholds,
and tipping points in debt sustainability, all of which are important
for Caribbean SIDS steering fiscal vulnerabilities and global trade
shocks.

The next section considers the data and methodology.

3. Data and Methodology

3.1. Data and variables

When assessing structural transformation in economies, espe-
cially in developing nations, it is important to consider various indi-
cators that reflect the underlying economic health and performance.
See Table 1 for a summary of the data for the study.

The balance of trade supplies insight into the competitiveness
of a country’s economy and its integration into the wider global mar-
ket. A persistent trade deficit may indicate structural weaknesses in
the economy, such as a lack of competitive industries or an over-
reliance on imports. Thus, the balance of trade is an appropriate
variable to assess structural performance and transformation.

Data on exports and imports was collected from the World
Trade Integrated Solution (WITS) database. This data was available
in the SITC Revision 4 classification for the 2013–2022 period for
Caribbean countries. The difference between imports and exports
was used to calculate the balance of trade.

The balance of trade is selected as the dependent variable since
it indicates the outcome of a bad structural system. A poor structural
system would result in a persistent balance of trade.

Public debt refers to the amount of money that the government
of a country owes to its creditors. While public debt can provide
essential funding for development projects, if the public debt grows
too high, the country can experience debt distress, where it may
incur difficulty servicing its debt. Additionally, if the debt is too high
and the debt service payments grow too large, it creates a problem
where too much money will go toward servicing the debt relative
to the amount of money allocated for development projects. This
can lead to debt distress. Thus, debt is included as an independent
variable.
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Table 1
Summary of the data for the study

Name of variable Data range Countries
Official Development Assistance
Balance of Trade
Total Public Debt

2013–2022

Antigua and Barbuda, Belize, Dominica, Grenada, Guyana,
Jamaica, and Suriname

Data was collected on debt from the International Monetary
Fund (IMF) database. The debt variable used was the total public
debt of the respective country.

ODA refers to the financial support channeled from developed
nations to help fund the economic development of developing coun-
tries. ODA furnishes the necessary capital for infrastructure projects
and economic reforms that are important for structural transforma-
tion. Accordingly, ODA is included as an independent variable.
Data is collected on ODA from the World Bank database.

Other variables were also considered as independent variables.
A variable was sought for technological intensity. Technological
exports were considered, but sufficient data could not be found for
Caribbean countries. Industry development was considered, but data
could not be found.

The countries considered include Antigua and Barbuda, Belize,
Dominica, Grenada, Guyana, Jamaica, and Suriname. These coun-
tries were considered since they had data for all the variables over
the 2013–2022 period.

The 2013–2022 period was considered since it was the longest
period with data available for trade (exports and imports), ODA, and
debt.

Since the data covered multiple countries over time, it was
panel data. There were 7 countries and 10 time series, resulting in
70 observations per variable.

3.2. Methodology

The hybrid POLS-ResNet model is proposed for the analysis
over other models because traditional linear models, such as POLS,
are constrained by assumptions of linearity, normality, and station-
arity, which often do not hold in real-world economic datasets,
especially for Caribbean SIDS where nonlinearities and structural
breaks are common. While nonlinear models like artificial neu-
ral networks (ANNs) and deep learning architectures are capable
of capturing complex patterns, they typically do not automatically
take into consideration the panel structure of the data. As such, the
POLS-ResNet model combines the strengths of both approaches by
utilizing the POLS to explicitly account for the panel structure and
while leveraging the ResNet’s residual learning capacity to capture
the nonlinear relationships that the POLS alone cannot model.

3.3. The panel ordinary least squares model

The original POLS data model is specified as follows:

Yt = 𝛽0 + 𝛽1X1t + 𝛽2X2t + . . . + 𝛽nXnt + 𝜀t (1)

where Yt is the dependent variable, X1t, X2t, . . . , Xnt are inde-
pendent variables, 𝛽0, 𝛽1, 𝛽2, . . . , 𝛽n are estimated parameters,
and 𝜀t is an error term.

However, a traditional POLS model is constrained by the
assumptions of linearity, normality, and stationarity. If these
assumptions do not hold, then the corresponding estimated
parameters will not be accurate.

Nonlinear relationships are often present in economic time
series. For example, the balance of trade in a certain country may
contain nonlinear autoregressive effects, suggesting that the cur-
rent balance of trade depends nonlinearly on past balance of trade.
Furthermore, particular combinations of past balances of trade may
have distinct nonlinear effects on the current balance of trade,
referred to as nonlinear interaction effects. Additionally, a time trend
can also be nonlinear in structure, which is often neglected in linear
regression analysis.

3.4. The artificial neural network model

ANNs are artificial intelligence and machine learning mod-
els that have the ability to model complex, nonlinear relationships
between inputs and outputs effectively. Unlike traditional linear
methods such as multiple linear regression and others, ANNs do
not require strict assumptions regarding multivariate distributions,
which allows these models to be applied to a wide range of prob-
lems. Moreover, this flexibility allows ANNs to prevail in situations
where conventional approaches may perform inadequately, par-
ticularly when dealing with nonlinear patterns or high-volatility
environments, such as financial forecasting [25–27]. Furthermore,
the enhanced predictive accuracy of ANNs relative to methods such
as binary logistic regression and multiple discriminant analysis has
been well-documented, making them a more appropriate choice for
modeling nonlinear datasets. The robustness comes from the ANN
model’s ability to learn from large datasets without the requirement

Figure 1
Basic structure of an ANN
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of specifying predefined relationships, thus enabling the models to
generalize well to new and unseen data [28].

ANNs were creatively motivated by the architecture and
functioning of the human brain. They are composed of several inter-
connected nodes or “neurons” that imitate biological neurons. Each
neuron processes input data and sends it through activation func-
tions, analogous to how biological neurons convey signals. The
connections between these neurons, also referred to as synaptic
weights, play an important role in determining the strength and sig-
nificance of the signals transmitted, similar to how synaptic weights
in the brain influence learning and memory. This learning process
occurs during network training, where the ANN adjusts its synaptic
weights based on the input data and corresponding outputs to mini-
mize prediction errors. This iterative training allows ANNs to obtain
knowledge and enhance their performance over time, empowering
them to recognize patterns andmake predictions with good accuracy
[28, 29]. Figure 1 [28] displays the basic architecture of an ANN
model.

ANNs are structured in a hierarchical manner, typically com-
prising an input layer, one or more hidden layers, and an output
layer.

In Equation (2), the input nodes are denoted by X 1, X 2, and
X 3. The processing node is illustrated as a circle, while the output
node is labeled Y. The input nodes collect incoming data, which is
then sent to the processing node. Each input node’s data is assigned
a weight, indicated by W1, W2, and W3, respectively. Additionally,
the processing node is influenced by a bias (which represents past
information), represented by b. Mathematically, this relationship
can be expressed as follows:

Y = (X1∗W1) + (X2∗W2) + . . . + (Xn∗Wn) + b (2)

The weights indicate the extent to which the information from each
input node influences the output node. This relationship can be
expressed in matrix form. For example:

w = (W1 W2. . . Wn) (3)

x = ⎡⎢⎢⎢⎢⎣
X1

X2⋮
Xn

⎤⎥⎥⎥⎥⎦
(4)

where w denotes the matrix of weights and x represents the matrix
of input data.

Equation (2) may also be represented by

y = WX + b (5)

Or

y = 𝜑(v) (6)

where y is the output, v is the matrix representing the input data, and𝜑 is a function referred to as the activation function. Thus, it can be
expressed as:

y = 𝜑 (v) = 𝜑(wx + b) (7)

Thus, neural networks consist of multiple nodes and various
connection weights.

There are different types of ANN. They can be categorized
as follows: (i) feedforward neural networks; (ii) radial basis func-

tion networks; (iii) recurrent networks; and iv)multilayer perceptron
(MLP) networks. Among the various categories of ANNs, the MLP
is favored in technology adoption studies due to several of its
advantages. MLPs have the ability to adapt autonomously with-
out requiring changes from the researcher, allowing them (the MLP
model) to effectively learn and model complex, nonlinear relation-
ships. This flexibility is achieved through the adjustment of weight
coefficients during the learning process, permitting MLPs to build
accurate input-output mappings. Moreover, MLPs exhibit robust-
ness against noisy data, making them appropriate for applications
where data integrity may be compromised [28].

3.5. ResNet

He et al. [30] introduced a deep residual network (ResNet),
which is a specific type of convolutional neural network (CNN), for
image recognition. The ResNet is a type of CNN where the input
from the previous layer is added to the output of the current layer
[31]. This skip in the connection (which is known as a skip con-
nection) makes it easier for the network to learn and allows better
performance. ResNet has proven effective in various applications,
such as image classification1 and object detection.

At the core of ResNet resides the concept of residual learning,
which aspires to reformulate how deep networks approximate com-
plex functions. In traditional neural networks, layers seek to directly
learn a mapping H(x), where x represents the input and H(x) repre-
sents the desired output. However, in ResNet, the network learns the
residual function

F (x) = H (x) − x (8)

which means that rather than learning the entire function H (x),
the network learns the difference (residual) between the input and
output, that is, F (x) + x.

This shift in formulation provides a significant advantage.
When identity mapping, that is,

H (x) = x (9)

is the optimal solution, a traditional network would need to fit the
identity mapping across multiple nonlinear layers. This process is
difficult because the layers might struggle to approximate the iden-
tity mapping accurately, resulting in the degradation problem, where
deeper networks perform worse than their shallower counterparts.
In ResNet, if the identity mapping is close to optimal, the network
can simply learn a residual function that is close to zero, simplifying
the learning process.

The residual block is the fundamental building unit of ResNet.
A residual block comprises two or more layers where the input x
is sent through a series of transformations to generate an output
F(x). However, rather than relying solely on these transformations,
ResNet adds a shortcut connection that bypasses the transformations
and directly adds the input x to the output of the transformed layers.
This can be formulated as:

y = F (x, {Wi}) + x (10)

Where:
x is the input to the block.

1An image is a collection of pixels. Pixels are dots of color. Every pixel can be
represented by a number. Thus, an image can be viewed as a matrix of numbers.
Given this thought, the ResNet can be applied for pattern recognition in a matrix
of numbers.
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F (x, {Wi}) depicts the series of transformations applied to x
(e.g., convolutions, activation functions).

Addition x guarantees that the input is transmitted to the deeper
layers unaltered, allowing the network to retain the original signal
if necessary.

During backpropagation, the network may effectively trans-
mit the gradients thanks to the shortcut connection (which is the
skip connection). This mitigates the vanishing gradient problem that
impedes the training of deep networks.

There are two types of shortcut connections used in ResNet.
They are identity mapping and projection. The application of iden-
tity mapping takes place when the input and output dimensions
are identical. In this case, the input is directly added to the output
without any modification. If the dimensions are different, for exam-
ple, when there are changes in the number of channels or spatial
resolution, a linear projection Ws is used to match the dimensions

y = F (x, {Wi}) + Wsx (11)

This guarantees the validity of the residual addition even when the
dimensions of F (x) and x are not equal.

3.6. Proposed hybrid model: POLS-ResNet

This study proposes a hybrid model that combines the POLS
and the ResNet models. It is implemented in the following steps:

1) Step 1: initial linear estimation (POLS)

The first step involves estimating the POLS model, which may
be mathematically expressed as:

Y = X𝛽 + 𝜀 (12)

where Y is the dependent variable, X is the matrix of indepen-
dent variables, 𝛽 is the vector of coefficients, and 𝜀 represents the
error term. After fitting this model, the residuals are derived and are
depicted as:

R = Y − ̂Y = Y − X𝛽 (13)

where ̂Y is the predicted value from the POLS model and R rep-
resents the portion of the dependent variable that the POLS model
could not explain.

2) Step 2: feed residuals to the ResNet

In the second step, these residuals are used in the ResNet frame-
work. The ResNet learns to approximate the nonlinear relationships
that the POLS model missed. This is mathematically formulated as:

R ≈ F (X,W) = H (X,W) + X (14)

where F (X,W) denotes the residual function to be learned, H (X,W)
represents the nonlinear mapping learned by the ResNet, and W
refers to the weights in the ResNet. The inclusion of X reveals the
shortcut connection that adds the input directly to the output of the
nonlinear mapping.

3) Step 3: combine POLS and ResNet predictions

In the third step, there is a combination of the predictions from
both the POLS and ResNet models to produce the final output of the
POLS-ResNet model. This is expressed as:

̂Y f inal = ̂Y + H(X,W) (15)

Substituting the expressions from the previous equations can derive:

̂Y f inal = X𝛽 + H(X,W) (16)

This equation highlights how the POLS prediction supplies the lin-
ear component X𝛽, while the ResNet prediction H(X,W) delivers
the nonlinear component.

3.7. Summary of the proposed POLS-ResNet model

The proposed POLS-ResNet model unites the strengths of a
conventional POLS model and a ResNet to capture both linear and
nonlinear relationships in panel data. The process commences with
an initial estimation utilizing the POLSmodel, which reveals the lin-
ear relationships between the dependent and independent variables.
This step provides a base prediction that obtains the linear trends in
the dataset. However, as linear models have limitations in captur-
ing complex, nonlinear interactions, the residuals (the differences
between the actual values and the POLS predictions) are estimated.
These residuals reflect the portion of the data that the POLS model
could not explain.

The second step involves inserting these residuals into the
ResNet. ResNet, known for its ability to handle deep architectures
and prevent issues like vanishing gradients, is charged with the
responsibility of learning and approximating the nonlinear relation-
ships that the POLS model missed. Using the independent variables
as inputs, the ResNet learns to map them to the residuals through
multiple hidden layers. The key feature of the ResNet, the shortcut
(or skip) connections, enables it to focus on learning the residual
(which is the nonlinear component) while proficiently propagating
information across layers.

In the last step, the final output of the proposed POLS-
ResNet model is generated by combining the predictions from
both the POLS and ResNet models. The POLS prediction fur-
nishes the linear component, while the ResNet prediction shows the
nonlinear component. By consolidating these two predictions, the
proposed POLS-ResNetmodel can embody both linear and complex
nonlinear patterns in the data.

In summary, the proposed POLS-ResNet model can be
mathematically represented as:

̂Y f inal = X𝛽 + (F (X,W) + X) = X𝛽 + H (X,W) + X (17)

See Figure 2, which is a simplification of the POLS-ResNet model.
The proposed POLS-ResNet model can bemathematically rep-

resented as a consolidation of linear and nonlinear mappings, where
the linear aspect comes from POLS and the nonlinear aspect is cap-
tured through a ResNet. This dual-stage modeling framework has
the advantages of both interpretability and predictive power, mak-

Figure 2
Simplified POLS-ResNet model

The proposed POLS-ResNet model can be 

mathematically represented as a 

consolidation of linear and nonlinear 

mappings, where the linear aspect comes 

from POLS and the nonlinear aspect are 

captured through a ResNet. This dual-stage 

modeling framework has the advantages of 

both interpretability and predictive power, 

making it appropriate for high-dimensional 

panel data with nonlinear characteristics. 
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ing it appropriate for high-dimensional panel data with nonlinear
characteristics.

The next section considers the results.

4. Results

The results of the POLS-ResNet model are contained in
the Figure A1. However, the diagnostic outcomes are displayed
in Section 4.1. Section 4.2 furnishes an interpretation of the
POLS-ResNet model results.

4.1. Diagnostics results

The coefficient of determination (R2) was 0.7342, meaning that
approximately 73.42% of the variance in the dependent variable (log
of the balance of trade (log_BoT) can be explained by the indepen-
dent variables in the model. This indicates a relatively strong fit,
though there remains a portion of variance (about 26.58%) that is
unaccounted for. This model is accepted as other models generate
an R2 below 50%.

The coefficient of determination in between (R2 Between) was
0.9874. This suggests that 98.74% of the variance between the
different entities (countries) can be explained by the model, indi-
cating that the differences between the groups are substantial and
effectively represented by the model.

The coefficient of determination in within (R2 Within) was
0.4605. This establishes that 46.05% of the variance within entities
(over time) is captured by the model. This may reflect that while
the model explains the differences between countries well, it is less
effective in accounting for changes over time within those countries.

The F-statistic of 11.049, with a probability value of 0.0050,
reveals that the model as a whole is statistically significant. The low
probability of 0.005 can be interpreted as the existence of evidence
to simultaneously reject the null hypothesis that all the coefficients
are simultaneously equal to 0. This suggests that the coefficients are
statistically significant from 0.

The probability values of the computed parameters are all
below the 10% and 5% significance levels. This indicates that for
each parameter, the null hypothesis that the parameter is equal to 0
can be rejected at the 10% and 5% significance levels.

Additional diagnostic tests are displayed in Figure 3. These are
applied to the ResNet.

From Figure 3, it can be seen that the Ljung-Box test is applied.
The Ljung-Box test is a statistical test used to determine whether
there are significant autocorrelations in a time series. The null
hypothesis (H0) is that there is no serial correlation at any lag up to
a certain number of lags. The alternative hypothesis (H1) suggests
that there is significant serial correlation present.

Ljung-Box test produced a probability of 0.5579 in hidden state
1. Since the null hypothesis of the Ljung-Box test has no serial cor-
relation or white noise, the probability value of 0.5579 suggests that
the null hypothesis should not be rejected at the 1%, 5%, and 10%

levels of significance. This means that there is no serial correlation
in hidden state 1 (Note the hidden state is a hidden layer from the
ResNet).

The Ljung-Box test produced a probability of 0.6797 in hidden
state 2. This suggests that there is no serial correlation in hidden state
2, indicating that the residuals from this hidden state do not exhibit
patterns over time and behave like white noise. Thus, when the
ResNet was applied to the residuals, it removed the serial correlation
and properly modeled the dependencies.

4.2. Model results interpretation

The constant had a value of −23.093. This indicates that when
all independent variables are zero, the log_BoT would be −23.093.
Notwithstanding, such a result is not directly interpretable in a prac-
tical sense, given that not all independent variables will be at zero.
This is included for modeling purposes.

The ODA variable generated a coefficient of 1.9543. This indi-
cates that a 1% increase in ODA corresponds with approximately
a 1.95% rise in the log_BoT, suggesting a positive relationship.
This strong positive effect may imply that increases in foreign
aid or development assistance positively impact the balance of
trade, corroborating the idea that such assistance can enhance trade
performance.

The debt variable estimate of −0.6153 conveys a negative rela-
tionship, meaning that a 1% increase in debt corresponds with about
a 0.62% worsening in the balance of trade. Although the effect is
less prominent than that of ODA, it reflects the consequences of high
debt on the Caribbean’s persistent balance of trade deficit. As such,
the evidence reveals the need for structural reform to improve the
balance of trade in the Caribbean.

The next section facilitates a discussion and policy recommen-
dations.

5. Discussion and Policy Recommendations

5.1. Debt discussion

The estimated debt coefficient of −0.6153 substantiates that
a 1% increase in debt is associated with approximately a 0.62%
worsening in the balance of trade. This negative relationship shows
the burden of external debt on Caribbean economies, supporting
the debt overhang hypothesis. This posits that excessive debt obli-
gations may ultimately have an adverse effect of debt on trade
performance.

High levels of debt are a significant barrier to sustainable devel-
opment in CARICOM member states [32]. Many countries in the
region have debt-to-GDP ratios that exceed sustainable thresholds,
which hinder their ability to channel development funding toward
critical sectors such as healthcare, education, and infrastructure.

Definitely, debt relief is needed to free up fiscal space for
CARICOM nations to invest in their development priorities.

Figure 3
Additional diagnostics performed on the ResNet
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Acknowledging the debt problem, in 2017, the Economic Com-
mission for Latin America and the Caribbean (ECLAC) lobbied for
a debt-for-climate swap in the Caribbean region and established a
task force to facilitate its implementation [33].

The ECLAC proposed debt-for-climate swap is a mechanism
and a framework to address the Caribbean’s unsustainable debt bur-
den while simultaneously mobilizing financing for climate change
resilience-buildingprojects.Underthisarrangement,aclimatefinance
donor, suchasamultilateraldevelopmentbank,aconsortiumofdonor
countries, or a specialized climate fund, would purchase the region’s
external debt from its creditors.Given that debt swaps often involve a
haircut, which is a reduction in the nominal value of the debt, it is rea-
sonable toexpectadiscount in thepurchaseprocess, reducing the total
repayment obligations of Caribbean nations. This approach provides
an opportunity for Caribbean governments to shift their debt repay-
mentsawayfromexternalcreditorsandtowardadedicatedmechanism
that prioritizes climate resilience.

One of the major advantages of this mechanism is that it offers
a dual benefit: it alleviates the region’s debt distress while ensur-
ing that much-needed financial resources are available for climate
action. Historically, the high debt levels in Caribbean nations have
limited their fiscal space, hindering the ability of the correspond-
ing governments to invest in climate adaptation, infrastructure
development, and sustainable economic initiatives. Through
restructuring debt repayments into a mechanism that directly funds
green projects, the Caribbean Resilience Fund (CRF) can help

bridge the financing gap for climate resilience and sustainable
development in the region.

Nevertheless, the efficacy of the debt-for-climate swap is
contingent upon various elements, encompassing the creditor’s
inclination to participate, the extent of the debt relief provided,
and the governance framework of the CRF. To ensure that funds
are allocated efficiently to climate projects, a clear and transparent
governance framework must be established. Furthermore, mecha-
nisms for monitoring and evaluation should be put in place to track
progress, ensuring accountability and optimal resource utilization.
See Figure 4 [34].

As such, this study recommends that a debt-for-climate swap
should be pursued for the CARICOM member states. The rec-
ommended debt-for-climate swap can be implemented through the
following steps:

1) Step 1 – identifying a climate finance donor

The debtor government must first secure a climate finance
donor. This is an important step, as the donor should be an institution
that has dedicated funds for climate action and regularly provides
grants to governments. The donor must have the financial capac-
ity to offer substantial funding, given that public debt in Caribbean
nations typically amounts to millions of dollars. Potential donors
include climate finance mechanisms under the United Nations
Framework Convention on Climate Change (UNFCCC). If the
Green Climate Fund (GCF) is considered, the country must undergo

Figure 4
Overview of the logistics of the ECLAC debt relief and resilience-building initiative
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the accreditation process. Alternatively, the government may col-
laborate with an accredited regional entity, such as the Caribbean
Community Climate Change Centre (CCCCC), to facilitate the
debt-for-climate swap as a GCF project.

2) Step 2 – securing the climate finance donor’s commitment

The success of the debt-for-climate swap depends on the cli-
mate finance donor’s willingness to purchase the government’s debt
from its creditors. Without the donor’s commitment to acquiring the
debt, the initiative could not proceed.

3) Step 3 – negotiating the terms of the debt-for-climate swap

All key stakeholders, including the climate finance donor,
debtor government, and creditors, must negotiate the terms of the
swap. Discussions should cover the portion of debt to be purchased,
the haircut granted, and the quantity of funds allocated to a dedicated
trust fund. Furthermore, they must agree on the types of climate
projects to be financed, the governance structure of the trust fund,
and its operational framework.

4) Step 4 – establishing a trust fund

A trust fund should be created to manage the financial
resources generated through the debt-for-climate swap. The fund
should be capitalized with the proceeds from debt service payments
and should have the capacity to accept contributions from additional
donors to expand its impact.

5) Step 5 – executing the debt-for-climate swap

Once the terms are finalized, the climate finance donor pro-
ceeds with purchasing the government’s debt from its creditors,
thereby formalizing the debt-for-climate swap arrangement.

6) Step 6 – monitoring and accountability

A strong monitoring framework must be established to track
the implementation and efficacy of the debt-for-climate swap. This
includes oversight of expenditures, assessment of project deliver-
ables, and mechanisms to ensure responsible fiscal management.
Moreover, safeguards such as fiscal rules should be introduced to
prevent the government from accumulating unsustainable levels of
new debt in the future.

5.2. ODA discussion

The regression results reveal a strong positive relationship
betweenODAand thebalanceof trade in theCaribbean, as evidenced
by the ODA coefficient of 1.9543. This indicates that a 1% increase
in ODA corresponds to approximately a 1.95% improvement in the
log of the balance of trade. The substantial positive effect implies that
foreign aid plays a considerable role in enhancing trade performance.
This can be achieved through infrastructure development, capacity
building,andfinancialsupportforkeyexportsectors.Thisresultaligns
with the reasoning that development assistance can be indispensable
to promoting economic growth and trade expansion in developing
economies, particularly SIDS like those in the Caribbean.

Foreign aid may improve the balance of trade by channel-
ing investments to productive sectors, improving infrastructure, and
supporting institutional reforms that enhance export competitive-
ness. Furthermore, ODA can relieve foreign exchange constraints,
helping countries to finance imports of capital goods required for
industrialization and economic diversification. However, the effi-
cacy of ODA in shepherding trade improvements relies on how aid
is allocated andwhether it is directed toward productive investments
rather than consumption. The effective application of ODA has the

potential to assist countries in mitigating trade imbalances through
the fortification of domestic industries and the cultivation of more
export-oriented economies.

The CARICOM member states face unique economic and
developmental challenges that necessitate a reevaluation of the inter-
national frameworks governing access to ODA and concessional
finance.

The categorization of CARICOM member states as middle-
income countries predicated on per capita GDP is a misleading
approach that does not accurately represent their economic circum-
stances. Although the value of their per capita GDP may seem
comparatively high, this is primarily attributable to their small pop-
ulations rather than economic strength. For instance, countries like
Antigua and Barbuda, Dominica, and Grenada have small popula-
tions, which inflates their per capita GDP figures. However, these
nations face pronounced economic constraints, including limited
natural resources, small domestic markets, and high dependence on
imports. Furthermore, their economies are often reliant on a nar-
row range of sectors, such as tourism and financial services, which
are highly vulnerable to external shocks, as demonstrated by the
COVID-19 pandemic and the 2008 global financial crisis.

As a result of their middle-income classification, CARICOM
member states are ineligible for accessing concessional finance and
ODA, which are typically reserved for low-income countries. This
exclusion is particularly detrimental given the region’s susceptibility
to climate change, which exacerbates its economic vulnerabilities.
The impact of hurricanes, rising sea levels, and other climate-related
disasters is disproportionately severe on CARICOMmember states,
causing significant economic losses and impeding their long-term
development. To exemplify this, Hurricane Maria in 2017 inflicted
damages equivalent to 226% of Dominica’s GDP, highlighting the
region’s susceptibility to external shocks. The current international
framework fails to consider these vulnerabilities, rendering CARI-
COMnations exposed to risks without the financial support required
to build resilience and achieve sustainable development.

Addressing structural vulnerabilities and achieving sustainable
development in CARICOM member states hinges upon access to
concessional finance and ODA. Concessional finance, which offers
lower interest rates and longer repayment periods, is necessary for
funding infrastructure projects, climate adaptation measures, and
social programs. However, the current eligibility criteria for such
financing are based on outdatedmetrics that do not reflect the unique
challenges faced by SIDS like those in CARICOM.

Structural reforms at the international level are required to
amend these criteria and ensure that CARICOM nations can access
concessional finance. One potential solution is the incorporation of
vulnerability indices into the eligibility framework. These indices
would consider factors such as economic exposure to external
shocks, climate vulnerability, and debt sustainability, providing a
more accurate assessment of a country’s need for concessional
financing.

Moreover, international financial institutions such as theWorld
Bank and the IMF should adopt more flexible lending criteria for
CARICOM member states.

5.3. Relevance to other studies

The results from this study are comparable to other studies. For
example, Rajah and Dayant [35] provide important insights into the
debt sustainability challenges facing Pacific SIDS, offering paral-
lels to the Caribbean context. The study focuses on Fiji, Papua New
Guinea (PNG), Samoa, and Tonga – countries that, like Caribbean
SIDS, deal with small economic bases, geographic isolation, and
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a high degree of exposure to external shocks. The authors note
that even in “normal” times, Pacific SIDS face uniquely difficult
financing conditions due to their extreme geography and vulnera-
bility to climate and economic shocks. The COVID-19 pandemic
intensified these challenges, collapsing key sectors like tourism,
especially in Fiji, where domestic debt levels were already high
before the crisis. The decline in international travel led to significant
revenue shortfalls, resulting in elevated pressures on government
budgets and threatening debt sustainability. In Samoa, PNG, and
Tonga, the issue was contextualized more as a short-term liquid-
ity constraint as opposed to being insolvency, but in all cases, the
inability to launch large-scale stimulus responses, due to the con-
tracted fiscal space and access to concessional finance, emerged
as a common constraint.

The findings fromRajah andDayant [35] study are highly anal-
ogous to the Caribbean experience. Just as Pacific SIDS suffered
from the collapse in tourism, Caribbean economies experienced
major external shocks during the pandemic, particularly in trade
and tourism, worsening existing fiscal vulnerabilities and forcing
greater reliance on debt. Both regions face long-standing struc-
tural constraints that hinder economic diversification and amplify
the economic fallout of global shocks. Notably, Rajah and Dayant
[35] advocate for increased upfront financing, particularly through
external grants and carefully structured debt relief programs that
prioritize economic recovery over simple debt forgiveness. Such
a recommendation is comparable to the recommendation for debt
relief through a debt-for-climate swap made in this study.

The next section concludes this study.

6. Conclusion

Caribbean nations are among the most heavily indebted in the
world, with persistently high debt levels surfacing as a major bar-
rier to economic development. One of the primary contributors to
this debt crisis is the region’s high vulnerability to climate-related
disasters, which necessitate frequent borrowing for recovery and
resilience-building efforts. These financial constraints hinder the
ability of governments to invest and build their economies.

A novel hybrid model combining POLS and a deep residual
network (ResNet) was used to investigate the relationship between
the balance of trade, public debt, and ODA across seven CARI-
COM countries across the 2013–2022 period. The estimated debt
coefficient of −0.6153 suggests that a 1% increase in debt leads
to approximately a 0.62% deterioration in the balance of trade.
This corroborates the debt overhang hypothesis, which posits that
excessive debt burdens negatively impact economic performance
by constraining trade and investment. The findings reinforce the
need for debt relief strategies to create fiscal space for sustainable
development in the region.

This study recommends the use of a debt-for-climate swap to
provideCARICOMmember stateswith a structured pathway toward
debt reduction while financing climate resilience projects. The first
step in implementing this initiative is securing a climate finance
donorwith the financial capacity topurchase the region’sdebt. Poten-
tial donors include international climate finance mechanisms under
the UNFCCC. The success of this initiative depends on the donor’s
willingness to acquire the government’s debt from its creditors.

Once a donor is secured, negotiations must occur between the
debtor government, the creditors, and the donor. These discussions
will determine the amount of debt to be purchased, the size of the
haircut (reduction in the face value of the debt), and the portion of
funds channeled to a dedicated trust fund. The trust fund, established

as part of the swap, will manage financial resources and support
climate adaptation projects.

After the debt-for-climate swap is executed, effective moni-
toring and accountability mechanisms must be implemented. This
includes oversight of expenditures, evaluation of climate projects,
and fiscal safeguards to prevent future public debt accumulation. If
successfully deployed, this initiative can reduce debt burdens while
enhancing climate resilience, allowing CARICOM nations to focus
on long-term sustainable development.

The regression results reveal a strong positive dependence
between ODA and the balance of trade in the Caribbean, with an
ODA coefficient of 1.9543. This corroborates that a 1% increase in
ODA corresponds to a 1.95% improvement in the log of the bal-
ance of trade. The considerable positive effect reflects the important
role of foreign aid in ameliorating trade performance by support-
ing infrastructure development, capacity building, and financial
assistance for key export sectors. These findings correspond with
the broader argument that development assistance can stimulate
economic growth and trade expansion in developing economies,
particularly SIDS like those in the Caribbean.

While ODA is beneficial, CARICOM member states’ clas-
sification as middle-income countries, determined by per capita
GDP, prevents them from easily accessing concessional finance.
The relatively high per capita GDP figures stem from their small
populations rather than true economic strength. Consequently, these
countries are excluded from concessional financing options, which
are typically reserved for low-income nations.

The exclusion from concessional finance is particularly prob-
lematic given the Caribbean’s vulnerability to climate change and
external shocks. Frequent threats from extreme weather events, ris-
ing sea levels, and environmental degradation endanger economic
stability, creating an urgent need for financial assistance to build
climate resilience. Without access to concessional finance, these
nations struggle to implement necessary adaptation and mitigation
strategies, further exacerbating their economic vulnerabilities.

Structural reforms at the international level are necessary to
revise the eligibility criteria for concessional finance and ensure
that CARICOM nations can access the financial support needed for
sustainable development. Expanding access to ODA and conces-
sional financewould supply the necessary fiscal space for Caribbean
countries to fortify their economies, enhance trade performance, and
develop long-term resilience.

A limitation of this study is that, although CARICOM com-
prises 15 full member states and 5 associate members, due to
insufficient data, not all countries could be included in the analy-
sis. Nevertheless, the findings remain relevant as they can bolster
advocacy for debt relief initiatives, such as debt-for-climate swaps,
within the region.

6.1. Contributions of this study

This study makes several contributions to the existing litera-
ture. First, there is limited empirical research examining the impact
of public debt and ODA on international trade in the CARICOM
region. Despite the significant role of debt and foreign aid in shap-
ing economic outcomes, few studies have explored their effects on
trade performance. This research is particularly relevant given that
many CARICOM member states took on additional debt during the
COVID-19 pandemic while simultaneously experiencing a decline
in international trade due to global lockdown measures. Certainly,
by addressing this gap, the study provides insights into how debt and
ODA influence trade balances in CARICOM. The lessons learned
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and policy recommendations can be extended to other small, open
economies.

Second, this study applies a nonlinear modeling approach to
analyze the relationship between the balance of trade, public debt,
and ODA across seven CARICOM member states. This method-
ological choice builds upon previous research, which primarily
relies on linear regression techniques. Since economic relationships
often exhibit nonlinearity, traditional linear models may fail to cap-
ture the true dynamics of the data. By utilizing a nonlinear approach,
this study ensures a more accurate estimation of the effects of debt
and ODA on trade performance, thereby improving the reliability of
its findings.

Third, a key methodological contribution of this study is the
introduction and application of the POLS-ResNet model. This new
hybrid model integrates POLS regression with a deep residual net-
work (ResNet), a type of ANN. Through combining the strengths
of both econometric and machine learning techniques, the POLS-
ResNet model enhances predictive accuracy and better captures
complex patterns in the data. Unlike traditional linear models, which
may produce biased estimates in the presence of nonlinearities, the
POLS-ResNet model can learn intricate relationships and generate
more reliable results.
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Appendix

Figure A1
Results of the POLS-ResNet model
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