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Abstract: Overwhelmed by the negative impacts of the COVID-19 pandemic, global supply chains
are being restructured and improved worldwide. It then becomes essential to accurately assess their
vulnerabilities to external shocks and understand the relationships between key influential factors to
obtain the desired results. This study provides a new conceptual econometric framework to examine
the relationships between the purchasing managers’ index, service purchasing managers’ index,
world equity index, unemployment rate, food and beverage historical prices, Baltic Dry Index, West
Texas Intermediate Index, and carbon emissions. A quantile vector autoregressive (QVAR) model
is used to assess the dynamic connectedness among Brazil, Russia, India, China, South Africa, and
the United States based on such factors. A wavelet method is also utilized to assess the coherence
between the time series. The results of the correlation and dynamic connectedness analyses for these
countries reveal that the service purchasing managers’ index offers the highest spillover value toward
the other factors.

Keywords: supply chain disruption; QVAR; wavelet

1. Introduction

The pre-existing supply chain challenges that were magnified by the COVID-19 pan-
demic continue to create pressure at the most global scale. Disruptions of manufacturing
operations resulting from curfews and regulations keep slowing the flow of goods and
raw materials. However, the COVID-19 pandemic has not necessarily created any new
challenges for supply chains. A survey conducted by Ernst & Young on senior-level supply
chain executives underscored their plans to increase investment in supply chain technolo-
gies, such as artificial intelligence, business analytics, and robotic process automation, as
an attempt to create collaborative, resilient, and sustainable supply chains. The survey
revealed that only 2% of the respondents were fully prepared for the disruptions caused by
external shocks. On the bright side, these disruptions have forced business executives to
prioritize their supply chain issues and invest in building technical capabilities.

Although many industries were deeply affected by the COVID-19 pandemic, some
of them were hit particularly hard. Shortages of semiconductors, batteries, fabrics, and
critical elements exposed vulnerabilities in the auto manufacturing, electronic good, and
textile industries. Record-low inventories in many industries are still holding back business
activities and causing disruptions in industrial supply chains. One of the most significant
impacts of such shortages is on price increases. Between April 2020 and April 2021, the
prices of commodities tracked using the producer price index rose by seventeen percent,
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while the change in commodity prices reached twenty-one percent between April 2021
and April 2022 [1]. To overcome such challenges, major companies in these industries
have already started building more sustainable and resilient supply chains by geographi-
cally diversifying their supply sources, relying more on local suppliers, and investing in
technological solutions throughout. Meanwhile, it is essential to start with identifying
vulnerabilities before redesigning supply chains as there are many tradeoffs associated
with potential solutions where supply source diversification is misaligned with efficiencies
within the very same supply sources [2]. A recent analysis revealed the four top strate-
gies being utilized by companies to mitigate the impact of COVID-19 on their supply
chains. These are strengthening existing relationships, pursuing multiple and regionally
diverse suppliers, relying on digital supply chain tools for increased visibility into their
supply chain, and moving away from the just-in-time methodology to the just-in-case
methodology [3].

Research efforts aiming to overcome these vulnerabilities currently focus on restruc-
turing global value chains, improving demand prediction, and increasing transparency.
Swanson and Santamaria conducted a bibliometric analysis to summarize the COVID-19
pandemic-related supply chain literature and reported that 84% of it was produced within
the first ten months [4]. Another interesting finding is that although the pre-COVID-19
pandemic-related supply chain literature focused on the medical supply chain, the post-
COVID-19 pandemic-related supply chain literature covered a wider range of industries
using empirical methods, such as modeling and simulation. In an attempt to identify the
main research streams, influential contributors, and disruption management strategies
related to the supply chain performance in pandemic settings, Moosavi et al. presented
bibliometric, network, and thematic analyses [5]. They found that technologies, such as
artificial intelligence, the internet of things, and blockchains, as well as food and medical
supply chains were the main research topics driven by the COVID-19 pandemic. Mean-
while, Vlachos reviewed 259 publications on supply chains and provided analyses of the
impacts at the firm, industry, and economic sector levels, as well as a classification of supply
chain resilience strategies [6].

Our paper is motivated by the fact that one of the most significant and difficult chal-
lenges that governments, policymakers, and societies have been facing recently is the
assessment of the vulnerability of global supply chains to external shocks and building
resilient supply chains to minimize negative impacts on their performance. Our research
question focuses on the correlation between and spillover effects of factors, such as the
purchasing managers’ index (PMI), service purchasing managers’ index (SPMI), unem-
ployment rate (UR), world equity index (WEI), carbon emission futures (CEF), food and
beverage historical prices (FBH), Baltic Dry Index (BDI), and West Texas Intermediate Index
(WTI), before and after the COVID-19 pandemic to examine their impacts on global supply
chains. Specifically, we pose the following research question:

Research Question: What is the connection between the factors that expose the vulnera-
bility of global supply chains and the impact their performance? To assess the vulnerability
and spillover effect, two quantitative models are implemented to evaluate the connected-
ness relationship and spillover effects of shocks on time-series data.

This paper makes the following novel contributions. First, we propose a new con-
ceptual framework of dynamic connectedness analysis for time-series data from multiple
countries with key indicators of supply chain performance. Second, a quantile vector
autoregressive (QVAR) model reveals the dynamic connectedness among countries before
and after the start of the pandemic. One important finding is that this study reveals the
strong co-movement in the global supply chain during the period that is investigated. The
results reveal high time-frequency dependence and a causal effect between the factors and
global supply chains. Another result is that the co-movement between the unemployment
and other factors is weaker compared to the co-movement between the PMI and SPMI,
particularly up to 2017.



Sustainability 2023, 15, 14510

30f28

The rest of the paper is organized as follows. Section 2 reviews the supply chain
research during the COVID-19 pandemic era. The theoretical econometric fundamentals
are presented in Section 3, followed by the results and findings in Section 4. We provide
conclusions in Section 5.

2. Literature Review

Our literature research on the impacts of external shocks on supply chains and overall
economic activity focuses on two main streams. These are research on the impact of
external shocks on supply chains and research on the effectiveness of various actions taken
to respond to mitigate the impact of the external shocks.

2.1. Impact on Supply Chains

To evaluate the expectations for the evolution of supply chains in terms of geographic
regions and industries, Vurdu examined the emergence of global value chains and the
interdependence among countries [7]. Meyer et al. focused on the implications of the
COVID-19 pandemic for supply chain constructs related to sustainability, resilience, and
risk, using text mining [8]. Sarkis identified emerging consumer, organizational, policy, and
supply chain behaviors by looking at the environmental sustainability of supply chains in
a post-COVID-19 pandemic environment [9]. Carvalho et al. used an equilibrium model
of production networks that took into account the macroeconomic disruption caused by
the 2011 earthquake in East Japan along the supply chains [10]. Del Rio-Chanona et al.
analyzed the constraints exerted on the U.S. economy after allowing shocks in its aggregate
supply and aggregate demand to predict their impacts on factors, such as GDP, employ-
ment, and wages [11]. During the COVID-19 pandemic, Bekaert et al. studied output
and price fluctuations, using real-time data on GDP growth and inflation, by modeling
aggregate supply and aggregate demand shocks [12]. Around the same time, Brinca et al.
measured labor supply and demand shocks at the sectoral level by estimating a Bayesian
structural VAR model, attributing the drop in the rate of labor growth to supply effects [13].
Chen et al. studied the dynamic impact of the COVID-19 pandemic on consumption, using
daily transaction data to reveal the sensitivity of demand to the pandemic severity [14].
Guerrieri et al. investigated whether supply shocks can lead to demand-deficient recessions
and discussed the combination of monetary and fiscal policies [15]. Inoue and Todo used an
agent-based model to simulate the impact of a complete Tokyo shutdown on the production
losses in other prefectures and argued that the negative impact of the shutdown would
rapidly propagate throughout because of supply and demand shortages [16]. Pichler et al.
designed an economic model to address the features of the COVID-19 pandemic, includ-
ing the inventory dynamics and feedback between the consumption and unemployment,
and analyzed how shocks propagated through the production network [17]. Chetty et al.
analyzed the heterogeneity of the impact of the COVID-19 pandemic across income lev-
els, using weekly statistics on employment rates, job postings, consumer spending, and
business revenues [18]. Khalfaoui et al. provided an empirical study on the roles of panic
and stress related to the COVID-19 pandemic on green bond market volatilities [19]. Chen
and Tillmann used a set of economic activity indicators, such as NO, emissions, mar-
itime container trade, and mobility, to estimate the magnitude of lockdown spillovers [20].
Qian and Qiu examined the impact of political risk on corporate international supply
chains and concluded that political risk decreased their number of purchases from foreign
suppliers [21].

2.2. Responding to External Shocks

Freeman and Baldwin focused on the effects of the supply chain contagion of national
lockdown measures on manufacturing industries [22]. Hyun et al. examined how global
connectedness and market power affected the supply chain resilience and performance in
response to the COVID-19 pandemic, using global stock market data, and concluded that
higher global connectedness of supply chains led to more resilience to domestic shocks [23].
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Bonadio et al. used a multi-industry quantitative framework covering 64 countries to
investigate the impact that global supply chains had on GDP growth during the COVID-
19 pandemic and argued that the nationalization of supply chains did not necessarily
contribute to their resiliency because of an increasing dependency on domestic inputs,
which were also disrupted by the lockdowns. [24] Using international trade variables,
Heidary presented a system dynamic model to simulate the impact of the COVID-19
pandemic on the global supply chain in various scenarios and concluded that higher
levels of flexibility in production capacity were an important strategy to cope with such
disruptions [25]. Diaz Pacheco and Benedito investigated the responses of manufacturing
and service businesses during the COVID-19 pandemic, using a qualitative multiple case
study, and reported that supply chains did adapt activities, such as product design and
development, budgeting, human resources, and logistics [26].

To estimate the impacts of COVID-19 as well as government responses on e-commerce
sales, Han et al. utilized city—day panel data to illustrate the digital resilience of e-commerce
during the pandemic and identified the logistics capacity as a key operational driver [27].
Blom et al. developed an optimization model to maximize the audience in a theater while
satisfying the limitations imposed by the governments during the pandemic [28]. Li et al.
used a two-tier supply chain to investigate the impact of government subsidy schemes
and the channel power structure on the level of innovation in the supply chain [29]. The
study provided guidance for governments on how to design effective subsidy schemes to
improve innovation, investment, as well as social welfare, which are particularly important
during challenging times. Zhai et al. also considered a two-tier supply chain composed of
a retailer and a manufacturer to investigate service investment and pricing decisions under
various power structures in the presence of demand disruptions [30].

Although the literature on the effects of the COVID-19 pandemic on supply chains
has started to build sharply, there are a lack of quantitative models for examining the
relationships between key factors mainly owing to the limitations on data availability.
This research fills this gap to enable decisionmakers to implement informative decisions
based on objective analytical results. Furthermore, the extant literature on the interrelations
among factors do not account for the spillover effects of external shocks. Our paper
contributes to the existing literature by assessing the connectedness of time-series data.

3. Methodology

To assess the connectedness of the time-series data, QVAR, and wavelet coherence
methods can reveal the dynamic connectedness between variables and assess the spillover
effects of shocks from a spatiotemporal perspective. Different quantiles in QVAR simulate
diverse market conditions, while the wavelet coherence method simulates co-movement
relationships.

3.1. Quantile Vector Autoregressive (QVAR) Method

To examine the connectedness among PMI, SPMI, UR, WEI, CEF, FBH, BDI, and WTI,
we used the QVAR method. The workflow involving the time-series data is provided in
Figure 1.

» Investing com * ADF * Total » Coherence
«EKPES Connectadnaess Analysis
* Pairwiss

Connectadnass

Figure 1. Workflow of the analysis.

The cointegration between multiple variables was tested using the Jarque—Bera (JB)
goodness-of-fit test to evaluate the distribution of residuals of the VAR model for the
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BDI;
WTI,,
PMI,,
SPMI;
WEI,
CEF,,
FBH;
UR;;

variables. The test provides skewness and kurtosis computations to determine normality.
The residuals must be randomly distributed for normality, and p-values < 0.05 indicate
a bidirectional cointegration. Pairwise cointegration between two variables implies the
existence of system-wide cointegration.

[ BDIj_ 1 T T BDIj_p T [ BDI;_,
WTI; 4 WTI;_, WTli_,
PMI;_4 PMI;_, PMI;_,
= Ao+ A SP%E’}; + A SP%QEZ tet A SP%%I;P +CDy + 1 1)
CEFj; CEF; CEF;
FBH FBHj FBHj
L UR;; ] L UR;; i UR;; ]
where
BDI;;: Baltic Dry Index;
WTI;: WTI;

PMI};: purchasing managers’ index;

SPMlI;: service purchasing managers’ index;
WEI}: world equity index;

CEF;;: carbon emission futures;

FBHj;: food and beverage historical prices;
UR;;: unemployment rate;

i={1,.,6},andt={1,...,7}.

The augmented Dickey—Fuller (ADF) and Kwiatkowski-Phillips-Schmidt-Shin (KPSS)
tests were used to confirm the stationarity of the time series [31,32]. The ADF test for time
series Y; is given by a linear regression model as follows:

Ay, =a+Bt+9Y 1+ GlAYt,l +...+ 91_1Ayf71+1 + €t (2)
where « is a constant, S is the coefficient of the time trend in time series Y}, | is the lag order
of the autoregressive process, and ¢; is the stationary error of the linear regression model.
The root test of the ADF for the null hypothesis, v = 0, is given as follows:

gl
ADF, = —— ®)
T SE(Y)
The KPSS test for time series Y; is given by the following linear regression using three
parameters:

Yi=ri+Pi+ e 4)

where « is a constant, §; is the deterministic trend, ¢ is the random walk 7y = a + Bt + Y u;,
i<t

and ¢; is the stationary error of the linear regression model. -

The QVAR for dynamic connectedness analysis [33] was used to assess the connected-
ness among countries. It cast the standard VAR models with a quantile regression model to
measure the dynamics of the selected quantiles. Unlike the rolling regression model that
sets the rolling window size arbitrarily, the QVAR defines multiple quantiles to avoid any
loss of information. Furthermore, the QVAR is less sensitive to outliers because it uses a
recursive information set rather than the standard VAR with constant parameters.

QVAR method for time series Y;:

A recursive information set, (), is used to model multiple quantiles [33]. For the

lagged values of gt and the contemporaneous value of 171,t+1/ O = }Z, lwft_l, . } and

Oy = { Yil,t+1r0il,t}-
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For p multiple distinct quantiles, 0 < 6; < ) < --- < 0, < 1, the QVAR model is
given as follows:

0; )
Yir1 =w+ AoYip1 + A1 + €, P<€ift+1 < O‘Qu) =0, P=1,---,nj=1,---,p (5)
The error term, €; 1, is quantile-specific and satisfies the condition of P ( €; Jt 1 <0 ‘ (@ t) =
Gj. Y: = 1, ® Y, where 1, is a p-vector of ones. The matrices Ag = [, ® Ay have lower-

triangular submatrices that have zeros on the main diagonal, and A; = I, ® A 1 to avoid trivial
multicollinearity problems.
The forecast model of the QVAR can be described as the branches of a tree. For p

multiple distinct quantiles, the starting node, §1,t+1/ has p branches (p quantiles). At the

end of each branch, there are p more branches for Y ;1 and so on. The general form of the
QVAR is given as follows:

Yip1 = wAYip + AMYGer (6)
Ao Ay Ay - A
0 0--- 0
0 L, 0 ... 0
where A0 = . . |, and A = _ . .
0 0 0 ... Iy O

The QVAR model provides the natural environment for measuring impulse responses
to a given shock by defining a set of future tail quantiles-of-interest and predicting the
outcomes of variables that are conditional on the chosen shock. The structural quantile-
impulse response function is given in terms of structural shocks as follows:

Yi = (Lip — Ao) '@+ (Lp — A0) ' ArYe1 + (Inp — Ag) et @)

3.2. Wavelet Method

Originating from Fourier analysis [34,35], the wavelet method is used to assess the
dynamics of co-movement among time series [19]. Xu, Liu, and Ortiz [36] used wavelet
analysis to examine the amplitude and time-frequency distributions between the expected
and actual inflation in the U.S. Grinsted, Moore, and Jevrejeva [37] applied the wavelet
coherence and cross-wavelet transform to analyze the relationship in time-frequency space
between two time series as follows:

DXth(r’p) = S(D;‘(t(r,p)DYt(r,p)) 8)

where Dy, (7, p) and Dy, (7, p) represent the continuous wavelet transforms of X; and Y; at
scales r and positions p, respectively. The superscript * is the complex conjugate, and S is
a smoothing operator in time and scale. Thus, the conference of time-series X; and Y; is
given as follows:

s (D5, (. Dy ()|

S(1Dx,(r.p)P):5(1Dy, (r,p)I*) ©)

4. Experimental and Empirical Findings
4.1. Data

Table 1 summarizes the econometric indicators used to measure the economic activities.
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Table 1. Economic indicators.

Indicator Symbol Explanation

Baltic Dry Index BDI Proyides a benchmark for the price of transporting
major raw materials by water

West Texas Intermediate WTI A crude oil sourced primarily from inland Texas
Represents the prevailing direction of economic trends

Purchasing Managers’ Index PMI in the manufacturing and service industries as viewed

by purchasing managers

Consists of a diffusion index calculated based on
Service Purchasing Managers responses to a question asked to a panel of service

SPMI . .

Index sector providers about changes in the volume of
business activity compared with the previous month
Captures large- and mid-cap representations across 23
developed market (DM) countries and covers nearly

’

World Equity Index WEL 85% of the free float-adjusted market capitalization in
each country (MSCI)

Carbon Emission Futures CEF Used as an indicator of industrial activity levels

I}:);)i(;(isand Beverage Historical FBH Used as an indicator of food prices

Unemployment Rate UR Measures the percentage of the total workforce that is

not working, yet actively seeking employment

The BDI is used as an indicator that offers a clear perspective of the global demand
for commodities and raw materials. WTI, as one of the highest-quality oils, serves as
the main global oil benchmark and is included in the model as an indicator of industrial
production. The PMI and SPMI are also included as indicators of the growth or expansion
of the manufacturing and service sectors, respectively. The WEI is used as a measure of
the equity market performance of emerging and developed markets. The CEF is added
to the model as a proxy for the industrial output, while the FBH approximates the price
patterns in critical goods during times of crisis. Finally, the UR reflects the degree of labor
utilization in the job market. To perform the cointegration, causality, and connectedness
analyses, time-series data were collected from various sources for four countries. Brazil,
Russia, India, China, and South Africa have the largest emerging economies, while the
U.S.A. has the key global market. The BRICS countries have undoubtedly become world
economic powers; they are attempting to harness the forces of globalization to strengthen
their international standing across multilateral settings [38]. The BRICS countries and
the U.S. represent almost seventy-five percent of the combined worldwide trade (which
goes hand-in-hand with supply chains) and enjoy a strategic political position in terms
of their regional influence and, therefore, possess generality for assessing the effect of the
magnitude of spillovers on global supply chains. The BDI, PMI, SPMI, UR, WEI, CEF, and
FBH data were obtained from https:/ /www.investing.com (accessed on 1 August 2023),
while the WTI data were obtained from the Federal Reserve Bank (FRB). The descriptive
statistics for the variables that were used are presented in Table 2.
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Table 2. Descriptive statistics.

N Mean SD Median Trimmed Mad Min. Max Range Skew Kurtosis SE
Variable 109 55 31.61 55 55 40.03 1 109 108 0 -1.23 3.03
Brazil PMI 109 0 0.05 0 0 0.03 —0.27 0.21 0.48 —0.93 9.76 0
Russia PMI 109 0 0.05 0 0 0.03 —0.4 0.2 0.6 —3.65 31.9 0
India PMI 109 0 0.07 0 0 0.03 —0.63 0.17 0.8 —6.91 62.72 0.01
China PMI 109 0 0.04 0 0 0.01 —0.33 0.25 0.58 —2.66 44.85 0
SA PMI 109 0 0.05 0 0 0.04 —0.19 0.15 0.34 —043 2.68 0
USA PMI 109 0 0.04 0 0 0.02 —0.26 0.15 0.42 —2.55 23.48 0
Brazil SPMI 109 0 0.06 0 0 0.04 —0.35 0.12 0.47 —2.05 11.2 0.01
Russia SPMI 109 —0.01 0.08 0 0 0.04 —0.73 0.09 0.82 —6.13 47.74 0.01
India SPMI 109 —0.07 0.4 —0.01 —0.02 0.08 —2.29 1.06 3.35 —2.94 13.58 0.04
China SPMI 109 0 0.08 0 0 0.02 —0.69 0.16 0.84 —6.6 58.25 0.01
SA SPMI 109 0 0.06 0 0 0.06 —0.22 0.18 0.4 -05 1.98 0.01
USA SPMI 109 0 0.05 0 0 0.03 —0.28 0.14 0.42 —1.68 9.22 0
Brazil UR 109 0 0.05 0 0 0.05 —0.11 0.1 0.21 0.15 —0.72 0
Russia UR 109 0 0.05 0 0.01 0.04 —0.34 0.1 0.45 —2.75 16.43 0
India UR 109 —0.01 0.21 0 0 0 -1.7 1.21 291 —3.09 47.76 0.02
China UR 109 0 0.04 0 0 0.01 -0.1 0.24 0.33 2.58 12.99 0
SA UR 109 0 0.02 0 0 0.01 —0.12 0.09 0.22 —0.94 14.18 0
USA UR 109 —0.01 0.08 —0.01 —0.01 0.03 —0.23 0.76 0.99 6.79 62.76 0.01
WTI 109 —0.01 0.05 0.01 0 0.03 —0.21 0.06 0.27 —1.74 4.16 0
BDI 109 —0.01 0.09 0 —0.01 0.03 —0.45 0.25 0.7 —1.28 7.22 0.01
WEI 109 0 0.05 0.01 0.01 0.04 —0.18 0.15 0.32 —0.69 1.1 0.01
CEF 109 0.01 0.15 0.02 0.02 0.09 —0.52 0.35 0.88 -1.2 2.8 0.01
FBH 109 —0.01 0.08 0 0 0.01 —0.74 0.12 0.86 —6.94 59.49 0.01

4.2. Results

Tables Al and A2 in Appendix A present the conditional and partial correlations,
respectively. Tables A4 and A5 provide the results of the ADF and KPSS stationary tests,
respectively.

To assess the spillover and dynamic interconnected relationship between the six
countries, Table A6 reports the findings of the static spillover connectedness between 2014
and 2023. The spillover contributions from (to) other factors vary between 43.11% (22.6%)
and 95.88% (304.0%). Unemployment in South Africa has the lowest contribution from the
other factors, while unemployment in India has the highest contribution from the others.
The PMI in China is the highest transmitter of shocks, while the SPMI in India is the highest
primary receiver of shocks.

The net pairwise directional connectedness (NPDC) plots in Figure 2 show the strengths
and directions of the net spillover over time. The arrows pointing from one variable to
another indicate positive net spillovers, while the arrow thickness defines the strength of
the spillover. The color of the node defines the nature of the contributors and recipients.

Figure 2. NPDC measure plot of the QVAR connectedness analysis.
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Figure 2 shows that China’s PMI and SPMI have the highest spillover to the other
variables. The FBH, WEI, and unemployment in China are the other net transmitters.
Figure A1l provides the NPDC plots across the quantiles. Clearly, the intensity of the
spillover between the factors is much higher in the quantiles below 0.30 and above 0.85.
Figure A2 in Appendix A presents the time series with abrupt changes between 2014 and
2023. Change points can be viewed as sudden fluctuations in time series representing
transitions between states.

Figures A3-A7 in Appendix A present the wavelet coherence heatmaps. They allowed
for the identification of significant, non-stationary stochastic patterns from these multivari-
ate, nonlinear, time series. The degree of wavelet coherence (WC) is presented in the legend
at the right of each heatmap and has values from 0.99 to 1.01 and periods between 4 and 32.
Blue denotes a weak coherence, while red denotes a strong coherence. Figures A3-A7 show
the WC maps via a contour plot. The vertical axis represents the frequencies as periods,
which can be converted based on the windows to time units in days. The timeline in each
map is shown on the horizontal axis from 2014 to 2023. One important finding that we may
derive from the coherence maps displayed in Figures A3—A7 is the strong co-movement in
the global supply chain at almost all the times and frequencies. It is interesting to note that
the combined indexes had strong effects on the WTI, BDI, WEI, and FBH changes except
for the CEF change. From these findings, one may infer a high time-frequency dependence
and a causal effect between the factors and global supply chain. An exception, i.e., the low
co-movement between the CEF and other variables, was found for the period 2014-2023.
Another interesting finding is that the co-movement between the unemployment and other
factors was weaker compared to the co-movement between the PMI and SPMI, particularly
up to 2017.

4.3. Robustness Analysis

We examined the net directional accuracy of the factors in the system across a sequence
of quantiles to analyze the sensitivity of the dynamic connectedness analysis. These results
are reported in Tables 3 and 4. The total spillover contribution from (to) the other factors is
almost identical across the sequence of quantiles, but the standard deviation (STDEV) in
the spillover contribution to the other factors (Table 3) is greater than that in the spillover
contribution from the other factors (Table 4).

These findings show a strong dynamic interconnection within the system. However,
the standard deviation reaches its peak in the quantile at 0.50 (Figure 3). Figure 3 is
constructed using the standard deviation of the total spillover contribution from (to) the
other factors, as presented in Table 3 and 4, respectively. For the quantile values between
0.35 and 0.70, the total spillover contribution from the other factors is very stable, while the
total spillover contribution to the other factors increases by 43.4% within the same range of
quantiles.
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Table 3. Simulation across a sequence of quantiles for spillover contributions to the other factors.

FROM 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95
China_pmi  94.63 92.44 90.39 90.70 62.84 59.30 57.19 56.08 55.19 50.83 51.76 53.31 50.90 54.04 55.11 60.35 65.90 68.95 87.86
Brazil_pmi  96.74 95.18 87.07 86.54 82.34 79.97 83.50 81.34 82.53 83.39 82.35 83.74 84.43 86.43 82.90 83.30 86.42 88.33 95.04
India_pmi  90.66 95.24 93.52 93.84 89.67 86.89 88.41 89.72 90.33 90.79 89.06 93.65 91.68 94.03 91.93 89.52 90.02 90.74 94.15
USA_pmi 9554 91.23 91.90 86.54 79.42 81.78 84.47 83.38 81.70 83.29 83.97 83.77 84.75 90.05 89.96 91.12 91.94 91.89 93.42
China_spmi 94.00 93.22 94.51 96.37 80.56 7291 74.45 74.79 72.77 69.67 63.43 67.24 66.17 75.29 74.56 76.76 83.69 85.05 92.42
Brazil_spmi 95.44 95.50 89.66 91.26 81.64 78.05 74.01 70.53 74.00 76.89 74.65 75.13 79.43 84.58 82.16 83.96 89.18 90.51 91.75
India_spmi  96.64 95.86 93.61 94.69 92.15 86.40 87.30 84.13 84.54 85.38 85.47 86.60 86.24 87.40 88.20 87.71 91.03 94.56 96.71
USA_spmi  96.61 93.17 94.62 89.00 81.56 76.96 77.05 75.50 75.29 72.51 70.71 71.96 75.32 84.90 82.66 83.84 85.78 87.98 92.35
China_uemp 92.66 93.00 92.38 93.67 80.08 62.66 57.64 46.71 46.84 51.60 53.74 57.20 55.23 62.15 65.99 71.00 77.82 82.14 94.67
Brazil_uemp 77.78 91.40 89.34 91.63 75.58 56.14 40.31 39.43 40.85 64.61 61.25 54.26 64.67 80.65 81.22 84.16 90.67 89.65 95.80
India_uemp 92.60 92.55 91.76 90.61 87.44 82.18 77.59 64.82 50.99 50.46 49.10 48.85 49.20 53.54 59.12 63.89 76.35 85.67 96.35
USA_uemp 94.67 95.00 93.29 93.63 90.34 54.49 48.18 50.62 47.56 44.19 45.39 44.96 45.73 48.91 50.51 48.97 60.13 69.42 99.05

WTI 92.24 91.82 92.47 91.12 69.51 76.42 76.76 74.09 77.89 76.75 72.60 77.99 77.56 80.99 84.16 86.97 88.73 89.59 92.86
BDI 82.33 92.03 91.80 93.19 79.34 75.90 75.58 75.55 73.67 75.45 69.85 77.75 75.70 86.04 81.57 85.18 89.15 91.89 91.33
WEI 94.17 91.18 88.93 91.24 84.97 84.77 84.27 70.60 78.13 83.88 77.10 74.23 70.85 77.31 77.99 81.80 88.02 89.89 94.38
CEF 92.34 89.74 86.25 87.21 73.65 79.68 57.67 57.19 66.21 61.76 53.46 60.46 56.52 62.36 76.35 81.55 89.88 90.57 91.53

STDEV 521 1.84 2.52 2.90 7.73 10.66 14.70 14.59 15.42 14.60 14.10 14.70 14.59 14.51 12.45 11.80 9.39 7.44 2.65

Table 4. Simulation across a sequence of quantiles for spillover contributions from the other factors.
TO China_pmi Brazil pmi India pmi USA_pmi China spmi Brazil spmi India_spmi USA_spmi China_uemp Brazil uemp India_uemp USA_uemp WTI BDI WEI CEF STDEV
0.05 42.43 52.96 109.51 93.35 73.75 66.11 39.18 61.89 154.79 211.31 94.22 61.90 81.86 184.63 77.18 73.98 49.87
0.10 96.00 58.64 79.52 118.34 88.37 57.91 58.01 101.90 98.58 103.22 100.07 71.29 101.55 109.23 102.40 143.54 23.39
0.15 83.73 88.41 88.45 100.12 83.17 78.66 63.39 71.07 71.01 121.75 88.30 84.43 84.05 85.55 115.08 154.31 22.48
0.20 58.80 123.92 77.98 142.80 43.37 86.29 66.91 98.29 69.75 80.25 102.66 78.53 106.08 73.04 104.86 147.70 29.11
0.25 131.49 85.74 65.64 106.46 72.06 95.61 45.29 118.14 67.26 58.00 77.68 53.51 94.24 40.75 70.79 108.46 26.51
0.30 197.07 56.48 45.83 7191 100.27 75.39 14.90 102.74 49.65 39.24 61.52 137.96 69.78 28.46 51.25 92.05 44.90
0.35 180.45 76.37 49.08 49.73 108.65 79.93 19.61 69.79 36.01 18.45 75.67 159.47 46.07 34.44 49.72 90.96 45.99
0.40 163.29 68.58 46.25 38.35 104.74 73.01 22.85 46.69 33.69 15.64 115.74 170.40 48.73 39.25 38.86 68.41 46.92
0.45 187.01 54.85 40.11 27.70 111.78 70.25 25.94 37.15 29.26 15.46 148.06 201.49 32.90 30.69 36.83 49.01 59.90
0.50 223.89 43.97 25.40 23.57 126.46 51.07 15.62 29.65 47.27 13.25 172.06 234.48 23.83 29.31 30.08 31.56 75.14
0.55 167.24 41.74 25.14 31.88 109.29 52.45 22.25 33.59 34.63 11.13 185.45 239.53 25.67 33.34 39.21 31.37 69.10
0.60 162.50 45.73 19.15 30.37 103.22 53.61 22.33 32.95 36.02 16.23 192.09 243.37 33.64 27.85 62.41 29.65 69.33
0.65 123.69 37.92 24.06 36.82 96.30 41.81 27.51 34.13 31.50 23.56 205.95 250.28 39.58 35.67 63.91 41.70 67.95
0.70 143.19 40.83 27.11 53.69 120.06 40.12 24.95 34.76 34.47 33.56 204.32 229.84 53.81 42.63 76.75 48.61 64.39
0.75 121.17 55.41 42.80 65.59 102.30 70.93 27.28 50.72 35.47 57.65 181.89 187.73 51.21 53.66 70.64 49.96 48.23
0.80 105.93 65.76 54.74 74.56 110.26 73.58 24.90 65.46 43.81 64.50 158.16 165.09 66.51 59.16 67.08 60.56 38.11
0.85 85.72 85.53 74.86 77.01 106.87 95.07 38.76 83.70 27.69 87.64 137.74 111.57 104.38 67.82 100.06 60.29 27.28
0.90 86.07 99.58 93.74 94.23 117.52 86.21 41.44 98.22 42.93 99.01 113.69 60.09 122.68 60.19 105.06 66.20 25.38
0.95 187.96 64.10 86.11 90.95 133.23 113.60 70.31 105.93 61.54 51.14 61.07 15.87 107.06 136.08 87.78 126.94 41.28
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Figure 3. Changes in spillover contributions across a sequence of quantiles.

4.4. Managerial Implications

The empirical results on causality, cointegration, and dynamic connectedness provide
several insights for managers and policymakers. First, policy decisions solely based on
the correlation of two variables can be misleading owing to statistical noise consisting
of residuals and errors in measurement and sampling. Second, it is important to pay
close attention to the network structure and dynamic interconnection of spillovers among
countries. The dynamics of the net pairwise directional connectedness of the spillover
throughout countries, as shown by their arrows pointing from one factor to another,
indicate positive net spillovers, while the arrow thickness defines the strength of the
spillover. Moreover, the color of the factor node defines the nature of the contributors and
recipients. The net pairwise directional connectedness figures show that the network of net
pairwise directional spillovers among the BRICS countries differs across the quantiles. Our
framework can be used by managers to make design decisions based on their supply chains
and by policymakers at the time of designing economic policies in response to external
shocks.

5. Conclusions

Following the challenges magnified by the COVID-19 pandemic, both public and
private organizations faced capacity disruptions along their supply chains, resulting in
significantly increased lead times and shortages due to lockdowns and logistics-related
problems. Encountering the vulnerabilities of over-integrated supply-chain networks,
business executives and policymakers began to reformulate their supply-chain designs and
find ways to build resiliency into them.

The findings of this study enable business executives and policymakers to develop
strategies for designing supply chains by considering the market dynamics under ex-
tenuating conditions. The results of the net pairwise directional spillovers between the
investigated indicators present a complex pattern of interrelationships, particularly for
extreme shocks. This study provides a conceptual framework to help understand the
impact of large external shocks, such as the COVID-19 pandemic, on key production and
supply-chain indicators. A conceptual framework that integrated correlation and dynamic
connectedness analyses was implemented to examine the relationships between the PMI,
SPMI, UR, BDI, WEI, CEF, FBH, and WTI for Brazil, Russia, India, China, South Africa, and
the U.S. The results not only revealed the spillover and correlation relationships between
these factors but also showed how these relations evolved following the impact of the
worldwide pandemic.

One important finding that we may derive is the strong co-movement in the global
supply chain at almost all the times. The results revealed a high time-frequency dependence
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and a causal effect between the investigated factors and global supply chains. Another
interesting finding is that the co-movement between the unemployment and other factors
was weaker compared to the co-movement between the PMI and SPMI, particularly up to
2017.

There are inherent limitations on our study mainly owing to the availability of data
across countries. A case in point is the purchasing managers” index (PMI), which shows
the direction of economic trends in the service and manufacturing industries and can later
be added for the remaining investigated countries.

One of the future directions of this research will be toward expanding the geographic
scope of the countries involved to better assess the spillover effect on the global supply
chains. Another direction will be conducting an industry-specific analysis of critical supply
chains, such as food and medicine. The second direction will provide decisionmakers at
the organizational level with strategies for redesigning their supply chains and choosing
suppliers.
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Appendix A
Table A1. Conditional correlations.
Braz.il Russ.ia Indi.a Chir}a SA. USz.\ Brazi.l Russia Indi? Chin.a SA. USA. Brazil Russia India China SA ur USA WTI BDI WEI CEF FBH
pmi pmi pmi pmi pmi pmi spmi spmi spmi spmi spmi spmi ur ur ur ur ur
B;ifiﬂ 1.000 0.074 0.331 0.015 0.019 0.237 0.429 0.362 0.033 0.095 —0.010  0.180 0.077 —0.009 —0.306  0.020 —0.061 —0.331 0.054 —0.077  0.015 —0.097  —-0.152
R;:iia 0.074 1.000 0.171 —-0.096 —0.129 0.072 0.296 0.019 0.139 —0.009 —-0.077 0.169 0.039 —0.064 —0.119 0.022 —0.024 —-0.219 0.180 —0.076 —0.264 0.083 0.073
I;i:? 0.331 0.171 1.000 —0.069 —0.010 0224 0.146 0.493 —0.137  0.053 0.148 0.350 —0.125  0.123 —0.472  0.026 —0.292 —-0.520  0.009 —0.162 —0.056 —0.078 —0.109
C;I‘g\ia 0.015 —0.096 —0.069 1.000 —0.041 -0.019 —0.039 0.025 —0.043  0.894 0.077 0.222 —0.043  0.045 —0.101 —0.472  0.003 0.021 0.070 —0.023  0.430 0.112 0.109
pSrﬁi 0.019 —0.129 —-0.010 —0.041 1.000 0.063 0.028 0.093 —0.128 0.082 0.881 —0.010 —-0.046 —0.161 0.000 0.013 0.155 —0.142  —0.049 0.213 —0.014 0.156 —0.034
[I;Jrsrﬁ 0.237 0.072 0.224 —0.019  0.063 1.000 0.297 0.333 —0.001 0.082 0.052 0.499 0.164 —0.086 —0.314  0.065 0.024 —0.408  0.089 —0.072  0.280 —0.163 —0.155
E;iiil 0.429 0.296 0.146 —0.039 0.028 0.297 1.000 0.206 0.110 0.082 —0.015 0.324 0.055 —-0.102 —-0.292 0.212 —0.043 —-0.301 0.126 —0.267 0.083 —-0.059 —0.210
Rsl;iiia 0.362 0.019 0.493 0.025 0.093 0.333 0.206 1.000 0.036 0.169 0.157 0.433 —0.320 —-0.079 —0.381 —0.114  0.098 —0452  0.136 0.071 0.106 —0.085  0.088
Isr;i:: 0.033 0.139 —0.137 —-0.043 —0.128 —0.001 0.110 0.036 1.000 —0.012 —-0.141 0.037 0.030 —0.028  0.238 —0.099  0.002 0.183 0.041 —0.072 —-0.043 —-0.339 —0.180
(;I};ET 0.095 —0.009  0.053 0.894 0.082 0.082 0.082 0.169 —0.012  1.000 0.186 0.257 —0.063  0.009 —0.146 —0474  0.055 —0.080 —0.025 —0.047 0374 0.069 0.027
siﬁ\i —0.010 —0.077  0.148 0.077 0.881 0.052 —0.015  0.157 —0.141 0.186 1.000 0.098 —-0256 —0.119 —0.153 —0.077  0.100 —0.254  0.012 0.159 0.018 0.208 0.041
SL;SmAl 0.180 0.169 0.350 0.222 —0.010 0.499 0.324 0.433 0.037 0.257 0.098 1.000 -0.112 -0.157 —-0.318 —0.054 —0.085 —0.411 0.206 —0.081 0.198 —0.027 0.000
Bljfil 0.077 0.039 —0.125 —0.043 —0.046 0.164 0.055 —0.320  0.030 —0.063 —0.256 —0.112  1.000 —-0.218  0.091 0.277 —0.013  0.205 —0.052 -0.146 —0.092 —0322 —0.378
Rlils:ia —0.009 —0.064 0.123 0.045 —0.161 —-0.086 —0.102 —0.079 —0.028 0.009 -0.119 -0.157 —0.218 1.000 0.022 -0.073 —-0.257 —-0.097 —-0.144 —0.022 0.042 —0.039  —0.095
Inl?rla —0306 —0.119 —-0472 —0.101  0.000 —0314 —0292 —0.381 0.238 —0.146 —0.153 —0.318  0.091 0.022 1.000 —0.204 —0.028 0.622 —0.245  0.065 —0.180 —0.008  0.039
CI;i;\a 0.020 0.022 0.026 —0472  0.013 0.065 0.212 —-0.114 —-0.099 —0474 —-0.077 —0.054 0277 —0.073 —0.204  1.000 —-0.027 —-0.121 0.253 —0.062 —-0.187 —0.106 —0.128
SA ur —0.061 —0.024 —-0.292  0.003 0.155 0.024 —0.043  0.098 0.002 0.055 0.100 —0.085 —0.013 —-0.257 —0.028 —0.027  1.000 —0.047 —0.170  0.156 0.084 0.020 0.066
UuS;A —0331 -0.219 —0.520 0.021 —0.142 —-0408 —0.301 —0452 0.183 —0.080 —0.254 —0411 0.205 —0.097  0.622 —0.121 —0.047  1.000 —0.080 —0.124 —-0.010 —0.060  0.195
WTI 0.054 0.180 0.009 0.070 —0.049  0.089 0.126 0.136 0.041 —0.025  0.012 0.206 —0.052 —0.144 —-0.245 0253 —0.170  —0.080 1.000 0.110 0.207 0.083 0.162
BDI —-0.077 —-0.076 —0.162 —0.023  0.213 —0.072  —0.267  0.071 —0.072  —0.047  0.159 —0.081 —0.146 —0.022  0.065 —0.062  0.156 —0.124 0110 1.000 0.096 0.232 0.220
WEI 0.015 —0.264 —0.056  0.430 —0.014  0.280 0.083 0.106 —0.043 0374 0.018 0.198 —0.092  0.042 —0.180 —0.187  0.084 —0.010  0.207 0.096 1.000 0.114 0.135
CEF —0.097  0.083 —-0.078  0.112 0.156 —0.163 —0.059 —0.085 —0.339  0.069 0.208 -0.027 -0.322 —-0.039 -0.008 —0.106  0.020 —0.060  0.083 0.232 0.114 1.000 0.567
FBH —0.152 0.073 —0.109 0.109 —0.034 —-0.155 —-0.210 0.088 —0.180 0.027 0.041 0.000 —0.378  —0.095 0.039 —0.128 0.066 0.195 0.162 0.220 0.135 0.567 1.000
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Table A2. Partial correlations.

Brazil Russia India China SA USA Brazil Russia India China SA USA Brazil Russia India China USA

. . . . . . . . SA ur WTI BDI WEI CEF FBH
pmi pmi pmi pmi pmi pmi spmi spmi spmi spmi spmi spmi ur ur ur ur ur
B;Iarfiﬂ -1.000 —0.131  0.152 0.045 0.075 0.024 0.358 0.160 0.066 —0.028 —0.095 —0.128  0.147 0.025 -0.071  -0.135 -0.017 —0.093  0.050 0.034 -0.099  0.016 0.032
R;rs;ila —0.131  —1.000  0.155 -0.218 —0.087 —0.008  0.305 —0.242  0.189 0.210 0.008 0.055 0.195 0.058 0.022 —0.250  0.145 -0.216  0.322 —0.008 —0.352  0.053 0.264
I;riiia 0.152 0.155 -1.000 -0210 -0217 -0.176 —0.206  0.377 -0.131  0.122 0.242 0.147 0.164 0.080 -0.161 —0.001 -—-0412 -0199 -0.175 -0.192 0.112 —0.030 —0.016
C;r;nia 0.045 -0218 —-0210 —-1.000 —0.158 —0.258 —0.129 —0.182 —0.049 0.873 0.079 0.236 0.206 0.110 —0.061 —0218 —0.061 —0.127  0.239 —0.070  0.148 —0.020  0.162
psﬁi 0.075 —0.087 —0217 —0.158 —1.000 —0.009  0.164 0.189 —0.109  0.079 0.913 —0.054  0.358 0.056 0.215 0.048 0.017 0.023 —0.064  0.170 0.042 0.069 —0.044
[}isn[? 0.024 -0.008 -0.176 —0.258 —0.009 —1.000 —0.015 0.110 —0.025  0.136 0.031 0.367 0.328 0.043 -0.005 —0.100 -0.065 —0.292 —0.014 -0.132  0.350 -0.123  0.104
BS;arilil 0.358 0.305 —0206 —0.129 0.164 —0.015 —1.000  0.047 0.075 0.148 —0.157 0174 —0.141 —0.097 —0.096  0.235 —0.127 —-0.049 —0.066 —0.286  0.207 0.098 —0.176
Rsl;;iia 0.160 —-0.242 0377 -0.182  0.189 0.110 0.047 —1.000  0.106 0.212 -0.212  0.155 —0.265 —0.09% —0.056 —0.165 0.228 -0.124 0222 0.074 -0.105 —-0.232  0.247
Isr;i:: 0.066 0.189 -0.131 —-0.049 —-0.109 —0.025 0.075 0.106 —1.000  0.021 0.090 0.055 —0.068 —0.005 0.178 —0.061 —0.002 0.112 0.064 0.036 0.051 —0252 —0.116
ngzf —0.028  0.210 0.122 0.873 0.079 0.136 0.148 0.212 0.021 —1.000  0.028 -0.117 —0.064 —0.051  0.003 —0.016  0.059 0.104 —0.227  0.019 0.008 0.027 —0.147
sigi —0.095  0.008 0.242 0.079 0.913 0.031 -0.157 —-0212  0.090 0.028 —1.000  0.039 —-0.400 —0.124 -0.197 -0.047 0.011 —0.060  0.093 -0.117 —-0.083 —0.008  0.011
;?nAl —0.128  0.055 0.147 0.236 —0.054 0367 0.174 0.155 0.055 —0.117  0.039 —-1.000 —0.099 —0.230 0.108 0.041 —0.100 —0.131  0.036 —0.022 —0.013 —0.022  0.022
Breril 0.147 0.195 0.164 0.206 0.358 0.328 —0.141 -0265 —0.068 —0.064 —0.400 -0.099 -1.000 -0.314 —0.062  0.284 0.003 0.239 —0.073  0.038 -0.071  —-0.104 —0.289
Rlilsrsm 0.025 0.058 0.080 0.110 0.056 0.043 -0.097 -0.096 —0.005 -0.051 —0.124 —0230 -—0314 —1.000 0.071 0.085 -0.257 —0.156 —0.164 —0.013  0.127 —0.082  —0.087
Iniia —0.071  0.022 —0.161 —0.061  0.215 —0.005 —0.096 —0.056 0.178 0.003 —0.197  0.108 —0.062  0.071 -1.000 —0.181 —0.101  0.382 —0.144  0.104 —0.148  0.098 —0.096
C}1111;1a —-0135 —0250 —0.001 —0.218 0.048 —0.100  0.235 —-0.165 —0.061 —0.016 —0.047  0.041 0.284 0.085 —0.181  —1.000  0.073 —0.147 0354 —0.061 —0.120 —0.076  0.140
SA ur -0.017  0.145 —0.412 -0.061  0.017 —0.065 —0.127  0.228 —0.002  0.059 0.011 —0.100  0.003 -0.257 -0.101  0.073 -1.000 -0.157 —-0.304 —0.003  0.184 —0.067  0.036
Uf? -0.093 -0216 —0.199 -0.127  0.023 -0292 —-0.049 -0.124 0112 0.104 —0.060 —0.131  0.239 -0.156  0.382 -0.147 —-0.157 —-1.000  0.103 —0.334  0.160 —0.238 0424
WTI 0.050 0.322 -0.175  0.239 —0.064 —0.014 —0.066  0.222 0.064 —0.227  0.093 0.036 —0.073 —-0.164 —0.144 0.354 —0.304 0.103 —1.000  0.128 0.245 0.018 —0.036
BDI 0.034 —-0.008 —0.192 —-0.070  0.170 -0.132 0286  0.074 0.036 0.019 -0.117  —-0.022  0.038 —0.013  0.104 —0.061 —0.003 —-0.334 0.128 —1.000  0.148 0.044 0.136
WEI -0.099 -0352 0.112 0.148 0.042 0.350 0.207 —0.105  0.051 0.008 -0.083 —-0.013 -0.071  0.127 —0.148 —-0.120 0.184 0.160 0.245 0.148 —1.000  0.099 0.043
CEF 0.016 0.053 —0.030 —0.020  0.069 —0.123  0.098 —0232 —-0.252  0.027 —0.008 —0.022 —-0.104 —0.082  0.098 -0.076 —0.067 —0.238  0.018 0.044 0.099 —1.000  0.496

FBH 0.032 0.264 —0.016  0.162 —0.044  0.104 —0.176  0.247 —-0.116 —0.147  0.011 0.022 —0.289 —0.087 —0.096  0.140 0.636 0.424 —0.036  0.136 0:043 0.496 —1.000
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Table A3. Mutual information.
Braz-il Russ.ia Indi.a Chir}a SA. USA Brazi.l Russ%a Indie.l Chin? SA. USA' Brazil Russia India China SA ur USA WTI BDI WEI CEF FBH
pmi pmi pmi pmi pmi pmi spmi spmi spmi spmi spmi spmi ur ur ur ur ur

B;Iajiﬂ 0.010 0.000 0.033 0.038 0.001 0.000 0.000 0.001 0.000 0.060 0.032 0.000 0.030 0.027 0.000 0.056 0.000 0.012 0.012 0.049 0.000 0.029
R;:ila 0.010 0.000 0.000 0.000 0.000 0.023 0.111 0.070 0.000 0.000 0.051 0.000 0.000 0.086 0.000 0.000 0.055 0.000 0.063 0.000 0.000 0.070
I;;lli? 0.000 0.000 0.073 0.000 0.000 0.019 0.000 0.029 0.016 0.006 0.073 0.000 0.057 0.000 0.017 0.000 0.000 0.000 0.000 0.023 0.016 0.025
C;r;nia 0.033 0.000 0.068 0.007 0.000 0.090 0.067 0.039 0.062 0.049 0.000 0.000 0.000 0.131 0.000 0.000 0.078 0.026 0.000 0.067 0.000 0.000
psﬁi 0.037 0.000 0.000 0.004 0.000 0.095 0.076 0.044 0.000 0.875 0.000 0.000 0.017 0.008 0.000 0.000 0.094 0.009 0.003 0.035 0.036 0.000
glsnl? 0.001 0.000 0.000 0.000 0.000 0.053 0.107 0.065 0.000 0.000 0.037 0.000 0.000 0.098 0.036 0.026 0.012 0.008 0.035 0.011 0.061 0.067
BS;arilil 0.000 0.023 0.018 0.092 0.095 0.054 0.073 0.000 0.029 0.082 0.026 0.067 0.019 0.039 0.047 0.082 0.014 0.000 0.005 0.000 0.018 0.000
Rsl;iiia 0.000 0.111 0.000 0.064 0.076 0.107 0.072 0.000 0.000 0.061 0.051 0.000 0.000 0.121 0.018 0.000 0.000 0.034 0.040 0.075 0.041 0.000
Isr}ﬁ:: 0.001 0.070 0.027 0.042 0.044 0.065 0.000 0.000 0.000 0.111 0.024 0.000 0.023 0.065 0.016 0.007 0.236 0.000 0.078 0.000 0.000 0.000
ngzfl 0.000 0.000 0.018 0.060 0.000 0.000 0.029 0.000 0.000 0.068 0.000 0.000 0.021 0.000 0.115 0.000 0.000 0.162 0.000 0.024 0.000 0.000
sggi 0.059 0.000 0.003 0.049 0.875 0.000 0.082 0.061 0.111 0.068 0.000 0.038 0.032 0.000 0.000 0.000 0.046 0.038 0.003 0.030 0.002 0.000
;?nAl 0.031 0.050 0.073 0.000 0.000 0.037 0.026 0.052 0.024 0.000 0.000 0.080 0.019 0.066 0.000 0.047 0.095 0.127 0.087 0.012 0.000 0.026
Breril 0.000 0.000 0.000 0.000 0.000 0.000 0.070 0.000 0.000 0.000 0.046 0.081 0.082 0.139 0.024 0.049 0.098 0.000 0.025 0.023 0.000 0.058
Rl:ISrSIa 0.028 0.000 0.056 0.000 0.020 0.000 0.021 0.000 0.023 0.019 0.034 0.021 0.084 0.119 0.145 0.000 0.076 0.000 0.046 0.000 0.000 0.109
Iniia 0.026 0.091 0.004 0.104 0.000 0.093 0.069 0.111 0.054 0.008 0.003 0.071 0.162 0.167 0.108 0.083 0.266 0.003 0.197 0.174 0.021 0.088
C}:li;‘a 0.021 0.000 0.019 0.000 0.000 0.000 0.030 0.020 0.000 0.128 0.000 0.000 0.049 0.117 0.129 0.000 0.057 0.000 0.080 0.018 0.010 0.038
SA ur 0.055 0.000 0.000 0.000 0.000 0.028 0.083 0.000 0.001 0.000 0.000 0.047 0.047 0.000 0.126 0.000 0.055 0.056 0.169 0.000 0.055 0.000
Ujﬁ 0.000 0.057 0.000 0.070 0.094 0.015 0.017 0.000 0.234 0.000 0.047 0.086 0.085 0.075 0.211 0.000 0.050 0.000 0.000 0.077 0.019 0.000
WTI 0.011 0.000 0.000 0.021 0.009 0.007 0.000 0.034 0.000 0.162 0.038 0.127 0.000 0.000 0.000 0.000 0.056 0.000 0.000 0.000 0.000 0.037
BDI 0.012 0.064 0.000 0.000 0.003 0.035 0.005 0.040 0.078 0.000 0.003 0.087 0.023 0.048 0.205 0.093 0.164 0.000 0.000 0.079 0.040 0.028
WEI 0.049 0.000 0.023 0.068 0.036 0.011 0.000 0.075 0.000 0.024 0.030 0.012 0.026 0.000 0.184 0.007 0.000 0.073 0.000 0.079 0.042 0.000
CEF 0.000 0.000 0.016 0.001 0.036 0.061 0.018 0.041 0.000 0.000 0.002 0.000 0.000 0.000 0.032 0.025 0.059 0.022 0.000 0.040 0.042 0.029

FBH 0.029 0.070 0.025 0.000 0.000 0.067 0.000 0.000 0.000 0.000 0.000 0.026 0.056 0.103 0.107 0.057 0.000 0.000 0.037 0.028 0.000 0.029
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Table A4. Stationary test (ADF).
Ticker Brazil Russia India China SA pmi UsA Brazil Russia India China SA spmi usa Brazil ur Russia Indiaur  Chinaur SA ur USA ur WTI BDI WEI CEF FBH
pmi pmi pmi pmi pmi spmi spmi spmi spmi spmi ur
gﬁa};c —8.0469 ~83153 —88978 913885  —6.6905  —847313  —6.9228 ~6.8929 —49355 —72013 —73135  —830878  —23345  —74239  —107696  —6.8692 508827  —813729  —6.14428  —454037  —117518  —4.1087 —9.9894
1.7 x 3.6 x 1.2 x 2.89 x 4.1 x 1.46 x 1.1 % 1.3 x 29 x 23 % 1.2 x 3.84 x 6.6 X 24 x 1.5 x 1.48 x 1.05 x 7.8 x 1.2 x 2.0 x
p-value 10-12 10-13 10-14 10-15 109 1013 109 109 105 10-10 10-10 1013 0161097706 15-11 1019 109 105 1012 108 000016612 4521 0.0009369  45-17
Lags 1 3 1 2 5 1 3 0 2 3 5 1 12 0 1 3 5 1 1 10 0 4 0
Used
Table A5. Stationary test (KPSS).
Ticker Braz.ll Russ'la Indl.a Ch"fa SA pmi US./.\ Brazl.l Russl'a Indl? Chm.a SA spmi USA4 Brazil ur Russia India ur China ur SA ur USA ur WTI BDI WEI CEF FBH
pmi pmi pmi pmi pmi spmi spmi spmi spmi spmi ur
Sg‘fic 003738 011609 0.0631 01330 0.0538 0.0488 0.028 0134 0.1919 007382 0.0494 0.0363 04642 0.0997 01153 0.04799 0.04787 0.0335 02059 0.16330 0.0579 049591 0.16662
178 x 369 x 12 x 29 x 41 146 x 11 % 13 x 297 x 2.36 x 1.25 x 38 x 662 x 240 x 153 x 148 x 1.05 x 7.8 x 1.20 x 201 x
p-value 10-12 10-13 10~ 14 10-15 10-9 10-13 10~ 10-9 10-5 1010 10-10 10-13 0.1610977 10-11 10-19 10~ 10-5 10-12 10-8 0.0001661 10-21 0.000936945  )~17
Lags 1 3 1 2 5 1 3 0 2 3 5 1 12 0 1 3 5 1 1 10 0 4 0
Used
Table A6. Dynamic connectedness analysis.
Brazil Russia India China SA pmi UsA Brazil Russia India China SA. usA Brazil Russia Indiaur China SAur USA ur WII BDI WEL CEF FBH FROM
pmi pmi pmi pmi pmi spmi spmi spmi spmi spmi spmi ur ur ur
B;;‘i" 186 177 516 153 0.62 1.61 6.46 414 052 177 1.33 321 148 111 246 33 1.19 301 05 247 449 187 1.82 8145
R;]’f:ii" 1.01 104 197 264 1.05 0.89 146 19 117 247 076 394 091 019 1.52 471 0.68 077 1.08 1.99 101 116 13 89.61
I;fniia 133 15 7.75 23 043 07 15 266 08 25 0.82 321 138 0.55 229 6.53 145 22 0.67 1.78 7.65 211 137 9225
C;‘r:;‘“ 0.24 095 127 379 0.39 042 0.19 0.53 033 319 0.57 1.92 0.86 0.34 0.86 8.74 0.82 015 0.6 16 58 219 146 62.11
SA pmi 0.84 364 175 3.66 38 098 048 096 122 288 29 1.92 0.68 1.02 065 1.89 172 13 0.54 216 283 137 0.58 62.03
g:? 114 1.33 1.69 232 094 106 14 205 05 234 1.35 525 1.64 041 1.61 6.45 082 1.98 095 1.63 7.55 261 152 89.43
‘zl';:‘iil 433 276 206 144 08 277 192 226 038 153 2.09 487 202 11 273 37 049 235 0.55 226 622 244 498 80.84
[i;’i;ii“ 231 095 296 27 049 1.98 25 9.94 039 29 1.02 479 225 053 3.05 445 097 352 1.08 1 7.59 1.76 0.82 90.06
i‘;fj\ai 1.94 1.16 24 199 045 111 207 637 957 23 059 6.04 172 05 249 6.41 023 329 0.81 123 647 172 0.51 9043
Csl];::l‘ 0.82 0381 242 28 083 099 071 215 025 355 176 312 111 027 12 813 1 044 04 205 549 172 0.86 6448
SA spmi 083 311 18 6.49 247 073 0.96 143 1.07 611 322 1.31 41 0.46 1.22 246 13 224 0.63 1.68 236 1.92 0.86 67.78
gjﬁ 1.68 18 236 188 0.68 422 202 324 113 18 146 159 152 053 225 5.06 053 297 226 1.09 7.68 23 252 84.11
Brazil 097 098 115 445 036 223 0.75 431 066 352 1.83 3.05 288 487 1.28 265 155 1.78 103 671 405 417 9.63 71.19

ur
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Table Aé6. Cont.

Braz.ll Russ.la Indl'a Chuta SA pmi US{\ Brazl.l Russ{a Ind1§ Chm.a SA. USA. Brazil Russia India ur China SA ur USA ur WTIL BDI WEI CEF FBH FROM
pmi pmi pmi pmi pmi spmi spmi spmi spmi spmi spmi ur ur ur
Rl:]srsla 0.85 0.72 4.68 172 1.93 1.74 245 127 0.69 143 2.06 1.79 2.58 50.7 0.68 1.23 6.93 1.26 3.65 2.88 255 1.84 4.36 49.32
India ur 1.14 197 3.98 27.6 0.69 0.89 147 2.06 0.83 24.7 1.04 2.82 1.49 0.35 4.12 522 112 3.11 0.72 2.31 8.88 2.07 141 95.88
CT:a 0.62 0.6 21 111 1.05 2.03 28 1.56 116 121 1.49 0.61 597 2.6 221 39.8 1.23 115 2,63 1.57 246 1.84 1.28 60.17
SA ur 2.16 117 4.84 0.46 254 0.92 3.68 0.94 0.97 0.71 1.97 141 2.62 6.67 0.19 0.42 56.9 0.45 2.07 1.94 118 249 3.29 43.11
USA ur 116 12 3.17 27.5 0.6 112 148 224 0.86 26 1.38 3.39 161 0.69 3.35 4.88 0.87 5.14 0.56 1.6 8.05 1.92 127 94.86
WTIL 053 3.15 128 11 0.27 215 142 217 0.97 8.81 0.72 3.39 1.96 097 3.78 3.08 1.53 1 33.2 2.01 12.6 121 2.84 66.8
BDI 0.71 113 2.44 1.05 2.59 222 3.89 5.26 0.49 0.97 212 1.39 4.17 19 0.94 13 4.05 1.86 54 482 1.86 292 3.13 51.77
WEIL 0.73 3.76 0.48 111 3.79 521 113 1.39 0.59 9.62 25 3.13 233 043 2.23 2.69 13 12 4.5 15 37.7 081 1.88 62.26
CEF 1.35 1.35 2.35 247 31 3.62 135 145 5.62 2.16 2.16 3.86 3.68 04 15 3 0.65 0.64 116 533 4.95 36.6 112 63.39
FBH 1.31 0.73 171 1.02 0.74 4.23 3.31 1.05 1.96 0.44 1.31 121 6.41 113 0.46 191 0.98 2.3 226 34 297 148 444 55.62
TO 28 36.6 54 304 49.1 428 435 51.4 22.6 301 59.3 65.7 525 27 39 88.2 314 39 43.3 50.2 124 57.2 58.9 1668.95
OI‘::n 46.6 47 61.8 342 87 53.3 62.6 61.3 321 337 91.5 81.6 813 77.7 431 128 883 44.1 76.5 98.4 161 93.8 103 cTCI/TCI
NET —53.4 —53.1 —38.2 242 —13 —46.7 —374 —38.7 —67.9 237 —8.49 —185 —18.7 -22.3 —56.9 28.1 —11.7 —55.9 —23.5 —1.58 614 —6.17 3.29 75.86/72.56

NPT 4 12 16 18 8 11 7 11 8 19 12 16 9 3 9 16 9 12 5 11 16 10 11
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References

1. U.S. Bureau of Labor Statistics. Producer Price Index by Commodity: All Commodities [PPIACO]. Retrieved from FRED, Federal
Reserve Bank of St. Louis. Available online: https:/ /fred.stlouisfed.org/series/PPIACO (accessed on 6 September 2023).

2. Shih, W.C. Global Supply Chains in a Post-Pandemic World. Harvard Business Review, September—October 2020.

3.  Wellener, P; Hardin, K.; Gold, S.; Laaper, S. Meeting the Challenge of Supply Chain Disruption. Deloitte Insights Magazine, 21
September 2022.

4. Swanson, D.; Santamaria, L. Pandemic Supply Chain Research: A Structured Literature Review and Bibliometric Network
Analysis. Logistics 2021, 5, 7. [CrossRef]

5. Moosavi, J.; Fathollahi-Fard, A.M.; Dulebenets, M.A. Supply chain disruption during the COVID-19 pandemic: Recognizing
potential disruption management strategies. Int. J. Disaster Risk Reduct. 2022, 75, 102983. [CrossRef] [PubMed]

6.  Vlachos, I. The COVID-19 pandemic and supply chains, one year later: Impact, resilience, and implications based on a systematic
literature review. Int. J. Logist. Syst. Manag. 2022, in press. [CrossRef]

7. Vurdu, S.A. The Impact of Covid-19 Pandemic on Supply Chain Trade. Ind. Policy 2021, 1, 51-60.

8. Meyer, A.; Walter, W.; Seuring, S. The Impact of the Coronavirus Pandemic on Supply Chains and Their Sustainability: A Text
Mining Approach. Front. Sustain. 2021, 2, 631182. [CrossRef]

9.  Sarkis, J. Supply chain sustainability: Learning from the COVID-19 pandemic. Int. |. Oper. Prod. Manag. 2021, 41, 63-73.
[CrossRef]

10. Carvalho, V.M. Supply Chain Disruptions: Evidence from the Great East Japan Earthquake. Q. J. Econ. 2021, 136, 1255-1321.
[CrossRef]

11.  Del Rio-Chanona, R.M. Supply and demand shocks in the COVID-19 pandemic: An industry and occupation perspective. Oxf.
Rev. Econ. Policy 2020, 36 (Suppl. S1), 594-S137. [CrossRef]

12.  Beakert, G.; Engstrom, E.; Ermolov, A. Aggregate Demand and Aggregate Supply Effects of COVID-19: A Real-Time Analysis; Finance
and Economics Discussion Series; Divisions of Research & Statistics and Monetary Affairs, Federal Reserve Board: Washington,
DC, USA, 2020.

13. Brinca, P; Duarte, ].B.; Faria-e-Castro, M. Measuring Sectoral Supply and Demand Shocks during COVID-19; Federal Reserve Bank of
St. Louis, Research Division: St. Louis, MO, USA, 2020.

14. Chen, H.; Qian, W.; Wen, Q. The Impact of the COVID-19 Pandemic on Consumption: Learning from High Frequency Transaction
Data. In AEA Papers and Proceedings; American Economic Association: Nashville, TN, USA, 2021.

15.  Guerrieri, V.; Lorenzoni, G.; Straub, L.; Werning, I. Macroeconomic Implications of COVID-19: Can Negative Supply Shocks
Cause Demand Shortages. Am. Econ. Rev. 2022, 112, 1437-1474. [CrossRef]

16. Inoue, H.; Todo, Y. The propagation of the economic impact through supply chains: The case of a mega-city lockdown against the
spread of COVID-19. arXiv 2020, arXiv:2003.14002v1. [CrossRef]

17.  Pichler, A; Pangallo, M.; del Rio-Chanona, R.M.; Lafond, F.; Farmer, ].D. Production Networks and Epidemic Spreading: How to
Restart the UK Economy. arXiv 2020, arXiv:2005.10585v1. [CrossRef]

18.  Chetty, R.; Friedman, J.N.; Stepner, M. The Economic Impacts of COVID-19: Evidence from a New Public Database Built Using
Private Sector Data. NBER. 2023. Available online: http:/ /www.nber.org/papers/w27431 (accessed on 12 August 2023).

19. Khalfaoui, R.; Mefteh-Wali, S.; Dogan, B.; Ghosh, S. Extreme Spillover Effect of COVID-19 Pandemic-Related News and
Cryptocurrencies on Green Bond Markets: A Quantile Connectedness Analysis. Int. Rev. Financ. Anal. 2023, 28, 102496.
[CrossRef]

20. Chen, H,; Tillmann, P. Lockdown Spillovers. J. Int. Money Financ. 2023, 137, 102890. [CrossRef]

21. Qian, X.; Qiu, S. Political Risk and Corporate International Supply Chain. J. Int. Money Financ. 2023, 137, 102899. [CrossRef]

22. Freeman, R.; Baldwin, R. Supply Chain Contagion Waves: Thinking ahead on Manufacturing ‘Contagion and Reinfection’ from

the COVID Concussion. VoxEU. Available online: https://cepr.org/voxeu/columns/supply-chain-contagion-waves-thinking-
ahead-manufacturing-contagion-and-reinfection (accessed on 12 August 2023).


https://fred.stlouisfed.org/series/PPIACO
https://doi.org/10.3390/logistics5010007
https://doi.org/10.1016/j.ijdrr.2022.102983
https://www.ncbi.nlm.nih.gov/pubmed/35475018
https://doi.org/10.1504/IJLSM.2021.10044481
https://doi.org/10.3389/frsus.2021.631182
https://doi.org/10.1108/IJOPM-08-2020-0568
https://doi.org/10.1093/qje/qjaa044
https://doi.org/10.1093/oxrep/graa033
https://doi.org/10.1257/aer.20201063
https://doi.org/10.2139/ssrn.3564898
https://doi.org/10.2139/ssrn.3606984
http://www.nber.org/papers/w27431
https://doi.org/10.1016/j.irfa.2023.102496
https://doi.org/10.1016/j.jimonfin.2023.102890
https://doi.org/10.1016/j.jimonfin.2023.102899
https://cepr.org/voxeu/columns/supply-chain-contagion-waves-thinking-ahead-manufacturing-contagion-and-reinfection
https://cepr.org/voxeu/columns/supply-chain-contagion-waves-thinking-ahead-manufacturing-contagion-and-reinfection

Sustainability 2023, 15, 14510 28 of 28

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Hyun, J.; Kim, D.; Shin, S.-R. The role of global connectedness and market power in crises: Firm-level evidence from the COVID-19
pandemic. Covid Econ. 2020, 49, 148-171.

Bonadio, B.; Huo, Z.; Levchenko, A.A.; Pandalai-Nayar, N. Global supply chains in the pandemic. J. Int. Econ. 2021, 133, 103534.
[CrossRef]

Heidary, M.H. The Effect of COVID-19 Pandemic on the Global Supply Chain Operations: A System Dynamics Approach. Foreign
Trade Rev. 2022, 57, 198-220. [CrossRef]

Diaz Pacheco, R.A.; Benedito, E. Supply Chain Response during the COVID-19 Pandemic: A Multiple-Case Study. Processes 2023,
11, 1218. [CrossRef]

Han, B.R;; Sun, T.; Chu, L.Y.; Wu, L. COVID-19 and E-Commerce Operations: Evidence from Alibaba. Manuf. Serv. Oper. Manag.
2022, 24, 1388-1405. [CrossRef]

Blom, D.; Pendavingh, R.; Spieksma, F. Filling a Theater During the COVID-19 Pandemic. INFORMS |. Appl. Anal. 2022, 52,
473-484. [CrossRef]

Li, C,; Liu, Q.; Zhou, P.; Huang, H. Optimal innovation investment: The role of subsidy schemes and supply chain channel power
structure. Comput. Ind. Eng. 2021, 157, 107291. [CrossRef]

Zhai, Y,; Bu, C.; Zhou, P. Effects of channel power structures on pricing and service provision decisions in a supply chain: A
perspective of demand disruptions. Comput. Ind. Eng. 2022, 173, 108715. [CrossRef]

Cheung, Y.-W.; Lai, K.S. Lag Order and Critical Values of the Augmented Dickey-Fuller Test. |. Bus. Econ. Stat. 1995, 13, 277-280.
[CrossRef]

Kipinski, L. Time Series Analysis of Nonstationary Data in Encephalography and Related Noise Modelling. In Recent Advances in
Mechatronics; Springer: Berlin/Heidelberg, Germany, 2007.

Schiiler, Y.S. Asymmetric Effects of Uncertainty over the Business Cycle: A Quantile Structural Vector Autoregressive Approach; Working
Paper Series of the Department of Economics, University of Konstanz; Department of Economics, University of Konstanz:
Konstanz, Germany, 2014.

Heil, C.E.; Walnut, D.F. Continuous and Discrete Wavelet Transforms. SIAM Rev. 1989, 31, 628-666. [CrossRef]

Torrence, C.; Compo, G.P. A Practical Guide to Wavelet Analysis. Bull. Am. Meteorol. Soc. 1998, 79, 61-78. [CrossRef]

Xu, Y,; Liu, Z,; Ortiz, J. Actual and Expected Inflation in the U.S.: A Time-Frequency View. J. Econ. Forecast. 2018, 21, 42-62.
Grinsted, A.; Moore, ].C.; Jevrejeva, S. Application of the cross wavelet transform and wavelet coherence to geophysical time
series. Nonlinear Process. Geophys. 2004, 11, 561-566. [CrossRef]

Harris, J. Emerging Third World powers: China, India and Brazil. Race CI. 2005, 46, 7-27. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jinteco.2021.103534
https://doi.org/10.1177/00157325211060932
https://doi.org/10.3390/pr11041218
https://doi.org/10.1287/msom.2021.1075
https://doi.org/10.1287/inte.2021.1104
https://doi.org/10.1016/j.cie.2021.107291
https://doi.org/10.1016/j.cie.2022.108715
https://doi.org/10.1080/07350015.1995.10524601
https://doi.org/10.1137/1031129
https://doi.org/10.1175/1520-0477(1998)079%3C0061:APGTWA%3E2.0.CO;2
https://doi.org/10.5194/npg-11-561-2004
https://doi.org/10.1177/0306396805050014

	Introduction 
	Literature Review 
	Impact on Supply Chains 
	Responding to External Shocks 

	Methodology 
	Quantile Vector Autoregressive (QVAR) Method 
	Wavelet Method 

	Experimental and Empirical Findings 
	Data 
	Results 
	Robustness Analysis 
	Managerial Implications 

	Conclusions 
	Appendix A
	References

