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Abstract
In this study, we examine the evolution of commodity markets, focusing on the role of fundamentals and cross-market
co-movement in shaping commodity price dynamics over time. To capture these time-varying spillover effects, we apply a
Markov-switching global vector autoregressive (MS-GVAR) model to industrial metal markets in the period from January
1995 to December 2020. By distinguishing between calm and volatile regimes, our results reveal significant cross-commodity
responses, emphasizing the importance of modeling commodity markets jointly. Spillover effects from supply and demand
fundamentalswithin and acrossmarkets further highlight the critical role of fundamental drivers in commodity price formation.
While the significance of spillover effects remains consistent across regimes, their magnitude intensifies during volatile
periods, indicating heightened spillover risks. Additionally, we demonstrate that our time-varying model provides a superior
representation of interdependencies between commodity prices compared to a time-invariant benchmark model, as validated
through an out-of-sample forecasting analysis.

Keywords Time-varying spillover effects · Industrial metal markets · Co-movement · Microeconomic factors ·
Markov-switching global vector autoregressive model

Introduction

Industrial metals, as their name suggests, are fundamental
to industrial processes and are often co-mined and increas-
ingly traded on a global scale. Over the past two decades,
an emerging trend has seen a growing integration of diverse
rawmaterials into individual products, driving an increase in
demand, see Reller (2011) and Zhou (2023) among others.
Whereas in the 1980s, consumer goods typically contained
only a few elements, modern production can require up to 40
different elements. These shared production and processing
dependencies contribute to a synchronization of supply and
demand volumes, which in turn fosters greater co-movement
in commodity prices. At the same time, metals are also used

Andreas Rathgeber contributed equally to this work.

B Amelie Schischke
amelie.schischke@mrm.uni-augsburg.de

B Andreas Rathgeber
andreas.rathgeber@mrm.uni-augsburg.de

1 Institute of Materials Resource Management, University of
Augsburg, Universitaetsstrasse 2, 86159 Augsburg, Bavaria,
Germany

as financial assets, attracting investor demand that can further
drive price synchronization. However, this investment-driven
demand is inherently more volatile, leading to excess co-
movement, where commodity prices move more closely
together than can be explained by fundamental supply and
demand factors alone, suggesting the influence of financial
market dynamics beyond real economic linkages.

The seminal study by Pindyck and Rotemberg (1990) first
identified the phenomenon of excess co-movement among
commodity prices, prompting extensive research into its
determinants and magnitude, see Byrne et al. (2013) and
West and Wong (2014) among others. More recent studies,
such as Le Pen and Sévi (2017); Ohashi andOkimoto (2016);
Poncela et al. (2014) and Yin and Han (2015), reveal that
commodity price co-movement varies over time,with several
attributing its increase to the financialization, of commod-
ity markets. However, Zaremba et al. (2021) challenge this
view, arguing that financialization did not cause an unprece-
dented surge in co-movement, as similar peaks occurred in
earlier periods, suggesting alternating phases of strong syn-
chronization andmore divergent price behavior.WhileZhang
and Broadstock (2020) suggest the co-dependence among
commodity classes tripled after the global financial crisis,
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Peersman et al (2021) name, besides the financialization,
the demand increase from emerging countries, as well as
spillovers due to substitutions as possible reasons for the
stronger co-movement in commodity prices andunderline the
importance of time-varying analyses of commodity markets.
In this context, the question arises how the interdependencies
between commodity markets changes over time.

Our initial graphical analysis of the aluminum and copper
price and their returns, presented in Fig. 1, displays similar
patterns in both prices, whereby the copper price fluctu-
ates more. The time-varying standard deviation, calculated
using a rolling 18-month window1 underline copper prices
exhibit greater volatility, particularly during the financial cri-
sis. Moreover, the bi-variate and time-varying correlation
analysis based on the rolling 18 months2 Pearson correla-
tions, reveals the correlations between the prices fluctuate
around the time-invariant correlation based on the entire sam-
ple period from 1995 to 2020, underlining previous findings
of time-varying co-movement between commodity prices.
Thereby, periods of higher correlation coincide with phases
of financialization and the commodity price boom, consis-
tent with Peersman et al (2021). However, the sharp oil price
decline in 2014, combinedwith slowingChinese demand, led
to a drop in copper prices, while supply concerns drove up
aluminum prices. Ultimately, as industrial metals are funda-
mentally driven by individual supply and demand conditions,
the commodity-specific shocks of 2014 resulted in a diver-
gence in metal price correlations.

This graphical analysis underscores that time-independent
analyses of commodity price relationships, or simple trend
analyses, fail to fully capture the complex interactions within
commodity markets. Moreover, our findings suggest that
major market disruptions, particularly crises, amplify price
co-movement, reinforcing the need for a dynamic approach
to studying commodity market interdependencies.

In this context, the question arises how the structure and
interconnections of commodity markets evolve over time.
To address this, we aim to disentangle the interdependencies
within and between commodity markets, while account-
ing for both commodity-specific and global determinants
of price dynamics. Hereby, we model the industrial metal
markets within a Global Vector Autoregressive (GVAR)
framework, originally introduced by Pesaran et al. (2004)
for economies and later extended to commodity markets
by Schischke et al. (2024). To account for time-varying

1 To reduce the impact of potential influential points, we only include
data of the previous 18 months, however, the rolling window measures
based on 24 or 36 months reveal similar patterns.
2 Similar to the time-varying standard deviations, the rolling window
correlations based on 24 or 36 months reveal analogous patterns. In
particular, the time-varying correlations fluctuate and do not follow a
trend. Moreover, the correlations between all industrial metals show a
comparable behavior.

relationships, we integrate a Markov-Switching component,
followingBinder andGross (2013), which allows for regime-
dependent dynamics in commodity markets. Unlike previous
studies, we are the first to apply the Markov-Switching
Global Vector Autoregressive (MS-GVAR) model to com-
modity markets, capturing time-varying spillover effects not
only between commodity prices but also across supply,
demand, and price interactions within and between industrial
metals. Given the structural shifts in commodity markets,
such as financialization, a dynamic analysis is essential.
Hereby, our study contributes to the literature by employing
the MS-GVAR model to disentangle the evolution of mar-
ket linkages over time, offering deeper insights into spillover
effects, particularly their shifts between calm and volatile
periods, a crucial aspect that traditional time-invariant mod-
els fail to capture. To further underscore the importance of
a time-varying approach, we evaluate out-of-sample fore-
casting performance, demonstrating that our methodology
offers superior insights compared to time-invariant models.
By applying the econometric framework to commodity mar-
kets, our study offers new insights into the dynamic nature of
industrial metal markets, filling a critical gap in the literature
on time-dependent commodity price interdependencies.

Analyzing the regime inference of each commodity mar-
ket, we detect the aluminum, copper, lead, tin and zinc
markets are stable, as they show long periods in the calm
regime with only few (brief) periods in the volatile regime,
which correspond to the commodity price boom, the finan-
cial crisis, the European debt crisis as well as the oil price
drop in 2015. In contrast, the nickel market displays fluc-
tuations between the regimes. Under two distinct regimes
(calm/volatile), we examine spillover effects in commod-
ity markets using generalized impulse response functions.
Our analysis reveals numerous significant cross-commodity
responses in both regime configurations, emphasizing the
necessity of jointly modeling commodity markets. Hereby,
various spillover effects from supply and demand vari-
ables within and across the commodity markets highlight
the importance of fundamentals in commodity models.
Moreover, our analysis identifies strong interdependencies
between the commodities, in particular, between the prices.

While we do not observe significant differences in the
presence of spillover effects between the calm and volatile
regimes, their magnitude is consistently larger in the volatile
regime. This suggests that market reactions to shocks inten-
sify during periods of high volatility, leading to elevated
spillover risks. Albeit the significance in responses do not
change across the regimes, the out-of-sample forecast analy-
sis underlines the importance of a time-varying consideration
of commoditymarkets, as theMS-GVARmodel significantly
outperforms the time-invariant GVAR model. Moreover, the
time-varying model reflects the dependency structure over
time.
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Fig. 1 These figures show the monthly prices and their returns of alu-
minum (Al) and copper (Cu) over the entire sample period from January
1995 to December 2020, the time-varying standard deviation of the
prices, based on a rolling window, capturing 18 months, as well as

the correlation between the two prices. Hereby, the Pearson correlation
is calculated based on a rolling window capturing 18 months and the
red line indicates the corresponding correlation derived over the entire
sample period from January 1995 to December 2020

The remainder of this paper is structured as follows:
Section “Overview of commodity markets” provides an
overview over previous empirical work on commodity mar-
kets. In Section “Methodological framework”, the method-
ological approach is presented in detail. The empirical
analysis, as well as the results, are described in Sections
“Empirical application to industrial metal markets” and
“Empirical results”, while Section “Conclusion” concludes.

Overview of commodity markets

In the following, we provide a brief literature overview
on important determinants of commodity prices. First of
all, industrial metals are industrial goods in real economies
and, particularly, key elements of industrial and technologi-
cal development. Therefore, economic factors, representing
the global demand, as well as commodity-specific supply
and demand changes affect their prices due to the classical
fundamental theory.Moreover, empirical studies detect com-
modity prices co-move together, indicating the commodity
markets are interrelated.

Determinants of commodity markets

According to the classical fundamental theory, a good’s
price is the result of its supply and demand equilibrium, see
Hotelling (1931); Deaton and Laroque (2003); Frankel and
Rose (2010). Therefore, the prices of commodities, espe-
cially of industrial metals, are theoretically determined by
the commodity-specific supply and demand.

Empirical studies provide strong evidence supporting this
fundamental relationship. Lutzenberger et al. (2017) high-
light the significance of global mine production, secondary
production, reserves, and stock levels in shapingmetal prices,
while Shojaeinia (2023) emphasizes the crucial role of sup-
ply and demand in shaping copper prices. Similarly, Chen

et al. (2019) confirm that fundamental factors remain key
drivers of copper prices, even after the financialization of
commodity markets. Papenfuß et al. (2025) further demon-
strate that metal-specific demand is an influential predictor
of metal prices, especially in more recent periods.

Given the challenges in obtaining granular supply and
demand data, many studies use economic activity as a proxy
for global demand. Empirical findings consistently indicate
that rising economic activity leads to significant increases
in commodity prices, see for example (Akram 2009; Issler
et al. 2014; Kagraoka 2016) and Lombardi et al. (2012).
Hereby,Ahumada andCornejo (2014) provide further insight
by identifying long-run price effects of supply fluctuations
and a negative elasticity of real commodity prices with
respect to production. While Stuermer (2018) finds mixed
evidence regarding supply effects, his findings suggest that
long-term demand growth, particularly driven by technolog-
ical advancements, plays a dominant role in shaping metal
prices. In contrast, Guzmán and Silva (2018) find that com-
modity prices are predominantly influenced by demand in
the short run, whereas supply factors play a larger role in the
long-term. Additionally, Frankel and Rose (2010) attribute
the commodity price boom of the mid-2000s to increased
demand resulting from the rapid economic growth of emerg-
ing markets and the rise of biofuels.

Collectively, these studies highlight the strong link bet-
ween global demand, suggesting that broader macroeco-
nomic conditions significantly shape commodity price fluc-
tuations. Consequently, additional macroeconomic factors,
such as exchange rates and interest rates, have been explored
in the literature, see Vansteenkiste (2009) for example.

Since commodities are globally traded in U.S. dollars,
but are rarely mined in the United States, a stronger dollar
typically leads to lower commodity prices, due to the law
of one price, according to Akram (2009). Besides Akram
(2009), several studies empirically validate this negative rela-
tion between the real dollar exchange rate and commodity
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prices, seeAhumada andCornejo (2014); Baffes andSavescu
(2014); Lombardi et al. (2012), and Zhu et al. (2015) among
others.

While previous empirical analyses underline the impact
of exchange rates on commodity prices, the empirical evi-
dence for the effect of interest rates on commodity prices
is mixed. Theoretically, lower interest rates should increase
the demand and ultimately the price for commodities, due
to reduced carrying costs, while simultaneously decreasing
the supply, due to a less profitable extraction, according to
Frankel (2008). Hereby,Akram (2009); Byrne et al. (2013) as
well as Anzuini et al. (2013) empirically confirm the signif-
icant, negative impact of interest rate shocks on commodity
prices, whereas Lombardi et al. (2012) and Zhu et al. (2015)
do not find any significant effects and Hammoudeh et al.
(2015) and Schischke and Rathgeber (2023) even detect a
positive relation.

Co-movement of commodity prices

As macroeconomic variables, like the economic activity,
exchange rates and interest rates, influence all commodities
simultaneously, commodity prices tend to move in a syn-
chronized way, a phenomenon called co-movement. Hereby,
several studies attribute the co-movement, at least partly,
to a common factor, described by macroeconomic determi-
nants, see Byrne et al. (2013); Chen et al. (2014); Kozian
et al. (2025); Liao et al. (2024); Lombardi et al. (2012), and
Nicola et al. (2016). In addition, studies attempt to character-
ize the extent of the co-movement between prices, see inter
alia (Le Pen and Sévi 2017; Tang and Xiong 2012; West
andWong 2014; Yin and Han 2015) and Zhang et al. (2019).
However, the analyses draw different conclusions, dependent
on the commodities and period under consideration. Byrne
et al. (2013) identify one common factor which is related to
interest rates and risk in their long-term analysis of 24 com-
modities, whereas Chen et al. (2014) detect two underlying
common factors in 51 commodity prices, one stationary and
one non-stationary, captured by the exchange rate. Further,
Lombardi et al. (2012) explain the common trends in 15 indi-
vidual commodity prices by a food ormetals factor,whileYin
andHan (2015) decompose 24 commodity prices into global,
sectoral and commodity-specific components and detect a
significant increase in the impact of the global as well as the
sectoral component around 2004, when commodity index
investment started. In contrast, Shahani and Singhal (2023)
detect no cointegration relationship in the Indianmetal prices
of aluminium, copper, zinc, nickel and lead in the period from
2016 to 2020. Overall, the results in previous studies indicate
common factors underlying in commodity prices, however,
the main determinants differ between the studies.

Besides the simultaneous influence of the economy on com-
modity markets, the commodities are interrelated themselves

via co-production and co-consumption links. On the one
hand, severalmetals aremined together, according toBigerna
and Campbell (2025) and Nassar et al. (2015). Hereby, Su
et al. (2024) detect the spillover effects between copper and
its by-products cobalt and nickel exhibit time-dependent fluc-
tuations. On the other hand, metals are consumed together.
For instance, aluminum and copper are both important met-
als for automotive applications, see Keyvani et al. (2025);
Sivanur et al. (2021), and Zapp et al. (2002).

However, the empirically observed co-movement of prices
on exchanges is larger than what would be explainable either
by the common consumption and production of commodi-
ties or by the common factor, reflecting the common effects
of macroeconomic determinants, see Pindyck and Rotem-
berg (1990). Hereby, Pindyck and Rotemberg (1990) were
the first introducing the concept of excess co-movement, as
they detect even unrelated commodities co-move. Neverthe-
less, the evidence in the literature is ambiguous, depending
on the methodology applied, the included control variables
as well as the considered time period.

In this context, Deb et al. (1996) only find weak to no
evidence for the excess co-movement hypothesis. While
Lescaroux (2009) confirms common patterns in 51 com-
modities, he also rejects the excess co-movement hypothesis,
as the observed co-movement is mostly caused by common
macroeconomic shocks on the supply and demand of the
commodities.Moreover,Nicola et al. (2016) conclude energy
and agricultural commodities are highly correlated with an
increasing co-movement. However, besides an increasing
long-run trend, starting at the beginning of the 21st cen-
tury, Ohashi and Okimoto (2016) only find little short-run
fluctuations. Further, the reinvestigation study of Le Pen
and Sévi (2017) detects a measure of speculative intensity
mainly determines the excess co-movement and attributes
their results to the financialization in commodity prices. In
addition, Fernandez (2015) tests for the excess co-movement
in twelve commodities and confirms the extent of the excess
co-movement varies over time.

In this context, the time-variation in the co-movement can
be partly explained by the financialization and the finan-
cial crisis, which affected the commodity markets and their
interrelations. Hereby, Basak and Pavlova (2016) state the
increasing investments of index funds in commodity markets
should theoretically elevate the co-movement. This hypoth-
esis is empirically underlined in the study of Tang and
Xiong (2012), as the authors detect an increase in the co-
movement of commodities, starting in the year 2004, due
to the financialization, which is stronger for indexed com-
modities , a trend that has been further confirmed in more
recent periods by Kang et al. (2023). Moreover, Poncela
et al. (2014) find an increased synchronization among raw
materials sinceDecember 2003, further confirming the finan-
cialization changed the relationship between commodity
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markets has changed fundamentally after underwent a funda-
mental transformation following the global financial crisis,
with co-dependence among seven major commodity classes
tripling. In addition, Aepli et al. (2017) emphasize the cor-
relation structure in commodity markets changed during the
financial crisis, whereas Lübbers and Posch (2016) detect an
increased co-movement during this period. Moreover, Peers-
man et al (2021) name, inter alia, the demand increase from
emerging countries, as well as spillovers due to substitutions
as possible reasons for the stronger co-movement in com-
modity prices. In particular, they underline the importance
of time-varying analyses of commodity markets. This is fur-
ther emphasized by Zaremba et al. (2021). They doubt the
financialization caused an unprecedented surge in the co-
movement, as in their long-term analysis of the past 150
years they detect similar peaks in earlier periods, suggest-
ing the commodity prices observe periods of strong similar
patterns, followed by periods of more divergent price behav-
ior. In this line, Ciner et al. (2020) also observe periods of
increasing and decreasing co-movement between the LME
non-ferrous industrial metal prices during the period from
1994 to 2016, whereby the spillover effects were stronger
after the financial crisis.

Overall, several studies underline the impact of supply
and demand on commodity prices, however, they predom-
inantly focus on individual commodity markets, neglecting
crucial cross-market linkages that shape price interdepen-
dencies. Furthermore, due to data limitations, most stud-
ies approximate commodity-specific factors using broader
global indicators, potentially overlooking important market-
specific dynamics. Additionally, prior research consistently
finds that commodity prices exhibit synchronized move-
ments, further highlighting the interconnected nature of
these markets. While several studies aim to explain the co-
movement, at least partly, by a common factor, Pindyck and
Rotemberg (1990) reveal an excess co-movement, underlin-
ing the importance to jointly model commodity markets.
Moreover, due to the rapidly growing index investments
in commodity markets, starting in the early 2000s, the co-
movement in commodity prices as well as the connectedness
with the stock markets increased, see Büyüksahin and Robe
(2014) and Tang and Xiong (2012). In particular, the finan-
cialization and the financial crisis significantly changed the
commodity market structure, highlighting the importance of
time-varying analyses of commodity markets.

Methodological framework

The objective of this study is the analysis of the time-varying
impact of fundamentals on, as well as the time-varying co-
movement between, commodity prices. Therefore,we extend

the idea proposed in Schischke et al. (2024), who jointly
model commodity markets, to a Markov-switching global
vector autoregressive (MS-GVAR) model, similar to Binder
and Gross (2013), which allows for time-varying relations in
the markets.

Hereby, the MS-GVAR framework is particularly well-
suited for modeling time-varying spillovers in industrial
metal markets, as it directly reflects the dual nature of metals
as both industrial goods and financial assets.3 Classical fun-
damental theory, as proposed by Hotelling (1931), posits that
commodity prices are determinedby the equilibriumbetween
supply and demand. This relationship has been empirically
validated by Deaton and Laroque (2003), who confirm the
fundamental role of market forces in price formation, with
supply being represented by the actual production of com-
modities. However, industrial metals are also subject to spec-
ulative trading and macroeconomic shocks, which influence
their price formation beyond pure physical market dynam-
ics, with speculation potentially amplifyingmarket volatility.
TheMS-GVARmodel is particularly effective in this context,
as it allows for regime-dependent spillover effects, captur-
ing how supply, demand, and price interdependencies evolve
across calm and volatile periods. Alternative frameworks,
such as considering only the relationship between production
and consumption, may overlook the role of co-movement in
price formation, particularly as economic cycles can amplify
co-movement by driving higher common demand for com-
modities. Similarly, a macroeconomic-commodity-specific
model may capture broad market trends but lacks the granu-
larity to assess cross-market spillovers within the industrial
metals sector. By integrating supply, demand, and price in a
time-varying setting, our approach provides a comprehensive
framework for understanding how industrial metals respond
to market conditions and policy changes over time.

In particular, we first apply individual M-state Markov-
switching vector autoregressive models of order P (MS(M)-
VAR(P)4) on all commodities i = 1, 2, . . . , N of the
analysis to account for the commodity-specific interdepen-
dencies between supply, demand and price, approximated

3 Traditional time-varying models such as the Constant Conditional
Correlation (CCC) model by Bollerslev (1990) and the Dynamic Con-
ditional Correlation (DCC) model by Engle (2002) have been widely
applied in financial econometrics to capture time-varying correlations
among asset returns. While these models are effective in identifying
volatility co-movements, our study focuses onmodeling structural inter-
dependencies and spillover effects across supply, demand, and price
within and between industrial metal markets. The Markov-switching
GVAR framework is more suitable for this objective as it allows for
regime-dependent dynamics and accommodates both contemporane-
ous and lagged interrelations among variables across markets.
4 In the terminology of Krolzig (1997), we focus on MS-VAR models
with switching intercept and not on mean adjusted VARmodels. Please
refer to Krolzig (1997) for more details on MSM-VAR models.
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by production, consumption and price data, see Section 4.1.
Subsequently, we aggregate the individual models to a
global commodity market model, allowing for time-varying
spillover effects between the commodities.

Individual commodity market models

First of all, we reflect the relation between the individual,
commodity-specific supply (supplyi), demand (demandi)
and price (pricei) of each commodity market, which form
the (Ki ×1) vector xi,t = (supplyi,t , demandi,t , pricei,t )′,
for all time periods, t = 1, 2, . . . , T , via commodity-specific
Markov-switching vector autoregressive (MS(M)-VAR(P))
models with M states and P lags, allowing for time-varying
dependencies. In addition, we consider the impact of the
economy on commoditymarkets, reflecting the common fac-
tor, by the exogenous vector et of Kexog macroeconomic
variables.

Further, we aim to account for the interdependencies
between the commodity markets. Therefore, we extend the
MS-VAR models by the K ∗

i × 1 vector x∗
i,t = (supply∗

i,t ,

demand∗
i,t , price

∗
i,t )

′ of weighted external variables specific
to commodity i , representing the aggregated impact of the
other commodities on commodity i :

supply∗
i,t =

N∑

ι̃=1

wi,ι̃ · supplyι̃,t , demand∗
i,t =

N∑

ι̃=1

wi,ι̃ · demandι̃,t ,

price∗
i,t =

N∑

ι̃=1

wi,ι̃ · priceι̃,t ,

with weights wi,i = 0 and
∑N

ι̃=1 wi,ι̃ = 1, for i = 1, 2,
. . . , N . Hereby, the corresponding individual weights wi,ι̃

may be aggregated to a weight matrix (wi,ι̃)i,ι̃=1,2,...,N .
This leads to the following MS(M)-VAR(P) model for

commodity i :

xi,t = ai,0,si,t +
P∑

p=1

�i,p,si,t xi,t−p +
P∑

p=0

�i,p,si,t x
∗
i,t−p

+
Pexog∑

p=0

�i,p,si,t et−p + εi,t ,

(1)

where ai,0,si,t denotes the intercept, �i,p,si,t are the Ki × Ki

matrices of lagged coefficients for lag p = 1, 2, . . . , P , and
Ki = 3 denotes the length of vector xi,t for i = 1, 2, . . . , N .
Moreover, the Ki × Kexog matrices �i,p,si,t are the cor-
responding coefficients of the exogenous variables et , for
lags p = 0, 1, . . . , Pexog . In addition, �i,p,si,t are Ki × K ∗

i
matrices of coefficients associated with the (lagged) weakly

exogenous, external variables for p = 0, 1, . . . , P ,5 and
in our case Ki = K ∗

i = 3 for all i = 1, 2, . . . , N .
Further, we assume that the Ki × 1 vectors of idiosyn-
cratic commodity-specific shocks εi,t are, in general, serially
uncorrelated, independent and identically distributed, with
mean zero and covariance matrix �i i,si,t . Therefore, it holds
εi,t ∼ i id(0, �i i,si,t ).

To account for the time-varying dependencies in com-
modity markets, we attach the index si,t to the parameters,
which denotes these parameters depend on the regime si,t ∈
{1, 2, . . . , M} prevailing in commodity i at time t , fol-
lowing the idea of Binder and Gross (2013). We assume
that this unobserved state is generated by a discrete time,
irreducible, ergodic, discrete M-state Markov chain with
transition matrix Pi . The corresponding transition probabili-
ties pi,lm , denoting the probability of a commodity to switch
from regime l to regime m between the periods t and t + 1,
are defined as:

pi,lm = Pr(si,t+1 = m|si,t = l),
M∑

m=1

pi,lm = 1, for l,m = 1, 2, . . . , M .

(2)

Further, using the filter of Hamilton (1989), we calculate
the optimal inference of ξ i,t , which denotes the unobserved
state of the system, based on the information set Xi,t :

ξ i,t =

⎛

⎜⎜⎜⎝

I(si,t = 1)
I(si,t = 2)

...

I(si,t = M)

⎞

⎟⎟⎟⎠ ,with I(si,t = m)=
{
1, if si,t = m

0, else
.

(3)

Therefore, we define the probability distribution of the state
vector ξ i,t , conditional on the information set available at
time τ , Xi,τ , as:

ξ i,t |τ = E[ξ i,t |Xi,τ ] =

⎛

⎜⎜⎜⎝

Pr(ξ i,t = ι1|Xi,τ )

Pr(ξ i,t = ι2|Xi,τ )
...

Pr(ξ i,t = ιM |Xi,τ )

⎞

⎟⎟⎟⎠ . (4)

For this study, we differentiate between the filtered, the
predicted as well as the smoothed probabilities. While
the filtered (predicted) probabilities depend on information
available at time t (t − 1), the smoothed probabilities are

5 For a simpler notation, we assume that the lag length of the external
variables equals the lag length of the commodity-specific variable and
is equal for all commodities.
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computed conditional on the full-sample information up to
time T .

As shown inHamilton (1990), theExpectation-Maximiza-
tion (EM) algorithm, introduced by Dempster et al. (1977),
can be used in conjunction with the filter of Hamilton (1989)
for the calculation of the filtered, predicted and smoothed
probabilities, described in Krolzig (1997), to obtain the max-
imum likelihood estimates of the model’s parameters. First,
the filtered as well as the smoothed probabilities are cal-
culated within the expectation step of each iteration, to
determine the expectations (of the states). Second the param-
eters are estimated given the predetermined regimes, in the
maximization step, by maximizing the likelihood function.

Global commodity market model (MS-GVAR)

In order to aggregate the commodity-specific, individual
MS-VAR models to a global commodity market model, the
MS-GVAR model, we follow the original papers of time-
invariant GVAR models by Pesaran et al. (2004) as well as
of MS-GVAR models by Binder and Gross (2013). Hereby,
we define the (Ki + K ∗

i ) × 1 vector zi,t = (x′
i,t , x

∗′
i,t )

′ and
rewrite Eq. 1 for i = 1, . . . , N :

Ai,0,si,t zi,t = ai,0,si,t +
P∑

p=1

Ai,p,si,t zi,t−p +
Pexog∑

p=0

�i,p,si,t et−p + εi,t , (5)

where Ai,0,si,t = (IKi ,−�i,0,si,t ) and Ai,p,si,t = (�i,p,si,t ,

�i,p,si,t ), for p = 1, 2, . . . , P , are Ki × (Ki + K ∗
i ) dimen-

sional matrices, with IKi denoting the Ki × Ki dimensional
identity matrix. Moreover, we require Ai,0,si,t to have full
row rank for i = 1, . . . , N .

Further, we denote by xt = (x′
1,t , x

′
2,t , . . . , x

′
N ,t )

′ the K ×
1 global vector of all commodity-specific variables, where
K = ∑N

i=1 Ki . With the link matrices Zi of fixed constants
defined in terms of the commodity-specific weights wi,ι̃, we
can write zi,t = Zixt . Hence, we use this in Eq. 5:

Ai,0,si,tZixt = ai,0,si,t +
P∑

p=1

Ai,p,si,tZixt−p+
Pexog∑

p=0

�i,p,si,t et−p+εi,t . (6)

Stacking Eq. 6 together for i = 1, 2, .., N , we obtain:

G0,St xt = a0,St +
P∑

p=1

Gp,St xt−p +
Pexog∑

p=0

�p,St et−p +εt , (7)

where St = {s1,t , s2,t , . . . , sN ,t } denotes the assumed
regime-constellation across the commodities, while forming
the matrices G0,St . Hereby, we have the K × 1 intercept
vector a0,St = (a′

1,0,s1,t
, a′

2,0,s2,t
, . . . , a′

N ,0,sN ,t
)′, the K × K

dimensional matrices

Gp,St = ((A1,p,s1,tZ1)
′, (A2,p,s2,tZ2)

′, . . . , (AN ,p,sN ,t

ZN )′)′, for p = 0, 1, . . . , P the K × Kexog dimensional
matrices �p,St = (� ′

1,p,s1,t
, � ′

2,p,s2,t
, . . . , � ′

N ,p,sN ,t
)′ and

the K × 1 vector εt = (ε′
1,t , ε

′
2,t , . . . , ε

′
N ,t )

′.
In case of a non-singular matrixG0,St for a given regime-

constellation St , we get the reduced form:

xt = G−1
0,St

a0,St +
P∑

p=1

G−1
0,St

Gp,St xt−p +
Pexog∑

p=0

G−1
0,St

�p,St et−p + G−1
0,St

εt

= bSt +
P∑

p=1

Hp,St xt−p +
∑

p=0

ϒp,St et−p + υ t,St ,

(8)

with bSt = G−1
0,St

a0,St , Hp,St = G−1
0,St

Gp,St , for p = 1, 2,

. . . , P ,ϒp,St = G−1
0,St

�p,St , for p = 0, 1, . . . , P andυ t,St =
G−1

0,St
εt . This enables to model markets of all commodities

simultaneously, while accounting for their (time-varying)
dependencies in the cross-commodity dimension.

The global model can only be solved by assuming a
regime-constellation S throughout the sample period, see
Binder and Gross (2013). Therefore, we define a M × N
matrix� indicating the desired regimes for the N commodi-
ties, where the columns, denoted by �i each sum to one.
There are two possible ways to solve the global model:

1. Choose an arbitrary regime constellation, such that each
commodity i is set to the desired regime mi with weight
1.

2. Set the regimes according to the estimated constellation
at a selected point in time τ . Then, �i = ξ̂ i,τ |T .

With the definition of �, the weighted average of the
local models’ parameter space can be calculated for p =
0, 1, . . . , P:

Ãi,p =
M∑

m=1

Ai,p,si=m · �m,i , (9)

where �m,i denotes the m-th row of �i . Analogously,
we calculate the intercept ãi,0, as well as the parameter
matrices �̃i,p for the exogenous variables. Subsequently,
we solve the global model according to Eq. 7, using the
parameters Ãi,p, ãi,0, �̃i,p corresponding to the predefined
regime-constellation �i . For the block-wise calculation of
the global covariance matrix under a given regime constel-
lation, we refer to Binder and Gross (2013) and Andersson
(2014).
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Analysis of MS-GVARmodels via generalized
impulse response functions

We analyse the spillover effects in the commodity markets
by generalized impulse response functions (GIRF), first pro-
posed by Koop et al. (1996) and further developed in Pesaran
and Shin (1998). In general, the GIRF analysis benefits from
the invariance of the ordering of the commodities, see Dées
et al (2007). However, the GIRFs ofMarkov-switching mod-
els are regime-dependent, see Ehrmann et al. (2001).

For a given regime-constellation S, the generalized im-
pulse response function is defined as:

GI(n, δ,	t−1) = E[xt+n|εt,S = δ,	t−1] − E[xt+n|	t−1]
(10)

where δ denotes the shock and	t−1 is the known information
until time t − 1, including all necessary information about
the exogenous variables. In our study, we consider the gener-
alized impulse response functions of the effect of a shock of
the j-th variable of xt , corresponding to the 
-th variable in
the i-th commodity, by one standard deviation and calculate
the responses via Monte Carlo integration, following Koop
et al. (1996).

Empirical application to industrial metal
markets

Data

To investigate whether the impact of fundamentals and the
co-movement of commodity prices varies between calm
and volatile periods, we apply the MS-GVAR model to
the six LME-traded industrial metals aluminum, copper,
nickel, lead, tin, and zinc. On the one hand, the financial
markets for industrial metals are very liquid and there-
fore, attractive for investors. On the other hand, industrial
metals are essential for commercial and industrial develop-
ment, especially for the energy transition.Consequently, their
prices are significantly influenced by fundamental supply
and demand dynamics. Hereby, we model each individual
metal market via individual MS-VAR models, using the
commodity-specific attributes supply, demand and price as
endogenous variables, for the period January 1995 toDecem-
ber 2020. While the actual supply and demand of the metals
are not observable, we approximate the individual supply of
a commodity by themonthly world total production (supply)
and the commodity-specific demand by the world total con-
sumption (demand), drawn from World Bureau of Metal

Statistics (2021).6 Moreover, we use the end-of-month price
(price), drawn from Thomson Reuters Eikon, standardized
to U.S. Dollar per metric ton, following Chen (2010).

Further, we account for the impact of the common factor
on commodity markets by including macroeconomic vari-
ables, representing the economic activity, exchange rates and
monetary policy. Therefore, we add the vector of exogenous
variables to theMS-VARmodels, which includes the season-
ally unadjusted world industrial production (IP) as proxy for
economic activity, drawn from TheWorld Bank (2022),7 the
U.S. Dollar index (FX) as exchange rate, drawn from ICE
Futures U.S. (2022), as well as the effective federal funds
rate (FFR) as interest rate, drawn from Board of Governors
of the Federal Reserve System (U.S.) (2022).

In order to satisfy the central assumption of stationarity in
VAR models, we apply the augmented Dickey Fuller (ADF)
test to each of the attributes and calculate logarithmic returns
in case of non-stationary data, based on the five percent sig-
nificance level. All time series were non-stationary at first,
therefore, we calculate the logarithmic returns of each vari-
able which are stationary.8 Moreover, we seasonally adjust
and standardize them to have mean zero and standard devia-
tion one, but use the original variable names unadjusted, i.e.
supply, demand and price.

Descriptive statistics of the stationary, seasonally adjusted,
but non-standardized variables are given in Table 10 of
Appendix A. Overall, most variables show a non-normal
behavior, especially the metal prices exhibit fat tails and are
negatively skewed, indicating time-varying models might fit
the data, as Ang and Timmermann (2012) emphasize the
usefulness of regime switching models for non-normal data.
Hereby, the regime analysis allows to reflect time-varying
correlations, which are present in metal commodity prices,
see Fig. 1.

6 We appreciate the reviewer’s suggestion regarding the limitations
of using world total production and consumption, as it may not fully
capture regional supply-demand dynamics and inventory changes that
influence price fluctuations. Regional disparities, such as differences
in production costs, trade policies, and geopolitical factors, can impact
industrial metal markets. While our model does not account for short-
term regional imbalances that may directly affect prices, it captures
broader global supply and demand trends, where regional disruptions
might be offset by adjustments in other areas. As a result, our findings
may underestimate the impact of localized supply and demand shocks
on metal prices. However, our approach provides a comprehensive per-
spective on macroeconomic influences and effectively considers global
supply and demand shocks, which are less likely to be offset and can
have more profound effects on international metal markets.
7 For a robustness check, we include the global economic activity index
by Kilian (2009) and obtain similar results.
8 As logarithmic prices were non-stationary as well, we apply our mod-
els on the logarithmic returns of the prices.
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Demand relations between industrial metals

To integrate the individual commodity markets into a com-
prehensive commodity-market model, we establish connec-
tions between commodity-specific markets using a weight
matrix (wi,ι̃)i,ι̃=1,...,N , based on co-consumption patterns
rather than the trade weights originally proposed by Pesaran
et al. (2004) for linking individual economies, following the
approach of Schischke et al. (2024). Therefore, we analyze
the sectors inwhich industrialmetals are co-consumed,while
approximating the economy by the five industries Automo-
tive/ Transportation, Chemistry/ Pharmaceutics, Electrics,
Construction and Mechanical Engineering, which in sum-
mary account for up to 90% of the worldwide demand.9

Table 1 displays the proportional consumption per com-
modity and industry.We aggregate these values to a demand-
side information matrix using the following formula:

ŵi,ι̃ =
∑

h

indh,i · indh,ι̃, for i, ι̃ = 1, . . . , N , i �= ι̃ (11)

where ŵi,ι̃ represents the weight between commodity i and
commodity ι̃ and indh,i denotes the proportion of commod-
ity i belonging to industry h = {Automotive/ Transportation,
Chemistry/ Pharmaceutics, Electrics, Construction, Mecha-
nical Engineering}. Finally, we convert this information table
into a weight matrix for the MS-GVAR model, by scaling
the values to row sums of 1 and display the resulting weight
matrix in Table 2.10

Model specification and estimation

The objective of this study is the analysis of the spillover
effects within and between commodity markets over time.
Therefore, we consider two states in the Markov-switching
models such that calm as well as volatile periods are cap-
tured.Moreover,we apply a slightly adjustedmodel selection
procedure of Li and Kwok (2021), using the information
criterion of Hannan and Quinn (1979), to determine the opti-
mal lag length as well as model specification. Hereby, we
estimate the optimal lag length, up to the predefined num-
ber of lags Pmax = 2, as well as the specification out
of all considered specifications, which allow for regime-
varying intercept, coefficients and/or covariance matrices,
spec ∈ {MSI , MSI H , MSH , MSA, MSAH}, and con-
clude the MSH(2)-VAR(1) model, with regime-dependent
covariance matrix, but regime-invariant intercept as well as
regime-invariant parameters for the endogenous and exoge-
nous variables, performs best. The results of the Durbin-

9 Please refer to Schischke et al. (2024) for detailed information.
10 Table 2 shows rounded values, whereas further calculations in the
model use the true values without rounding.

Watson (DW) test indicate neither of the commodity-specific
MSH(2)-VAR(1) model suffers from autocorrelation, indi-
cating the lag length of one chosen by the model selection
procedure is feasible from a statistical point of view.

Empirical results

The objective of this study is to examine whether the inter-
dependencies within and between the commodity markets
change over time, especially between calm and volatile
periods. Therefore, we apply the time-dependent Markov-
switching global vector autoregression (MS-GVAR) model
on the industrial metal markets, which disentangles single-
market effects from inter-market effects, while controlling
for macroeconomic factors.

First, we simultaneously estimate individual, commodity-
specific Markov-switching VAR models, accounting for
the aggregated impact of other commodity markets along-
side exogenous variables, and investigate the regime infer-
ence of each market. Subsequently, we extend the analy-
sis by integrating industrial metal markets into a unified
MS-GVAR model, enabling the assessment of interdepen-
dencies among commodities. Through regime-dependent
generalized impulse response functions (GIRFs), we ana-
lyze spillover effects within and between the commod-
ity marketsvia regime-dependent GIRFs and underline the
importance across markets. Furthermore, we highlight the
necessity of a time-varying analysis by evaluating the out-
of-sampleforecasting performance of the MS-GVAR model
in comparison to its time-invariant counterpart.

Regime inference

Since the MS-GVAR model aggregates the individual,
commodity-specific MS-VAR models to one global com-
modity market model, the transition probabilities, i.e. the
probabilities to switch from state one to state two and vice
versa, displayed in Table 3, as well as the smoothed proba-
bilities, indicating in which state a commodity is at a specific
point in time, differs across themarkets. Therefore,we briefly
discuss the transition and regime probabilities of each indus-
trial metal market in the following.

The transition probabilities indicate it is more likely to
stay in the present state for aluminum, lead, tin and zinc,
whereas the copper market exhibits a strong tendency to
remain in, or move to, state one. Moreover, the probabil-
ity to switch between the regimes is almost equal to the
probability to stay, in case of the nickel market. Due to
the comparably high probabilities to switch the regimes,
the nickel market often switches its states, whereas the
other metal markets show only brief periods in regime two,
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Table 1 Consumption of
commodities across industries

Industry Al Cu Ni Pb Sn Zn

Automotive/ Transportation 0.36 0.10 0.32 0.00 0.00 0.63

Chemistry/ Pharmaceutics 0.00 0.00 0.00 0.05 0.22 0.08

Electrics 0.15 0.64 0.05 0.83 0.78 0.00

Construction 0.33 0.17 0.32 0.06 0.00 0.29

Mechanical Engineering 0.15 0.09 0.32 0.06 0.00 0.00

Note: This table presents the distribution of consumption for aluminum (Al), copper (Cu), nickel (Ni),
lead (Pb), tin (Sn), and zinc (Zn) across major industrial sectors: Automotive/Transportation, Chem-
istry/Pharmaceuticals, Electronics, Construction, and Mechanical Engineering. The data illustrate the
relevance of each metal to specific end-use applications, providing context for their demand dynamics

see Figs. 2, 3, 4, 5, 6 and 7,11 indicating the industrial metal
markets are stable, except the nickel market.

Overall, the metal markets are mainly located in regime
one until 2004, the beginning of the financialization of com-
modity markets, see Tang and Xiong (2012), with only few
and brief periods in regime two, indicating the increase
in index investment changed the industrial metal markets.
Thereafter, the markets show longer periods in regime two,
especially in the years 2006/07, 2009, 2011, and 2015, cor-
responding to the boom in commodity prices, the financial
crisis, the European debt crisis, and the sharp drop in the oil
price. In the following, we turn to a commodity-specific per-
spective and examine each commoditymarket and its regimes
separately, whereby we exemplary focus on the aluminum
market. However, the regime switches are similar in the cop-
per, lead, tin and zinc markets, whereas the regimes in nickel
market fluctuate more.

While at the beginning of the considered time period,
the aluminum market shows longer periods in state one,
with only brief periods in state two, the market switches to
state two at the end of 2008, during the financial crisis, and
remains almost four years in this regime. Moreover, the alu-
minummarket is located in state two in 2015 as well as 2017
for almost two years each. Hereby, aluminum’s variables,
especially the aluminum price, fluctuate widely within these
periods.

After the significant price increase from 2004 to mid-
2008, caused by a strong demand growth partly driven by
the emerging countries, the physical as well as speculative
demand dropped, due to the financial crisis, at the end of
the year 2008, resulting in rising inventories and declining
prices, probably provoking the observed switch in alu-
minum’s regimes. While the prices were recovered in 2010,
due to the increase in Chinese demand, see U.S. Geologi-
cal Survey (2013a), the supply side of the aluminum market

11 These figures show the returns of each individual supply, demand
and price variable over the entire sample period. Shaded areas indicate
the smoothed probability to be in state two exceeds 50%, hence, it is
more likely for the commodity market to be in state two at these points
in time.

remained turbulent. The production from U.S. primary alu-
minum smelters increased during the first half of 2011,
whereas the leading U.S. aluminum producer announced to
close permanently several smelters, at the beginning of 2012,
see U.S. Geological Survey (2012). However, caused by new
capacity in China, India, and Qatar, the world production
increased in 2012, see U.S. Geological Survey (2013b).

Fluctuations in aluminum supply and price likely con-
tributed to the market being in regime two between 2009 and
2012. Similarly, the decline in aluminum inventories held by
LME-bonded warehouses, coupled with continued demand
growth, may explain why the market remained in state two
in 2015, as noted by U.S. Geological Survey (2016). In con-
trast, the volatile price in the years 2017 and 2018, caused by
supply concerns, inter alia due to regulation problems of the
world’s largest alumina refinery, Alunorte, sanctions on the
Russian aluminum producer Rusal as well as labour strike at
Alcoa, might be the reason for the market being in state two
during the years 2017 and 2018, see U.S. Geological Survey
(2020).

The copper market rarely changes its regimes and exhibits
only brief periods in regime two, indicating its stability.
While it is located longer periods in state two in 2006, just
before the onset of the financial crisis, and corresponding to
periods of a more volatile copper price, probably caused by
the financialization, the periods in state one reflect calmer
markets. In general, U.S. Geological Survey (2013a) state

Table 2 Weight matrix

Al Cu Ni Pb Sn Zn

Al 0.00 0.18 0.26 0.14 0.11 0.30

Cu 0.14 0.00 0.10 0.36 0.33 0.08

Ni 0.33 0.18 0.00 0.10 0.05 0.35

Pb 0.11 0.37 0.05 0.00 0.45 0.01

Sn 0.09 0.37 0.03 0.49 0.00 0.01

Zn 0.42 0.15 0.38 0.03 0.02 0.00

Note: Demand-side weight matrix of the commodities aluminum (Al),
copper (Cu), nickel (Ni), lead (Pb), tin (Sn) and zinc (Zn)
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Table 3 Transition probability
matrices for the
commodity-specific MS-VAR
models

Al Cu Ni Pb Sn Zn

0.92 0.08 0.82 0.18 0.50 0.50 0.92 0.08 0.90 0.10 0.82 0.18

0.16 0.84 0.50 0.50 0.56 0.44 0.16 0.84 0.12 0.88 0.23 0.77

Note: This table reports the estimated transition probabilities for each commodity-specific Markov-switching
VAR (MS-VAR) model, covering aluminum (Al), copper (Cu), nickel (Ni), lead (Pb), tin (Sn), and zinc (Zn).
The first row of each matrix shows the probability of remaining in regime one or switching to regime two.
The second row displays the probability of transitioning to regime one or staying in regime two. These values
reflect the stability and switching behavior of each commodity market over time

a) supply b) demand c) price

Fig. 2 Aluminum (Al) time series plots for supply, demand, and price, with shaded areas indicating periods where the regime probability of the
crisis state exceeds 0.5

Fig. 3 Copper (Cu) time series plots for supply, demand, and price, with shaded areas indicating periods where the regime probability of the crisis
state exceeds 0.5

Fig. 4 Nickel (Ni) time series plots for supply, demand, and price, with shaded areas indicating periods where the regime probability of the crisis
state exceeds 0.5
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Fig. 5 Lead (Pb) time series plots for supply, demand, and price, with shaded areas indicating periods where the regime probability of the crisis
state exceeds 0.5

Fig. 6 Tin (Sn) time series plots for supply, demand, and price, with shaded areas indicating periods where the regime probability of the crisis state
exceeds 0.5

Fig. 7 Zinc (Zn) time series plots for supply, demand, and price, with shaded areas indicating periods where the regime probability of the crisis
state exceeds 0.5
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copper prices react to disturbances to production at any given
largemine, due to copper’s close balance between production
and consumption. For example, the pit wall failure in Indone-
sia and a mine strike in Mexico in the year 2006, combined
with the growth in global consumption during this period,
resulted in a price increase, which might explain the longer
lasting period of the copper market in state two.

As indicated by the transition probabilities, the nickelmar-
ket experiences themost frequent regime switches, oftenwith
brief but recurring periods in state two, highlighting its rela-
tive instability. This heightened volatility can be attributed
to several structural imbalances in the market. First, the
global nickel market is highly concentrated, with a few key
producers, primarily Indonesia and the Philippines, domi-
nating production, seeU.S.Geological Survey (2020). Policy
changes, export bans, or geopolitical tensions in these regions
can rapidly disrupt supply and trigger market shifts. Sec-
ond, nickel’s diverse industrial applications contribute to
its instability. Unlike other industrial metals primarily used
in construction and manufacturing, nickel has experienced
surging demand for lithium-ion batteries in electric vehicles
(EVs), see Sun et al. (2022). Shifts in EV market expec-
tations, battery technology advancements, or policy-driven
incentives can further amplify market volatility. Addition-
ally, when nickel prices rise, manufacturers can opt for
lower-nickel alloys in stainless steel production, causing
fluctuations in demand, following Sverdrup and Olafsdottir
(2019). These supply and demand imbalances make nickel
inherently less stable than other industrial metals. Notably,
the slightly longer lasting period in regime two around 2009
is probably caused by the financial crisis, whereas the period
in state two at the end of 2013 to the beginning of 2014
corresponds to a period of weak prices associated with an
oversupply of nickel.

In periods of high price volatility, during the beginning of
the financialization of commodity markets in 2004, the com-
modity price boom and the financial crisis, the lead market
is situated in state two. Hereby, the price increase between
2004 and 2007 is mainly driven by the strong demand for
lead in China, see U.S. Geological Survey (2013a), while
the surplus in the lead market might explain why the market
is situated in state two in 2011, see U.S. Geological Survey
(2012). In addition, the decline in the average London Metal
Exchange (LME) cash lead price by about 13% in 2015 from
that in 2014 caused the switch to regime two in 2015, see
U.S. Geological Survey (2016).

In contrast to the othermetalmarkets, tin is in both regimes
for almost equal length of time, which might be explained by
the corresponding transition probabilities, in particular, it is
equally probable to remain in the states, see Table 3. While
the tin market is only situated in state one until 1999, tin
remains longer periods in regime two at the beginning of the
recent century, during the beginning of the financialization

of commodity markets, during the financial crisis, between
2011 to 2013, 2014 to 2016 and 2019 to 2020. Hereby, the
increase in the tin price around 2008, leading to a more
volatile period, was caused by supply disruptions in China as
well as Indonesia, a demand growth of emerging economies,
the decrease in U.S. inventories as well as the increasing role
of investment funds, see U.S. Geological Survey (2013a).
Additionally, the tin price increased around 2012, as major
tin-consuming countries aim to lead-free solders that usually
contain larger amounts of tin, probably causing the switch
of the market to regime two, see U.S. Geological Survey
(2012). In contrast, the volatile price, due to the price decline
in response to the increased tin production in Burma in 2014,
as well the reduced consumption of tin in the United States,
probably caused the tin markets staying in regime two in
2015, see U.S. Geological Survey (2016).

Similar to the coppermarket, the zincmarket shows longer
periods in state one, with only brief periods in state two.
Given that zinc, as a key alloying element in steel production,
is highly consumption-dependent, fluctuations in industrial
demand may contribute to these regime changes. In particu-
lar, the zinc market switches to and remains in state two for
several years during the commodity price boom from 2005 to
2008, corresponding to the period of financialization, and the
financial crisis starting in 2009. Moreover, the production-
to-consumption surplus in 2015, see U.S. Geological Survey
(2016), and the increase in global zinc mine production, see
U.S. Geological Survey (2020), both periods of higher price
volatility, probably caused the switch of the zinc market to
regime two.

Overall, we observe the commodity markets are mostly
situated in regime one, while the markets remain in regime
two during periods with high fluctuations in supply, demand,
and price. For an in-depth analysis of the commodity mar-
kets, we report distinct descriptive statistics for each regime
in Table 11, where we assume the commodities are either
located in state one or state two, depending on their respec-
tive smoothed probability exceeding 50%. While copper is
rarely located in state two, the tin market is situated in this
state half of the time. Overall, the minimum, quantiles as
well as maximum values show the markets take on more
extreme values in the second state. Moreover, the commod-
ity variables exhibit a higher volatility in state two, indicating
periods of more fluctuations, which is why we refer in the
following to the state two as volatile and the state one as calm
period.

Impulse response analysis of the final MS-GVAR
model

The analysis of the regime inferences in the industrial
metal markets indicate the commodity markets change their
regimes in more volatile periods. Hereby, the metal markets
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exhibit calm periods until the financialization, while inter
alia the boom in commodity prices, and the financial crisis
lead to more fluctuations and a regime switch. However, the
regimes between the markets differ, as for example nickel
changes its regimes more often than aluminum. To disentan-
gle whether the interdependencies between the commodity
markets change between the regimes, we artificially attribute
all industrial metal markets to either the calm or volatile
regime and examine how shocks to the commodity variables
transmit to the commodity markets under the calm or volatile
regime.

In particular, we initially assume the commodity markets
are all simultaneously in their calm (volatile) state, and we
calculate the corresponding regime-dependent generalized
impulse response functions, according to Ehrmann et al.
(2003), based on the 68% confidence bounds, obtained by
the bootstrap procedure of Ehrmann et al. (2001), which we
slightly adjust for the MS-GVAR framework.

Hereby, we shock each commodity-specific variable by
one standard deviation and examine the direct as well as the
indirect effects of this shock to the remaining variables, in
the individual, commodity-specific, as well as in the cross-
commodity dimension.

First of all, we examine the spillover effects within and
between the industrial metal markets under the calm regime.
To condense theGIRF results and to facilitate the comparison
to the GIRFs of the volatile results later on, we provide an
overview of the results in Table 4. Hereby, we indicate signif-
icant positive or negative, responses of the column variables,
to a shock in the row variables, by a (+) or (-).

The diagonal shows significantly positive responses for
all variables, which is rather unsurprising, as they capture
the effect of a shock to the response variable itself. Despite
the concerns of false negatives within GIRF analyses in gen-
eral, see Runkle (1987); Lütkepohl (1990) and Galesi and
Lombardi (2009), we obtain numerous significant responses
in the cross-commodity dimension, underlining the impor-
tance of jointly modeling commodity markets, as discussed
in Schischke et al. (2024).

To start, we examine the spillover effects within the indi-
vidual commodity markets, before we focus on the effects
in the cross-commodity dimension. In particular, the cop-
per market is affected most by its own shocks. Hereby, an
increase in the copper consumption or price leads to sig-
nificantly rising production volume, indicating the supply
of copper increases in response to a higher demand and
price. Moreover, the consumption of copper (price of tin)
reduces in case of increasing production (consumption) vol-
ume, which is rather counterintuitive, since we would expect
a synchronous reaction. However, the GIRF methodology
investigates direct as well as indirect effects on the attributes
to an innovation of one standard deviation in a certain vari-
able, therefore, the observed responses may be caused by

unobservable, indirect effects. In addition, the aluminum
price positively affects its consumption, whereas zinc’s pro-
duction and consumption significantly react to a shock in
the price of zinc. While these results indicate the MS-GVAR
model reflects the spillover effects in the individual markets
of aluminum, copper, tin, and zinc, the nickel and leadmarket
do not exhibit any significant responses to shocks in their own
production, consumption and price, however,we observe var-
ious spillover effects in the cross-commodity dimension.

In general, the majority of the spillover effects is between
the supply and supply, demand and demand, as well as price
and price variables, indicating a concurrent behavior between
the metal markets. The interactions between production vari-
ables are less pronounced, whereas prices emerge as the
primary driver, reinforcing the presence of common patterns
across commodity markets.

Overall, we observe strong interdependencies between the
prices themselves, except for tin, the smallest metal in terms
of its trading volume, as its price does not influence and is
not influenced by the other commodity prices. However, an
increase in the price of aluminum, copper, nickel, lead, or zinc
leads to rising prices of the other commodities, indicating a
common behavior in the metals’ prices. The only exception
is zinc, as its price reduces in response to a positive shock
in the aluminum, copper, and nickel price. This decrease in
the zinc price might be caused by a disproportionaly increase
in its supply, compared to the demand increase, also caused
by rising prices. Moreover, shocks to the copper price affect
the other commodities, whereas the copper price itself does
not react to changes in the other prices, indicating a strong
impact of copper on the other commodity markets.

While the prices influence each other, production and con-
sumption volumes, reflecting supply and demand, are also
highly affected by rising prices. The positive reactions of
the supply in response to price shocks can be explained by
indirect effects due to the co-production relation. A higher
price of one commodity cause an increase in its production
volume, and therefore also in the production volume of a co-
produced metal. Thereafter, the consumption might adjust
in response to the increase in the overall supply, leading to a
demand increase. Further, the inverse relation between zinc’s
and the other metals’ prices cause the positive response of
consumption to price shocks. In particular, an increase in one
metal’s price leads to a decline in another metal’s price and,
ultimately, results in higher demand.

Turning to a commodity perspective, lead, which was
largely banned from many applications in the previous
decades, is least connected to the other markets. In contrast,
we observe the majority of the spillover effects between the
aluminum, copper, nickel, tin, and zinc markets, whereby
especially copper and tin significantly react to shocks in the
other markets. Moreover, aluminum and copper are related
most. Hereby, the strong interdependencies between these
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twometals can be explained by their common applications in
electrical conduction, automotive and aerospace industries.
However, the GIRF analysis generally detects strong inter-
relations, emphasizing the importance of jointly modeling
commodity markets.

The objective of this study is to disentangle how the
commodity market structure change over time. Therefore,
we estimate the spillover effects under the volatile regime
and examine the differences in the spillover effects, see
Tables 4 and 5 for the effects under the calm and volatile
regime, respectively. Hereby, we do not observe any differ-
ences in the significant responses between the two regimes,
indicating a shock to one variable either leads to a significant
response or not, independent of the underlying regime.

However, the magnitude of the spillover effects dif-
fers between the states. Hereby, we apply the one-sided
Wilcoxon-test12

on the absolute value of the median GIRFs, to examine
whether the responses of a shock to a variable is stronger
under the volatile regime, compared to the calm regime in
absolute terms, see Table 12 for the test statistics. In partic-
ular, apart from shocks to the aluminum and nickel price as
well as to the lead and tin market, the responses are signifi-
cantly stronger under the volatile regime, at least at the 10%
level, indicating the spillover effects are stronger in more
volatile periods. Thereby, shocks to the aluminum, copper,
nickel, and zinc market cause significantly stronger reactions
in the commodity markets, especially the prices are affected
to a larger extent.

Due to the stronger reactions in the commodity markets,
the spillover effects may lead to higher risks in volatile peri-
ods, compared to calm periods. For that reason, we further
investigate the conditional value at risk (CoVaR)13 of the
variables, a riskmeasurewhich represents the expected return
in the worst 10% of cases. In particular, the conditional value
at risk indicates the average maximum increase in the vari-
ables and therefore, provides an indication of the increases in
the commodity markets, especially the price, in response to
shocks. In this context, we focus on the difference between
the conditional value at risk under the volatile and calm
regime of the prices for shocks to each variable in Fig. 8.

Overall, we observe shocks to the aluminum, copper,
nickel, and zinc market cause an increased price risk under
the volatile regime, indicating the prices react stronger to

12 Since generalized impulse responses ( GIRFs) are not normally
distributed, we apply the non-parametric Wilcoxon signed-rank test
to assess median differences between regimes. For robustness, we also
computed results using a t-test, which yield qualitatively similar con-
clusions.
13 As all original variables were non-stationary, we base the entire anal-
ysis on the logarithmic return data and hence, also the forecasts are
forecasts of logarithmic returns.

changes in the other markets in periods of more fluctuations.
Moreover, the production and consumption variables exhibit
higher risks in response to these spillover effects. However,
the conditional value at risk is higher under the calm period
in response to changes in the lead and tin market, confirming
the reactions to changes in the lead and tin market and the
corresponding risks are not stronger in the volatile periods,
in line with the Wilcoxon-test results.

Although the comparison of the significance of the GIRFs
under the calm and volatile regime indicate the spillover
effects equal under the calm and volatile regime, the impact
of fundamentals as well as the effects between prices are
stronger in the volatile regime, as the magnitude is gener-
ally larger, implying stronger spillover effects. These larger
effects in terms of the magnitude cause higher risks of the
spillover effects for shocks in the aluminum, copper, nickel,
and zinc markets under the volatile regime.

Therefore, the commodity markets react stronger to any
changes in themarket in periods of high fluctuations,whereas
under the calm period they only slightly respond to shocks.
This finding underlines the stability of the markets under the
calm regime, whereas the responses are more pronounced
in volatile periods, suggesting the risk is even higher under
the volatile regime, due to possible reactions in response
to shocks in other commodity markets. However, while the
magnitude of the responses is higher for almost all shocks
under the volatile regime, the significance does not change,
indicating neither the impact of fundamentals nor spillover
effects between prices affect commodity markets more in
calm or volatile regime. In contrast, the markets react more
sensitive to both, shocks in the supply and demand as well
as to prices, under the volatile regime.

Out-of-sample forecast performance

To underline the importance of a time-varying analysis,
we assess the out-of-sample forecast performance of the
MS-GVAR model and compare our results against the time-
invariant GVAR model as benchmark model. Therefore,
we forecast the commodity-specific variables with a rolling
window approach and compare the predictability using the
out-of-sample test of Clark andWest (2007). Hereby, we split
our dataset into a rolling in-samplewindow startingwith data
from January 1995 to December 2013 and an out-of-sample
window covering the period from January 2014 to December
2020. For each step in time of the out-of-sample window, we
estimate the (MS-)GVAR14 model based on the in-sample

14 The model selection of the MS-GVAR model, based on the in-
sample data, indicates the model which allows for regime-switches in
the covariance matrix performs best. Therefore, we apply this model
specification throughout the analysis.
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Table 7 Correlation matrix of spot prices

Al Cu Ni Pb Sn Zn

Al 1.00 0.48 0.46 0.46 0.21 0.51

Cu 0.48 1.00 0.47 0.50 0.25 0.63

Ni 0.46 0.47 1.00 0.41 0.23 0.43

Pb 0.46 0.50 0.41 1.00 0.13 0.60

Sn 0.21 0.25 0.23 0.13 1.00 0.24

Zn 0.51 0.63 0.43 0.60 0.24 1.00

Note: Correlation matrix of adjusted spot prices, between 2014 and
2020

data and forecast all commodities’ annual prices one-step
ahead.Hereby,we estimate and solve the (MS-)GVARmodel
repeatedly and we also re-evaluate the regime-probabilities
in each step in the out-of-sample period.

The results of the Clark andWest (2007) test are displayed
in Table 6. Hereby, we compare the predictability of each
commodity-specific variable. Overall, the MS-GVARmodel
significantly outperforms the time-invariant GVAR model
in 6 of the 18 variables at the 10% significance level. In
particular, theMS-GVARmodel outperforms the predictions
of the aluminum, copper, nickel, and zinc price, whereas the
time-varying analysis barely improves the predictions of the
production and consumption volumes.

To highlight theMS-GVARmodel is able to forecast com-
modity prices, but also represents the co-movement between
the prices, we compare the predicted price correlations of
the MS-GVAR model with the dependencies observed in
the markets. Therefore, we use the predicted prices of the
(MS-)GVAR model, calculate the corresponding Pearson
correlation matrices and compare them with the observed
correlations in the period from January 2014 to Decem-
ber 2020, see Tables 7, 8, and 9. Hereby, we recognize the
GVARmodel overestimates the true correlations. This might
be caused by the high correlations in the period until 2013,
whereas the dependencies decreased around 2015, see Fig. 1.

Table 8 Correlation matrix of predicted prices based on the GVAR
model

Al Cu Ni Pb Sn Zn

Al 1.00 0.77 0.70 0.81 0.63 0.83

Cu 0.77 1.00 0.71 0.95 0.85 0.89

Ni 0.70 0.71 1.00 0.70 0.67 0.81

Pb 0.81 0.95 0.70 1.00 0.82 0.87

Sn 0.63 0.85 0.67 0.82 1.00 0.83

Zn 0.83 0.89 0.81 0.87 0.83 1.00

Note: Correlation matrix of predicted prices, using the GVAR frame-
work, in an out-of-sample rolling window forecast from 2014 to 2020

Table 9 Correlation matrix of predicted prices based on the MSGVAR
model

Al Cu Ni Pb Sn Zn

Al 1.00 0.48 0.45 0.45 0.22 0.49

Cu 0.48 1.00 0.44 0.49 0.24 0.61

Ni 0.45 0.44 1.00 0.39 0.23 0.43

Pb 0.45 0.49 0.39 1.00 0.14 0.59

Sn 0.22 0.24 0.23 0.14 1.00 0.23

Zn 0.49 0.61 0.43 0.59 0.23 1.00

Note: Correlation matrix of predicted prices, using the MS-GVAR
framework, in an out-of-sample rolling window forecast from 2014
to 2020

In contrast, theMS-GVARmodel is able to reflect the depen-
dency between the prices exceptionallywell,with differences
in the correlations for the predicted and observed prices being
smaller than 5%.

Overall, the results indicate the MS-GVAR model repro-
duces the fluctuations as well as the relations between
the prices. Moreover, the time-varying properties allow an
in-depth analysis of the commodity market structure. In par-
ticular, the spillover effects and the associated risks can
be analyzed in more detail. Hereby, the application of the
MS-GVAR model on the industrial metal markets show the
spillover effects are stronger during volatile periods, imply-
ing higher risks.

Discussion

In this study,we analyze the evolutionof commoditymarkets,
focusing on how fundamentals influence price dynamics and
how co-movement between commodity prices changes over
time. Therefore, we propose a new framework, the Markov-
switching global vector autoregressive model for commodity
markets,which allows to simultaneously investigate the time-
varying spillover effects within and between commodity
markets, contrary to previous studies which either exam-
ine the common behavior in prices, see Le Pen and Sévi
(2017); Nicola et al. (2016); Ohashi and Okimoto (2016)
and Pindyck and Rotemberg (1990) among others, or the
influence of the individual supply and demand on prices,
see Chen et al. (2019); Lutzenberger et al. (2017); Stuermer
(2018) and Thomas et al. (2010). While accounting for the
common impact of the economy on commodity markets, we
also reflect the commodity-specific supply anddemandby the
world production and consumption and examine their impact
on the commodity prices (in the cross-commodity dimen-
sion), whereas previous studies mostly neglect the impact
of commodity-specific supply and demand factors on com-
modity prices probably due to data constraints. Our analysis
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reveals commodity-specific production and consumption
still significantly affect commodity prices in the individual
markets, confirming the results of Chen et al. (2019); Lutzen-
berger et al. (2017), and Thomas et al. (2010). Additionally,
the results suggest that fundamentals influence prices across
commodities, indicating that supply and demand contribute
to common market patterns. This effect is particularly evi-
dent as supply and demand dynamics also interact across
different commodities, further reinforcing their interdepen-
dencies. Moreover, the spillover effects from prices to the
supply and demand variables indicate the production as well
as the consumption respond to changes in the price (in the
cross-commodity dimension). In addition, we observe strong
interdependencies between the prices themselves, confirm-
ing the co-movement between commodity prices observed
in several studies, see Ciner et al. (2020); Fernandez (2015),
andTang andXiong (2012) among others.Hereby, our results
reveal the commodity markets react stronger to any changes
in the markets in periods of high fluctuations, in accordance
with the findings of Ciner et al. (2020), implying higher risks
of increasing prices.Moreover, the out-of-sample forecasting
analysis confirms the superiority of the time-varying MS-
GVAR model over its time-invariant counterpart in price
prediction. In particular, the MS-GVAR framework more
accurately captures both fluctuations and interdependencies
among metal prices, demonstrating its exceptional ability to
reflect market dynamics. This finding strongly underscores
the importance of time-varying analyses, further supporting
the insights of Peersman et al (2021).

Conclusion

While the classical fundamental theory states supply and
demand determine the commodity price, empirical studies
reveal a common pattern in price movements, particularly
since the financialization of commodity markets and the
financial crisis. Therefore, we aim to analyze whether the
commodity market structure and the interrelations between
commodity markets changes over time. For that reason, we
jointly investigate the impact of fundamentals on prices, the
co-movement and the time-varying spillovers in the individ-
ual commodity markets as well as in the cross-commodity
dimension, by applying a Markov-switching Global Vector
Autoregression (MS-GVAR) model.

Hereby, wemodel each industrial metal market separately
using Markov-switching Vector Autoregression (MS-VAR)
models with the commodity-specific microeconomic vari-
ables supply, demand and price, as well as a vector of exoge-
nous variables consisting of an interest rate, an exchange rate
and an economic activity proxy, based onmonthly data in the
period of January 1995 to December 2020.

Analyzing the regime inference of each commodity mar-
ket, we observe the nickel market exhibits numerous fluc-
tuations between the regimes, while the aluminum, copper,
lead, tin and zinc markets are more stable, with long peri-
ods in the calm regime and only few (brief) periods in
the volatile regime, corresponding to the commodity price
boom, the financial crisis, the European debt crisis as well
as the oil price drop. Moreover, we investigate the dynamic
properties of commodity markets using regime-dependent
generalized impulse response functions, assuming that mar-
kets operate in either a calm or volatile state. In particular,
we observe under both regimes various spillover effects of
supply and demand, within and especially across commod-
ity markets, as well as significant spillover effects between
prices, underlining the importance of jointly modeling com-
modity markets, see Schischke et al. (2024). However, we do
not observe differences in the significance of the responses
between the calm and volatile regime, whereas the magni-
tude of almost all spillover effects is significantly larger under
the volatile regime, indicating if shocks to fundamentals or
prices affect the commodity markets, the effect increases in
volatile periods. Albeit the significance in responses do not
change across the regimes in our case of the industrial metal
markets, the out-of-sample forecast analysis underlines the
importance of a time-varying consideration of commodity
markets, as the MS-GVAR model significantly outperforms
the time-invariant GVAR model. Hereby, the MS-GVAR
model reproduces the correlation structure in the commodity
prices exceptionally well.

Overall, our results carry important implications for both
policymakers and market participants. The identification of
stronger spillover effects during volatile periods underscores
the need for robust risk monitoring frameworks, especially
when markets are under stress. Regulators should be aware
that price shocks or supply disruptions in one commodity can
have amplified effects on related markets, particularly during
crises. This highlights the importance of coordinated policy
responses and transparent market data to reduce contagion
effects. For investors and portfolio managers, our findings
reinforce the value of time-varying risk models in anticipat-
ing cross-market dynamics.

Appendix A: Data description

Descriptive statistics of the stationary variables included in
our empirical analysis are given in Table 10. For our analysis,
we seasonally adjust and standardize these returns such that
they have mean zero and standard deviation one, but use the
original variable names unadjusted, i.e. supply, demand and
price.
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Fig. 8 Differences in the risk of the spillover effects on prices between
the MS-GVAR model under the volatile vs. the calm regime. The
plots illustrate the differences in the conditional value at risk between
spillover effects from the supply, demand, and price of individual com-

modities to the commodity prices of aluminum (Al), copper (Cu), nickel
(Ni), lead (Pb), tin (Sn), and zinc (Zn), under the volatile vs. the calm
regime.
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