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Abstract: The paper examines how co-movements between bond markets of 

Greece and four other European economies (Belgium, Germany, Portugal, and the UK) 

change after the beginning of the Greek debt crisis in 2009. We study 10-year-bond yields 

through time series and multiscale analysis, so as to conclude on presence of contagion, 

divergence and structural breaks. Major results suggest that there is contagion to Portugal. 

Yet, no evidence of contagion is identified with regard to the rest of the studied markets. 

Moreover, there are signs of divergence between Greece and Germany, as well as 

between Greece and Belgium – economies that seem to have moved together before the 

crisis. Our study demonstrates that application of multiscale analysis reveals information 

that is otherwise not that obvious, thus explaining processes that took place just after the 

crisis.  
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I. INTRODUCTION 

 

Up to date numerous research papers are engaged with the analysis, implications 
and possible solutions of the Greek debt crisis, such as (Pascual & Ghezzi, 2011), 
(Hallerberg, 2010) and (Kouretas, 2010). Yet, another important research strand aims to 
estimate its spillover effects mainly in terms of detecting “contagion” as defined in (Forbes 
& Rigobon, 2002). Among others, (Cronin, et al., 2016) test for contagion between 
Eurozone bond markets during the sovereign debt crisis. Using a three regime Markov-
switching VAR, they identify two distinct crisis phases (“bad” and “ugly”). There is a trace 
of contagion, stronger through the intensive phase of the crisis. The phenomenon is not 
associated with the PIGS countries only, contagion is also spread from the core group 
(Finland, the Netherlands, Austria, Belgium). Furthermore, (Beirne & Fratzscher, 2013) 
recognise 3 different types of contagion – fundamentals (“wake-up call”), regional spillover 
and herding. While the fundamentals contagion was strongly present, the regional 
spillovers were found to decrease. The herding contagion piqued around certain temporal 
and geographical points. 
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(Bhanot, et al., 2014) investigate the effect of changes in Greek sovereign yield 
spreads on abnormal returns of financial sector stocks in the PIGS countries during the 
Greek debt crisis. Using a multivariate GARCH model, they conclude that news on the 
Greek issue enhance significantly the spillover from the Greek bond market, as additional 
information to investors is given, hinting at the possible future of the Eurozone financial 
sector. Furthermore, they find evidence of direct spillover from the Greek bond market to 
other country stock markets through increases in the spreads of the domestic bond 
market. The method was drawn from (Mink, et al., 2013). A similar approach is used in 
(Kenourgios, 2014) – a GJR-GARCH model, leading to the findings that there is significant 
contagion for the analyzed countries (USA, France, Germany, UK, Switzerland) in the first 
stage of the Greek debt crisis. In (Philippasa & Siriopoulos, 2013) a copula is introduced 
after the GJR-GARCH model, estimating the contagion potential among the EMU 
countries. (Ahmad, et al., 2013) presents a DCC-GARCH model, confirming the existence 
of herding contagion from GIPSI to BRIICKS countries. 

In (Gómez-Puig & Sosvilla-Rivero, 2014) the authors test for Granger-causality 
relationships between markets and then determine the breakpoints in the development of 
relationships thus detecting existence of contagion episodes. Other research methods 
include CoVaR and copula in (Reboredo & Ugolini, 2015), wavelet and variational 
decomposition, followed by VaR in (Shahzada, et al., 2016), ARMA-EGARCH and copula 
in (Silvapulle, et al., 2016), a CIR model (“to eliminate the effects of changes in the ECB 
policy rate on individual sovereign debt yields”), combined with VaR, in (Suh, 2015). The 
basic approach of (Dewandaru, et al., 2016) is the utilization of discrete and continuous 
wavelet transformation in order to detect possible contagion among the Eurozone equity 
markets. 

This paper constitutes a contribution to the aforementioned topics. On one hand, we 
study pre- and post-crisis relationship, so as to identify any changes and breaks. Apart 
from contagion, the paper provides divergence analysis, which is a major contribution. On 
the other hand, we deepen the understanding of these divergence processes through 
multiscale analysis, which is another important contribution.  

The rest of the paper is structured as follows. Section 2 provides an overview of 
employed methodology. Section 3 describes dataset characteristics and presents major 
results, followed by a discussion. Section 4 concludes. 
 

II. METHODOLOGY 

 
The methodology combines both classical and novel techniques in order to deliver 

robustness of results and obtain better understanding of spillover and divergence 
processes. We split data into two subsamples – before and after the crisis, thus we 
capture changes in relationships and occurrence of structural breaks.  

The first stage of our analysis relies on classical time series modelling. In particular, 
we estimate a grid of ARIMA and ARMAX models over the pre- and post-crisis 
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subsamples in order to identify significant dependencies during both of the periods. For a 
stationary sequence {𝑦𝑡, 𝑡 = 1, … , 𝑇}, the single ARMAX equation is defined as follows1:  

𝛼(𝐿)𝑦𝑡 = ∑ 𝜂𝑖(𝐿)𝑥𝑖𝑡
𝑘
𝑖=1 + 𝜃(𝐿)𝜀𝑡,   (1)  

where 𝐿 is the backshift operator, {𝜀𝑡} is a white noise process with constant variance 𝜎2, 

𝛼(𝐿) = 1 − ∑ 𝛼𝑗𝐿
𝑗𝑝

𝑗=1 , 

𝜃(𝐿) = 1 − ∑ 𝜃𝑗𝐿
𝑗𝑞

𝑗=1 , 

𝜂𝑖(𝐿) = 𝜂𝑖0 − ∑ 𝜂𝑖𝑗𝐿
𝑗𝑠𝑖

𝑗=1 .  

All roots of 𝛼(𝐿) and 𝜃(𝐿) are assumed to lie outside the unit circle. 
We use Akaike and Schwarz information criteria to perform model selection out of 

all ARMA and ARMAX combinations for both of the subsample periods. We should note 
that eq.(1) is fit to the first differences2 of 10-year bond yields of Germany, Portugal, the 
UK, and Belgium, where the exogenous explanatory variable is the first differenced Greek 
10-year bond yield series. This choice is justified by the assumption that if during the post-
crisis period contagion has emerged, then the first differences of Greek 10-year bond 
yields would be a significant predictor. Alternatively, if it tends to have little or no influence 
on the predicted series, then statistical insignificance of the respective estimates would be 
observed and consequently a pure ARMA model would be selected. By its essence, this 
approach enables detection and quantification of contagion.  

Both types of models are tested up to 2nd order of AR and MA, as any higher order 
might result into fitting the noise in data and at the same time it is found that higher order 
models add no further predictive power as compared to simpler ones. The results would 
be interpreted as follows: if the selected model is pure ARMA, then there is no significant 
influence of the Greek bond market on the particularly studied European bond market and 
vice versa. Any discrepancies between the selected model for the first and for the second 
period would indicate presence of a structural break. Consequently, one could draw 
conclusions on whether convergence or divergence has occurred. Moreover, convergence 
would bring contagion after the Greek debt crisis. 

In order to gain deeper knowledge on the studied pairwise dependencies, we apply 
multiscale analysis. In particular, we utilize continuous and discrete wavelet filtering so as 
to localize breaks and distinguish short-term changes and long-term shifts. Following 
(Aguiar-Conrara & Soares, 2014), we analyze co-movements through calculation of 
wavelet coherency:  

𝑅𝑥𝑦 =
|𝑆(𝑊𝑥𝑦)|

[𝑆(|𝑊𝑥|2)𝑆(|𝑊𝑦|
2
)]
1/2 ,     (2) 

where 𝑆 is a smoothing operator in both time and scale, and given a time series 
𝑥(𝑡)𝜖𝐿2(ℝ), its continuous wavelet transform with respect to the wavelet 𝜓 and a family of 
wavelet daughters {𝜓𝜏,𝑠;  𝑠, 𝜏 ∈ ℝ, 𝑠 ≠ 0}: 𝜓𝜏,𝑠 =

1

√|𝑠|
𝜓(

𝑡−𝜏

𝑠
) is defined as 

                                                           
1 For a detailed discussion the reader is referred to (Baillie, 1980).  
2 We use first differences as the raw data is nonstationary as explained in Section III.  
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𝑊𝑥 = ∫ 𝑥(𝑡)
1

√|𝑠|
𝜓∗ (

𝑡−𝜏

𝑠
)

∞

−∞
𝑑𝑡. Hence, the cross-wavelet transform of two time series 𝑥(𝑡) and 

𝑦(𝑡) is defined as 𝑊𝑥𝑦 = 𝑊𝑥𝑊𝑦∗. For empirical purposes we use the Morlet wavelet function. 
We estimate eq. (2) for each couple of EU-Greek first differenced 10-year bond yields 
through the Matlab toolbox of (Aguiar-Conrara & Soares, 2014).  

The values of wavelet coherency 𝑅𝑥𝑦 are such that 0 ≤ 𝑅𝑥𝑦 ≤ 1. The closer the 
value of 𝑅𝑥𝑦 to 1, the stronger is the co-movement between the time series 𝑥(𝑡) and 𝑦(𝑡). 
As might be seen the wavelet analysis provides time-frequency breakdown of the 
complicated dependencies contained in data, which is a major advantage. In particular, 
this continuous representation of studied dependencies enables identification of structural 
breaks.  

In addition, we will extend this analysis through a close inspection of specific 
frequencies that are of interest. Considering bond markets, it is important to make 
difference between short-term movements, price corrections and long-term trends. 
Therefore, we would also apply discrete wavelet filtering. A common choice is the Haar “á 
trous” wavelet transform, introduced in (Zheng, et al., 1999). It decomposes the original 

sequence {𝑥𝑡 , 𝑡 = 1, … , 𝑇} with the application of the low-pass filter g = (1
2
,
1

2
). As a result 

the following representation is delivered: 

     𝑥𝑡 = 𝑐𝐽,𝑡 + ∑ 𝑤𝑗
𝐽
𝑗=1     (3) 

The smooth coefficients {𝑐𝐽} and the wavelet coefficients {𝑤𝑗, = 1, … , 𝐽} in Eq. (3) are 
calculated as follows:  

𝑐𝑗,𝑡 =
1

2
(𝑐𝑗−1,𝑡−2𝑗−1 + 𝑐𝑗−1,𝑡)  

𝑤𝑗,𝑡 = 𝑐𝑗−1,𝑡 − 𝑐𝑗,𝑡,  

for 𝑡 = 1,… , 𝑇 and 𝑗 = 1,2, … , 𝐽, where 𝐽< log
2
𝑇. 

 This decomposition is found to be particularly useful for time series characterized by 
a complicated structure since eq. (3) breaks it down into simpler components, each 
characterized by a specific frequency. Higher values of 𝑗 are associated with lower 
frequencies and vice versa. On the basis of (3) (Bogdanova & Ivanov, 2015) define a 
multiscale counterpart of the autocorrelation function. In (Bogdanova, et al., 2016) this 
concept is extended to multiscale cross-correlation matrix, defined as follows:  
  

Ρ𝑥𝑦 =

(

 
 

𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥1,(𝑡−1)) 𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥2,(𝑡−1))

𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥1,(𝑡−2)) 𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥2,(𝑡−2))

⋯
…

𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥𝐽,(𝑡−1)) 𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑐𝑥𝐽,(𝑡−1))

𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥𝐽,(𝑡−2)) 𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑐𝑥𝐽,(𝑡−2))

………………… …………………
𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥1,(𝑡−𝑆)) 𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥2,(𝑡−𝑆))

…
…

………………… ………………  …

𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑤𝑥𝐽,(𝑡−𝑆)) 𝑐𝑜𝑟𝑟(𝑦𝑡 , 𝑐𝑥𝐽,(𝑡−𝑆)))

 
 

         (4) 

We estimate eq. (4) for each couple of EU-Greek first differenced 10-year bond yields, 
where the time series 𝑥𝑡 corresponds to the first differences of Greek bond yields. Ρ𝑥𝑦 is 
estimated over both pre- and post-crisis data though the source code associated with the 
paper of (Bogdanova, et al., 2016). Finally, we compare results and identify changes in 
short-term movements, price corrections as well as long-term shifts.  
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III. DATA AND RESULTS 

1. Data3 

The dataset consists of weekly observations on the 10-year bond yields of the five 
countries under study for the period spanning from January 2004 to October 2014, thus 
including 561 observations in total. The sub-periods are January 2004 – October 2009 and 
October 2009 – October 2014 and raw data is visualized at Figure 1. 

Looking at Figure 1, one could easily note that October 2009 is an appropriate date 
for splitting data, as the graph confirms presence of significant changes in all of the time 
series, probably driven by Papandreu’s announcement that Greece’s budget deficit will 
exceed 12% of the GDP, nearly double the original estimates (Anon., 2015). The high 
volatility and sharp changes in series evolvement during the second period also hints that 
the series might not be stationary, the latter finding being supported by the Augmented 
Dickey-Fuller test, reported in Table 1. 

 

 
                                                           
3 The data is taken from  https://www.quandl.com/data/YC/GRC10Y-Greek-Government-10-Year-Bond-Yield 
and http://www.investing.com/. 

Figure 1: 10-year bond yields of Greece, Germany Portugal, the UK and Belgium. 

Table 1: Descriptive statistics of studied bond yields. 

Greece Germany Portugal UK Belgium

Mean 8.49 2.77 5.19 3.50 3.29

StD 6.64 1.30 2.65 1.20 1.20

Skewness 2.24 -0.50 1.69 -0.27 -1.01

Kurtosis 8.17 1.93 5.26 1.65 2.88

ADF Stat -1.27 -1.54 -0.81 -1.22 -1.32

ADF P-Value (0.188) (0.116) (0.355) (0.203) (0.174)

JB Stat 1368.60 63.16 451.30 61.90 119.66

JB P-Value (0.001) (0.001) (0.001) (0.001) (0.001)

Bond Yields

Figure 2: Distribution of the Greek bond yield. 
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Table 1 and Table 2 summarize descriptive statistics of raw data and first 
differenced data. As might be further seen, the Jarque-Bera test confirms that series are 
not normally distributed, but are stationary. Figure 2 and Figure 3 show the distributions of 
the Greek bond yield and its first difference. 
 

2. ARMA(X) analysis 

After transforming the data, the next step is to inspect the autocorrelation function 
and the partial autocorrelation function of each time series. Figure 4 exhibits results for 
Greece.  

 
  

Greece Germany Portugal UK Belgium

Mean 0.00 -0.01 0.00 0.00 -0.01

StD 1.08 0.10 0.32 0.11 0.13

Skewness -9.28 0.09 0.18 -0.05 -0.31

Kurtosis 197.65 3.50 15.12 4.31 23.35

ADF Stat -30.49 -28.98 -24.78 -28.27 -29.36

ADF P-Value (0.001) (0.001) (0.001) (0.001) (0.001)

JB Stat 1115161.08 8.38 4007.68 50.61 12091.11

JB P-Value (0.001) (0.019) (0.001) (0.001) (0.001)

1st Difference of Bond Yields

Table 2: Basic statistics of the first difference of the bond yields. 
Figure 3: Distribution of the first difference 

of the Greek bond yield. 

Figure 4: Autocorrelation and partial correlation of the first 

difference of the Greek bond yield. 
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We perform model selection on the basis of Akaike and Schwarz information 
criteria. Table 3 and 4 reveal the best models for each country, for both periods4. Each of 
them reaches the minimum result for AIC and BIC, and the residuals are white noise. The 
results should be interpreted thusly: for the period before October 2009 positive correlation 
was present in the movement between Germany and Greece, and Belgium and Greece. 
For the second sub-period no relationship in the development of the economies could be 
detected. On the other hand, the initial neutrality between Portugal and Greece has turned 
into positive correlation, hinting at the start of convergence. But at the same time this could 
be a sign of contagion. The model, however, cannot provide any further information on the 
question. For the UK series there has been no change concerning the relationship with 
Greece. 

 
3. Multiscale analysis 

A wavelet coherency graph for each country, paired with Greece, has been derived. 
It portrays the observed dependences in the time-frequency domain. Figure 5 shows the 
relationship between Greece and Belgium5. The red hues hint at a high degree of co-
movement, while the blue ones reveal lack of any relationship. On the y axis the frequency 
of the relationship is indicated, while the x axis points at the time. The thick black curve 
(cone of influence) limits the real data from the extrapolated ones. Therefore, only the 
results inside the cone should be interpreted. The meaning of the graph is that for the 
period until June 2009 the two economies were closely moving together. After that a 
structural break took place (in the long-term frequencies), causing divergence in their 
further development. 

Furthermore, the cross-correlation matrices confirm this result through the 
significant correlation coefficients (highlighted) and demonstrate that the long-term co-
movement that once existed between the countries ceased in the second sub-period. 

The interpretation of the correlation matrices is highly related to Dow Theory. Any 
correlation between the countries in the high-frequency range (w1 and w2) is a sign of 
short-term dependence. An example would be daily news that affects markets in the same 
direction. The mid-frequency range (w3 and w4) has to do with the price correction. There 
are the frequencies we track in order to confirm the presence of contagion. The last 

                                                           
4 Please, refer to Appendix A for more details on the models. 
5 Please, refer to Appendix B for the graphs for the rest of the countries. 

Germany ARMAX(2,0)

Portugal ARMA (1,1)

UK ARMA (1,1)

Belgium ARMAX(1,1)

Before October 2009

Table 3: Best models for 

Germany, Portugal, the 

UK and Belgium for the 

first sub-period. 

Germany ARMA (1,1)

Portugal ARMAX(2,1)

UK ARMA (2,2)

Belgium ARMA (2,3)

After October 2009

Table 4: Best models for 

Germany, Portugal, the UK 

and Belgium for the second 

sub-period. 
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column in the matrices (c4) is the long-term component that gives information about the 
fundamental relationship between the economies. Any difference in the significance of the 
coefficients in that column should be considered evidence of a structural change. 

The results for Germany are almost identical as the ones for Belgium. An interesting 
observation is the UK, as there were some significant correlations with Greece in the mid-
term range, which, however, vanished after the crisis. The outcome for Portugal is 
probably the most exciting, as the shift in the significant coefficients describes a decaying 
long-term relationship with Greece, but an evident presence of contagion, as most of the 
correlation coefficients are concentrated in the mid-term range6. 
 

                                                           
6
 The reader might find a detailed discussion on the interpretation of frequency co-movements in (Ivanov, et al., 

2016).  

Figure 5: Wavelet coherency between Belgium and Greece. 

Table 5: Correlation matrices for Belgium and Greece before the crisis (left) and after the crisis (right). 
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IV. CONCLUSION 

It might be summarized that both the classical and the novel methods provided 
similar results, proving that a combination of both approaches could help one reveal much 
more about the situation, thus ensuring robustness of results. The findings of ARMA(X) 
modelling are further elaborated on and explained with the introduction of multiscale 
analysis, which enhances identification of breaks and shifts in the long-term trends.  
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APPENDIX A: Selected ARIMA(X) models 

 

 

 
  

Model for Belgium, pre-crisis period Model for Belgium, post-crisis period 

Model for Germany, pre-crisis period Model for Germany, post-crisis period 

Model for Portugal, pre-crisis period Model for Portugal, post-crisis period 

Model for the UK, pre-crisis period Model for the UK, post-crisis period 
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 APPENDIX B: Wavelet coherency graphs and correlation matrices 

  
Wavelet coherency between Germany and Greece. 

Correlation matrices for Germany and Greece before the crisis (left) and after the crisis (right). 
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Wavelet coherency between Portugal and Greece. 

Correlation matrices for Portugal and Greece before the crisis (left) and after the crisis (right). 
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Wavelet coherency between the UK and 

Greece. 

Correlation matrices for the UK and Greece before the crisis (left) and after the crisis (right). 
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