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Abstract  
 
The objective of this study is to examine the characteristics of the Euro exchange rate and its co-
movement with four main currencies (the AUD, POUND, YEN, and RMB). After the Euro was 
adopted as an official currency in EU area, it grew rapidly and became the second most-traded 
currency in the world. The increasing importance of the Euro drew much attention from 
researchers and policymakers. This paper employs the wavelet analysis, which has become 
popular and recently is applied in various fields, such as medical science, radio science and social 
science. First, this paper observes five currency exchange series: the EURO, AUD, POUND, YEN 
and RMB. Next, using wavelet analysis, it examines the characteristics of each series. Then, a 
wavelet coherence analysis is used to examine the interdependence between the EURO and the 
other four currencies. The results indicate that the Euro displays a greater interdependence with 
the AUD and POUND, while it has lesser correlations with the YEN and RMB. This implies the 
Euro co-moves with the American and European exchange markets while it is less related with 
the Asian counterpart. It is interesting to note that the Yen led the Euro during the global financial 
crisis. Further, the Euro has interdependence with the four exchange rates at shorter periodicities 
during the crisis periods and is correlated with the four at long periodicities in the long run. 
 
Keywords: Euro Exchange Rate, Nonlinear Time Series Analysis, Co-movement, 
Interdependence, Wavelet Analysis 
 

 
 
1. Introduction  
 
Since the Euro was introduced as a sole official currency in January 1999, it has grown rapidly 
and become world’s second most-traded currency after the US dollar (Chu, 2017). The Euro has 
become one of the most important currencies for international settlement and central 
governments’ reserves. Thus far, a large number of studies have been conducted on the Euro 
exchange rate. Many researchers have studied the determinants of the Euro exchange rate 
fluctuation (De Grauwe, 2000, 2014). De Grauwe and Grimaldi (2002) analyzed the relationships 
between different fundamentals and the Euro exchange rate. They found that the fundamentals 
did not impact the fluctuation of Euro exchange rate. In addition, Shams (2005) found that the 
belief in the Euro is the most important factor that influenced the Euro movement. De Zwart et al. 
(2009) also conducted an analysis on the Euro movement. However, they concluded that both 
the fundamentals and technical factors were important in predicting the Euro exchange rate. 
Moreover, they found that short-term movements were related to technical factors. 
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 On the other hand, some studies focus on analyzing the interdependence of the Euro and 
other currencies. Trencaa et al. (2015) applied the GARCH model, which was proposed by Engle 

(1982, 1990), to analyze the interdependence between the Euro and USD, Euro and Pound, Euro 

and CHF, Euro and Yen. They found that structural breakpoints are present. Glick and Rose 
(1999) examined the volatility spillover between the Euro and Pound and found a contagion 
relationship between these two currencies. Kitamura (2007) investigated the interdependence 
and volatility spillover among the Euro, Pound and Swiss franc. 

There is a clear lack of dynamic studies on Euro exchange rate and its interdependence 
with other major exchange rates over different timescales. In an alternative approach, this paper 
applies wavelet analysis to detect the characteristics of the Euro exchange rate and its dynamic 
interdependence maps with the AUD, POUND, YEN and RMB, which can precisely examine the 
factors influencing the fluctuation of the Euro exchange rate. 

The contributions of this study are as follows: First, this paper applies wavelet analysis to 
examine the dynamic characteristics of the Euro exchange rate and its dynamic interdependence 
with four major exchange rates. This style of analysis is a nonlinear approach widely applied in 
various fields. However, it has not been commonly employed in studying the Euro exchange rate. 
Second, the sample period includes the 2008 global financial crisis, the European debt crisis, and 
Brexit, which are considered the most significant factors impacting the Euro exchange rate. Third, 
the empirical analysis is novel in the context of checking long-term coherence between the Euro 
and these four currencies. These analytical processes can be easily applied by future 
policymakers and investors. 

     The rest of this paper is organized as follows. Section 2 introduces the wavelet 
analysis. In section 3, the data set is described. The empirical analysis is applied in section 4. 
The conclusion as well as the directions for future research are depicted in the closing section. 

 
2. Wavelet transform analysis 
 
Wavelet transform theory was first proposed by two French engineers Grossman and Morlet 
(Morlet et al. 1982a, 1982b; Grossmann and Morlet, 1985; Everson and Sirovich, 1990). This 
theory became popular in the field of signal processing because it overcame the limitations of the 
Fourier transform which cannot capture time information. Wavelet transform theory can 
successfully detect localized information in both time and frequency (Morlet et al. 1982a, 1982b; 
Mallat, 1998, 1999, 2008; Mandelbrot, 1982, 1999). Recently, the theory has been extended so 
that it can be applied to the fields of engineering, medical science, and economics. It is widely 
applied to examine the correlation between two time series. For example, Jeong et al. (2016) 
employed wavelet analysis to detect Parkinson’s disease and Alzheimer’s disease. Karabulut et 
al. (2020) applied wavelet analysis to examine the relationship between commodity price and 
world uncertainty. Demir et al. (2020) applied wavelet analysis to identify the relationships 
between cryptocurrencies and COVID-19. They found a negative relationship between Bitcoin 
and the number of reported COVID-19 infections and deaths.       

Wavelet transform analysis can be introduced as follows (Mallat, 1998, 1999, 2008; 
Torrence and Compo, 1988; Aguiar-Conraria and Soares (2011; Chu, 2007). 

 
(1) Continuous Wavelet Transform (CWT): Continuous Wavelet Transform is defined by 

the following formula: 
 

                                𝑊𝑓(𝑢, 𝑠) = ∫ ∅
∗
 
(
𝑡−𝑢

𝑠

∞

−∞
) 𝑓(𝑡)𝑑𝑡                                                                               (1) 

 

s denotes scale and u represents time shift. ∅(𝑡) is a mother wavelet. ∅(
𝑡−𝑢

𝑠
) is derived from the 

mother wavelet and called as a daughter wavelet and * represents the complex conjugation. 
𝑓(𝑡) is a function which can be transformed into 𝑊𝑓(𝑢, 𝑠) by multiplying a wavelet function. 
𝑊𝑓(𝑢, 𝑠) is called as the wavelet coefficient, which is a function of 𝑎 and 𝑏. When scale 𝑎 is 
shorter (or longer), it means the frequency is higher (or lower). Normally, the mother wavelet 
should meet the following condition: 
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                                                                       ∫ ∅(𝑡)
∞

−∞
𝑑𝑡 = 0                                                                                     (2) 

 

(2) Wavelet power spectrum (WPS): The local oscillation power of a time series 𝑓(𝑡) is 
expressed by the wavelet power spectrum (WPS), which is defined as follows: 

 

                                                        (𝑊𝑃𝑆)
 
𝑡(𝑠, 𝑢) =   |𝑊𝑡 (𝑠, 𝑢)|

2                                             (3) 

WPS can be plotted as scalogram, which gives a visual representation of a wavelet transform, 
showing the magnitude in a designed color. If the magnitude of the color is strong, it indicates 
high oscillation. If the magnitude of the color is weak, it means the oscillation is weak. 

One of the important applications of wavelet transform is to examine the interdependence 
of two-time series by wavelet coherence. Wavelet coherence 𝑅𝑥𝑦 of the time series 𝑥(𝑡) and time 

series 𝑦(𝑡) is defined below: 
 

                                            𝑅𝑥𝑦  =  
|𝑆(𝑊𝑥𝑦 (𝑠,𝑢))|

[𝑆( |𝑊𝑥(𝑠,𝑢)|
2) 𝑆(|𝑊𝑦(𝑠,𝑢)|

2
  )] 1 2⁄

                                                             (4) 

 

where, 𝑆 is a smoothing operator. 𝑅𝑥𝑦
2 is between zero and one. The closer the value of 𝑅𝑥𝑦

2 is 

to 1, the stronger the interdependence between the two-time series 𝑥(𝑡) and 𝑦(𝑡). Further, phase-
difference can be applied to examine interdependent patterns and lead-lag relationships between 
the different two time series. The phase-difference is defined as follows: 

 

                                        𝜑𝑥𝑦  = 𝑡𝑎𝑛
−1 (

𝐼𝑚{𝑆(𝑊𝑥𝑦(𝑠,𝑢))}

𝑅𝑒{𝑆(𝑊𝑥𝑦(𝑠,𝑢))}
) ,     𝜑𝑥𝑦  ∈ | − 𝜋, 𝜋 |                                      (5) 

 

Regarding different values of 𝜑𝑥𝑦, the two-time series display different interdependent 

patterns as shown in Table 1. 
 

Table 1. Phase patterns 

𝜑𝑥𝑦 (−𝜋,− 𝜋 2⁄ ) (−𝜋 2⁄ , 0) (0, 𝜋 2⁄ ) (𝜋 2⁄ , 𝜋) 

Phase 
Pattern 

Out of Phase 

𝑋
𝑙𝑒𝑎𝑑𝑠
→   𝑌 

In Phase 

𝑌
𝑙𝑒𝑎𝑑𝑠
→   𝑋 

In Phase 

𝑋
𝑙𝑒𝑎𝑑𝑠
→   𝑌 

Out of Phase 

𝑌
𝑙𝑒𝑎𝑑𝑠
→   𝑋 

 
3. Data 
 
In this paper, the daily closing data for the EURO, AUD, POUND, YEN and RMB are used. All the 
exchange rates are expressed in US dollars. The time period is from 1999.01.04 to 2019.12.31 
(year, month, day). Data were extracted from the database provided by Investment Com. 
 Figure 1 shows the time series of the EURO, POUND, AUD, YEN, and RMB exchange 
rates. Taken as a whole, it is clear that the EURO, POUND, and AUD exchange rates move very 
differently when compared to the YEN and RMB counterparts. 
 The EURO, POUND, and AUD display similar movement from 1999 to 2008. The YEN 
moves differently from the three exchange rates and is distinct from RMB. At the beginning of the 
EURO’s establishment, the EURO, POUND and AUD dropped largely because of the adoption of 
the new currency – the EURO. The declining trend lasted for more than one year. The three 
exchange rates then dramatically went up and became stronger. However, this persistent upward 
tendency did last long due to the global financial crisis which occurred in 2007. They recovered 
after 2010 but dropped again in 2013. Following a decline of a few years, they did not return to 
the pre-2007 levels and have faced a long-term depression. These large fluctuations were caused 
by the European Sovereign Debt Crisis. As an aftermath, this crisis damaged the EURO 
dramatically. 
 Interestingly, the YEN did not move in similar ways as the above three exchange rates. 
In 1999, the YEN soared for a few months and then dropped. After a few years’ fluctuation, it 
began to soar again, and maintained a similar course even during the global financial crisis. After 
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2013, like the earlier three exchange rates, it began to drop down sharply and then stayed at a 
lower level for a long time. 
 Further, the RMB moved independently of the other four exchange rates. There were 
almost no changes before 2007. Then, it rose until 2014. After a short decline, it rose again and 
maintained a comparatively strong upwards tendency 
 

 
 

 
 

 

 

 
Figure 1. Time series of five exchange rates 

Note: From top to bottom, the figures represent the time series of Euro, Pound, AUD, YEN, RMB, 

respectively. The data period is from 04 Jan 1999 to 31 Dec 2019.   
Source: Investment.com (2020) 
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4. Empirical results 
4.1. Wavelet transform analysis results 
 
Figures 2 to 6 plot the wavelet transforms of the EURO, POUND, AUD, YEN and RMB. As shown 
in Figure 2, the EURO features two significant periodicities. The first is centered around a 
periodical band of 417 days, from July 2007 to December 2010. The second is centered around 
a long periodicity of 5 years, from the beginning of the EURO’s establishment until August 2008. 
These results indicate that the Euro’s long-term periodical fluctuation started to weaken after 
2008. Further, during the global financial crisis and European sovereign debt crisis, the EURO 
was vibrated in a major manner. 

    
Figure 2. Wavelet Transform of EURO 

 
The AUD experienced large fluctuations in three periodicity bands (as seen in Figure 3). 

The first is centered around the band of 410 days, from July 2008 to May 2011. The second is 
centered around 835 days, from June 2005 to July 2011. The third band is centered around 20 
years, from April 1999 to May 2010. The AUD fluctuated intensely both at the medium and long 
periodicity band. This means that the AUD may be easily impacted by other currency markets. 

 
Figure 3. Wavelet Transform of AUD 
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As seen in Figure 4, the POUND displays a strong periodicity band during the period from 
June 2007 to July 2011 as well. It appears that the EURO, AUD, and POUND fluctuate strongly 
from July 2007 to July 2010. In other words, the EURO, AUD, and POUND were highly correlated 
with the US exchange rate market. They were largely affected by the global financial crisis and 
European Debt Crisis. 

In addition, the POUND reveals another strong periodicity band from 1999 to 2013, which 
is centered around 835 days, from January 2005 to September 2013. A similar strong band is 
noticed in the AUD but not in the EURO exchange rates. This suggests that the POUND and the 
AUD were more closely related to the USD exchange market and global markets. 

 
Figure 4. Wavelet Transform of POUND 

 
In contrast, as seen in Figures 5 and 6, both the YEN and RMB reveal no distinct 

periodicity bands during the whole period.  

 
Figure 5. Wavelet Transform of YEN 
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As shown in Figure 5, the YEN displays a long-term periodicity of 20 years. Further, the 

YEN does show three comparatively weak periodicity bands during the 2008 global financial crisis 
and the sovereign debt crisis. The first is centered around 223 days, from May 2008 to February 
2013. The second is centered around 513 days, from July 2013 to January 2016. The third is 
centered around 1000 days, form March 2006 to July 2012. 

As shown in Figure 6, the RMB displays no significant periodicity bands. Together with 
Figure 5, this indicates that the YEN and RMB are relatively stable, and they are unlikely to be 
easily affected by the other markets. In particular, the RMB shows only small fluctuations during 
the two crises. However, the YEN was impacted by the global crisis and the European sovereign 
debt crisis. This implies that the two currencies in Asian exchange market are comparatively 
stable. However, the YEN is globalized rather than the RMB. 

 
Figure 6. Wavelet Transform of RMB 

 
4.2. Wavelet coherence between EURO and POUND, EURO and AUD, EURO and YEN, 
EURO and RMB 
 
Wavelet coherence analysis is employed to clarify Euro’s interdependencies with four major 
currencies – AUD, POUND, YEN, and RMB (see Figures 7 to 10). As seen in Figure 7, the EURO 
is highly correlated with AUD at three periodicity bands. One is centered around 128 days, from 
November 2002 to April 2011. The second one is centered around 256 days, from September 
2001 to May 2014. The third one is centered around 768 days, from August 2003 to August 2008. 
As seen in Figure 7, in the significant areas, most arrows are pointing from left to right, which 
means that the coherence between EURO and AUD is in-phase. The EURO reveals a strong 
correlation with the AUD both at short- and long-term periodicity. In particular, the high 
interdependence between the EURO and AUD is shown in the periods of the global financial 
crisis, the European debt crisis and Brexit. 
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Figure 7. Coherence of EURO and AUD 

 
 Figure 8 reveals that that the EURO is significantly coherent with the POUND both at the 
lower and the upper periodicity bands. Three distinct periodicity bands can be seen. One 
periodicity band is centered around 96 days from January 1999 to August 2008. Another one is 
centered around 384 days, from August 2003 to May 2016. The third one is centered around 768 
days, from October 2004 to February 2010. This means that the EURO and POUND are closely 
correlated with each other. Further, the phase patterns between EURO and POUND at different 
scales are basically displaying in-phase patterns. Interestingly, during the global financial crisis, 
the arrows point upward, which shows that the EURO was leading POUND. The strong correlation 
between the EURO and POUND also indicates that the EURO and POUND were greatly impacted 
by the three large events: the global financial crisis, the European debt crisis, and the Brexit.  

 
Figure 8. Coherence of EURO and POUND 

 
   As seen in Figures 9 and 10, the EURO, on the other hand, displays a weak correlation 
with YEN and RMB. Specifically, no significant coherence between the EURO and RMB can be 
seen. Between the EURO and YEN, two periodicity bands can be observed. One is centered 
around 192 days, from November 2003 to January 2006. The other is centered around 512 days, 
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from February 2015 to October 2017. According to these phase patterns, it can be seen that the 
YEN was leading EURO and the EURO was leading RMB during the global financial crisis period. 
Further, the event of Brexit did not impact the Asian exchange markets. 

 
Figure 9. Coherence of EURO and YEN 

 
Figure 10. Coherence of EURO and RMB 

 
5. Conclusion 
 
This study offers an in-depth analysis of the EURO and its co-movement with four major 
currencies by using a nonlinear approach – wavelet analysis.  Wavelet analysis has rarely been 
applied to study exchange rates, although it has been widely used in other fields such as medical 
science and engineering. 
       The results of this paper show that the EURO displays strong periodical vibration both in 
the short and long periodicity bands. At a long-term (ten years) periodicity, the EURO displays in-
phase relationships with the four currencies: POUND, AUD, YEN, and RMB. This implies that the 
EURO is correlated with the four major exchange rate markets. During the global financial crisis 
and the European debt crisis, EURO displayed a strong coherence with any of the three exchange 
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rates (AUD, POUND and YEN). Moreover, a high degree of correlation between the EURO and 
POUND at all timescales and between the EURO and AUD at long timescales have been 
observed. At the same time, there is a low degree of correlation between EURO and YEN, and 
between the EURO and RMB. These results indicate that the EURO has a close interdependence 
with American market and a distant one with Asian market. 
   On the other hand, the phase patterns present high correlations between the EURO and 
POUND, and between the EURO and AUD, which implies the three exchange rates are moving 
in the same direction. During the 2008 global financial crisis, the EURO leads POUND and RMB, 
nevertheless, interestingly, the YEN leads EURO during the same crisis period. It implies that 
EURO has a comparatively less interdependent relationship with the YEN. However, during the 
global crisis period, the YEN became more significant, and it led the movement of EURO.  

Overall, the above results imply that, the Euro, as an international currency, co-moves 
significantly with the American and European exchange markets both in the short and long run. It 
is also comparatively less correlated with the Asian exchange markets. However, during the 
global crisis, the Euro relied more on a comparatively stable currency - the YEN. These findings 
will be helpful for policymakers and foreign exchange market investors. 

In our further research, other risk factors that impact on the Euro exchange rate will be 
investigated in order to achieve an in-depth analysis of the Euro exchange rate movement. 
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