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Abstract
The dependence between financial markets during volatile periods has attracted much attention during recent events. This paper focuses on the timing of extreme price movements defined as return exceedances over a given threshold. It studies the dependence between markets by looking at the correlation of the occurrence times of return exceedances in each market. Using monthly data of the three major equity markets (the United States, the United Kingdom and Japan) from January 1959 to December 1996, we find strong evidence of correlation of the occurrence times of negative return exceedances, suggesting that the linkages between international equity markets are reinforced during volatile down-market conditions. On the opposite, we find little evidence of correlation of the occurrence times of positive return exceedances, suggesting that the linkages are loose during volatile up-market conditions.
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INTRODUCTION

The issue of the dependence between financial markets has captured much attention during recent turbulent periods (e.g. the stock market crash of October 1987, the European currency crisis in September 1992, the collapse of the bond market in February 1994 or the emerging markets crash starting 1997). Academic studies have shown that the correlation between international equity markets tends to increase during volatile periods (see Longin and Solnik (1995), Karolyi and Stulz (1996) and Solnik, Bourcrelle and Le Fur (1996)) and during bearish periods (see Erb, Harvey and Viskanta (1994), De Santis and Gérard (1997) and Longin and Solnik (1997)). Specific studies about the stock market crash of October 1987 have also confirmed an increase in correlation during extremely volatile periods (see Roll (1988) and King, Sentana and Wadhwani (1994)).

Two dimensions are embedded in the concept of dependence of random variables: the size and the timing of the variables. Most research works focus on the correlation of the size of the comovements in asset prices during a given time-period. The following question is asked: do price movements observed during a given time-period have the same size? Another point of view is to focus on the correlation of occurrence times for a given size. The question is asked in a reverse way: do price movements for a given size occur during the same time-period? Following this line, Eun and Shim (1989) study how international equity markets influence each other and if movements in one market are caused by prior movements in other markets. Using a vector auto-regressive analysis, they find that the US equity market is the most influential market in the world, while other markets have no impact on the US market.

This paper considers the dependence of international equity markets during extremely volatile periods. It focuses on the timing of the extreme price movements in different markets. Do the extreme price movements usually associated with stock market booms and crashes occur at the same time or at different times? To answer this question we use extreme value theory, which gives interesting results about the timing of extremes of a random process. In particular, asymptotic results are obtained with few assumptions on the return process.

Some theoretical probability results about the timing of extremes of a random process are given in Section 1. A statistical test of independence of two processes associated with the timing of extremes is presented in Section 2. Empirical results for international equity markets are presented and discussed in Section 3.
1. THE TIMING OF EXTREMES: THEORY

Extreme price movements in financial markets do not necessarily happen at the same time. This section presents theoretical results about the timing of extremes of a random process. We start with the univariate case. We then discuss the bivariate case to model the correlation of the occurrence times of extreme returns in two markets. 
1.1 The timing of univariate extremes

a) Definition of the process of occurrence times

Extreme returns are defined as return exceedances over a given threshold . Positive return -exceedances correspond to all observations of R greater than .
 The study of the timing of univariate extremes is based on the concept of occurrence times of return exceedances. For positive return -exceedances, the occurrence times denoted by  are defined by recurrence: 1 is defined by: 1=min(t; Rt>) for the first occurrence time, 2=min(t; t>1 and Rt>) for the second occurrence time and generally k=min(t; t>k-1 and Rt>) for the kth occurrence time.

The occurrence times of return -exceedances observed during the time-period (0, T( define a point process denoted by N, which counts the number of exceedances. To emphasize the dependence of the process N on the length of the time-period T and on the threshold  the notation NT is occasionally used. The value of NT is increasing with T. At the beginning (t=0), the value of the counting process is equal to 0. It jumps to 1 when the first return -exceedance is observed at time 1 and stays at this level until the second return -exceedance occurs at time 2. It jumps to k when the kth return -exceedance is observed at time k and stays at this level until the next return -exceedance occurs at time k+1. At time T, the value of the counting process is equal to the number of return -exceedances observed over the whole time-period (0, T(.

b) Asymptotic properties of the process of occurrence times

For a fixed value of threshold , the limiting distribution of NT is degenerate as the length T of the time-period tends to infinity. For almost all realizations of returns, the probability that the variable NT is equal to any finite integer tends to zero as the parameter T tends to infinity. In order to get a non-degenerate distribution, the threshold  has to increase with T in some way. In other terms, the definition of extremes as return exceedances has to depend on the length of the time-period T.

For example, if the threshold  is defined by =FR-1(1-/T) with FR-1 standing for the inverse of the distribution of returns and  being a fixed integer, the limiting distribution of NT is non-degenerate as the parameter T tends to infinity. The point process of -exceedances, NT, is asymptotically a Poisson point process (see for example Embrechts, Klüppelberg and Mikosch (1997) and Resnick (1987)).
1.2 The timing of bivariate extremes

Generalizing the notations from the univariate case to the bivariate case, two time-series of occurrence times of return exceedances are obtained:  from returns R in one country and * from returns R* in another country. The question is what is the relation between the two point processes of occurrence times N and N*. The following asymptotic result (see for example Leadbetter, Lindgren and Rootzén (1983)) gives an answer in the particular case of normality.
Proposition: Assuming that returns R and R* are serially-independent and identically distributed as a multivariate normal distribution with a cross-correlation coefficient different from (1, the two point processes of occurrence times of return -exceedances and return -exceedances, NT and 
[image: image1.wmf]N

T

q

*

, are asymptotically two independent Poisson processes.
This result is still obtained in the case of weak stationarity (see Lindgren (1974) and Lindgren, De Maré and Rootzén (1975)). In the case of the bivariate normal distribution, the independence is expected among returns exceeding over a high threshold. The study of the point processes of occurrence times of return exceedances then provides a test of the assumption of normality. In general, dependence between the two point processes of occurrence times of return exceedances can be expected. This question is an empirical issue.
2. STATISTICAL PROCEDURE

This section presents a statistical test of asymptotic independence of two Poisson point processes developed by Cow and Lewis (1972).
 It is applied to the point processes of occurrence times of return exceedances. The test is based on the concept of recurrence times backwards which is presented first. Details of the test are then given.
2.1 Definition of recurrence times backwards 

The basic idea of the test developed by Cox and Lewis is to use the way the two time-series of occurrence times of return exceedances splice the time-axis. If the two time-series are independent, then the backward distance from an observation k in one time-series to the nearest preceding observation in the other time-series * will have the same random characteristics as if the observations of * were randomly distributed on the time-interval [0, T].

The test then involves the recurrence times backwards derived from the two time-series of occurrence times ((i=1,N) and (*(i=1,N*) containing respectively N and N* observations The recurrence time backwards from an exceedance in R to the nearest preceding exceedance in R* denoted by  are built by recurrence. The first recurrence time backwards (1 is associated with the first occurrence time (1 of return exceedances in R. It is defined by: 
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. The first occurrence time (1 is fixed and the search is over all occurrence times (* of return exceedances in R* preceding (1. Generally, the kth recurrence time backwards is associated with the kth occurrence time (k of return exceedances in R. It is defined by:
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, where the kth occurrence time (k is fixed and the search is over all occurrence times (* of return exceedances in R* preceding (k.. Figure 1 illustrates the building of all the variables previously defined that will be used in the test of the asymptotic independence of the processes of occurrence times of return exceedances. First, for a given threshold , the return exceedances for each market and their corresponding occurrence times  and  are selected. Secondly, for each observation of the time-series of occurrence times in the first market (say k), the recurrence time backwards k to the nearest preceding observation of the time-series of occurrence times in the second market (some *i) is computed. The statistical characteristics of the time-series  will give us some information about the dependence structure between the two markets, especially on the way the first market lag the second market.

Similarly, by inverting the role of the two time-series R and R*, the time-series of recurrence times backwards from an exceedance in R* to the nearest preceding exceedance in R can be computed leading to another time-series of recurrence times backwards *. The statistical characteristics of the time-series * will give us some information about the dependence structure between the two markets, especially on the way the second market lag the first market. In other words, the test of correlation of the occurrence times of return exceedances will give us an idea of the causality between markets.
2.2 Statistical test of asymptotic independence of the processes of occurrence times

The empirical mean of the time-series of recurrence times backwards is given by
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As stated in Cox and Lewis (1972), under the null hypothesis H0 of asymptotic independence, the mean of the recurrence times backwards 
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 2is asymptotically distributed as a normal distribution with mean 
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where  represents the difference between two consecutive occurrence times of return exceedances: = 2=2-1, …, N=N-N-1.

The variance 
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In order to test the hypothesis that the time-series of occurrence times,  and *, are asymptotically independent, one computes the t-ratio defined by
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using the empirical mean 
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 8and the mean and standard deviation, 
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10 obtained under the null hypothesis H0 of asymptotic independence. The t-ratio is asymptotically distributed as a standard normal variable.

Note that the test developed by Cox and Lewis (1972) is a conditional test as we assume that one time-series of occurrence times ( in the presentation of the test above) is known. The test compares the sample mean of the recurrence times backwards with the mean that would be obtained under the null hypothesis of asymptotic independence. As explained by Nefci (1982), a small absolute value for the t-ratio indicates no correlation among large price movements (with respect to their timing). In this case, there is no systematic pattern in the occurrence times of return exceedances in the two markets. A large positive value for the t-ratio implies a positive correlation in the two equity markets in the following sense: when a return exceedance occurs in one market, it is likely that a return exceedance in the other market will occur sooner than average (the “average” being defined under the assumption of no correlation), as 
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12 Return exceedances in both markets will appear simultaneously or around the same time and the return exceedance in one time-series (say R) may help to predict the next return exceedance in the other time-series (R*). In other words, one market would "lead" the other. Similarly, a large negative value for the t-ratio implies a negative correlation in the two equity markets in the following sense: when a return exceedance occurs in one market, it is likely that a return exceedance in the other market will occur later than average, as 
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3. THE TIMING OF EXTREMES: EMPIRICAL EVIDENCE
3.1 Results about recurrence times backwards

We use monthly equity index returns for three countries: the United States (US), the United Kingdom (UK), and Japan (JA). Data for the period January 1959 to December 1996 (456 observations) come from Morgan Stanley Capital International (MSCI). A description of the data can be found in Longin and Solnik (1995).

From monthly returns, we build the time-series of return exceedances for each market. The dependence structure of international equity markets during extreme volatile periods is studied in a bivariate framework via the correlation of the point processes of the occurrence times of the return exceedances in two markets.

For two countries, the time-series of occurrence times of return exceedances in each country are used to build two different time-series of recurrence times backwards. Taking the US and UK as an example, the pair “US/UK” yields a time-series of recurrence times backwards from a UK return exceedance to the nearest preceding US return exceedance while the pair “UK/US” inverts the role of the two countries and yields a time-series of recurrence times backwards from a US return exceedance to the nearest preceding UK return exceedance. Considering the pair US/UK, we study if the US market has an influence on the UK market. The statistical test considers how far in the past we have to go back to find a US return exceeding a given threshold when we have just observed a UK return exceeding that threshold. Considering the pair UK/US, we study if the UK market has an influence on the US market. The statistical test considers how far in the past we have to go back to find a UK return exceeding a given threshold when we have just observed a US return exceeding that threshold.

The distribution of recurrence times backwards exhibits different patterns from one pair of countries to another. For the pair UK/US and for negative return exceedances of 5% (=-5%), observations of recurrence times backwards from a US return exceedance to the nearest preceding UK return exceedance range from 0 to 24 months with an empirical mean 
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15 of 4.69 months and a median of 1 month. There are 22 cases out of 35 (63%) when return exceedances in each market occur at the same time and there are only 7 cases (20%) when the recurrence time backwards is greater than or equal to 4 months. For the pair JA/UK, observations of recurrence times backwards from a UK return exceedance to the nearest preceding Japanese return exceedance range from 0 to 68 months with an empirical mean 
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16 of 11.79 months and a median of 8 months. There are only 12 cases over 56 (21%) when return exceedances in each market occur at the same time and there are 35 cases (62%) when the recurrence time backwards is greater than or equal to 4 months.
3.2 Results of the test of asymptotic independence

The test compares the empirical mean 
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 17of recurrence times backwards to the mean 
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 18that is obtained under the null hypothesis of asymptotic independence of the two point processes of occurrence times of return exceedances. Empirical results are reported in Table 1 for the six pairs of markets: US/UK, UK/US, US/JA, JA/US, UK/JA and JA/UK. Results for negative return exceedances are given in Panel A and results for positive return exceedances in Panel B. Different values for the threshold  are considered to define return exceedances: =0%, ±3%, ±5%, ±8% and ±10% (for each test result, the same value is used for each country: US=UK=JA=. Each cell of the table gives the following information: the empirical mean 
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 21obtained under the null hypothesis of asymptotic independence, the t-ratio as given by equation (4) and the associated p-value. The results of the test differ from one pair of countries to another. For example, the third column of Panel A of Table 1 corresponds to negative return exceedances of 5% (=-5%). Let us consider first the United Sates and the United Kingdom. For the pair US/UK, the empirical mean 
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 22of the recurrence times backwards from a UK return exceedance to the nearest preceding  US return exceedance is 8.78 months while the expected mean under the null hypothesis of asymptotic independence is higher and equal to 10.91 months. The t-ratio is then positive and equal to 1.70 with a p-value of 0.089. The null hypothesis of asymptotic independence of return exceedances is then rejected at the 10% confidence level. By inverting the role of the US and UK markets (pair UK/US), the empirical mean 
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 23of the recurrence times backwards from a US return exceedance to the nearest preceding UK return exceedance is 4.69 months while the expected mean is higher and equal to 7.54 months. The t-ratio is positive and equal to 2.56 with a p-value of 0.011. The null hypothesis of asymptotic independence of return exceedances is also rejected. Let us consider now the United Kingdom and Japan. For the pair UK/JA, the empirical mean 
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 24of the recurrence times backwards from a Japanese return exceedance to the nearest preceding UK return exceedance is 5.39 months while the expected mean is higher and equal to 7.54 months. The t-ratio is then positive and equal to 2.45 with a p-value of 0.014. The null hypothesis of asymptotic independence of return exceedances is then rejected at the 10% confidence level. By inverting the role of the UK and Japanese markets (pair JA/UK), the empirical mean 
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 25of the recurrence times backwards from a UK return exceedance to the nearest preceding Japanese return exceedance is 11.79 months while the expected mean is about the same amplitude and equal to 11.74 months. The t-ratio is slightly negative and equal to -0.02 with a p-value of 0.982. In this case, the null hypothesis of asymptotic independence of return exceedances is not rejected.

The statistical results that we can be drawn from this empirical study:

1. The null hypothesis of asymptotic independence is rejected more often than expected. Considering all the results given in Table 1, the null hypothesis is rejected in 45 cases out of 60 (75%) at the 10% confidence level, in 38 cases out of 60 (63%) at the 5% confidence level and in 28 cases out of 60 (47%) at the 1% confidence level. The t-ratio is most of the time positive indicating a positive correlation between markets (a negative correlation is found only among positive returns higher than +8% or +10%). As the test used is an asymptotic test, results should mainly be considered for high thresholds. Restricting the results to the cases (=±5%, ±8% and ±10%, the null hypothesis is still restricted in 21 cases out of 36. The rejection is mainly due to negative return exceedances (15 rejections out of 18).

2. The dependence structure between positive return exceedances and between negative return exceedances is different. Considering Panel A and Panel B separately, the dependence seems to remain strong for negative return exceedances (in Panel A, the null hypothesis is always rejected for the threshold (=-10%) at the 10% confidence level) while it tends to disappear for positive return exceedances (in Panel B, the null hypothesis is rejected only in 2 cases for the threshold value =+10% at the 10% confidence level and negative correlation even appears). The US seem to play a dominant role in the rejection of the null hypothesis.

3. The dependence between equity markets is asymmetric. Considering the results given in Table 1 by rows (10 results for a pair of countries coming from 5 results for negative return exceedances and from 5 results for positive return exceedances), the rejection of the null hypothesis of no correlation does not seem random among the different pairs of markets: a strong relation is found for the US market on the UK market (rejection of the null hypothesis in all 10 cases at the 10% confidence level), for the UK market on the US market (9 rejections out of 10 cases) and for the US market on the Japanese market (9 rejections). However, a weaker relation is found for the UK market on the Japanese market (5 rejections), for the Japanese market on the US market (5 rejections) and for the Japanese on the UK market (6 rejections).
CONCLUSION

This empirical study gives some insight into the dependence between international equity markets. First, the results of the test of asymptotic independence implied by normality indicate the presence of correlation among negative return exceedances defined with any threshold values. This implies the rejection of a multivariate normal distribution for returns. The results of the test are less clear cut for positive return exceedances. In many cases the assumption of asymptotic independence is not rejected. Second, the results also indicate the causality from return exceedances in one country to return exceedances in other countries: 1) extreme price movements in Japan are caused by extreme price movements in the United States and in the United Kingdom implying that Japan is following the two other countries; 2) extreme price movements in the United Kingdom are caused by extreme price movements in the United States, and inversely extreme price movements in the United States are caused by extreme price movements in the United Kingdom implying a simultaneity in the comovements of these two countries.
*** The conclusion should differentiate our research more clearly from other research ***
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Figure 1. Building of recurrence times backwards ( associated with the occurrence times of return exceedances. This figure shows how the different variables used for the test of asymptotic independence are obtained. First, positive return exceedances denoted by E for the first country and E* for the second country and their corresponding occurrence times ( and (* are selected from the two time-series of returns R and R*. The values of the thresholds ( and (* are equal to +3%. Three observations of return exceedances of 3% in the first market are obtained at the following occurrence times: (1=7, (2=12 and (3=17. Four observations of return exceedances of 3% in the second market are obtained at the following occurrence times: (1*=7, (2*=8, (3*=11 and (4*=15. Secondly, from each observation of occurrence times in the first market ((), the recurrence time backwards ( to the nearest preceding observation of occurrence times in the second market ((*) is computed. The three observations of recurrence time backwards are: (1=0, (2=1 and (3=2.
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Table 1. Test of asymptotic independence of the processes of occurrence times of return exceedances.
Panel A: Negative return exceedances.
	
	Threshold values

	Pair of countries
	0%
	-3%
	-5%
	-8%
	-10%

	US/UK
	1.03<2.02 (0.15)
6.86 [<0.001]
	3.57<5.62 (0.55)
3.72 [<0.001]
	8.78<10.91 (1.25)
1.70 [0.089]
	12.65<23.77 (3.58)
3.11 [0.002]
	40.00<65.71 (11.21)    2.29 [0.022]

	UK/US
	0.98<1.95 (0.13)
7.23 [<0.001]
	2.16<4.20 (0.46)
4.46 [<0.001]
	4.94<7.87 (1.20)
2.43 [0.015]
	6.29<16.06 (3.07)
3.19 [0.001]
	25.00<24.51 (9.79)
2.48 [0.013]

	US/JA
	1.30<2.02 (0.14)
5.15 [<0.001]
	4.36<5.62 (0.57)
2.20 [0.027]
	10.91<17.09 (1.25)
4.93 [<0.001]
	16.04<23.77 (3.58)
2.16 [0.031]
	44.73<65.71 (11.21)
1.87 [0.061]

	JA/US
	1.28<2.00 (0.16)
4.47 [<0.001]
	3.61<5.05 (0.57)
2.55 [0.011]
	12.21<12.29 (2.60)
0.03 [0.975]
	14.79<18.79 (4.96)
0.81 [0.420]
	8.00<31.25 (13.48)
1.72 [0.085]

	UK/JA
	1.39<1.95 (0.13)
4.25 [<0.001]
	3.65<4.20 (0.42)
1.33 [0.184]
	5.72<7.87 (0.95)
2.27 [0.023]
	7.57<16.06 (2.42)
3.51 [<0.001]
	13.93<24.51 (5.48)
1.93 [0.053]

	JA/UK
	1.48<2.00 (0.16)
3.20 [0.001]
	3.82<5.05 (0.50)
2.50 [0.013]
	11.91<12.29 (2.05)
0.19 [0.850]
	9.70<18.79 (3.92)
2.32 [0.020]
	17.33<31.25 (7.54)
1.85 [0.065]


Note: these tables give the results of a statistical test of asymptotic independence of the processes of occurrence times of return exceedances in two markets. Results are given for negative return exceedances (Panel A) and for positive return exceedances (Panel B). Three equity markets are considered: the United States (US), the United Kingdom (UK) and Japan (JA) over the period January 1959 - December 1996. For example, by considering the pair US/UK, we test if the US market has an influence on the UK market. In this case, the statistical test consider how far we have to go back in the past to observe a US return that exceeds a given threshold when we have just observed a UK return that exceeds the same threshold. By considering the pair UK/US, we test the opposite assumption: an influence of the UK market on the US market. Return exceedances are defined with a threshold (. Different values are taken for (: 0%, ±3%, ±5%, ±8% and ±10%. For a given test, the same value of ( is taken for all countries: (US=(UK=(JA=(. Higher absolute values for ( lead to larger return exceedances. The meaning of each cell is as follows: on the first line the estimated mean of recurrence times backward 
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 (equation 1 in the text) 26is compared to the mean that is obtained under the null hypothesis of asymptotic independence 
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27 (equation 2) with the standard deviation 
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 (equation 3) given next 28in parentheses, and on the second line there is the t-ratio (equation 4) of asymptotic independence of the processes of occurrence times of return exceedances with the associated p-value (probability to exceed the absolute value of the test) given next in brackets.
Panel B: Positive return exceedances.
	
	Threshold values

	Pair of countries
	0%
	+3%
	+5%
	+8%
	+10%

	US/UK
	0.49<1.26 (0.08)
9.90 [<0.001]
	1.80<3.55 (0.31)
5.72 [<0.001]
	5.51<10.22 (1.29)
3.65 [<0.001]
	9.33<26.02 (5.07)
3.29 [0.001]
	19.00<61.34 (13.45)    3.15 [0.002]

	UK/US
	0.43<1.15 (0.06)
11.17 [<0.001]
	0.96<2.15 (0.16)
7.26 [<0.001]
	3.35<4.63 (0.77)
1.66 [0.097]
	7.14<20.92 (6.03)
2.28 [0.022]
	21.14<29.92 (9.52)
0.92 [0.356]

	US/JA
	0.57<1.26 (0.08)
8.59 [<0.001]
	2.34<3.55 (0.32)
3.76 [<0.001]
	10.84>10.22 (1.28)
-0.48 [0.630]
	11.65<26.02 (4.74)
3.03 [0.002]
	21.00<61.34 (11.65)
3.46 [0.001]

	JA/US
	0.68<1.25 (0.07)
8.21 [<0.001]
	2.36<2.83 (0.26)
1.81 [0.070]
	5.20<5.47 (0.84)
0.33 [0.741]
	13.93>13.13 (2.85)
-0.28 [0.779]
	33.57>25.15 (8.25)
-1.02 [0.307]

	UK/JA
	0.53<1.15 (0.07)
9.50 [<0.001]
	1.42<2.15 (0.15)
4.77 [<0.001]
	4.13<4.63 (0.60)
0.84 [0.398]
	14.32<20.92 (4.13)
1.60 [0.110]
	35.89>29.92 (6.02)
-0.99 [0.321]

	JA/UK
	0.71<1.25 (0.07)
7.88 [<0.001]
	2.39<2.83 (0.23)
1.95 [0.051]
	4.67<5.47 (0.66)
1.23 [0.219]
	10.48<13.13 (2.09)
1.27 [0.205]
	28.21>25.15 (6.03)
-0.51 [0.611]


     � Longin benefited from the financial support of the CERESSEC research fund, and Solnik from the support of the Fondation HEC.





     � Department of Finance, ESSEC Graduate Business School, Avenue Bernard Hirsch, B.P. 105, 95021 Cergy-Pontoise Cedex, France. Affiliated with the CEPR. Tel: (+33) 1 34 43 30 40. Fax: (+33) 1 34 43 30 01. E-mail: longin@edu.essec.fr. 


     � Department of Finance and Economics, HEC School of Management, 78351 Jouy-en-Josas Cedex, France. Tel: (+33) 1 39 67 72 84. Fax: (+33) 1 39 67 70 85. E-mail: solnik@hec.fr.





     � Similarly, negative return (-exceedances correspond to all observations of R lower than (. Results for negative extremes can be directly obtained from those for positive extremes by transforming the random variable R into -R, by which positive extremes become negative extremes and vice versa. Hence we need only present theoretical results for positive extremes.





     � This test has been previously used by Neftci (1985) to determine the turning points in the business cycle.
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