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ABSTRACT
The global financial crisis and the collapse of the collateralized debt obligation (CDO) market
have brought increased attention to the proper modeling of housing price co-movements
worldwide. We aim at detecting possible contagion effects in international real estate markets
while accommodating dependence during extreme tail events. We propose a novel copulabased approach incorporating second-moment effects that not only accounts for asymmetric
tail dependence, but also allows for time-varying correlation in price movements. Unlike
previous studies wherein static copula-based models are utilized, we extend our methodology
by employing nonparametric copulas with the adjustment of flexible specification. Common
Gaussian or mixture copulas lack the required tail features to capture the empirical stylized
facts in housing markets. We proved the lack of monotonicity imposed by parametric methods
was evidently not supported by our data. Using monthly data in seven major global markets,
we confirm that prices do exhibit correlations that change over time, whilst more importantly
their tail dependence structure for extreme losses strengthens in the midst of market turmoil.
We indicated that especially during downturns, CDOs do not provide the level of
diversification widely assumed before the subprime crisis. Information on tail dependence
would better allow policy makers to anticipate real estate prices on a global scale.
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1. INTRODUCTION
During the global financial crisis period, almost all advanced economies experienced
considerable downturns in housing prices. Real estate markets usually represent the largest
wealth component as reported in Case et al. (2003), hence their decline reduces national
consumption, which in turn affects directly the GDP in advanced and emerging economies.
Moreover, as borrowing from financial institutions is involved, falling prices increase the risk
of borrowers defaulting en masse at some point in time. Around mid-2006s in the USA,
institutions specializing in trading mortgages, foreseeing a potential plunge in prices
combined mortgages into structured securities and traded those securities in secondary
markets. In addition, considering the perspective of a financial trader, as the return on a
mortgage asset depends on the homeowner’s ability to make installments in time, if the
market price of a property declines to a point that the outstanding balance exceeds house
value, the owner defaults on the mortgage and the trader holds a highly-risky asset. Pooling
multiple mortgages into a unified security (i.e., weighted average of its individual mortgages),
such as a collateralized debt obligation (CDO) reduces the risk as diversification benefits
emerge. Investment banks accredited and encouraged by credit agencies as well responded by
tightening lending standards.
Nevertheless, it was evident that the statistical tools used to measure correlations in
housing prices in different locations around the world at the burst of the financial crisis, were
the least inadequate. For instance, most institutions and credit agencies assumed that housing
price movements followed a multivariate normal distribution, although it was known that it
fails to estimate correctly correlations during extreme market conditions. Zimmer (2014) and
Ho et al. (2014) argue that proper tail behavior could have been detected using other
distributions or methodological tools. Evidently, the total mortgage volume in the US surged
to more than 2.5 trillion dollars before 2007 and the CDO market shrank from 428 billion
dollars in 2007 to only 8 billion dollars in 2010.
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Interestingly, the higher is the level of co-movement between assets returns the less
diversified is a portfolio, whilst the issue becomes extremely complex in case correlations in
housing prices are time-varying. Existing approaches basically assume that correlations
remain constant over time, consequently CDO markets can be suitably diversified during “
normal times”, but not during financial turmoil. Treating correlations in housing price
movements as time invariant bears significant deficiencies. Even in terms of the regulatory
framework, the US legal restrictions were waived on interstate banking activities, following
the Interstate Banking and Branch Efficiency Act (IBBEA, Johnson and Rice, 2007),
suggesting that the increasing information flows via the Internet allows for a closer inspection
of houses across geographic areas. In econometric measurement, a large strand of literature
reports adjusting or variant correlations in stock market indices such as Karolyi and Stulz
(1996), Longin and Solnik (2001) and Forbes and Rigobon (2002). These works reveal that
the benefits of diversification decrease substantially if correlations between indices
strengthen.
Eichholtz and Kok (2007) report that real estate markets have become more globalised
and integrated, hence a higher degree of synchronization in prices among international
markets is vastly observed. In accordance with this line of discussion, we investigate some of
the most important housing markets in the world and try to capture the nature and
directionality of their inter-linkages. Although prices plummeted firstly in the USA, many
other countries worldwide experienced depreciations very soon in the aftermath of the
subprime crisis. In our work, we aim to quantify how real estate prices co-moved
internationally over the last two decades. In particular, the US real estate market is the
world’s largest one whilst the UK market is the largest in Europe. Then, Australia dominates
the Pacific region with a noticeable record of securitized real estate investments. In recent
years, Hong Kong, Singapore and Malaysia have both increased their market share around the
world along with Japan which exhibits the most extensive past history of real estate
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investments in Asia. Overall, these major markets represent around 88.7% of the total global
housing market transactions (Pramerica Real Estate Investors, 2005).
Previous studies employ various approaches to explore the co-movements in
international real estate markets (Garvey et al., 2001; Liow and Chen, 2011). More recent
works introduced copula functions (or copulae) to model particularly extreme tail dependence
(Hoesli and Reka, 2011; Zhou and Gao, 2012). Liu et al. (2012) indicate a strong correlation
between US and Australian markets but lower correlation between US and Hong Kong
markets. Al Mudhaf and Hansz (2011) report an increased co-movement between North
American and European housing markets, while Asian markets appear to be less integrated
with other international markets. Liow and Yang (2005) indicate the existence of portfolio
diversification benefits for Asian and European investors, yet only after utilizing GARCHfiltered marginals for the copula specification.
In our work we propose a copula-based approach to investigate global dependence in
real estate markets estimating second-moment effects via GARCH modeling which not only
accommodates tail dependence, but also allows for time-varying correlation in price
movements. Using monthly data from seven major international markets, we are able to show
that constant correlation is a total misspecification of the true nature of co-movements. Also,
we observe that correlations strengthen in the beginning of market crises, and particularly
prices become more tightly related during market downturns. As opposed to multivariate
normal distributions, our approach investigates tail dependence in co-movements, but also
allows for different directions and magnitudes of dependence in each tail. Patton (2006) and
Manner (2010) found evidence of asymmetric tail dependence in various economic measures,
including exchange rates and unemployment. Specifically, we examine the extreme tail
dependence structure in the housing markets of the USA, UK, Australia, Japan, Singapore,
Hong Kong and Malaysia within the period April, 2000 to August, 2015.
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Unlike the recent studies by Zimmer (2012) and Ho et al. (2014), wherein static copulabased models are utilized to examine co-movements between prices in US states, we extend
the methodology employed via the introduction of nonparametric copulas with the adjustment
of flexible specification. The application of nonparametric copulas probes accurately into the
asymmetries of the extreme tail-dependence in real estate markets. Our proposed model bears
important implications for market efficiency and dependence in the light of the recent US
mortgage crisis. Information on dynamic dependence might allow policy makers to anticipate
changes in real estate prices based on what happened in other markets worldwide. Moreover,
evidence of contemporaneous dependence in lower tails, could question the safety of CDOs as
also mentioned in Coval et al. (2009).
We report several important findings; firstly, price movements among international
markets exhibit strong dependence in both lower and upper tails. Additionally, as dependence
appears stronger in the lower tail compared to the upper tail, when prices fall by a large
amount in one market, probably prices tend to plummet elsewhere too.
Secondly, conditional probability functions for all pairs vs. the US are asymmetric
around the mean, in that non-parametric and empirical copulas generate higher dependence
scores for extreme losses. In general, in case of one standard deviation, dependence above the
mean declines quickly with probabilities laying around 20% or below for all countries.
Thirdly, extreme negative return dependence for the US real estate market seems
particularly strong versus UK and Australia, i.e., reaching almost 30% probability level of
price co-movements. Hence, asymmetry is revealed. In case we investigate losses for less
extreme quantiles, we observe that Singapore, Australia and the UK all present probabilities
of 40% in co-moving with the US index, yet only under bear market conditions.
Fourthly, when our results from implementing non-parametric and empirical copulas
with flexible estimation are compared against those derived from static Gaussian and ClaytonGumbel mixture copulas utilizing the same dataset, we forecast lower probabilities. This is
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proof of the lack of monotonicity imposed by parametric methods, which is not supported by
our data. Furthermore, empirical copulas detect no dependence at all in the right (positive) tail
when employed.
Our conclusions draw into question whether house prices exhibit international
contagion symmetrically during both bull and bear conditions, while it also suggests that
CDOs might not actually achieve some degree of diversification by pooling mortgages from
different markets together in any historical period. Overall, from our results it is clearly
inferred that the reliance on policy uncertainty is predominant in the real estate market, a fact
that is reflected both in the left and right tails, albeit in an asymmetric pattern and degree for
each investigated pair.
The paper is organized as follows: section 2 presents analytically the novel nonparametric, flexible copula methodology, whilst section 3 describes the data, includes a
preliminary statistical analysis and demonstrates the empirical results. Section 4 concludes.

2. NON-PARAMETRIC COPULAS WITH FLEXIBLE ESTIMATION
2.1. Measuring contemporaneous dependence
Dependence can be captured with the use of copulae as introduced by Sklar (1959). A copula
links a multivariate distribution to its univariate marginals. We elaborate on copula estimation
under a bivariate setting, however multivariate modelling is a natural extension. Let  and 
be two random variables with marginal cumulative distribution functions (CDFs)  and  .
The copula function, ∙ , satisfies
,  ,

=   ,  



(1)

In real data applications, the probability integral transform is used to relate the copula to
the probabilities from the univariate distributions of the variables. More concretely, 
evaluated at

gives the probability  and has the inverse function   = . This lets us

restate Eq. (1) as
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Now we are able to derive the conditional probability of  (e.g., the return on one index)
exceeding or being less than , given that  (the return on another index) exceeds or is less
than . The conditional probability of  being less than  is calculated as
 < | <  =

, ,
 

=
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(3)

and as  >  = 1 −   the probability of  exceeding  is estimated
 > | >  =

!" #" ' !" ,#"
#"

(4)

This accounts for measuring contemporaneous dependence. Specifically, in our work we
implement the non-parametric copula as in Racine (2015), which has been previously applied
by Ho et al. (2015). Moreover, we compare our findings vis-à-vis empirical copulas, as well
as parametric alternatives of the Gaussian and the Gumbel-Clayton mixture copulae, used in
the study by Zimmer (2012). In the next sub-section, we elaborate on the implementation
methodology.

2.1. Pre-filtering and empirical copula calculation
In the first step, we filter variable mean-reverting returns out of a potential ARCH structure
and serial correlation, in order to whiten the series of second-moment effects, noncontemporaneous dependence and impose constant variance. Following Zimmer (2012) and
Ho et al. (2015) we apply an AR(1)-GARCH(1,1) filter. Next, the appropriate marginal CDFs
are selected. For the non-parametric approach this involves estimating the kernel estimation
of the joint distribution, (,  ,

. We use a second-order Gaussian kernel and an adaptive

nearest-neighbor bandwidth, selected by the least-squares cross-validation approach of
Hayfield and Racine (2008). As suggested by Ho et al. (2015), we repeat the bandwidth
selection procedure thirty times in order to avoid local minima. The marginal CDFs, ( 
and (  , are then estimated using the bandwidths from the joint distribution, a process
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which further guarantees that the joint and its non-parametric copula are consistent (Racine,
2015). The empirical copula makes use of the empirical CDF, defined as
) 



= * ∑*/0 ,-.

(5)

where 1 is the sample size and / is the realisation of  at time 2, i.e. the observed return for
index  at time 2. Finally, we use the standard normal distribution Φ , for the marginals of
the parametric copulae, which is a reasonable choice considering that the filtered returns
should be centered on zero with unit variance. The CDFs are evaluated at the grid vector
 = −2.0, −1.9, … , 1.9, 2.0 ′, that corresponds to filtered returns in the interval :−2;, 2;<.
As a final numerical calculation step, the copulae are estimated. The non-parametric
copula is implemented via Eq. (2) by use of the quasi-inverse, (  ∙ , resulting in
(,  ,
where = = ( 

= (, ( = , ( =  = > = , = 

and = = (  .1 The empirical copula is calculated according to


? @ , @  = ∑*/0 ,AB- .!CD ,EB-.#@F 
*

where @ = ) 

(6)

(7)

B/ and H)/ are in turn pseudo-observations, which are
and @ = )  . G

generated by the empirical CDFs evaluated at / and / respectively, yet scaled by 1/1 + 1
in order to force all observations within the open unit hypercube2 (Hofert et al., 2015).
Parametric copulas are estimated by means of maximum likelihood, with respect to one or
more dependence parameters, which in case of the Gaussian copula “collapse” to the
correlation coefficient between the two series. Using Eqs. (3) and (4) the conditional
probabilities of interest are computed from the estimated copulae. Confidence intervals are
produced for the conditional probabilities of the non-parametric copulas by block
bootstrapping (both AR-GARCH filtering and copula estimation are involved in the

1

For details on the computation of the quasi-inverse, as well as the kernel distribution estimator, please see
Racine (2015).
2
In the case of a bivariate copula we are dealing with a square rather than a ‘hypercube’.
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calculations). As in Ho et al. (2015), fifty hundred samples are drawn, with twenty
observations in each block.

3. EMPIRICAL RESULTS
The dataset comprises monthly end-of-period real estate index returns for the United
States, United Kingdom, Australia, Japan, Singapore, Hong Kong and Malaysia and spans the
period April, 2000 to August, 2015 (185 observations). The logarithmic prices and returns are
depicted in Figures 1 and 2. Table 1 presents the descriptive statistics and the unconditional
correlation of the examined markets vis-à-vis the US. Most log-return series display serial
correlation and heteroscedasticity. We also substantiate that all examined markets are not
normally distributed3. Following the aforementioned empirical implementation process we
whiten the returns with an AR(1)-GARCH(1,1) filter to eliminate non-contemporaneous
dependence and second-moment clustering effects. In this way, “pure” tail dependence can be
safely captured. The descriptive statistics for the filtered series are now reported in Table 2
validating that they may be treated as homoscedastic and free from autocorrelation4. A
graphical representation of the filtered returns is rendered in Figure 3. Figure 4 depicts simple
data scatter plots, which reveal the non-elliptical features of the bivariate distribution
functions for all pairs. It is evident that the housing markets are in general highly correlated as
also corroborated by their simple unconditional linear correlation matrix, albeit their tail
structure is diverse and asymmetric (Table 1).
Next, we choose the most suitable marginal CDFs. For the non-parametric approach this
involves the application of a second-order Gaussian kernel and an adaptive nearest-neighbor
bandwidth for the joint distribution, as selected by LS cross-validation approach of Hayfield
and Racine (2008). We repeat the bandwidth selection procedure 30 times according to Ho et

3
4

Normality is generally rejected by the Jarque-Bera test for all series except marginally for Japan.
Only in case of Malaysia, the null of no autocorrelation is rejected at the 10% level by the Ljung-Box Q-test.
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al. (2015), to escape any sub-optimal minima. Accordingly, the marginals ( 

and (  ,

are estimated using the selected bandwidths in order for the joint distribution and its nonparametric copula to be consistent (Racine, 2015). The empirical copula is calculated via Eq.
(5) for the observed returns of each index. As the AR-GARCH filtered returns are centered on
zero with unit variance, we safely utilize the standard normal distribution for the marginals of
the parametric copulae. Following Racine (2015) the CDFs for the filtered returns are
evaluated within the interval :−2;, 2;<, namely for  = −2.0, −1.9, … , 1.9, 2.0 ′ and are
comparatively plotted in Figure 5. The same graph also attempts a visual comparison between
non-parametric, empirical and standard normal CDFs. Specifically, we plot the CDFs of
filtered returns on the x-axis and probabilities on the y-axis, with ‘+’s representing the
empirical CDFs. The red lines depict the kernel distribution estimates, whilst the dotted black
lines account for the standard normal distribution. Even though at first it seems that the
standard normal appears to provide an acceptable approximation, yet under a more thorough
examination divergence from normality can be observed in many examined pairs. A
prominent example is the empirical distribution of the United States, which is clearly nonGaussian. Therefore, as the US remains the most influential index worldwide and unlike the
recent works by Zimmer (2012) and Ho, Huynh and Jacho-Chávez (2014) wherein static
copula-based models are employed to examine co-movements, we substantiate without a
doubt the validity of our method in utilizing flexible non-parametric copulas (non-Gaussian
approaches).
Next, we use Eqs. (6) and (7) to calculate the quasi-inverse and the empirical copulas.
The parametric copulas are estimated via the application of the maximum likelihood on the
scaled pseudo-observations. The conditional probabilities of interest are computed from the
estimated copulae as in Eqs. (3) and (4). According to Ho et al. (2015), 500 samples are
drawn with 20 observations in each block, in order to construct the empirical confidence
intervals for the conditional probabilities of the non-parametric copulas by block
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bootstrapping. Figure 6 displays the conditional probabilities derived from the non-parametric
and empirical copulas for the US vis-à-vis UK, Japan, Australia, Hong Kong, Singapore and
Malaysia. The y-axis measures the probability and the x-axis represents the filtered returns.
The left panel of the graph measures the dependence between the filtered returns below the
first-moment (negative returns), while the right plane does the same for the positive returns.
Consequently, the centre of the graph signifies the probability the two indices jointly
experience returns above or below their means.
We find that the conditional probability function for all pairs vs. the US is asymmetric
around the mean. The non-parametric and empirical copulas generate higher dependence
scores for extreme negative returns, namely two standard deviations below the mean, after the
adjustment for extreme gains. However, closer-to-the-mean dependence appears to be
stronger on the positive side, whilst above one standard deviation any dependence is
negligible. In general, in case of one standard deviation above the mean, market dependence
above the mean declines quickly with probabilities laying around 20% or below for all
countries. As depicted in the corresponding Figure 6, e.g., for the US-UK pair when the US
market experiences returns (filtered) more than one standard deviation below the mean, we
observe the probability of the UK index also incurring returns of the same magnitude and
directionality vis-à-vis the mean.
Moreover, for US-UK and US-AUS pairs a sharper decline is demonstrated for the
positive return dependence, than observed in the left tail of the conditional function.
Additionally, extreme negative return dependence for the US real estate market seems
particularly strong versus UK and Australia, i.e., reaching almost 30% probability level of
price co-movements. Regarding the same tail, similar results emerge for the interrelationships
between the US and the other markets, yet slightly weaker namely between 10% and 20%
levels. Specifically, for US-JP it amounts approximately to 12.75%, for US-HK to 17.50%,
for US-SG around 18.23%, while for US-MY to 18%.
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In considering less extreme negative returns namely around one standard deviation
below the mean, we observe that Singapore, Australia and the UK all present probabilities of
40% in co-moving with the US index under bear market conditions. Hence, in this case even
though real estate markets exhibit lower correlations vis-à-vis the US (e.g., the US-SG pair), it
is as likely to experience large negative returns when the US market does.
Evidently, price movements among international markets exhibit strong dependence in
both lower and upper tails and extreme price movements tend to occur simultaneously. This
conclusion draws into question whether house prices exhibit “symmetric” international
contagion during both bull and bear conditions, while it also suggests that CDOs might not
actually achieve some degree of diversification by pooling mortgages from different markets
together in any historical period.
Finally, in an attempt to perform a comparative evaluation of the results from nonparametric and empirical copulas with flexible estimation, versus the ones from Gaussian and
Clayton-Gumbel mixture copulas utilizing the same dataset, we also included Figure 7. The
non-parametric and empirical Copulas, in general predict lower probabilities than the
Clayton-Gumbel mixture and Gaussian ones, in accordance with Ho et al. (2015).
Particularly, in the right tail, the non-parametric methods predict clearly a lower dependence.
This proves that the monotonicity imposed by parametric methods is not supported by our
investigated data. Instead, a strong dependence between positive filtered returns (right tails) is
evidently presented for all markets. This interpretation is further supported in case of
empirical copulas wherein no dependence is estimated at all in the right (positive) tail.
Based on our overall results, is seems not plausible that house prices exhibit the same
degree and directionality of international contagion during both bull and bear conditions. It is
clearly inferred that the reliance on policy uncertainty is predominant in the real estate market,
a fact that is reflected both in the left and right tails, albeit in an asymmetric pattern and
degree for each investigated pair.
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4. CONCLUSIONS
The collapse of the collateralized debt obligation market and the subsequent financial crisis
have brought increased attention to the proper modeling of price comovements in the USA
and worldwide. In our work we tried to capture housing price comovements, detect possible
effects of global contagion while accommodating dependence during extreme tail events. Our
approach explored possible contagion effects using a copula-based approach that accounts for
asymmetric contemporaneous and dynamic dependence.
Specifically, we proposed a copula-based approach to investigate global dependence in
real estate markets estimating second-moment effects via GARCH modeling, which not only
accounts for tail dependence, but also allows for time-varying correlation in price movements.
Using monthly data from even major international markets, we are able to show that constant
correlation is a total misspecification of the true nature of the investigated interrelationships.
As opposed to recent studies by Zimmer (2012) and Ho et al. (2014), where static
copula-based models were primarily utilized, we extended our methodology by employing
nonparametric copulas with the adjustment of flexible specification. Common Gaussian or tbased as well as mixture copulas while providing convenient multivariate extensions, lack the
suitable tail structure to capture the inherent idiosyncratic features of house price movements,
especially the asymmetric tail dependence. Hence, the application of nonparametric copulas
probed into the asymmetries of the extreme tail-dependence in the examined real estate
markets.
We produced many important findings; firstly in general models that impose constant
correlations and elliptical dependence structure are rejected in favor of those that allow
correlations to change over time in a non-elliptical world. Indeed, price movements among
international markets exhibit strong dependence in both lower and upper tails. In particular,
when prices fall by a large amount in one market, probably prices tend to plummet elsewhere
too. Moreover, we revealed that conditional probabilities for all pairs vs. the US are
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asymmetric around the mean; non-parametric and empirical copulas illustrated a strong
dependence structure for extreme losses. Additionally, the extreme left-tail dependence for the
US real estate market seems particularly strong versus UK and Australia, i.e., reaching almost
30% probability level of price co-movements. In case we investigated losses for less extreme
quantiles, we observed that Singapore, Australia and the UK all present probabilities of 40%
in co-moving with the US index, yet only under bear market conditions. Interestingly, when
our results from implementing non-parametric and empirical copulas with flexible estimation
were compared against those derived from static Gaussian and Clayton-Gumbel mixture
copulas, we showed a profound difference i.e., the latter predicted lower probabilities. In that,
we proved the lack of monotonicity imposed by parametric methods which was evidently not
supported by our data. Additionally, the empirical copulas detected no dependence at all in
the right (positive) tail. Consequently, asymmetry emerged straightforwardly from all
aforementioned results.
Our proposed model holds important implications for market efficiency and dependence
in the light of the recent US mortgage crisis. For instance, extreme negative return
dependence for the US real estate market seems particularly strong versus UK and Australia,
whilst at the same time asymmetry is revealed. Instead, less extreme quantile losses were
observed in the Pacific-Asia region and only under bear market conditions. This finding may
suggest the presence of factors common to Anglo-Saxon mentality or the structure of housing
and labor markets. Such factors might incorporate workers’ higher willingness to migrate
across those particular global regions based on the fact that a large portion of mortgages
abroad the US are guaranteed by the same corporate-backed agencies.
Moreover, evidence of profound dependence in lower tails, could question the safety of
CDO derivatives instruments. We indicated that during downturns, CDOs do not provide the
level of diversification widely assumed before the subprime crisis. As tail dependence for real
estate returns across different international markets varies dynamically over time, our
14

conclusions draw into question whether house prices exhibit international contagion during
both bull and bear conditions, while it also suggests that CDOs might not actually achieve the
required degree of diversification by pooling mortgages from different markets together in
any historical period. Overall, from our results it is clearly inferred that the reliance on policy
uncertainty is predominant in the real estate market, a fact that is reflected both in the left and
right tails, albeit in an asymmetric pattern and degree for each investigated pair.
Nonetheless, in light of the significant role that housing markets play in global financial
markets, more elaborate multivariate copula-based models might provide a richer
understanding about further relationships in house price movements. After filtering the data,
the nonparametric copulas with flexible estimation cannot be considered a panacea for all
problems, yet they proved extremely useful to determine the proper tail-functional form to
explain most of the empirical stylized facts of these markets. An urgent direction for future
research emerges on the development and testing of estimable multivariate models that
optimally capture those features. Information on dynamic dependence might allow policy
makers to anticipate changes in real estate prices based on what happened in other markets
worldwide.
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TABLE 1: DESCRIPTIVE STATISTICS (RETURNS)
Mean Std.dev Skewness Kurtosis
JB-test
USA
0.00
0.06
-1.64
11.27 610.79***
UK
0.00
0.07
-0.93
7.44
178.80***
JAPAN
0.00
0.09
-0.05
3.44
1.54
AUSTRALIA 0.00
0.07
-2.18
15.13 1280.38***
0.09
-0.40
3.76
9.38***
HONG KONG 0.00
SINGAPORE 0.01
0.07
-0.28
5.80
62.87***
MALAYSIA
0.00
0.07
-0.07
3.78
4.80*

Q(10)
44.72***
28.06***
5.64
21.34**
8.94
24.99***
26.05***

Q2(10)
77.81***
63.49***
11.69
18.72**
20.16**
66.06***
8.70

ARCH(10) Corr vs.USA
49.23***
1.00
41.09***
0.71
12.60
0.42
13.10
0.69
13.30
0.39
38.01***
0.55
10.59
0.35

Notes: ***, ** and *, denote 1%, 5% and 10% level of significance respectively.

TABLE 2: DESCRIPTIVE STATISTICS (FILTERED RETURNS)
Mean Std.dev Skewness Kurtosis
JB-test
Q(10)
USA
-0.04 1.00
-2.15
12.91 899.05*** 8.79
UK
-0.09 0.99
-0.64
5.21
50.32*** 11.83
JAPAN
0.01
1.00
0.03
3.31
0.74
4.45
-0.88
4.60
43.55*** 5.15
AUSTRALIA -0.01 1.00
HONG KONG -0.03 1.02
-0.46
3.95
13.60*** 3.59
SINGAPORE -0.04 1.00
-0.28
3.55
4.71*
7.41
MALAYSIA
0.00
1.00
-0.05
3.91
6.48**
18.06*
Notes: ***, ** and *, denote 1%, 5% and 10% level of significance respectively.
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Q2(10) ARCH(10) Corr vs.USA
4.35
4.55
1.00
3.79
3.06
0.63
8.62
9.18
0.37
8.71
8.58
0.63
2.49
2.84
0.38
7.59
6.54
0.47
10.15
8.85
0.35

FIGURE 1: LOG-PRICES OF REAL ESTATE INDICES

Notes: The investigated sample period spans April, 2000 to August, 2015 (monthly frequency).
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FIGURE 2: LOG-RETURNS OF REAL ESTATE INDICES

Notes: The investigated sample period spans April, 2000 to August, 2015 (monthly frequency).
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FIGURE 3: FILTERED RETURNS OF REAL ESTATE INDICES

Notes: The investigated sample period spans April, 2000 to August, 2015 (monthly frequency). The log-returns are
“whitened” with an AR(1)-GARCH(1,1) filter to eliminate non-contemporaneous dependence and second-moment clustering
effects, hence “pure” tail dependence is captured.
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FIGURE 4: SCATTER PLOTS

Notes: The scatter plots of all examined pairs shows evidence that the housing markets are in general highly correlated.
However, the bivariate dfs are asymmetric around the mean. Correlation (and dependence) seems higher for the extreme
negative returns, while generally non-elliptical features are illustrated.
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FIGURE 5: NON-PARAMETRIC, EMPIRICAL & STANDARD NORMAL CDFS

Notes: The CDF plots comprise filtered returns on the x-axis and probabilities on the y-axis. The ‘+’s represent the empirical CDF, the red
lines the kernel distribution estimate, while the dotted black line provides the benchmark standard normal distribution.
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FIGURE 6: NON-PARAMETRIC & EMPIRICAL COPULAS

Notes: Filtered returns are depicted on the x-axis and conditional probabilities on the y-axis. The graphs represent the

conditional probabilities from non-parametric copulas (red lines) with a 95% confidence interval generated by 500 bootstrap
replications (gray areas), and empirical copulas (dashed lines). The adaptive nearest-neighbor bandwidth is chosen by cdf
cross-validation as suggested by Li and Racine (2013) and Hayfield and Racine (2008).
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FIGURE 7: COMPARISON VIS-À-VIS MIXTURE & GAUSSIAN COPULAS

Notes: Filtered returns are depicted on the x-axis and conditional probabilities on the y-axis. The graphs represent the
conditional probabilities derived by the non-parametric copulas (red line) and the empirical copulas (dashed line) versus the
Gaussian copulas (green line) and mixture copulas (blue line).
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