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Abstract

This paper characterizes the volatility in the Japanese stock market based on a 4-year
sample of 5-min Nikkei 225 returns from 1994 through 1997. The intradaily volatility
exhibits a doubly U-shaped pattern associated with the opening and closing of the separate
morning and afternoon trading sessions on the Tokyo Stock Exchange. This feature is
consistent with market microstructure theories that emphasize the role of private and
asymmetric information in the price formation process. Meanwhile, readily identifiable
Japanese macroeconomic news announcements explain little of the day-to-day variation in
the volatility, confirming previous findings for US equity markets. Furthermore, by appro-
priately filtering out the strong intradaily periodic pattern, the high-frequency returns reveal
the existence of important long-memory interdaily volatility dependencies. This supports
recent results stressing the importance of exploiting high-frequency intraday asset prices in
the study of long-run volatility properties of asset returns. © 2000 Elsevier Science B.V. All
rights reserved.

Keywords: Nikkei 225; High-frequency data; Intraday periodicity; ARCH; Long-memory; Announce-
ment effects

JEL classification: C14; C22; G14; G15

www.elsevier.com/locate/econbase

* Corresponding author. Tel.: +1-847-4671285; fax: +1-847-4915719.
E-mail addresses: t-andersen@nwu.edu (T.G. Andersen), boller@econ.duke.edu (T. Bollerslev), efjun-

cai@cityu.edu.hk (J. Cai)

1042-4431/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.
PII: S1042 -4431 (99 )00029 -3



108 T.G. Andersen et al. / Int. Fin. Markets, Inst. and Money 10 (2000) 107–130

1. Introduction

An extensive literature has characterized the systematic features of return volatil-
ity at the daily and lower frequencies for all major primary financial assets,
including foreign exchange, equity, fixed-income, and commodity related securities.
Although there are some important differences across this diverse set of assets, the
qualitative findings are remarkably uniform, enabling a variant of the nonlinear
time-series models within the stochastic volatility and ARCH class to provide a
good first-order approximation to the underlying volatility dynamics in practically
all cases, see, e.g. Bollerslev et al. (1992) and Ghysels et al. (1996).

Meanwhile, research based on high-frequency, intraday financial asset prices has
documented a striking diversity of the intraday return volatility process across the
various asset categories and market structures. For example, bond markets appear
to have a relatively constant volatility pattern across the trading day, but react
quite dramatically to the release of macroeconomic news, see, e.g. Ederington and
Lee (1993), Fleming and Remolona (1999). In contrast, foreign exchange markets
display pronounced intraday patterns, seemingly driven by the daily activity cycle
of the world’s financial centers, but have a smaller, yet still highly significant,
response to macroeconomic announcements, cf. Dacorogna et al. (1993), Andersen
and Bollerslev (1998a). Finally, the findings of a U-shaped volatility pattern and a
relatively low sensitivity to macroeconomic releases seem ubiquitous across equity
markets, although the studies largely rely on US data, see Wood et al. (1985),
Harris (1986) for early evidence.1 Consequently, the similarity of the low-frequency
return volatility features masks the fundamentally different real-time asset price
dynamics that generate the long-run price variability across markets.

The time-series literature on volatility dynamics, the empirical market microstruc-
ture research on the shape of the intraday activity patterns, and the event studies on
reactions to news releases have largely evolved independently. However, much is to
be gained through an integration of these approaches. A comprehensive under-
standing of the real-time price discovery process is possible only when we capture
the simultaneous impact of the various factors at different return horizons. More-
over, a multitude of real-time applications, including short-term trading models,
option pricing and risk measurement, require joint modeling along these dimen-
sions. Andersen and Bollerslev (1998a) take a first step in that direction by
characterizing the relative explanatory power of intraday patterns, macroeconomic
announcements and long-term volatility factors for intraday and daily return
volatility in the foreign exchange market. In the process, they establish a number of
critical empirical facts in this context. First, tests for significant volatility responses
to specific events are reliable only if one controls appropriately for the persistent
interdaily volatility process and the intraday pattern. Second, the intraday pattern

1 A number of studies have sought to rationalize the U-shaped pattern in intradaily US equity
volatility by the strategic interaction of asymmetrically informed agents, see, e.g. Admati and Pfleiderer
(1988), Foster and Viswanathan (1990), Brock and Kleidon (1992), Slezak (1994), and Spiegel and
Subrahmanyan (1995).
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may only be extracted with precision if one accounts for the scheduled macroeco-
nomic announcements. Third, there is a lot of information in the high-frequency
data regarding the current state of the daily volatility factor, but both the intraday
pattern and the news announcements affect the interpretation. Unfortunately, this
type of comprehensive characterization has only been undertaken for a few foreign
exchange rates, so the generality of the conclusions remain unclear. Among the
primary obstacles are the data requirements — access to high-quality high-fre-
quency asset prices over a relatively long calendar time period along with the
associated macroeconomic news releases is indispensable.

The current paper seeks to fill this void by examining a unique dataset of 5-min
returns for the Nikkei 225 equity index spanning the 4-year period from 1994
through 1997. The Japanese equity market provides a particularly attractive object
of study for several reasons. First, the institutional arrangements of the Tokyo
Stock Exchange (TSE) are distinctly different from the commonly analyzed US
equity exchanges as well as the foreign exchange and fixed-income dealer markets.
The TSE opens at 09:00 h, closes for lunch from 11:00 to 12:30 h, and closes for the
day at 15:00 h. At the opening of the morning and afternoon sessions a batched
trading process — Itayose — is used to clear the orders. Following this opening
procedure, a continuous auction — Zaraba — is employed for the remainder of
the session. The actual trading on the exchange is done by specialized security
houses — Saitori members — who are in charge of matching the orders without
taking positions themselves; see Amihud and Mendelson (1991), Lehmann and
Modest (1994) and Hamao and Hasbrouck (1995) for a detailed description. These
alternative market arrangements lead us to ask whether the typical U-shape for US
equities applies to the Japanese market as well. Among other things, we find that
the Nikkei 225 index volatility is significantly higher at the opening of the morning
and the close of the afternoon sessions than during the mid-morning and mid-after-
noon sessions. These features, combined with an increase in volatility immediately
before and after the lunch break, result in two distinct U-shapes; one in the
morning and one in the afternoon. These findings refine and extend the evidence in
Lehmann and Modest (1994) who explore a courser set of half-hourly transaction
and quotation returns on size-sorted portfolios. Although they do not detect an
afternoon U-shape, the conclusions are consistent since our index returns are
computed at higher frequencies and also, in part, reflect a staggered completion of
the Itayose across individual stocks following the lunch closure. The results are also
in line with the pertinent theoretical market microstructure literature and the notion
that private information and asymmetrically informed agents play an important
role in the price formation process. In sum, our results confirm that the unique
market structure of the TSE does shape the intraday volatility pattern of Japanese
equity-index returns in significant ways.

Second, recent studies suggest that intraday data contain valuable information
for inference regarding the persistence of the interdaily return volatility process.
Specifically, high-frequency data allow for improved volatility estimation at both
daily and monthly horizons and provide a direct gauge on the strength and
reliability of the so-called long-memory features of the volatility process, e.g.
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Andersen and Bollerslev (1997a) and Andersen et al. (1999). The latter observation
is of particular interest because samples collected over a relatively short calendar
time span may help resolve the controversy regarding whether the long-memory
features reflect a genuine strongly persistent volatility process rather than infrequent
structural breaks in the level of volatility, as suggested by Lamoureux and Las-
trapes (1990) among others. So far, comprehensive studies of the joint interaction
between the various high-frequency volatility components have been limited to
foreign exchange data, except for a preliminary exploration of S&P500 futures
equity-index returns in Andersen and Bollerslev (1997b). Hence, the Japanese
equity-index returns offer an opportunity to assess the generality of these intriguing
findings. Our results provide a strong confirmation of the earlier evidence. Upon
controlling for the daily periodicity in the absolute 5-min return autocorrelogram
induced by the pronounced intraday activity pattern, the evidence of important
long-memory volatility dependencies for returns over even long interdaily horizons
is compelling. The presence of long-memory, or fractionally integrated, volatility in
the Nikkei 225 returns corroborates recent results for other markets and longer
time series of daily returns in Ding et al. (1993), Bollerslev and Mikkelsen (1996),
Andersen and Bollerslev (1997a) and among others.

Lastly, we investigate the impact of Japanese macroeconomic announcements on
the overall volatility of the market. Earlier studies of public news announcements
related to the US equity market, including Cutler et al. (1989), Berry and Howe
(1994), and Mitchell and Mulherin (1994), find the proportion of return variability
explained by public information to be very low. These studies may, however, suffer
from a lack of power as they rely on daily returns. This is not readily remedied as
the most important US macroeconomic announcements are released early in the
morning prior to the opening of the US stock exchanges. Such problems are
circumvented with the Nikkei 225 data, since the majority of the announcements
occur while the TSE is actually operating.2 By simultaneously accounting for the
intraday pattern and the interday volatility persistence, we provide new supporting
evidence for the limited importance of public news releases for the overall equity
return volatility process. Even so, some of the individual announcements do have a
significant short-term impact on the volatility. Moreover, the inference regarding
these effects is shown to be sensitive to the control for the other components of the
volatility process.

The remainder of the paper is organized as follows. Section 2 provides a
description of the high-frequency Nikkei 225 returns. The intraday return volatility
pattern and corresponding return volatility decomposition and Flexible Fourier
Form (FFF) estimation are discussed in Section 3. Section 4 presents estimates for
the degree of long-memory volatility dynamics implicit in the high-frequency
returns. The impact of the macroeconomic announcements is detailed in Section 5,
while the overall importance of the distinct volatility components for explaining the

2 This also permits a more direct comparison to the existing studies based on high-frequency data for
the foreign exchange market, which generally report significant announcement effects; e.g. Ito and Roley
(1987), Ederington and Lee (1993), Payne (1996), and Andersen and Bollerslev (1998a).
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intraday and interdaily variation in the Japanese stock market volatility is assessed
in Section 6. Section 7 concludes.

2. Data description and notation

The intraday Nikkei 225 index data were provided by Nihon Keizei Shimbun
Incorporated and covers the 4-year period from January 2, 1994 to December 31,
1997.3 Each data record specifies the time, to the nearest minute, and the cash index
level. We partitioned the series into 5-min intervals and computed continuously
compounded returns based on the last quotation within each interval.4 The daily
interval covers the period from 09:00 through 15:00 h local time, corresponding to
the trading hours of the Nikkei 225 futures contract on the Osaka Stock Exchange.
The initial return of the trading day, 09:00–09:05 h, largely reflects the adjustment
to information accumulated overnight, and consequently displays a much higher
average return variability than any other 5-min interval.5 In order not to confound
our statistical inference, we deleted this ‘unusual’ return interval. This leaves us
with a sample of 984 trading days, each consisting of 53 intraday 5-min returns, for
a total of 52 152 observations; i.e. rt where t=1, 2,…, 52 152.6

The sample mean of this 5-min return series equals r̄=0.00075%, corresponding
to an annual rate of return of about 10%. However, given the sample standard
deviation of 0.128, the high-frequency mean return is effectively zero from a
statistical perspective. On the other hand, the first order autocorrelation of the
5-min returns equals r1=0.144. This highly significant autocorrelation may be
explained by a non-synchronous trading effect in the construction of the index
returns; see, e.g. Chan et al. (1991) and Lo and MacKinlay (1990). This particular
feature of the returns is outside the scope of the present analysis, so we adjusted the
5-min returns to eliminate the mean and first order serial-correlation effect, thus
producing the residual series Rt
 (rt− r̄)−r1(rt−1− r̄), where t=1, 2,…, 52 152.
This series still displays weak serial dependence at lower lags, but the effect is
economically negligible, cf. Section 3 below. In the sequel we refer to this adjusted

3 The Nikkei 225 is a price-weighted index consisting of 225 firms in the first section of the TSE
selected subject to certain industry-balance considerations. It represents about 50% of the total market
capitalization of the TSE.

4 Trading suspensions and/or missing data are rare, and amount to less than two percent of the
observations. In these cases, the missing quotes are determined by linear interpolation, leading to
identical returns over the intermediate intervals.

5 Lee and Mathur (1999) also document unusually high volatility in the first 5-min return of the day
in their analysis of MMI, S&P500, and NYSE US equity index futures.

6 We also examined the corresponding Nikkei 225 futures returns. Since many of these 5-min returns
are zero, this creates an ‘inlier’ problem in the flexible Fourier form regressions discussed in Section 3
below. However, the main empirical findings remain intact. Details of these results are available upon
request.
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return series as the ‘raw’ 5-min returns.7 For notational simplicity, we also denote
these returns by Rt,n where the subscripts refer to the nth 5-min return interval on
day t, so that n=1, 2,…, 53, and t=1, 2,…, 984, respectively.

3. Intraday return periodicity and flexible Fourier form filtering

This section characterizes the intraday pattern in the Nikkei 225 5-min returns.
Fig. 1 depicts the raw and absolute returns averaged across the 984 trading days.
The raw returns in panel A appear to be systematically lower at the opening and
closing of the morning session, and increase towards the end of the trading day. A
similar tendency for low returns at the open and high returns at the close have been
documented for US equity-index returns by Harris (1986). However, the orders of
magnitude are extremely small and statistically insignificant.

In contrast, the average absolute returns in Fig. 1B display a strikingly regular
pattern. Starting out at about 0.11% in the morning, they drop to almost half
during the afternoon session, only to rise to around 0.14% towards the end.
Interestingly, there is a pronounced bulge in this otherwise U-shaped curve associ-
ated with the lunch break from 11:00 to 12:30 h, along with an increase in volatility
just before and after lunch. In effect, this produces the outlines of a doubly
U-shaped pattern across the trading day. This basic pattern is remarkably stable
across subsamples and days-of-the-week.8 A couple of additional features are
noteworthy. First, the limited increase in volatility following the lunch break
reflects the fact that volatility per unit time is much lower during the lunch period
than over the rest of the day.9 Second, the increase in Nikkei 225 volatility towards
the end of the day is more pronounced than observed in US equity markets. This
may reflect the fact that market-on-close orders on the TSE may fail to execute
given the restrictions on price fluctuations — agents eager to execute transactions
within the day therefore have an added incentive to submit their orders during the
continuous auction prior to the market closure.10

Turning to the time-series dependencies, Fig. 2 plots the autocorrelograms for the
raw and absolute returns out to a lag of 530 5-min intervals, or 10 trading days.

7 The sample skewness and kurtosis of this 5-min return series equal 0.108 and 10.3, respectively, both
of which indicate significant departures from normality.

8 The corresponding plots for different subsamples and days-of-the-week are available upon request.
9 In a related context, Ito and Lin (1992) find that the hourly return volatility for the lunch break

vis-a-vis regular trading hours on the TSE is much smaller than the comparable variance-ratio statistics
for the New York Stock Exchange (NYSE). These findings are in line with earlier evidence in French
and Roll (1986) related to the suspension of Wednesday trading on the NYSE in 1968, and the analysis
of Saturday trading on the TSE in Barclay et al. (1990).

10 In support of this conjecture, Muranaga (1998) reports that the settled market-on-close orders
comprise less than 2% of the daily volume on the TSE — a figure consistent with earlier evidence in
Lehmann and Modest (1994).
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Fig. 1. Panel A graphs the average intradaily 5-min returns for the Nikkei 225 index. Panel B graphs the
corresponding average absolute 5-min returns. The sample period extends from January 2, 1994 through
December 31, 1997, for a total of 52 152 observations.
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For the raw returns all of the autocorrelations in Fig. 2A are small and the overall
pattern is consistent with the realization of a white noise process. In contrast, the
10-day autocorrelogram for the absolute returns in Fig. 2B displays a pronounced
repetitive pattern. The strong intraday periodicity in the average absolute returns
induces a distorted U-shape in the sample autocorrelations, each occupying exactly
1 day. These results are in line with the earlier evidence in Andersen and Bollerslev
(1997a,b, 1998a) pertaining to US equity and foreign exchange markets. Because of
this strong periodicity, standard ARCH and stochastic volatility models, which
generally imply a monotone geometric decay in the autocorrelogram of the absolute
returns, are not directly applicable.

In order to address this issue, we rely on the general framework developed by
Andersen and Bollerslev (1997b, 1998a) for analyzing high-frequency return series.
The basic idea involves the following decomposition,

Rt,n=N−1/2·st ·sn ·Zt,n (1)

where N denotes the number of high-frequency returns per day, st is intended to
capture the overall volatility level on day t, sn refers to the periodic intraday
volatility component, and Zt,n is an i.i.d. mean zero, unit variance error term.

A number of alternative parametric formulations could be used to approximate
sn and the smooth intradaily periodic pattern evident in Fig. 2B. However, the
flexible Fourier form (FFF), originally proposed by Gallant (1981, 1982), is
particularly convenient. Specifically, on defining,

xt,n
 log(Rt,n
2 )+ log(N)− log(ŝ t

2) (2)

where ŝ t
2 denotes an a priori estimate of the daily volatility factor, the logarithmic

periodic component, log(sn
2), may be estimated from the linear FFF-regression,

xt,n=%q=0
Q d0,q ·nq+%p=1

P [dc,p ·cos(2ppn/N)+ds,p ·sin(2ppn/N)] (3)

where the tuning parameters, Q and P, determine the order of the Fourier
expansion. By assumption this estimate for the periodic component is constant
across days. In a more general setup sn in Eq. (1) and the corresponding FFF-re-
gression in Eq. (3) could easily be allowed to depend upon day t information also.
In particular, it is straightforward to incorporate the effects of readily identifiably
exogenous events through the inclusion of simple dummy variables, say lk ·Ik(t,n),
for event k during time interval n on day t. Our analysis of day-of-the-week and
macroeconomic announcement effects involves such a generalization. However, for
notational convenience we continue to refer to the periodic component, sn, by the
single subscript, n.

The actual implementation of the regression in Eq. (3) requires a first-stage
estimate of the daily volatility factor, ŝt, entering the definition of xt,n in Eq. (2).11

11 Still, the regression estimates for d based on Eq. (3) remain consistent, albeit inefficient, under quite
general conditions, including misspecification of the daily volatility model; see Andersen and Bollerslev
(1998a) for further discussion.
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Fig. 2. Panel A gives the autocorrelogram for the 5-min Nikkei 225 returns out to a lag length of 530,
or 10 trading days. Panel B graphs the corresponding autocorrelogram for the absolute 5-min returns.
The sample period extends from January 2, 1994 through December 31, 1997, for a total of 52 152
observations.
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Numerous ARCH and stochastic volatility models have been proposed for captur-
ing the day-to-day variation in financial market volatility. Motivated by the results
in the next section, our estimate for st will be based on the Fractionally Integrated
Exponential GARCH, or FIEGARCH, model in Bollerslev and Mikkelsen (1996).
This model explicitly incorporates asymmetries, long-memory features, and the
effects of market closures within a coherent modeling framework.12

The choice of the tuning parameters in the second-stage regression is also an
empirical issue. In the present context, expanding the Fourier terms in Eq. (3)
beyond Q=2 and P=6 produces insignificant estimates for any additional d0,q,
dc,p, and ds,p coefficients. Since the approach provides a non-parametric fit to the
overall intraday pattern, individual point estimates are generally void of direct
economic interpretation.13 Nonetheless, Fig. 3 indicates that the FFF-regression
and the associated choice of tuning parameters provides a good approximation to
the average intraday pattern.14 Given the robustness of the FFF-approach detailed
in Andersen and Bollerslev (1998a), this underscores the reliability of the features of
the intraday volatility pattern discussed above.

Fig. 3. The figure graphs the intradaily average absolute 5-min Nikkei 225 returns (solid line) along with
the average time series estimate from the FFF-regression in Eq. (3) (dashed line). The sample period
extends from January 2, 1994 through December 31, 1997, for a total of 52 152 observations.

12 The actual estimation results for the specific MA(1)-FIEGARCH(1,d,1) model applied to the long
time series of daily Nikkei 225 returns from September 5, 1988 through December 30, 1997, are available
upon request.

13 Details of these parameter estimates are available upon request.
14 Let x̂t,n denote the estimate for the right-hand-side of Eq. (3). The normalized estimate for sn

depicted in Figure 3 is then based on the standardization 982·53·exp(x̂t,n/2)/[St=1,…,982

Sn=1,…,53exp(x̂t,n/2)].
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Fig. 4. The figure graphs the autocorrelogram for the absolute 5-min Nikkei 225 returns (solid line),
along with autocorrelogram for the FFF-filtered absolute returns (dashed line), out to a lag length 2120,
or 40 trading days. The sample period extends from January 2, 1994 through December 31, 1997, for a
total of 52 152 observations.

In spite of the seemingly satisfactory fit from the regression approach above, the
usefulness of the FFF-procedure as a method for filtering out the intraday market
microstructure effects ultimately depends upon the ability of the approach to also
account for the repetitive pattern of the autocorrelations in Fig. 2B. To gauge the
performance along this dimension, Fig. 4 plots the 40-day autocorrelogram for the
5-min raw and filtered absolute 5-min returns,�Rt,n � and �Rt,n/ŝn �, respectively.
Clearly, the periodic dependencies have been significantly reduced, albeit not
entirely eliminated, for the filtered compared to the raw absolute returns. Another
striking feature of the filtered correlogram, which is hard to identify from direct
analysis of the raw returns, is the rapid initial decay in the autocorrelations
followed by an extremely slow rate of decay thereafter. This pattern is at odds with
the exponential decay implied by most ARCH and stochastic volatility models.
However, the identical hyperbolic shape of the autocorrelogram for long time series
of daily absolute returns has recently been documented for a range of different
assets by Ding et al. (1993), Ding and Granger (1996), Breidt et al. (1998) among
others. In particular, on calculating the correlogram for the daily Nikkei 225
absolute return from 1970 to 1992, Ding and Granger (1996) report that the
autocorrelations remain as high as 0.077 out to a lag of 200 days. Of course, this
long-range dependence is consistent with our FIEGARCH model for the daily
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volatility factor, st. We now turn to a more formal characterization of the
long-memory dependencies implicit in the 5-min absolute returns.

4. Long-memory volatility dynamics and high-frequency returns

The strong intraday periodicity complicates the application of traditional correla-
tion-based measures for characterizing the dynamic dependencies in the high-fre-
quency return volatility. The semi-parametric FFF-regression provides a relatively
simple procedure for filtering out the intradaily volatility patterns. Doing so, the
autocorrelations in Fig. 4 suggest that the long-run dependencies in the 5-min
Nikkei 225 absolute returns are extremely persistent. At the same time, formal
statistical inference regarding the degree of fractional integration implied by the
correlogram in Fig. 4 is complicated by a generated regressors problem. Frequency-
domain procedures offer an alternative non-parametric approach for eliminating
the distorting intradaily volatility dependencies. The application of such spectral-
based methods in the analysis of high-frequency returns have recently been advo-
cated by Andersen and Bollerslev (1997a). Furthermore, Bollerslev and Wright
(2000) demonstrate that, in contrast to estimates for long-run dependencies in the
mean where the time-span of the data is of the utmost importance in determining
the accuracy of the estimates, high-frequency data allow for more accurate volatil-
ity measurements which in turn can lead to important efficiency gains when
characterizing the interdaily dynamic dependencies.

A number of alternative frequency-domain methods have been proposed for
estimating the degree of fractional integration, or d. We use the log-periodogram
regression estimator proposed by Geweke and Porter-Hudak (1983) and later
formalized by Robinson (1994a,b, 1995) and Hurvich et al. (1998). The estimator
exploits that, if �Rt,n � is long-memory, the spectrum for the process should be linear
for frequencies ‘close’ to zero. The plot of the estimated logarithmic spectrum for
the absolute 5-min Nikkei 225 returns in Fig. 5 is obviously close to being linear in
the logarithm of the longer-run interdaily frequencies, or vj]2p ·53/52,152:
0.00639. To formalize the corresponding estimator for d, let I(vj) denote the sample
periodogram at the jth Fourier frequency. The estimate is then obtained from the
least squares regression,

log[I(vj)]=b0+b1·log(vj)+uj (4)

where j=1, 2,…, m, d. 
−1
2·b. 1, and the asymptotic standard error for d. depends

only on m, as in m1/2(d. −d)�N(0, p2/24). Letting m= (52 152)1/2:228, the
estimate for the 5-min absolute returns is d. =0.429, which is significantly different
from both zero and one given the standard error of 0.042.

It is well known that the class of fractionally integrated time series models is
self-similar, implying that the degree of fractional integration should be identical
across different sampling frequencies; see, e.g. Beran (1994). Of course, the absolute
value of the temporally aggregated 5-min returns does not equal the temporally
aggregated absolute 5-min returns. Nonetheless, as shown by Andersen and Boller-
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slev (1997a) and Bollerslev and Wright (2000), the degree of fractional integration
should remain the same across the temporally aggregated absolute returns under
quite general distributional assumptions. In order to test this strong implication of
the long-memory feature, we therefore also estimated the degree of fractional
integration for the 10-, 15-and 30-min absolute Nikkei 225 returns. The results are
striking. The estimates based on the three longer intraday sampling frequencies,
with asymptotic standard errors in parentheses, are statistically indistinguishable at
0.404 (0.051), 0.482 (0.056), and 0.485 (0.068), respectively.15 Although these
estimates are not independent, the commonality across the intraday sampling
frequencies and the longer daily sample suggest that the long-memory feature is an
inherent property of the Nikkei 225 volatility. Further evidence is provided by the
time-domain correlogram for the fractionally differenced absolute 5-min-returns,
(1−L)0.429�Rt,n �, in Fig. 6.16 In contrast to the overall slow hyperbolic rate of decay
in the correlograms for the raw and filtered absolute returns in Fig. 4, the
autocorrelations for the fractionally differenced absolute returns are concentrated

Fig. 5. The figure graphs the spectrum for the absolute 5-min Nikkei 225 returns. The estimate is based
on the smoothed sample periodogram and a triangular kernel with a bandwidth of ten. The sample
period for the returns extends from January 2, 1994 through December 31, 1997, for a total of 52 152
observations.

15 Even more strikingly, the log-periodogram estimate based on the longer time series of 2308 daily
Nikkei 225 absolute returns covering September 5, 1988 to December 30, 1997, equals 0.476 (0.093).

16 The binomial expansion for (1−L)0.429 is truncated at a lag length of 265, corresponding to 1
week. Also, the first order autocorrelation for (1−L)0.429�Rt,n� equals −0.218, and is omitted from
Fig. 6.
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Fig. 6. The figure graphs the autocorrelogram for the fractionally differenced absolute 5-min Nikkei 225
returns, (1−L)0.429�Rt,n �, out to a lag length 530, or 10 trading days. The sample period for the returns
extends from January 2, 1994 through December 31, 1997, for a total of 52 152 observations.

around zero. The fractional differencing operator evidently eliminates the long-run
interdaily dependencies.

It is noteworthy that the point estimates for Japanese high-frequency equity
returns reported above are fully consistent with those for the US Dollar–Deutsche-
mark exchange rate in Andersen and Bollerslev (1997a). The documentation of
fractionally integrated volatility processes across daily financial return series for
numerous distinct assets traded in a variety of different market structures, and the
apparent stability of the degree of integration over intraday frequencies and
subsamples suggest that this is a universal characteristic of speculative returns. It
remains an open issue to identify the specific economic forces that may generate
such long-run persistence patterns. At an abstract level, one possibility is that it
may arise from the interaction of a large number of heterogeneous information
arrival processes.17

5. Macroeconomic news announcement effects

Although it is evident from both theory, e.g. Ross (1989), and stylized facts that
the intensity of information flow impacts the level of market volatility, it is
generally difficult, if not impossible, to explicitly identify the information arrival

17 Building on the mixture-of-distributions hypothesis advocated by Clark (1973), Epps and Epps
(1976) and Tauchen and Pitts (1983), Andersen and Bollerslev (1997a) propose one such statistically
oriented model with long-memory volatility.
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processes underlying the systematic intraday patterns and dynamic dependencies
documented above. However, scheduled macroeconomic news announcements
provide a possible exception. There is already a sizeable literature on the effects of
public information releases for US financial markets. For instance, Ederington and
Lee (1993) find that regularly scheduled US macroeconomic announcements lead to
significant time-of-day and day-of-week patterns in the volatility of US Treasury
and foreign exchange futures. Similarly, Goodhart et al. (1993), DeGennaro and
Shrieves (1997), and Payne (1996) report significant news effects in high-frequency
foreign exchange spot rates. Also, Ito and Roley (1987) find that US money supply
figures help to explain the movements in the Japanese Yen–US Dollar exchange
rate. In contrast, Cutler et al. (1989) find little association between the largest daily
price changes in the US stock market and readily identifiable economic news.
Likewise, Mitchell and Mulherin (1994) show that the number of Dow Jones
announcements is only weakly related to US stock market volume and volatility,
while Berry and Howe (1994) report no significant relationship between US equity
volatility and the total number of news releases by the Reuters News Service.

Most of these studies treat the three distinct volatility components — the
intraday volatility pattern, the persistent interday volatility factor, and the an-
nouncement effects — in isolation. This is problematic, as the pronounced intraday
periodicity may obscure the relationship between volatility and information re-
leases. In order to avoid such potential pitfalls, we continue to rely on the
decomposition and FFF modeling approach outlined in Section 3. In addition to
the intraday patterns and the daily FIEGARCH factor, we also include a set of
dummy variables to control for day-of-week effects and a systematic impact of the
bi-weekly Japanese cabinet meetings.18

Our analysis of the announcement effects for the Nikkei 225 index is based on
the last 2 years of our 4-year sample only; i.e. January 2, 1996 through December
31, 1997, for a total of 26 076 5-min return observations.19 We analyze 19 recurring
announcements.20 These include figures on household spending, consumer senti-
ment, housing, industrial production and orders, vehicle production and sales, retail
sales, unemployment, inflation and bankruptcies. In contrast to most US macroeco-

18 The Japanese cabinet meets at 09:00 every Tuesday and Friday. Afterwards the Finance Minister
holds a press conference. Our cabinet meeting dummies are set to unity between 09:45 and 10:45 on
those days.

19 Bloomberg Information Services have provided information on Japanese macroeconomic announce-
ments since January 1996, but otherwise this information is not readily available. The Nikkei Telecom/
Japan News & Retrieval Services provide the release times for the full 4-year sample from 1994 through
1997, but cover only a small fraction of the relevant news announcements.

20 Several other announcements, including the current account, merchandise trade, GDP, and money
supply figures, the whole-sale and corporate service price indices, and the Tankan (business survey)
report, were always announced outside of the TSE trading hours. In addition, the timing of a number
of announcements coincide. For instance, the unemployment rate and the job-to-applicant ratio are
announced together, as are the housing starts and construction orders, as well as the nationwide
consumer price index and the separate index for the Tokyo area.
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nomic announcements, the Japanese news are usually not released on a punctual
schedule, but varies both in terms of frequency and time-of-day. The actual number
of releases for each category over the sample period is given in Table 1.

Given the limited number of occurrences of each type of news and the inherent
noise in the return process, it is not feasible to accurately estimate separate
coefficients for each 5-min interval following each news release. Instead, we impose

Table 1
Macroeconomic announcement effectsa

Instantaneous Daily volatilityAnnouncement FFF-coefficient
volatility (%)(c observations) (%)(Robust t-stat.)

0.70.39 (1.59)All News (192) 10
Household Spending (23) 6.2822.37 (3.68)

44 2.01.45 (1.86)Vehicle exports (24)
1.45 (1.78) 44 2.0Vehicle production (23)
1.72 (1.65) 55 2.9Crude oil imports (13)
1.16 (1.63)Housing starts/Construction orders 2.840

(24)
1.33 (1.41) 44 3.2Vehicle sales (23)
2.77 (1.36) 102Consumer sentiment index (6) 7.5
1.01 (1.13) 29Industrial production (21) 1.6

0.818Tokyo new condominium sales (19) 0.64 (0.76)
0.7Machinery Orders (22) 90.33 (0.48)

CPI-Tokyo and nationwide (17) 3 0.20.13 (0.10)
0.20.10 (0.09)Unemployment (16) 3

−1−0.05 (−0.03) −0.1Large scale retail sales (9)
−0.23 (−0.24) −6 −0.6Tokyo department store sales (21)

−8 −0.5−0.33 (−0.40)International securities investment
(19)

−0.9−0.44 (−0.59)Steel production (24) −11
−2.1−14Diffusion index (24) −0.58 (−0.75)

Nationwide department store sales −1.29 (−1.16) −28 −3.1
(20)

−1.87 (−2.22) −38Bankruptcies (19) −2.5

a The table reports the estimated news announcement effects for the Nikkei 225 index return volatility
based on the FFF regression in Eq. (3). The 5-min Nikkei 225 returns, Rt,n, covers the period from
January 2, 1996 to December 31, 1997, for a total of 26 076 observations. The estimate for the daily
volatility factor, st, is based on a MA(1)-FIEGARCH(1,1) model and daily Nikkei 225 returns from
September 5, 1988 through December 31, 1997. All of the FFF-regressions include day-of-the-week
dummies, along with 09:45–10:45 h dummies for the Tuesday and Friday Japanese cabinet meetings. The
response pattern following each of the announcements is approximated by a third-order polynomial
restricted to reach zero at the end of the 1-h response horizon, or the 13th 5-min interval. The reported
FFF-coefficients, lk, measure the extent to which the FFF-regressions load into this pattern. The
instantaneous jump in the volatility gives the increase in the 5-min absolute return for the actual
announcement interval, or exp(lk ·g(0)/2)−1. The daily volatility measure gives the estimated impact on
the cumulative absolute returns over the 1-h announcement horizon, M(k)
Si=0,…,12[exp(lk ·g(i )/2)−
1], relative to the sample median daily cumulative absolute 5-min returns of 4.00%.
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Fig. 7. The figure gives the estimated average response pattern for the Japanese macroeconomic news
announcements. The estimates are based on the FFF-regression in Eq. (3) and the ten announcements
listed in Table 2, along with a third-order polynomial restricted to reach zero at the 1-h horizon. The
sample period extends from January 2, 1996 to December 31, 1997, for a total of 26 076 observations.

a reasonable decay structure based on the average volatility response pattern across
all of the announcements and estimate the degree to which the specific announce-
ment of type k ‘loads onto’ this pattern via a loading coefficient, lk. After some
experimentation, the response horizon of this pattern was fixed at 1 h. Also, as in
Andersen and Bollerslev (1998a), the shape of the average response pattern is well
approximated by a third degree polynomial; say lk ·g(i ), where g(i ) dictates the
response at lag i=0, 1, 2,…, 12. This estimated response pattern is depicted in Fig.
7.21 According to Eq. (3), the instantaneous impact on the absolute 5-min returns
is therefore exp(lk ·g(0)/2)−1, while the response at the ith 5-min lag is exp(lk ·g(i )/
2)−1. We define the corresponding cumulative response measure by M(k)
Si=

0,…,12[exp(lk ·g(i )/2)−1]. This measure reflects the impact over the entire 1-h
response horizon expressed as a multiple of the typical volatility for the associated
5-min intervals.

Turning to the empirical results, the parameter estimate for the lk coefficient for
all announcements combined equals 0.39 with a t-statistic of 1.59. Not only is the
effect statistically insignificant, but the point estimate implies an instantaneous
increase in the absolute 5-min return of only exp(lk ·g(0)/2)−1=exp(0.39·0.507/
2)−1=0.104%. The associated cumulative response measure M(k), judged relative
to the median cumulative absolute 5-min returns, indicates an elevation of the

21 The actual estimates for the third-order polynomial, when including calendar effects in the
FFF-regression, is given by g(i )=0.508·[1− (i/13)3]−0.200·[1− (i/13)2]·i+0.027·[1− (i/13)]·i2, i=0, 1,
2,..., 12.
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average volatility for trading days that contain a single macroeconomic announce-
ment of only 0.7% relative to days without any news releases. Moreover, these
estimates are virtually unaffected by excluding the dummies for the regular
Japanese cabinet meetings, or by assuming the daily volatility factor, st, to be
constant.

Of course, the insignificant average announcement effects may mask the influence
of important individual announcements. Table 1 reports estimates of separate lk

coefficients for each type of announcement. Only the monthly report on household
spending stands out as significant. The instantaneous jump in volatility equals
exp(2.37·0.507/2)−1=1.82−1, or 82%. The figures for household spending are
typically announced around 14:00 h, and the average 5-min absolute return between
14:00 and 15:00 h equals 0.097%. The corresponding cumulative response estimate
of M(k)=2.536 thus implies an increase of about 2.536·0.097%=0.246%, tanta-
mount to an overall increase of just 0.246%/(53·0.075%), or 6.2%, for trading days
on which the household spending figures are announced. Of the remaining 18 news
releases, eleven result in an average increase in the volatility, although none of the
estimates are statistically significant. Interestingly, the report on bankruptcies is
followed by a significant ‘decrease’ in the volatility in the 1 h following the
announcement.22

It is difficult to draw any general conclusion from these results. First, there are
some important announcements that invariably are released outside of the TSE
trading hours. This may reflect the expectation that these particular releases are
likely to have a disruptive impact on the market, and hence purposely are released
outside of the trading hours. Second, there are only a few announcements of each
kind, so the statistical power is relatively low. Nonetheless, a tentative conclusion is
that the releases with relatively large estimated coefficients speak to the state of
consumer or business confidence through either sentiment indices, household
purchases, production numbers or housing starts. In contrast, the releases on price
development or unemployment are inconsequential. This may well reflect the
perception that the weakness in the Japanese economy over this period was related
to the lack of consumer spending, business confidence and activity in the housing
markets. Conversely, the drop in volatility following the bankruptcy report may
suggest that this figure is quite readily interpreted by the market participants, and
consequently entail a resolution of uncertainty (although emphasizing one signifi-
cant negative coefficient among 19 also may entail a degree of data snooping). Note
also that the size of the lk coefficients does not uniquely rank the announcements
in terms of their impact on the cumulative daily volatility, because the news are
released at a different time-of-day. For example, the vehicle sales have a lower

22 It is also noteworthy, that excluding the intradaily d-coefficients from the FFF-regression, the
estimates for lk, with t-statistics in parentheses, for the reports on housing starts and Tokyo department
store sales are 1.83 (2.55) and 2.21 (2.23), respectively, both of which are now significant. Furthermore,
the estimate for nationwide department store sales changes sign to 1.24 (1.13). These results illustrate the
importance of accounting for the strong intradaily periodicities when assessing the quantitative and
qualitative impact of the announcement effects.
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coefficient than vehicle production, but a larger impact on overall volatility because
the (percentage) impact of the former is initiated at 14:00 h when the market is
more volatile compared to the typical 13:00 h release time for the latter figures.

These relatively weak macroeconomic announcement effects stand in sharp
contrast to the results for the Deutschemark–US Dollar foreign exchange rate in
Andersen and Bollerslev (1998a), who report that the US employment report, the
‘king-of-kings’ among announcements, induces an average instantaneous jump in
exchange rate volatility of almost 600%, along with an increase in the cumulative
absolute return for days containing a scheduled employment report of about 15%.23

Meanwhile, our findings are fully consistent with the prior evidence of a weak
linkage between public information and US stock market volatility documented by
Cutler et al. (1989), Berry and Howe (1994) and Mitchell and Mulherin (1994), and
among others.

6. Relative importance of the different volatility components

The intraday volatility pattern, the interday volatility factor, and the macroeco-
nomic announcements all contribute to the volatility in the market. However, the
relative importance of the different components is not obvious. This section
provides a direct assessment of the joint and marginal predictive power of the
components for forecasting the variation in the Nikkei 225 volatility.

The basic idea again builds on the decomposition in Eq. (1). In particular, given
the model estimates of the three components discussed in the previous sections, a
1-day-ahead forecast for the absolute 5-min return is readily constructed from,

6t,n=N−1/2·[ŝt ·Is+ s̄(1−Is)]·exp{[ fc(t,n)·Ic+ fa(t,n)·Ia+ fw(t,n)]/2} (5)

where ŝt refers to the 1-day-ahead volatility forecasts from the FIEGARCH model,
and fc(t,n), fa(t,n) and fw(t,n) denote the estimated calendar, announcement, and
day-of-week effects, respectively. The indicator variables Is, Ic, and Ia, signify
whether the corresponding feature is accounted for in the particular forecast. For
example, (Is, Ic, Ia)= (0, 1, 1) corresponds to a model where the daily volatility is
assumed to be constant, but the calendar and announcement effects are both
included. For simplicity, the day-of-week effects, fw(t,n), are incorporated in all of
the forecasts.

Our assessment of the relative importance of the volatility components is based
on a direct in-sample comparison of the deviation between the realized and
forecasted absolute returns. Of course, the relative importance of the different
components depends on the forecast horizon. For ‘instantaneous volatility’ our

23 Andersen and Bollerslev (1998a) also find that the day-of-the-week effects in the foreign exchange
market become insignificant when the systematic influences of the US and German macroeconomic
announcements are accounted for. Of the 192 Japanese announcements included in our sample, Monday
through Friday account for 30, 52, 12, 31 and 67, respectively. However, this clustering does not explain
the significant day-of-the-week effects in the FFF-regression for the Nikkei 225 volatility.
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measure of forecast performance is simply given by the coefficient of multiple
correlation, or R2, from the regression of the realized 5-min absolute returns on
the 1-day-ahead forecast, 6t,n, from Eq. (5). Similarly, the forecast performance
for ‘daily volatility’ is measured by the R2 from the regression of the daily sum
of the realized absolute 5-min returns on the corresponding cumulated 5-min
absolute return forecasts; i.e. Sn=1,…,53 6t,n. Although these criteria do not corre-
spond directly to the loss functions that are relevant in most practical applica-
tions involving the pricing of options or the implementation of dynamic
portfolio and hedging strategies, the R2s allow for a simple statistical model-free
comparison.24

Table 2 summarizes the results for the eight possible model configurations as
indicated by the triplet (Is, Ic, Ia). The first data column provides the explained
variation for the 5-min absolute return forecasts. The explained variation for the
full model incorporating all the components is 8.6%. The daily volatility factor
and the calendar effects are the main features, explaining about 6.0 and 3.5% in

Table 2
Explained variation for different volatility componentsa

Daily volatilityInstantaneous volatilityModel (Is, Ic, Ia)

Full model (1, 1, 1) 0.4500.086
0.4490.086No announcements (1, 1, 0)

No calendar effects (1, 0, 1) 0.4480.059
0.035No daily volatility (0, 1, 1) 0.009

0.0090.001Announcements only (0, 0, 1)
0.035Calendar effects only (0, 1, 0) 0.010
0.060 0.450Daily volatility only (1, 0, 0)
0.001Day-of-the-week effects only (0, 0, 0) 0.010

a The table reports the explained variation for forecasting the Nikkei 225 index volatility. The 5-min
Nikkei 225 returns, Rt,n, covers the period from January 2, 1996 to December 31, 1997, for a total of
26 076 observations. The daily volatility factor, st, is based on a MA(1)-FIEGARCH(1,1) model and
daily Nikkei 225 returns from September 5, 1988 through December 31, 1997. The 1-day-ahead forecast
for the 5-min absolute returns are obtained as: 6t,n=N−1/2·[st·Is+s̄(1−Is)]·exp{[ fc(t,n)·Ic+fa(t,n)·Ia+
fw(t,n)]/2}; where fc(t,n) and fa(t,n) refer to the estimated calendar and announcement effects, respec-
tively. The day-of-the-week effects, fw(t,n), is included in all of the forecasts. The indicator variables Is,
Ic, and Ia, signify whether the corresponding feature is accounted for in the particular model forecast.
The forecasting performance for the instantaneous volatility is assessed by the coefficient of multiple
correlation, or R2, from the regression of the realized 5-min absolute Nikkei 225 returns on 6t,n. The
forecasting performance for the daily volatility is measured by the R2 from the regression of the daily
sums of the realized absolute 5-min returns on the corresponding cumulated 5-min absolute return
forecasts, Sn=1,…,53 6t,n.

24 Note that, since the 1-day-ahead absolute return forecasts entail a nonlinear transformation of the
daily volatility factor and the pertinent FFF components, it is possible that the explanatory power may
actually increase (slightly) by deleting particular components.
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isolation, respectively. The negligible impact of the macroeconomic announce-
ments, accounting for only 0.1% of the variation in intraday volatility, is consis-
tent with the results in the previous section.

Turning to the results for the daily cumulative absolute returns, the full model
explains an impressive 45.0% of the variance of the daily Nikkei 225 volatility.
The figure is virtually unchanged when either the announcement and/or calendar
effects are excluded.25 In contrast, the R2 drops to a low 0.9% when the daily
FIEGARCH volatility factor is omitted. The marginal impact of the news an-
nouncements is, of course, not surprising. More importantly, the results in Table
2 suggests that calendar effects associated with the intraday pattern and the
day-of-the-week dummies are effectively annihilated when forecasting over
longer-run interdaily horizons.

7. Concluding remarks

This paper provides a detailed characterization of the volatility in the Japanese
stock market based on a long sample of high-frequency 5-min Nikkei 225 index
returns. Our major findings are as follows. The intraday volatility is dominated
by two separate U-shaped patterns; one for the morning and one in the after-
noon. This heightened volatility around the open and close of the two separate
trading sessions on the TSE is broadly consistent with the predictions from
theoretical market microstructure models based on the strategic interaction of
asymmetrically informed agents. Meanwhile, there is scant evidence for any sys-
tematic increase in the volatility in connection with the release of regular
Japanese macroeconomic news reports. This conclusion, however, is critically
dependent upon appropriately adjusting for the double U-shaped pattern in the
intradaily volatility. Our results further show that the high-frequency data con-
tain very useful information about the salient long-lived interdaily volatility de-
pendencies. This long-memory component in turn explains almost 50% of the
day-to-day variation in the Nikkei 225 volatility.

The decomposition and estimation procedures employed in the present analysis
can readily be applied to other high-frequency return series. It would also be
interesting to use the approach for disentangling the complex link between the
short- and long-run components when analyzing the dynamic dependencies and
announcement effects in intraday bid-ask spreads and trading volume. Future
research along these lines holds the promise of delivering a deeper understanding
of the role of different information sources and the functioning of alternative
market mechanisms.

25 This relatively high R2 also highlight the fallacy of conventional volatility forecast evaluation
criteria based on the realized daily absolute, or squared, returns, which typically suggest very poor
interdaily forecast performance; see Andersen and Bollerslev (1998b) for further discussion along these
lines.



128 T.G. Andersen et al. / Int. Fin. Markets, Inst. and Money 10 (2000) 107–130

Acknowledgements

Andersen’s and Bollerslev’s research was supported by a grant from the NSF to
the NBER. J. Cai gratefully acknowledges the financial support from RGC
Competitive Earmarked Research Grants 1994–1996 and 1996–1998.

References

Admati, A.R., Pfleiderer, P., 1988. A theory of intraday patterns: volume and price variability. Rev.
Financial Studies 1, 3–40.

Amihud, Y., Mendelson, H., 1991. Volatility, efficiency, and trading: evidence from the Japanese stock
market. J. Finance 46, 1765–1789.

Andersen, T.G., Bollerslev, T., 1997a. Heterogeneous information arrivals and return volatility dynam-
ics: uncovering the long-run in high frequency returns. J. Finance 52, 975–1005.

Andersen, T.G., Bollerslev, T., 1997b. Intraday periodicity and volatility persistence in financial markets.
J. Empirical Finance 4, 115–158.

Andersen, T.G., Bollerslev, T., 1998a. Deutschemark-dollar volatility: intraday activity patterns,
macroeconomic announcements, and longer-run dependencies. J. Finance 53, 219–265.

Andersen, T.G., Bollerslev, T., 1998b. Answering the skeptics: yes standard volatility models do provide
accurate forecasts. Int. Econ. Rev. 39, 885–906.

Andersen, T.G., Bollerslev, T., Lange, S., 2000. Forecasting financial market volatility: sample frequency
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