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T
he

paper
reports

further
em

pirical
evidence

on
seasonality

in
foreign

exchange
volatility

using
high-frequency

data.
U

sing
a

basis
of

the
signal

plus
noise

fram
e-

w
ork,

the
approach

decom
poses

tick-by-tick
R

euters
F

X
F

X
quotes

into
a

random
w

alk
and

a
stationary

com
ponent,

term
ed

the
e�

cient
price

and
the

pricing
error,

respectively.T
he

e�
cient

price
is

not
directly

observable
and

is
an

approxim
ation

of
the

`true’
value.

T
he

pricing
error

captures
the

deviation
betw

een
the

observed
indicative

quote
and

the
e�

cient
price.

U
nder

the
proposed

m
odel,

daily
and

intra-
day

volatilities
of

the
e�

cient
price

are
estim

ated.A
pronounced

pattern
of

volatility
is

uncovered
and

appears
related

to
the

daily
activity

cycle
of

m
ajor

organized
stock

exchanges.Itis
argued

thatseasonality
in

volatility
is

a
sym

ptom
of

foreign
exchange

m
arkets.R

esults
con®rm

A
ndersen

and
B

ollerslev’s
®ndings

that
signi®cantseasonal

e�
ects

are
one

im
portant

determ
inant

of
overall

volatility
at

high
frequencies.

I.
IN

T
R

O
D

U
C

T
IO

N

T
he

behaviour
of

daily
and

intraday
exchange

rates
have

attracted
considerable

interest
in

recent
years.

A
lthough

the
spot

exchange
m

arket
is

a
tw

enty-four
hour

m
arket

w
ithout

a
centraltrading

location,previous
studies

of
m

ar-
ket

activity
across

various
tim

e
resolutions

have
revealed

rem
arkably

distinct
volatility

patterns,
including

the
vola-

tility
persistence

(autoregressive
conditional

heteroscedas-
ticity

(A
R

C
H

)),daily
and

intraday
seasonal

patterns. 1

A
great

dealof
e�

ort
has

been
devoted

to
explaining

the
em

pirical
®ndings.

Studies
w

ere
often

m
otivated

by
the

hypothesis
that

price
changes

should
re¯ect

the
arrival

and
processing

of
all

relevant
new

inform
ation.

R
esearchers

in
this

vein
have

been
carried

out
by

exam
in-

ing
the

relationship
betw

een
volatility

of
returns

and
eco-

nom
ic

new
s

announcem
ents.

F
or

exam
ple,E

derington
and

L
ee

(1993)studied
®ve-m

inute
intervals

of
return

volatility
in

D
eutschm

ark
futures

and
found

that
volatility

increased
at

the
tim

e
of

m
acroeconom

ic
announcem

ents.
T

he
im

pact
occurred

in
the

®rst
m

inute
after

the
announcem

ent
and

died
out

after
45

m
inutes.

T
anner

(1997)
exam

ined
the

m
ark/dollar

exchange
rate

and
found

that
the

exchange
rate

w
as

a�
ected

only
by

unanticipated
inform

ation

about
the

trade
de®cit

and
the

consum
er

price
index

but
not

by
other

new
s

announcem
ents

including
m

oney
supply,

industrial
production,

the
producer

price
index

and
unem

-
ploym

ent.
In

an
analysis

by
D

eG
ennaro

and
Shrieves

(1997),
volatility

in
yen/dollar

returns
w

as
found

to
be

a�
ected

by
both

new
s

releases
and

the
m

arket
activity.

T
he

latter
w

as
proxied

by
quote

arrivals.
O

ne
m

ay
question

on
how

m
uch

of
the

total
volatility

can
be

explained
by

the
new

s
announcem

ents.
A

m
ore

recent
study

by
A

ndersen
and

B
ollerslev

(1998)
on

the
m

ark/dollar
exchange

rate
suggested

that
seasonal

e�
ects

are
the

m
ost

im
portant

determ
inant

of
overallvolatility

at
high

frequencies.
A

lthough
return

volatility
appears

linked
to

the
econom

ic
announcem

ents
and

the
cluster

of
new

s
releases

is
helpful

in
explaining

som
e

of
em

pirical
®ndings

in
volatility,such

as
the

day-of-w
eek

e�
ect,the

explanatory
pow

er
of

the
m

ajor
new

s
announcem

ents
is

low
.

T
his

sug-
gests

that
it

m
ight

be
im

portant
to

test
for

seasonality
in

foreign
exchange

volatility.
In

this
paper

w
e

provide
further

evidence
on

seasonality
in

foreign
exchange

volatility
by

providing
a

com
prehen-

sive
characterization

of
the

seasonal
patterns

in
return

volatility
in

three
exchange

rates:
m

ark/dollar,
yen/dollar

and
yen/m

ark.T
he

data
underlying

this
study

are
one-year

A
pplied

E
conom

ics
ISSN

0003 ±6846
print/ISSN

1466 ±4283
online

#
2000

T
aylor

&
F

rancis
L

td
http://w

w
w

.tandf.co.uk/journals/tf/00036846.htm
l

A
pplied

E
conom

ics,2000,
3
2,697 ±

703

697

1See,for
exam

ple,M
uÈ ller

etal.(1990),B
aillie

and
B

ollerslev
(1991,1997),G

oodhartand
F

igliuoli(1991,1992),B
ollerslev

and
D

om
ow

itz
(1993),

D
arcorogna

et
al.

(1993),
B

ollerslev
and

M
elvin

(1994),
G

uillaum
e

et
al.

(1997),
and

A
ndersen

and
B

ollerslev
(1998),

am
ong

others.



tick-by-tick
R

euters
F

X
F

X
quotes

recorded
from

1
O

ctober
1992

to
30

Septem
ber

1993. 2

Since
there

is
already

a
grow

ing
consensus

in
recent

studies
that

R
euters

F
X

F
X

quotes
are

only
indicative

and
there

are
substantial

biases
inherent

in
high-frequency

quotation
data

for
exam

ining
price

and
return

m
ovem

ent, 3

it
is

necessary
to

apply
som

e
sort

of
®ltering

to
keep

the
`noise’

low
.

B
ecause

of
the

signi®cant
negative

®rst-order
autocorrelation

and
the

w
ell-know

n
heteroscedasticity

in
quotes,

B
aillie

and
B

ollerslev
(1991)

em
ployed

autoregres-
sive

integrated
m

oving
average

(A
R

IM
A

)
m

odels
w

ith
A

R
C

H
disturbances

to
®t

the
logarithm

s
of

quotation
data.T

his
approach

w
as

also
used

by
other

studies
includ-

ing
B

ollerslev
and

D
om

ow
itz

(1993)
and

B
ollerslev

and
M

elvin
(1994).W

e
use

the
signalplus

noise
(SN

)
approach

developed
by

F
ang

(1998)
as

an
alternative

to
B

aillie
and

B
ollerslev’s

approach.
T

he
SN

approach
decom

poses
the

quotation
data

into
a

random
w

alk
and

a
stationary

com
-

ponent.
T

he
random

w
alk,called

the
e�

cient
price,

is
not

directly
observable

and
is

an
approxim

ation
of

the
`true’

value
w

henever
the

m
arket

is
approxim

ately
e�

cient.
T

he
di�

erence
betw

een
the

observed
quote

and
the

e�
cient

price,
called

the
pricing

error,
captures

negative
®rst-

order
autocorrelations

at
high

frequencies.
N

ote
that

B
aillie

and
B

ollerslev’s
m

odel
is

the
reduced

form
of

the
random

w
alk

plus
noise

w
ith

A
R

C
H

disturbances.
T

he
SN

m
odel

tracks
the

tem
poral

dependencies
in

the
conditional

m
ean

and
variance

of
the

observed
high-frequency

quotes,
but

assum
es

explicitly
that

the
autocorrelations

are
attrib-

uted
solely

to
the

pricing
error.

U
nder

the
SN

m
odel

daily
and

intraday
volatilities

are
estim

ated
for

three
F

X
F

X
quotes.

W
e

found
pronounced

seasonalpatterns
w

hich
are

very
sim

ilar
across

three
series

during
the

one-year
period

considered.
F

or
exam

ple,
w

e
found

high
volatilities

around
the

open
and

close
of

trading
in

organized
stock

exchanges,a
lunch-hour

dip
in

volatility
during

A
sian

lunch
hours,and

virtually
discontinued

activ-
ity

on
w

eekends.
O

ur
®ndings

provide
further

evidence
on

seasonality
in

foreign
exchange

volatility
and

dem
onstrate

the
im

portance
of

seasonalcom
ponents

in
overallvolatility

at
high

frequencies.
T

he
rem

aining
part

of
this

study
is

organized
as

follow
s.

Section
II

describes
the

data
set

and
introduces

the
SN

m
odel.

T
he

volatility
estim

ation
m

ethodology
is

outlined
in

Section
III,

and
Section

IV
elaborates

upon
the

results.
W

e
sum

m
arize

brie¯y
and

conclude
in

Section
V

.

II.
T

H
E

D
A

T
A

A
N

D
T

H
E

M
O

D
E

L

T
he

data
set

used
in

this
paper

consists
of

tick-by-tick
R

euters
F

X
F

X
quotations

of
the

m
ark/dollar,

yen/dollar,
and

yen/m
ark.T

he
data

cover
a

one-year
tim

e
period

from
1

O
ctober

1992
to

30
Septem

ber
1993.T

here
are

a
total

of
1

466
946,

567
759

and
158

485
quotes,

respectively.
T

he
database

contains
G

reenw
ich

M
ean

T
im

e
(G

M
T

),
a

tim
e

stam
p

to
the

second
at

w
hich

quotes
are

posted,
bid

and
ask

prices
as

w
ell

as
inform

ation
on

quote
origination.

T
hese

R
euters

F
X

F
X

quotes
are

from
592

banks
w

ho
are

a
part

of
the

spot
m

arket.T
hese

quotes
are

the
only

infor-
m

ation
available

to
all

traders
around

w
orld. 4

W
e

use
the

bid ±ask
m

idpoints
in

calculating
returns

as
the

m
ost

of
the

previous
em

pirical
studies

did.
O

verall,returns
have

strong
heavy

tails
w

ith
sam

ple
kur-

tosis
6.87,32.17

and
23.26

for
the

three
F

X
F

X
series.

T
he

data
also

reveals
signi®cant

negative
®rst-order

autocorre-
lations

in
successive

tick-by-tick
returns:¡

0
: 451,¡

0: 425
and

¡
0
: 107

for
the

three
series,

respectively.
T

he
m

odelin
this

paper
takes

the
logarithm

of
the

quote
at

tim
e

t,
~P

t ,as
the

sum
of

tw
o

com
ponents:

~P
t ˆ

P
t ‡

"
t

…1†

w
here

P
t

follow
s

a
random

w
alk

and
"

t
is

the
deviation

betw
een

the
random

w
alk

and
the

observed
quotes.

T
hese

tw
o

com
ponents

are
called

the
e�

cient
price

and
the

pricing
error,

respectively.
T

he
notion

of
an

e�
cient

price
is

centralto
this

paper.It
is

view
ed

as
an

approxim
ation

of
the

unobserved
`true’

value. 5

Suppose
the

process
~P

t
is

sam
pled

at
n‡

1
discrete

points
in

tim
e

t0 ; t1 ;...
; tn ,

not
necessarily

equally
spaced

apart.
F

or
convenience,

w
e

assum
ed

that
t0 ˆ

0
and

tn ˆ
T

.
A

dditionally,
let

Y
i

denote
the

observed
return

at
tim

e
ti .

T
hen

w
e

have:

Y
i ˆ

X
i ‡

…"
i ¡

"
i¡

1 †
…2†

w
here

Y
i ˆ

~P
i ¡

~P
i¡

1
and

X
i ˆ

P
i ¡

P
p¡

1
are

the
observed

and
the

e�
cient

continuously
com

pounded
single-period

returns,
respectively.

F
rom

E
quation

2,
w

e
estim

ate
the

accum
ulated

variance
of

X
t

over
a

given
tim

e
interval

‰0
; TŠ

(for
exam

ple,T
could

be
a

hour
or

a
day),w

hich
is

¼
2n ²

X
ni ˆ
1

V
ar…X

i †
…3†

698
Y

.
F

ang

2T
he

data
set

w
as

provided
by

O
lsen

and
A

ssociates.
3See

E
vans

(1998),
G

oodhart
et

al.
and

M
artens

and
K

ofm
an

(1998).
4O

ther
system

s
used

for
spotm

arkettrading
in

addition
to

the
R

euters
F

X
F

X
page

include
K

nightand
T

elerate.A
ccording

to
R

euters,
about

60%
of

transactions
in

the
interbank

m
arket

take
place

through
the

R
euters

F
X

F
X

system
(E

vans,1998).
5T

he
assum

ption
that

the
t̀rue’

value
follow

s
approxim

ately
a

random
w

alk
is

based
on

the
standard

®nancialasset
pricing

argum
ent.

W
hether

this
assum

ption
is

reasonable
is

an
open

em
piricalquestion.



under
the

lim
it

of
n!

1
.If

w
e

further
assum

e
that

X
t is

a
di�

usion
process,

¼
2n

de®ned
in

E
quation

3
becom

es
„

T0
¼

2t dt
w

hen
the

num
ber

of
observations

n
increases

w
ith-

out
bound,

w
here

¼
t

is
the

di�
usion

coe�
cient.

A
lthough

X
t

does
not

have
autocorrelations

Y
t

does
because

of
the

appearance
of

the
second

term
("

i ¡
"

i¡
1 †

in
E

quation
2.N

ote
thatif

"
t is

uncorrelated,the
®rst-order

autocorrelation
of

Y
t is

alw
aysnegative,bounded

below
by

¡
12

and
approaches¡

12
as

n
increases

w
ithout

bound
and

w
ith

T
®xed.If

the
process

"
t

is
not

restricted
to

be
w

hite,
Y

t
has

m
ore

¯exible
autocorrelations

to
m

atch
those

observed
in

F
X

F
X

quotes
at

high
frequencies.

III.
E

S
T

IM
A

T
IO

N
M

E
T

H
O

D
O

L
O

G
Y

T
o

estim
ate

volatility
of

the
e�

cient
price

based
on

quota-
tions,

w
e

apply
the

volatility
estim

ator
proposed

by
F

ang
(1998):

¼̂
2q ˆ

¼̂
2‡

2 X
qi ˆ
1

p
i w

i …q† ®̂
i; Y

…4†

w
here

the
®rst

term
on

the
right-hand

side,
¼̂

2,is
the

quad-
ratic

variation. 6
T

he
term

s
®̂

i; Y
s

are
autocovariance

estim
a-

tors
of

Y
t

and
p

i
is

the
num

ber
of

observations
in

the
estim

ation
of

®̂
i; Y

.
T

he
w

eight
functions

w
i …q†

are
de®ned

as…1¡
j= …q‡

1††
for

q
<

n.
B

ecause
of

these
w

eight
func-

tions
(the

B
artlett

w
indow

)
the

estim
ator

(4)
is

alw
ays

non-
negative

(N
ew

ey
and

W
est,

1987).
Since

the
asym

ptotic
sam

pling
theory

for
estim

ator
(4)

is
fully

developed
in

F
ang

(1998),w
e

present
only

a
brief

sum
m

ary
here.

If
the

pricing
error

°t ²
0,

the
quadratic

variation
¼̂

2
is

the
m

axim
um

likelihood
estim

ator
and

yields
consistent

estim
ation

of
E

quation
3

under
very

general
condition.

W
hen

"
t 6 ˆ

0,
¼̂

2
does

not
su�

ce.
In

fact,
it

is
not

even
(asym

ptotic)
unbiased.

T
he

estim
ator

(4)
is

sim
ply

the
quadratic

variation
adjusted

to
account

for
the

estim
ation

bias
resulting

from
the

pricing
error.

It
can

be
show

n
that

the
estim

ator
(4)

is
asym

ptotically
unbiased

as
the

trunca-
tion

lag
q!

1
under

the
follow

ing
assum

ptions:

(A
1)

X
i s

are
uncorrelated

w
ith

®nite
but

not
necessarily

equal
variances;

(A
2)

the
lim

it
of

¼
2n

exists
as

n!
1

and
does

not
degen-

erate;
(A

3)
"

is
w

eakly
stationary

w
ith

a
zero

m
ean

and
the

covariance
function

¡ …i; j† ˆ
®…i¡

j†,
w

hich
is

uncorrelated
w

ith
X

;and
(A

4)
nk…n†… ®…q‡

1†¡
®…q††!

0
and

n!
1

for
su�

-
ciently

large
q,

w
here

k…n†
is

a
slow

varying
func-

tion
at

in®nity.

B
ecause

of
the

im
portance

of
the

integrity
of

estim
ator

(4)
to

this
paper

it
is

appropriate
to

have
som

e
further

rem
arks

on
it.

F
irst,

assum
ptions

(A
1)

to
(A

4)
allow

¯ex-
ible

m
odels

for
both

X
t and

"
t .A

ssum
ption

(A
1)

is
a

w
eak

version
of

the
random

w
alk

m
odel.

A
ssum

ption
(A

2)
is

a
convergence

condition
on

the
accum

ulated
variance

in
order

to
have

E
quation

3
m

eaningful.
It

is
satis®ed

by
a

w
ide

variety
of

stochastic
processes,

including
di�

usion-
type

processes
w

ith
or

w
ithout

jum
ps.

A
ssum

ption
(A

3)
requires

that
the

pricing
error

is
stationary

and
indepen-

dent
of

the
process

X
t .

A
ssum

ption
(A

4)
is

a
m

ixing
con-

dition
for

dependent
sequences.

It
characterizes

the
`sm

oothness’
of

the
pricing

error.
Second,the

consistency
of

an
estim

ator
for

E
quation

3
is

understood
in

the
sense

of
continuous

asym
ptotics

(see,for
exam

ple,P
hillips,1987.M

ore
precisely,an

estim
ator

is
said

to
be

consistent
iffor

®xed
T

,as
¯

n ˆ
m

in
i …ti ¡

ti¡
1 †!

0
or

equivalently,
n!

1
,

it
converges

to
lim

it!
1

¼
2n

in
prob-

ability.
T

hird,estim
ator

(4)
is,in

general,inconsistent
for

(3).In
fact,it

can
be

show
n

that
increasing

the
sam

ple
size

w
ithin

a
®xed

tim
e

intervaldoes
not

necessarily
im

prove
the

accu-
racy

of
volatility

estim
ation.

T
herefore,

to
elim

inate
the

pricing
error

e�
ect

w
e

sam
ple

data
at

every
k

ticks.
A

s
in

F
ang

(1998)
and

Z
hou

(1996),
w

e
choose

k ˆ
5,

3,
and

1
for

three
series,

respectively.
In

order
to

estim
ate

the
truncation

lag
q,

w
e

calculate
autocorrelations

and
autocovariances

up
to

20
lags

for
the

three
series

analysed.
R

esults
are

reported
in

T
able

1.
A

m
ong

all20
autocovariances,®rst-order

autocovariances
for

the
three

series
are

negative
and

have
the

highest
abso-

lute
values.

A
utocovariances

for
other

lags
are

less
statis-

tically
signi®cant.T

o
be

safe
q

is
taken

to
be

10
for

allthree
series

estim
ation

in
Section

IV
.

IV
.

S
E

A
S

O
N

A
L

IT
Y

Seasonality
is

know
n

to
play

an
im

portant
role

in
foreign

exchange
volatility.

A
m

ong
di�

erent
seasonal

e�
ects

detected
in

R
euters

F
X

F
X

quotes,
tw

o
of

m
ost

interesting
are

daily
and

intraday
seasonality.B

oth
appear

closely
tied

to
the

activity
cycle

of
m

ajor
organized

stock
exchanges.

W
e

com
pute

daily
and

hourly
volatilities

for
three

F
X

F
X

quotes
from

1
O

ctober
1992

to
30

Septem
ber

1993.
T

he
com

putation
is

based
on

estim
ator

(4)
w

ith
q ˆ

10
and

k ˆ
5,3,and

1
for

the
three

series,respectively.
T

able
2

reports
average

daily
volatilities

w
ith

standard
deviations

listed
aside.

P
anel

A
is

the
overall

m
ean

of
the

one-year
sam

ple
period,

P
anels

B
and

C
report

daily
m

ean
volatilities

by
m

onth
and

by
the

day-of-the-w
eek,

respect-
ively.

O
verall,

daily
volatilities

for
m

ark/dollar
and

yen/

S
easonality

in
foreign

exchange
volatility

699

6T
he

quadratic
variation

is
de®ned

by
ŝ

2²
P

ni ˆ
1 …Y

i ¡
Y

n † 2,
w

here
-Y
n

is
the

sam
ple

m
ean

of
the

Y
i s.
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Y

.
F

ang

T
able

1.
S

am
ple

autocorrelationsand
autocovariances

m
ark/dollar

yen/dollar
yen/m

ark

L
ag

»
®

»
®

»
®

0
1.0000

1.074e-07
1.0000

1.786e-07
1.0000

1.220e-07
1

¡
0
:2671

¡
2
:870e-08

¡
0:2901

¡
5
:183e-08

¡
0:1048

¡
1
:279e-08

2
0.0008

8.770e-11
0.0050

8.908e-10
0.0184

2.243e-09
3

¡
0
:0061

¡
6
:569e-11

¡
0:0018

¡
3
:221e-10

0.0061
7.382e-10

4
0.0084

9.044e-10
¡

0:0060
¡

1
:077e-09

0.0098
1.201e-09

5
0.0046

4.935e-10
¡

0:0022
¡

4
:000e-10

0.0019
2.322e-10

6
0.0026

2.742e-10
¡

0:0030
¡

5
:380e-10

¡
0:0062

¡
7
:571e-10

7
¡

0
:0035

¡
3
:716e-10

0.0016
2.794e-10

¡
0:0018

¡
2
:145e-10

8
0.0006

5.973e-11
¡

0:0051
¡

9
:079e-10

¡
0:0024

¡
2
:883e-10

9
¡

0
:0001

¡
1
:116e-11

¡
0:0004

¡
7
:195e-11

¡
0:0034

¡
4
:147e-10

10
¡

0
:0008

¡
8
:451e-11

¡
0:0028

¡
5
:007e-10

¡
0:0020

¡
2
:429e-10

11
¡

0
:0027

¡
2
:855e-10

¡
0:0026

¡
4
:588e-10

¡
0:0053

¡
6
:500e-10

12
0.0002

1.687e-11
¡

0:0016
¡

2
:940e-10

¡
0:0047

¡
5
:720e-10

13
¡

0
:0002

¡
2
:266e-11

0.0045
8.101e-10

¡
0:0018

¡
2
:184e-10

14
¡

0
:0029

¡
3
:121e-10

¡
0:0004

¡
6
:612e-11

0.0038
4.595e-10

15
¡

0
:0034

¡
3
:696e-10

¡
0:0031

¡
5
:477e-10

¡
0:0003

¡
3
:846e-11

16
¡

0
:0022

¡
2
:328e-10

0.0026
4.622e-10

0.0025
3.097e-10

17
¡

0
:0032

¡
3
:489e-10

0.0005
8.219e-11

0.0010
1.262e-10

18
¡

0
:0046

¡
4
:913e-10

0.0002
4.338e-11

¡
0:0059

¡
7
:244e-10

19
¡

0
:0020

¡
2
:195e-10

¡
0:0041

¡
7
:361e-10

0.0063
7.659e-10

20
¡

0
:0009

¡
1
:009e-19

0.0009
1.659e-10

0.0029
3.508e-10

T
he

table
displays

sam
ple

autocorrelations(»)
and

sam
ple

autocovariances( ®
)

for
m

ark/dollar,yen/dollar
and

yen/m
ark

w
ith

lags
from

0
to

20.T
he

results
are

based
on

data
sam

pled
at

every
5,3,and

1
ticks

for
three

exchange
rates,respectively.T

he
sam

ple
period

is
1

O
ctober

1992
to

30
Septem

ber
1993.

T
able

2.
S

um
m

ary
statistics

of
daily

volatilities

m
ark/dollar

yen/dollar
yen/m

ark

P
anelA

M
ean

SD
M

ean
SD

M
ean

SD

F
ull

sam
ple

4.738038e-05
4.459519e-05

4.733903e-05
5.107097e-05

4.396292e-05
4.218276e-05

P
anelB

O
ctober

92
1.070994e-04

7.988904e-05
3.925006e-05

2.774192e-05
5.945324e-05

4.709000e-05
N

ovem
ber

92
6.032214e-05

5.294013e-05
2.366789e-05

2.359601e-05
3.202647e-05

2.675466e-05
D

ecem
ber

92
3.918081e-05

3.494810e-05
1.542136e-05

1.642272e-05
2.079710e-05

1.878899e-05
January

93
3.722156e-05

2.810590e-05
1.614950e-05

1.643248e-05
1.945856e-05

1523114e-05
F

ebruary
93

5.454603e-05
4.052520e-05

5.478324e-05
4.365331e-05

5.697630e-05
4.202553e-05

M
arch

93
3.469591e-05

2.709999e-05
4.039425e-05

3.206488e-05
3.683022e-05

2.707150e-05
A

pril
93

4.284008e-05
3.467017e-05

5.877980e-05
5.420551e-05

5.095639e-05
4.509834e-05

M
ay

93
2.959896e-05

2.292516e-05
3.724244e-05

3.736227e-05
2.561709e-05

1.931875e-05
June

93
4.443679e-05

3.112021e-05
6.860331e-05

5.906283e-05
4.632467e-05

3.538557e-05
July

93
3.404734e-05

2.727843e-05
8.313200e-05

6.488324e-05
5.874151e-05

5.015853e-05
A

ugust
93

3.383713e-05
2.596773e-05

6.911204e-05
8.451538e-05

5.614186e-05
6.142020e-05

Septem
ber

93
5.174883e-05

4.292557e-05
6.305110e-05

5.144628e-05
6.612252e-05

5.464641e-05

P
anelC

M
onday

5.563854e-05
4.150203e-05

5.055805e-05
3.335768e-05

4.925652e-05
2.653014e-05

T
uesday

6.165136e-05
3.260986e-05

6.387573e-05
4.313163e-05

5.902381e-05
3.864764e-05

W
ednesday

6.081522e-05
3.291108e-05

6.152211e-05
3.772460e-05

5.651751e-05
2.574585e-05

T
hursday

7.368568e-05
4.014994e-05

7.944318e-05
7.478037e-05

7.573688e-05
5.432463e-05

F
riday

7.370181e-05
5.179535e-05

6.759597e-05
5.092617e-05

6.188273e-05
3.826055e-05

Saturday
0.00000e+

00
0.00000e+

00
1.573658e-08

1.134781e-07
0.00000e+

00
0.00000e+

00
Sunday

5.665156e-06
6.979896e-06

7.745037e-06
7.644504e-06

4.711931e-06
5.296771e-06

D
aily

volatilitiesare
estim

ated
under

¼̂
2q

w
ith

q ˆ
10

for
m

ark/dollar,yen/dollarand
yen/m

ark.P
anelA

reportsthe
overallm

eans.P
anels

B
and

C
reportdaily

m
eans

for
each

m
onth

of
the

year
and

each
day-of-the-w

eek,respectively.Standard
deviations

(SD
)are

given
next

to
the

m
ean.T

he
full

sam
ple

period
is

1
O

ctober
1992

to
30

Septem
ber

1993.



dollar
are

at
a

sim
ilar

level
(4.73

to
4.74e-05).

T
he

daily
volatility

in
yen/m

ark
is

about
4.40e-05,w

hich
is

rela-
tively

low
er

during
the

one-year
tim

e
period

considered.A
s

w
e

proceed
through

the
panels

to
the

results
sum

m
arized

by
m

onth,
there

are
no

clear
patterns

uniform
ly

across
all

three
series.

T
he

low
est

volatilities
are

those
of

M
ay

for
m

ark/dollar,
D

ecem
ber

and
January

for
yen/dollar

and
yen/m

ark.
O

ctober,
July

and
Septem

ber
are

m
onths

in
w

hich
the

three
series

have
their

highest
average

daily
volatilities,

respectively.
O

n
the

other
hand,

patterns
of

average
daily

volatilities
for

each
day

of
the

w
eek

are
strong.

T
he

average
daily

volatilities
have

a
tendency

to
increase

from
M

onday
to

F
riday.

T
hey

reach
peaks

on
either

T
hursday

(for
yen/dollar

and
yen/m

ark)
or

F
riday

(m
ark/dollar).

V
olatilities

on
w

eekends
are

low
;

there
is

virtually
no

activity
on

Saturdays
for

both
m

ark/dollar
and

yen/m
ark.

T
o

study
intraday

volatility
patterns,

T
able

3
reports

hourly
volatilities

for
three

F
X

F
X

quotes.
F

rom
P

anel
A

,
average

hourly
volatilities

for
m

ark/dollar
and

yen/dollar
are

about
1.84e-06

to
1.85e-06.

T
he

average
volatility

for
yen/m

ark
is

1.45e-06.
P

anel
B

reports
hourly

volatilities
during

the
course

of
the

day.
H

ourly
volatilities

vary
sig-

ni®cantly,
ranging

from
5.88e-08

(3:00-4:00
G

M
T

in
yen/

m
ark)

to
4.61e-06

(14:00-15:00
G

M
T

in
m

ark/dollar).
A

s
docum

ented
in

earlier
studies,

hourly
volatilities

for
all

three
F

X
F

X
quotes

reach
their

peaks
during

the
overlap

of
the

L
ondon

and
N

ew
Y

ork
trading

hours
(about

13:00 ±
17:00

G
M

T
).

V
olatilities

are
low

during
lunch

hours
in

A
sia

(3:00 ±5:00
G

M
T

). 7
W

e
also

®nd
evidence

of
decreased

volatilities
betw

een
20:00

and
24:00

G
M

T
,the

gap
betw

een
the

close
of

the
N

ew
Y

ork
and

the
open

of
the

T
okyo

m
arket.

R
esults

obtained
here

are
consistent

w
ith

those
docum

ented
in

the
previous

studies.

S
easonality

in
foreign

exchange
volatility
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7T
he

drop
during

the
A

sian
lunch

tim
e

is
largely

related
to

the
prohibition

against
yen

trading
in

T
okyo

(Ito
et

al.1998).

T
able

3.
S

um
m

ary
statistics

of
hourly

volatilities

m
ark/dollar

yen/dollar
yen/m

ark

P
anel

A
M

ean
SD

M
ean

SD
M

ean
SD

F
ullSam

ple
1.844913e-06

3.598416e-06
1.852864e-06

3.795529e-06
1.44511e-06

2.814701e-06

m
ark/dollar

yen/dollar
yen/m

ark

P
anel

B
M

ean
SD

M
ean

SD
M

ean
SD

0:00 ±1:00
G

M
T

1.462957e-06
2.562554e-06

2.544047e-06
4.263767e-06

1.863751e-06
2.718511e-06

1:00 ±2:00
G

M
T

1.027441e-06
1.747940e-06

2.004609e-06
2.977433e-06

1.306316e-06
2.071644e-06

2:00 ±3:00
G

M
T

1.069945e-06
1.856471e-06

1.939621e-06
3.818946e-06

1.027401e-06
1.658593e-06

3:00 ±4:00
G

M
T

3.918789e-07
1.071125e-06

5.937953e-07
2.064921e-06

5.879187e-08
3.414582e-07

4:00 ±5:00
G

M
T

6.845289e-07
9.476381e-07

1.482647e-06
2.827278e-06

5.927940e-07
1.339604e-06

5:00 ±6:00
G

M
T

1.252372e-06
1.388665e-06

2.126863e-06
3.349075e-06

1.112666e-06
1.746348e-06

6:00 ±7:00
G

M
T

1.831025e-06
1.939724e-06

2.344293e-06
3.314544e-06

1.511537e-06
2.312377e-06

7:00 ±8:00
G

M
T

2.356242e-06
2.450609e-06

2.439236e-06
5.192287e-06

1.810967e-06
2.425210e-06

8:00 ±9:00
G

M
T

2.086701e-06
2.411863e-06

2.102030e-06
3.584987e-06

1.697449e-06
2.161316e-06

9:00 ±10:00
G

M
T

2.071691e-06
2.881103e-06

1.646147e-06
2.447502e-06

1.809440e-06
3.128240e-06

10:00 ±11:00
G

M
T

1.718883e-06
2.362490e-06

1.411603e-06
2.373632e-06

1.558801e-06
2.784215e-06

11:00 ±12:00
G

M
T

1.771429e-06
2.345976e-06

1.272671e-06
1.804648e-06

1.277076e-06
1.867110e-06

12:00 ±13:00
G

M
T

3.878179e-06
8.417835e-06

2.933821e-06
5.421928e-06

2.532466e-06
6.328685e-06

13:00 ±14:00
G

M
T

4.223888e-06
6.254669e-06

3.031552e-06
4.120237e-06

2.836041e-06
4.452605e-06

14:00 ±15:00
G

M
T

4.605128e-06
5.347430e-06

3.429800e-06
6.694137e-06

3.028759e-06
3.979099e-06

15:00 ±16:00
G

M
T

4.079151e-06
4.835704e-06

2.684456e-06
3.773456e-06

2.616808e-06
3.098771e-06

16:00 ±17:00
G

M
T

3.258936e-06
5.896196e-06

2.075718e-06
3.493470e-06

2.061248e-06
3.133472e-06

17:00 ±18:00
G

M
T

1.771097e-06
3.233903e-06

1.721662e-06
3.848366e-06

1.518247e-06
2.461539e-06

18:00 ±19:00
G

M
T

1.404887e-06
2.740451e-06

1.656504e-06
4.764354e-06

1.348524e-06
2.481336e-06

19:00 ±20:00
G

M
T

9.092835e-07
1.611533e-06

9.953681e-07
2.234691e-06

9.387762e-07
2.822492e-06

20:00 ±21:00
G

M
T

6.482237e-07
8.765894e-07

1.092734e-06
5.744410e-06

4.870788e-07
7.347346e-07

21:00 ±22:00
G

M
T

6.160132e-07
1.209905e-06

7.288367e-07
1.216428e-06

4.557313e-07
1.009465e-06

22:00 ±23:00
G

M
T

4.714791e-07
8.096076e-07

8.281356e-07
1.408078e-06

4.596050e-07
8.933551e-07

23:00 ±
0:00

G
M

T
6.875579e-07

1.424387e-06
1.382594e-06

2.455293e-06
7.723724e-07

1.462783e-06

H
ourly

volatilities
are

estim
ated

under
¼̂

2q
w

ith
q ˆ

10
for

m
ark/dollar,yen/dollar

and
yen/m

ark.
P

anel
A

reports
the

overall
m

eans.
P

anelB
reportsthe

m
ean

for
each

hour.Standard
deviations

(SD
)are

given
nextto

the
m

ean.T
he

fullsam
ple

period
is

1
O

ctober1992
to

30
Septem

ber
1993.



T
o

test
for

signi®cance
of

seasonality,
the

follow
ing

m
odel

is
estim

ated
8¼
ijk ˆ

· ‡
¬

i ‡


j ‡
"

ijk
…5†

w
here

¼
ijk

are
hourly

volatilities,
·

is
the

overallm
ean,

¬
is

the
day-of-w

eek
e�

ect
w

ith
i ˆ

1
; 2

;...
; 6,

and


is
the

hourly
e�

ect
w

ith
j ˆ

1
; 2

; 3
;...

; 23.
T

he
num

ber
of

repli-

cations,
k,

is
52.

T
his

tw
o-w

ay
layout

w
ith

replicates
is

useful
to

test
for

the
follow

ing
tw

o
null

hypotheses:

I.
H

0 :T
here

is
no

day-of-w
eek

e�
ect;vs

H
a :T

here
is

a
day-of-w

eek
e�

ect.
II.

H
0 :T

here
is

no
hour-of-day

e�
ect;vs

H
a :T

here
is

an
hour-of-day

e�
ect.

T
able

4
reports

estim
ation

results
of

E
quation

5.P
anelA

provides
F

-values
for

the
tw

o
hypotheses

for
the

three
F

X
F

X
quotes.

It
is

clear
that

both
null

hypotheses
are

rejected
at

a
1%

level
of

signi®cance
for

all
three

series. 9

T
his

im
plies

statistical
signi®cance

of
both

day-of-w
eek

and
hour-of-day

seasonalities
in

volatility.
W

e
end

the
section

by
assessing

the
econom

ic
signi®-

cance
of

the
seasonality.

P
anelB

reports
treatm

ent
e�

ects,
¬

i
and


j ,

w
hich

re¯ect
changes

in
response

due
to

the
com

bination
of

treatm
ents.

In
our

param
eterization,

an
e�

ect
is

the
di�

erence
betw

een
treatm

ent
levels.

T
he

base
level

for
the

day-of-w
eek

factor
is

M
onday.T

he
base

level
for

the
hour-of-day

factor
is

00:00 ±1:00
G

M
T

.
H

ence,
in

the
case

of
day-of-w

eek
e�

ect
entries

in
colum

ns
2

to
6

in
P

anel
B

are
the

di�
erences

betw
een

M
onday

and
other

days
num

bered
as

1
(T

uesday)
to

6
(Sunday).

E
ntries

in
the

last
23

colum
ns

in
P

anel
B

are
the

di�
erences

betw
een

the
00:00 ±1:00

G
M

T
and

the
other

23
hours.

T
hese

esti-
m

ates
are

readily
interpreted.

F
or

exam
ple,the

estim
ate

of
¬

1
for

yen/dollar
is

2.683251e-07.
T

hus,
volatility

from
M

onday
to

T
uesday

increases
by

2.683251e-07,or
about

14.48%
.T

his
e�

ect
applies

uniform
ly

to
each

w
eek

during
the

one-year
period

considered.A
ssessm

ent
of

the
hour-to-

day
e�

ect
is

also
astonishing.

F
or

exam
ple,the

estim
ate

of


3
for

yen/m
ark

is¡
3: 305476e-07.C

onsequently,
the

dif-
ference

betw
een

0:00 ±1:00
and

3:00 ±4:00
G

M
T

(the
lunch

hour
in

A
sia)

am
ounts

to¡
3
: 305476e-07,or

a
reduction

in
volatility

of
about

22.87%

V
.

C
O

N
C

L
U

S
IO

N

T
his

paper
provides

further
em

pirical
evidence

on
season-

ality
in

foreign
exchange

volatility.
W

e
used

a
tw

o-step
approach.

F
irst,

daily
and

hourly
volatilities

w
ere

esti-
m

ated
using

a
signal

and
noise

m
odel.

T
he

m
odel

is
an

alternative
to

A
R

IM
A

-G
A

R
C

H
and

it
is

usefulin
estim

at-
ing

the
volatility

at
the

actual
m

arket
level.

Second,
w

e
analysed

seasonality
in

estim
ated

daily
and

hourly
volati-

lities
for

m
ark/dollar,

yen/dollar
and

yen/m
ark.

W
e

found
that

there
w

ere
signi®cant

day-of-w
eek

and
hour-of-day

seasonal
e�

ects.
T

hese
patterns

appear
to

be
related

to
the

activity
cycle

of
m

ajor
organized

stock
exchanges.

Seasonality
in

foreign
exchange

volatility
has

non-trivial

702
Y

.
F

ang

T
able

4.
S

igni®cance
of

seasonalcom
ponents

P
anel

A
F

-value
m

ark/dollar
yen/dollar

yen/m
ark

¬
208.2459

145.2367
207.2791


63.3122

15.9411
38.2415

P
anel

B
E

�
ect

m
ark/dollar

yen/dollar
yen/m

ark

·
1.844913e-06

1.852864e-06
1.445110e-06

¬
1

1.007017e-07
2.683251e-07

8.608190e-08
¬

2
3.992477e-08

8.261029e-08
3.164960e-08

¬
3

1.252197e-07
1.854093e-07

1.647625e-07
¬

4
5.429826e-08

3.555808e-08
¡

2
:806129e-10

¬
5

¡
4
:178629e-07

¡
4:251030e-07

¡
3
:304998e-07

¬
6

¡
2
:767754e-07

¡
2:696023e-07

¡
2
:216995e-07


1

¡
2
:355644e-07

¡
2:683423e-07

¡
2
:865469e-07


2

¡
5
:793624e-08

¡
1:102471e-07

¡
1
:756703e-07


3

¡
1
:941169e-07

¡
3:920421e-07

¡
3
:305476e-07


4

¡
6
:004621e-08

¡
5:540939e-08

¡
9
:187798e-08


5

5.492982e-08
6.975638e-08

2.423537e-08


6
1.192290e-07

8.020063e-08
7.291707e-08


7

1.559566e-07
7.253316e-08

9.275600e-08


8
9.237015e-08

1.779613e-08
6.131670e-08


9

7.342188e-08
¡

3:014541e-08
5.988165e-08


10

2.821885e-08
¡

4:541055e-08
2.692610e-08


11

2.485087e-08
¡

5:023686e-08
¡

1
:603360e-09


12

1.631114e-07
8.284221e-08

7.739892e-08


13
1.832837e-07

8.119996e-08
1.046151e-07


14

1.777669e-07
9.488824e-08

1.009666e-07


15
1.264234e-07

3.705232e-08
6.204213e-08


16

6.482047e-08
¡

3:101243e-09
2.483277e-08


17

¡
2
:219098e-08

¡
2:142765e-08

¡
7
:624157e-08


18

¡
3
:882257e-08

¡
2:268329e-08

¡
1
:544768e-08


19

¡
5
:950915e-08

¡
5:399640e-08

¡
3
:511685e-08


20

¡
6
:674354e-08

¡
4:387837e-08

¡
5
:311642e-08


21

¡
6
:283869e-08

¡
5:683213e-08

¡
5
:006502e-08


22

¡
6
:304027e-08

¡
4:815459e-08

¡
4
:554961e-08


23

¡
4
:895065e-08

¡
2:053016e-08

¡
0
:843992e-08

R
esults

are
based

on
the

follow
ing

m
odel

¼
ijk ˆ

· ‡
¬

i ‡


j ‡
"

ijk

w
here

¼
ijk

are
hourly

volatilities,
·

is
the

overall
m

ean,
¬

is
the

day-of-w
eek

e�ect
w

ith
i ˆ

1
;2

;...;6,
and


is

the
hourly

e�ect
w

ith
j ˆ

1
;2

;3
;...;23.

k
is

taken
to

be
52.

P
anel

A
reports

F
±

values
and

P
anel

B
lists

the
overallm

eans
and

treatm
ent

e�
ects.

T
he

fullsam
ple

period
is

1
O

ctober
1992

to
30

Septem
ber

1993.

8T
he

additive
m

odelw
ith

tw
o

factors,the
day-of-w

eek
and

the
hour-of-day,and

52
replicates

per
cellis

used.T
he

diagnostic
tests

show
the

m
odelis

reasonable.W
e

have
om

itted
diagnostic

results
to

conserve
space.

9If
w

e
delete

allw
eekends

and
holidays,results

for
hypotheses

I
and

II
stillhold

at
any

conventionalsigni®cant
level.



im
plications

for
m

any
em

pirical
studies

including
the

evolution
of

volatility
prem

ia
through

tim
e

and
volatility

persistency
across

m
arkets.T

he
conclusion

draw
n

from
the

evidence
docum

ented
in

this
paper

is
that

seasonality
is

an
im

portant
com

ponent
in

volatility
at

high
frequencies

and
any

em
pirical

analysis
not

taking
into

account
these

patterns
is

biased
and

w
ill

be
virtually

m
eaningless.
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