Appendi x

A. The efficiency gain associated with intraday volatility neasures

To illustrate the potential efficiency gains associated with the intraday return
variability neasure in equation (2) relative to the standard nmeasure in equation
(1), consider the extreme case where volatility remains constant within each day;
i.e., By =F, for J >0, and [-] denotes the integer value operator. Gven the

di stributional assunptions regarding P,, it follows that

E(IR ) = Foy-(2/ B)?2 | (A1)
and
N
E[nzl Rtyn) = NY2.F - (2/B)Y2, (A2)

whi ch suggest the followi ng two ex-post nmeasures of the daily volatility

Fo, = (BI2)Y2 R, (A3)

and

t,N n‘ (AA')

N
_ -1/ 2 /2
F = NYV2.(B/2)? -nZ:l\RL

VWi le both estimators are unbi ased, the latter is vastly superior. Specifically,

Var (F, ) = N*-(B/2)- Var[ 55 Rtn)
. n=1 '

Thus, with N=288 five-minute intraday returns, the standard deviation is

= Nt.(B/2)- N-Var(\Rtn\) + 2-'\121(N7i)-C0V(\Rtn\,\Rt n—i‘
: ~ : :

= (B/2) - Var (|R [) = (B/2) - N*-Var(|R|)

= N7 var (F, ) . (A5)

reduced by a factor of alnost seventeen. Wiile the intraday volatility dynam cs

are nmuch nore conpl ex than assunmed above, the cal cul ation is suggestive of the



greatly inproved ex-post neasurenment of the latent volatility process afforded
by the cunul ative absolute returns. For a theoretical exposition on related
i ssues, see Nelson (1992), and Nel son and Foster (1995, 1996).

B. Consistency and robustness of the flexible Fourier formregression

The statistical properties of the FFF-regression is determ ned by the properties

of the error process, # ,, in equation (6). It takes the followi ng form

U - (logst]—E[logszn]) +{IogFfYnflogFfYn*E[|

t,n
(A6)
+ (Iongﬂ1f E[Iongn]>.
This error termconsists of three component processes. The last is sinple, as
it constitutes an i.i.d. process. The first captures the discrepancy of cal endar
and announcenent conponents fromtheir expected values. Such divergences arise
from stochastic conponents in the intraday "seasonal” or "news" innovations that
differ fromtheir expected values. As such, errors fromthis source are the rule
rather than the exception. Nonet hel ess, if the mean effects are correctly
specified and the errors are stationary, this does not affect the consistency of
the OLS estimator. The second termreflects potential msspecification of the
estimated volatility conponent, & . Gven the conplexity of this process, it
isinevitable that any prelimnary estimator is msspecified, so this error term
is likely heteroskedastic, serially correlated and perhaps even biased. However,
any bias is absorbed in the constant, ¢, and will not further affect inference.
Moreover, as long as the regressand and the volatility process itself are
stationary, this entire error conponent is stationary. W conclude that the QLS
estimator is consistent, while the associated error process wll display
dependenci es of unknown form Consequently, formal inference requires the use
of robust standard errors that are consistent under general heteroskedasticity
and autocorrel ation.
Anot her inportant issue is the robustness of the FFF-regression to

outliers. Sinple diagnostics point to a potentially serious problem as the



kurtosis of the five-minute return series is 21.5 conpared to 4.5 for the 12-hour
returns. However, the problemis effectively elimnated by the log transform
In fact, inspection of the (transformed) regressor series, % ,, now suggests a
possible "inlier" problem arising fromthe | ow val ues obtai ned when taking | ogs
of small positive squared returns. The problemis simlar to that encountered
when applying the Kalman filter to |log-squared returns in order to estimate
stochastic volatility nodels, see, e.g., Harvey, Ruiz and Shephard (1994).
However, we explicitly analyze the data for the presence of unduly influentia
observations, follow ng the procedure in Davidson and MacKi nnon (1993), section
1.6. W also truncate the observations for % , frombelow by letting all return
observations in the interval ( 0%, 0.00036%) equal O percent (mnus the sanple
mean) before transforming to % .. It was confirmed in both cases that the
presence of inliers did not exert an appreciable inpact on the estinated

volatility pattern

C.1 Regional trading segnents, holidays, and data gaps

We begin by formally defining the regional trading segnents. This classification
is used to assign dummy variables to the intervals affected by regi onal holidays.
The observance of Daylight Savings Time in Europe and North America, at periods
that do not fully coincide, induce us to operate with four separate categories.
Furthernore, the classification is not exhaustive, in the sense that there are
peri ods whi ch do not belong to any specific regional segment. This is immateri al
since it is only used to specify periods that are affected significantly by
regi onal holidays in one of the market centers. The follow ng daily G eenw ch

Mean Tine (GMIN trading zone definitions are used:

Year Round
Vel i ngton (New Zeal and): 20: 55-22: 00
Sydney (Australia): 20: 55- 00: 00
Tokyo (Japan): 00: 00- 06: 00

09/ 27-10/ 23 10/ 26- 03/ 26 03/ 26-04/ 02 04/ 05-09/ 24

London ( Eur ope): 07:00-15: 00 07:00-16: 00 06: 00-15: 00 06: 00-15:00
Eur ope- N. Arreri ca Overl ap: 11: 30-15: 00 12: 30-16: 00 12: 30-15: 00 11:30-15:00



New York (N. Anrerica): 11: 30-20: 30 12: 30-20: 30 12: 30-20: 30 11:30-20:30

Regi onal holidays affect the entire tradi ng segment, except for certain m nor
U.S. holidays, where an appreciable drop in quoting and trading activity only
t akes pl ace after the London market closes. The follow ng holiday periods were

identified fromthe quote intensity as well as the Reuter's news tape.

Dat es Ti me Period Qccasi on

United States 10/ 12 11: 30-20: 30 Col unmbus Day
11/11 16: 00- 20: 30 Vet er ans Day
11/ 26 12: 30-20: 30 Thanksgi vi ng

12/ 21-01/01 Al Day Chri st mas/ New Year

01/18 16: 00- 20: 30 Ki ng' s Birthday
02/ 15 12: 30-20: 30 Presi dent's Day
04/ 08 15: 00- 20: 55 East er Begins
04/ 09 Al Day East er
04/ 12 20: 55-20: 30 Easter Ends
05/ 30 11: 30-20: 30 Menori al Day
07/ 05 11: 30-20: 30 July 4
09/ 06 11: 30-20: 30 Labor Day

Tokyo - Dates: 11/03, 11/23,

Vel [ington - Dates: 10/ 26,

01/15, 02/11,

06/ 07

04/29, 05/03, 09/15, 09/23

Sydney - Dates: 10/ 05, 01/26, 04/26, 06/14

London - Dates: 05/ 03, 05/30, 08/30

W al so checked for sl owdowns associated with regional holidays in a nunber of
addi tional countries, including Hong Kong, Taiwan, Singapore, GCermany, and
Switzerland, but no clear signs of an effect could be detected, so these holidays
were not included in the anal ysis.

Al five-minute intervals, covered by the holiday periods |isted above,
were assigned one of two different dumm es. The "Holiday"-dunmy refers to
peri ods of reduced activity, where reliable returns may nonet hel ess be obt ai ned.
An interpretation is that this corresponds to |l ower |evels of general economc
activity, where |less relevant economc news are generated. The "Market O osure"-
dummy refers to periods where the quoting intensity is so low as to render return
cal cul ations unreliable. Anmong the above holidays, the follow ng are all ocated

to the latter "Market C osure" category:



Dat es Ti me Peri od Cccasi on

Mar ket O osures: 10/ 12 15: 00- 20: 30 Col unbus Day
11/ 26 16: 00- 20: 30 Thanksgi vi ng
12/ 22 20: 30- 20: 55 Chri st nas

12/ 23-12/ 25 Al Day Chri st mas
12/ 28 21: 00- 23: 00 Chri st nas
12/ 31 17: 00- 20: 55 New Year
01/01 Al Day New Year
02/ 15 16: 00- 20: 30 Presi dent's Day
04/ 08 20: 30- 20: 55 East er
04/ 09 Al Day East er
04/ 12 20: 55-20: 30 East er
05/ 30 06: 00- 20: 30 Menori al Day
07/ 05 11: 30-20: 30 July 4
09/ 06 11: 30-20: 30 Labor Day

The trading restrictions in Japan over the sanple period precludes reliable
assessnment of the properties of the return series over the local |unch period.
It effectively corresponds to a "weekend" in the mdst of the trading day.

Formal Iy, we define a market closure each day during

Tokyo Lunch-Ti ne: 03: 00- 04: 45

Finally, we identified sonme apparent failures in the data transm ssion which
result in lengthy gaps in the quote series. Al of the affected intervals were

treated as market closures. The specific periods are:

Dat es Ti me Period

Dat a Gaps: 10/ 21 01: 18- 05: 37
10/ 28- 29 22:16-01: 15

11/ 17 01: 30-05: 39

12/ 16 01: 15-05: 12

01/ 08 00: 33-06: 20

02/ 10 01: 35-06: 27

02/ 22 04: 52-06: 40

05/ 21 16:41-21: 00

09/ 26- 27 21:57-06: 07

The market closures present a nodeling dilemra, since we want to elimnate these
observations, but also want to retain the strict periodicity associated with the
intradaily and weekly features of the high frequency return series. W solve
this by artificially assigning a very low, positive return (standardized by an

overall daily volatility factor) to all these intervals, and then renoving



(zeroing out) all regressors except the market closure-dunmy from these
i nterval s. This inplies that the dummy "explains" the |low returns (near)
perfectly, while the inference regarding all other features of the return series

i's unaffected.

C.2 Constrained cal endar and announcenent volatility response patterns

In order to accommodate the overall inpact through a parsinoni ous representation
that also allows for efficient inference, the reported estimates for the
announcenent and cal endar effects are based on the inposition of an a priori
structure on the volatility response pattern. |In particular, assumng that the
feature in question affects volatility frominterval n, to n, + n;, the inpact
over the event window, J =0, 1, ... , n,, may then be represented by a

pol ynom al specification,
p(J) =c,+c,- I+ ... +¢c,-J" (A7)

O course, for P = n, this would effectively inply the estimation of a dunmy
variable for each of the N/ n, + 1 event intervals. However, the use of a | ower
order polynomal affords a great degree of flexibility along with a significant
reduction in the dinmensionality of the paraneter space. Furthernore, sensible
constraints on the response pattern, including snmoothness, are readily inposed
in ternms of the polynomal representation. For exanple, the requirenent that the
i npact reflects a gradual novenment away fromthe standard pattern is inposed by
enforcing p(0) = 0. This sinply annihilates the constant, i.e., ¢, = 0. Another
desired property may be that the effect slowy fades, which is obtained by
imposing p(N = 0. Substituting J = Ninto p(J), solving for ¢, and inserting
the resulting expression for c, back into p(J), leads to a restricted pol ynom al

wi th one | ess paraneter,
(I =C [1-(I/N]+g - [1-(I/N"]-JI+...+¢, - [1-(I/N] I
(A8)

We can now classify a nunber of our calendar and all of our announcenent



regressors through the choice of polynom al order, P, the response horizon, or
N, and the endpoint constraints inposed on p(J). The follow ng specifications

underlie the results reported in the paper:

Tokyo Market Opening: N = 6, P =1, p(N+1) =0,

Late Summer Day Sl owdown: N = 60, P =2, p(0) = p(N+1) = 0,
Early Monday Effect: N = 17, P =2, p(N+1) =0,

Late Friday Effect: N = 46 (58), P = 2, p(0) = 0,

EMS- Band W deni ng: N = 30, P = 3, p(N+1) =0,

Enpl oynent Report: N = 24, P = 3, p(N+1) =0

Al O her Announcenents: N = 12, P = 3, p(N+1) = 0.

The above representations | eave one free paraneter for the Tokyo market opening
and the Summer sl owdown, and two free paraneters for the weekend effects denoted
"Monday early"” and "Friday late". The "Friday late" coefficients are identical
in Sunmer and Wnter, but the effects lasts an additional hour during Sumrer due
to Daylight Savings Tinme. Finally, there are three announcenent effect
paranmeters, but as explained in Section IV.A, we further restrict this pattern

by i nmposing the conmon structure,

P(J) = 8- po(J) , (A9)

where p(J) refers to the polynom al for event type k, and p,(J) denotes a fixed
response pattern. Specifically, we calibrate the pattern by fitting all three
paraneters for a set of announcenents of about equal significance, resulting in
a benchrmark pattern that resenbl es the one associated with Category | rel eases.
Concretely, ( ¢c,, c;,, C,) = (2.18868, -0.64101, 0.07663). Thi's uniquely
identifies p,(J), and p,(J) thus has only one free "l oadi ng" paraneter, 8,. O
course, this procedure only strictly applies for response horizons correspondi ng
to N=12. In order to retain the benchmark pattern for larger N, we let the J-
vari able progress only by a (12/N)-fraction of a unit per five-mnute interval,
rather than a full interval. This "stretches" the event tine scale so that it
conforns to the desired horizon.

Finally, we apply the corresponding "tine-deformati on" procedure to the



sinusoids in the U S Sumrer Tine intraday pattern in order to conpensate for the
one hour leftward shift from7:00 to 6:00 GMI. This elongation of the intraday

pattern is inplemented over 19:55 to 00: 00 GVI



