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1 Introduction

Participants in financial markets devote considerable effort to predict how central banks
will set interest rates in the future. At the same time, an essential task of central banks’
communication policy is to "guide" expectations about its future policy moves. First,
influencing expectations of future interest rates provides the central bank with some
leverage over longer-term interest rates through the term structure. Second, in their
communication central banks often try to keep uncertainty about future interest rates
low. Rising uncertainty about future moves by the central bank can result in an increase
in the volatility of money market rates. Increasing volatility of short term interest rates
can destabilize the financial sector and, if the volatility increase is transmitted through
the yield curve (Ayuso et al. (1997)), can cause the volatility of longer-term interest
rates to rise as well, which can negatively affect economic performance.! From the
financial sector’s point of view estimates of uncertainty about future interest rates are

important for the pricing of financial derivatives and for risk management.

The Taylor rule (Taylor (1993)) is often used as an approximate description of how cen-
tral banks set short-term interest rates in response to (expected) economic conditions.
Even though the central banks certainly do not mechanically follow the Taylor rule
when deciding about monetary policy, financial market participants often use Taylor-
type rules as a tool to form expectations about how the central bank will set interest
rates in the future. Using interest rate rules to forecast policy makes it necessary to
form expectations of economic conditions the central bank will have to react to in the
future. The uncertainty about forecasts of the information the central bank will have
to act upon is one source of uncertainty about future interest rates (uncertainty about

future fundamentals).

However, the parameters in simple interest rate rules like Taylor-type rules have been
shown to change over time. One reason for this is that a central bank does not always

react in the same way to the same economic conditions because of shifts in the weights

!The empirical effects of interest-rate volatility on real growth in the U.S. are studied in Muell-
bauer and Nunziata (2004). Byrne and Davis (2005) investigate the effects of long-run interest rate

uncertainty on investment in the G7 economies.



attached to the different goals in the central bank’s objective function. Another pos-
sible explanation is that simple interest rate rules are only very crude approximations
to optimal monetary policy reaction functions. The information set central banks base
their policy decisions on is much richer than, for example, the (forecasts of) output
gap and inflation considered in the Taylor rule. Consequently, situations with identical
(forecast) values of the output gap and inflation can be significantly different economi-
cally if judged by the much larger optimal information set. Thus, the central bank not
necessarily has to react to (apparently) identical economic situations in the same way
and this would show up in changing policy rule parameters. A third reason for chang-
ing responses of monetary policy can be changes in the monetary policy transmission
mechanism, that is in the structure of the economy. Uncertainty about how the central
bank will react to given economic conditions in the future (parameter uncertainty) is
the second component of interest rate uncertainty. Finally, the remaining component
of interest rate uncertainty (residual uncertainty) is related to the error term in em-
pirically estimated Taylor rules, i.e. represents the approximation error of the Taylor

rule relative to actual monetary policy.?

We build an empirical model of U.S. monetary policy that allows us to separate the
different components of uncertainty about future interest rates. Our model consists
of a Taylor rule with time-varying coefficients which describes how the Federal Funds
rate responds to the contemporaneously unobservable economic conditions. Changes
in the systematic reaction of monetary policy is captured by modeling the Taylor rule
parameters as driftless random walks (e.g. Cooley and Prescott (1978)). We also con-
sider a modified version of the model that allows for heteroskedasticity in the Taylor
rule residual (Boivin (2006)). The current state of the economy is modeled using an
unobserved component model of output, inflation and the output gap as in Kuttner
(1994).

Our model is thus an extension to the growing empirical literature on time-varying
monetary policy rules. Evidence of pronounced changes in Taylor-type interest rate
rules for the U.S. was provided by Clarida, Gali and Gertler (2000) using split-sample

regression analysis. They show a strong shift in the conduct of monetary policy re-

2The latter two components, i.e. parameter uncertainty and residual uncertainty could be reduced

by the central bank following the approximating policy rule more strictly.



lated to the appointment of Fed Chairman Volcker in 1979. More recently Boivin
(2006) estimates forward-looking Taylor rules with time-varying parameters and re-
ports important but gradual changes in the coefficients. Trecroci and Vassali (2006)
show that time-varying monetary policy reaction functions for the U.S., the U.K., Ger-
many, France and Italy perform superior to constant parameter rules in accounting
for observed changes in policy rates.> Trehan and Wu (2004) estimate a time-varying
parameter Taylor rule for the U.S. focussing on changes in the equilibrium real interest
rate.

An important issue in empirical estimations of monetary policy rules is that estima-
tion on ex-post data, that would not have been available to policymakers, can lead to
distorted policy coefficients (e.g. Orphanides (2001)).% In this paper, we approach the
real-time data issue by assuming that the Fed is unable to contemporaneously observe
the relevant economic variables and thus has to rely on estimates of the state of the
economy. These estimates are derived from an unobserved components model and are

subject to revision if new information becomes available.

The empirical fact of important time-variation in uncertainty about short-term U.S.
interest rates has been documented, for example, by Fornari (2005) using implied
volatilities from swaptions. Sun (2005) finds evidence for regime shifts in the volatility
of short-term interest rates in the U.S. as well as in other countries. Empirical mod-
els of interest rate uncertainty mostly have derived their measures of uncertainty as
conditional variances from ARCH/ GARCH models (e.g. Chuderewicz (2002), Lanne
and Saikkonen (2003)) or from stochastic volatility models or variants thereof (e.g.
Caporale and Cipollini (2002)). An advantage of our approach is that our measure of
interest rate uncertainty is not only derived from the time series of historical interest
rate changes but from the way financial markets perceive monetary policy to be made.
Thus, we can directly relate various components of interest rate uncertainty to their
economic sources, i.e. changes in the behavior of the Fed and uncertainty about future
economic conditions. Our approach is partially related to the study of Favero and

Mosca (2001) on the expectations hypothesis of the term structure. They estimate

3Time-varying Taylor rules have also been estimated for the Deutsche Bundesbank by Kuzin (2005)

and using a regime-switching model by Assenmacher-Wesche (2006).
4See also Orphanides (2002,2003) for a discussion of the results in Clarida, Gali and Gertler (2000).



monetary policy reaction functions for the three-month rate and combine interest-rate
forecasts derived from these with a term-structure relationship. The effect of current
and future short-term interest rates on the six-month rate is allowed to depend on un-
certainty about monetary policy. They show that the expectation hypothesis cannot

be rejected in periods of low monetary policy uncertainty.

Our paper is structured as follows. Section 2 specifies the Taylor rule and the output-
inflation model and describes the estimation procedure. Section 3 presents the em-
pirical estimates for our model while section 4 contains the results for interest rate

uncertainty. Finally, section 5 concludes.

2 A model of policy and economic fundamentals

2.1 The Taylor rule

Under the assumption that the central bank sets the short-term interest rate in response
to the current or expected state of the economy uncertainty about future short-term
interest rates stems from (i) uncertainty about the future state of the economy and
(ii) uncertainty about the policy response to the state of the economy. The first type
of uncertainty concerns forecasts made about future values of the variables contained
in the central bank’s reaction function while the second type concerns future values of

the coefficients in the reaction function.

We assume that the central bank follows a Taylor-type rule in setting its policy rate.
It is not necessary that the central bank exactly follows such a rule but that financial
participants perceive the central bank to do it or use a Taylor rule to describe the

setting of the short-run interest rate.

i =Ty + o (m — T) + ayz, (1)

where 7; is the (time-varying) equilibrium real interest rate, 7, is the inflation rate, 7
the target value for the inflation rate, and z; is the output gap. The interest rate rule

can be rewritten as



I = Qg+ QrTy + Q2 (2)

where o = 7 — agpi.

In empirical work it is standard practice to allow for the gradual adjustment of the

interest rate to its target level by including a lagged interest rate term, i.e.

iv = (1 —p)(aos + e + az2y) + piy_y. (3)

If we allow for a time-varying response to economic conditions we can rewrite (3) as

iv = Bog + Brame + Bz + pris—1 + &, (4)

where €, captures the component of the policy rate unrelated to inflation, the output

gap or the lagged interest rate.

We assume that the central bank cannot observe the contemporaneous values of infla-
tion and the output gap and therefore has to rely on estimates based on last period’s

data

it = Bot + BriTelji—1 + B Ze)e—1 + pris—1 + €, (5)

where z,,_; denotes the conditional expectation of a variable in period ¢ based on

information available in period t — 1.

2.2 QOutput gap and inflation forecasts

The dynamics of the output gap and inflation rate are jointly modeled using the unob-
served components model described in Kuttner (1994). The output equation is based
on Watson (1986) and decomposes the log of real GDP (y) into a random walk and a

stationary AR(2) component



Yt = My + 2 (6)
2 = G121+ Q220+ € (7)

ng = fy+negtef (8)

n is the trend component and follows a random walk with drift 4, while 2 is the (log)

deviation of real GDP from potential output, i.e. the output gap .

Inflation dynamics are modelled as an ARIMA process in which the change in the rate

of inflation depends on the lagged output gap

Aﬂ't = Ur + YZt—1 + v+ 51Vt—1 + 52Vt_2 + 531/15_3 + (54l/t_4 (9)

Writing the model (6)-(9) in state-space form we get the observation equation

Y;& = M‘i‘Hi’t‘i‘et, (10)
A er
Y, - Yi = Hy o) = t
A7Tt o 0
1 -1 0 0 0 O O
H =
O ")/ 1 (51 (52 53 54
Ufn 0
Eeie, =Xy = ’ :
0 0



and the transition equation for the state variables

Ty = P+ G (11)
o o
Zi1 0
vy ey
Tr=| 1y |G=1] 0
Vi_o 0
Vi_3 0
| V-4 _O_
[ 6 ¢ 0000 0]
1 000000
0 0 00000
F=|0 010000
0 001000
00 00100
[0 0 000 10|
(2.0 0 000 0]
00 0 0000
0 03¢, 0000
EGG=%=| 0 0 0 0000
00 0 0000
00 0 0000
00 0 000 0|

We assume that the shocks e”,e™ and e* are serially and mutually uncorrelated.

This model can be estimated by maximum likelihood using the Kalman filter. From
the Kalman filter we obtain estimates of the current value of the output gap based
on information from the previous period as z;;—; which is the first element of Z;,_,,
the forecast of the state vector based on information from the last period. We use
this estimate, together with the inflation forecast m,,_; = m_; + Am,_; as exogenous

variables in the estimation of the Taylor rule (5).
The interest rate rule model can be written in state-space form as
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. /
i = 1f+ e, (12)
; .
Ty=11 Ty-1 Zep—1 -1

Eel =02, (13)

The time-varying parameters follow a random walk

Bt = Brtwip (14)
Bo,t wy
/67T,t wy
Bt - , Wy = !
ﬁz,t U)f
| Pr ] i wi i

/
Ewtwt = E’w-

The shocks w and € are serially and mutually uncorrelated, as well as uncorrelated
with any shocks in the output gap - inflation model. However, we allow for correlation

> The parameters of this model can again be estimated by

among the shocks in w.
maximum likelihood and applying the Kalman filter. We will interpret the estimates
of the time-varying parameters [ as representing market participants’ view of the

currently relevant central bank reaction function.

2.3 Estimation

Using the estimates from the output gap - inflation model to estimate the interest
rate rule parameters requires two basic assumptions. First, we assume that the con-
temporaneous value of x; that underlies the central bank’s decision is known to the
public. That is, we assume that the central bank publishes or announces its estimates
of the contemporaneous inflation rate and the output gap that enter the interest rate
decision. Second, x; must be exogenous to 3;. For example, our model does not allow

for asymmetries in the interest rate response to the output gap or inflation, i.e. for

5This is a consequence of the standardization implicit in the estimation approach that will be used.



the § parameters to vary systematically with changes in the estimated output gap or

inflation rate.

Since the parameters of the interest rate rule follow a random walk we have to deal with
the "pile-up" problem as discussed in Stock (1994). Basically, if the variances in ¥, are
small their maximum likelihood estimates will be biased toward zero. Following Stock
and Watson’s (1998) median unbiased estimation procedure we rewrite the observation

equation as

ABy =wy =10, 7 = NT (15)

with 7 being a vector of mutually uncorrelated shocks that are also assumed to be un-

6 7 can be inferred

correlated with the policy shock e. T is the number of observations.
from performing a conventional Quandt (1960) likelihood ratio test for stability: From
the resulting test statistic Q LRy we can retrieve an estimate of A by using Table 3 in
Stock and Watson (1998), p. 354. In order to use this table we have to impose the
normalization”

0.2

) DI 16
n E.’Etl’;’ ( )

. . T . .
where, for estimation, we replace Ex;x} by %Zizl x;x). Thus, the overall estimation

procedure for the model (10)-(14) is as follows:

1. Perform the QL Rr-test and obtain the estimate for A.
2. Impose the restriction
2N\ o?
Yo=|=] ——— 17
<T) % Zz‘Tzl T "

3. Run the Kalman filter to estimate the remaining free parameter o. by maximum

likelihood.

5This procedure for the estimation of the variances is also applied in Boivin (1996).
"See Stock and Watson (1998), p. 351.



output equation inflation equation  output gap equation

p, 082 (0.04) | pr | 001 (0.08) || ¢ | 1.46 (0.03)
v 013 (0.04) | ¢» |-0.53 (0.06)
& | -04  (0.04)
5, | 0.69 (0.06)
55 | 0.01 (0.01)
5, |-0.11 (0.02)
Ten | 060 (0.07) | 0cr | 059 (0.03) || 0o | 0.55  (0.08)
SE | 0.87 SE | 0.61

Standard errors in parentheses. Estimation from 206 quarterly obser-

vations from 1955:1 to 2006:2. Log-likelihood value is:-257.29.

Table 1: Parameter estimates for the output gap - inflation model

3 Estimation results

The output gap-inflation model is estimated on U.S. quarterly data from 1955Q1 to
2006Q2. All data were obtained from FRED II, the database of the Federal Reserve
Bank of St. Louis. The inflation rate is defined as 100 times the annual difference of
the log Consumer Price Index. Table 1 shows the coefficient estimates. ~ is positive
and significant. Thus, if output exceeds its potential (z > 0) inflation accelerates. The
point estimate implies that an output gap of 1%, i.e. output exceeding its potential by

1%, leads to an increase in the annual rate of inflation by 0.13%.8

Figure 1 shows the estimated time series of potential output (actual output minus the
estimated output gap) and the log of real GDP. As in Kuttner (1994) potential output

exhibits substantial short-run fluctuations.
« insert Figure 1 »

The deviations of actual output from its potential, i.e. the output gap, are displayed

in Figure 2 along with 1.69 standard error bounds which correspond to 90% confidence

8We also estimated a specification which allows for a direct effect of output growth on the change
in the inflation rate. In contrast to Kuttner (1994) the relevant coefficient always turned out to be

insignificant.
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Oe¢ Ow,o0 Ownr Ow.z Ow,i SE
0.87 0.05 0.01 0.02 0.00 118.99
(0.04)

Standard errors in parentheses. Estimation from
205 quarterly observations from 1955:2 to 2006:2.
Log-likelihood value is:-290.51.

Table 2: Parameter estimates for Taylor rule

intervals. These error bounds are constructed using the Monte Carlo approach from
Hamilton (1994) and reflect both the Kalman filter uncertainty and the uncertainty

about the parameter estimates.
« insert Figure 2 »

The next variable that enters the interest rate rule is the inflation forecast m;;—; which

is shown in Figure 3 together with the actual inflation rates.
« insert Figure 3 »

Using the time series for z;,_; and the inflation forecasts m;;_; we estimate the pa-
rameters of the time-varying Taylor rule as described in section 2. Since the standard
deviations for the time-varying response parameters were obtained using the approach

by Stock and Watson (1998), we cannot provide standard deviations for the estimates.

The fit of the time-varying Taylor rule is displayed in Figure 4. The estimated model
provides a reasonable approximation to the actually observed interest rates with a sum
of squared residuals of 197.93. As is to be expected from the random walk specification

for the response parameters the fitted interest rate lags the observed one by one period.
« insert Figure 4 »
Figure 5 shows the one-sided estimates of the time varying long-run coeflicients of the

r B
Jitlt 1=pe)e

Taylor rule ( , J = 0,7, 2) in the first three panels and the time varying
estimate of the coefficient on the lagged policy rate in the last panel. We interpret
these one-sided estimates as representing the view of market participants of the Fed’s

policy reaction function. As in Boivin (2006) the interest rate rule parameters exhibit

11



strong variation over time.”

« insert Figure 5 »

4 Interest rate uncertainty

4.1 The one-period case

Uncertainty about the Federal Funds Rate in the next quarter can be defined as

Et (it+1 —£t+1|t)2‘Qt ) (18)

where

ierpe = Byl | 4] = By 27,8001 Q] (19)

Q; represents the information available to market participants immediately after the
policy rate is set at time ¢. This information set consists of the estimated coefficients
in Tables 1 and 2 — that is we assume that the public knows the model the central
bank uses to estimate the output gap and the current inflation rate — and all past
values of y and 7 but not the current values of output and inflation y; and 7; which
cannot be observed contemporaneously. It also contains past and current values of ¢
and the current values of the central bank’s estimates of the output gap z;,—; and of

the inflation rate 7Tt‘t_1.10

We assume 3 and z to be uncorrelated.!* Thus,

i = B [27 1] By [Bia Q] = 210 Beiye- (20)

9Note that these are not the smoothed parameter estimates B;TtlT, which do exhibit much more

gradual changes.
10An alternative assumption would be that market participants accept the model as a relatively

accurate representation of the way the central bank acquires and uses its information.
1 This assumption is implied by using the Kalman filter.
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Note that since x; = (1 my—1  2Zy—1  @—1) the forecast of ;11 based on € is &y 41, =
(1 7y1e-1 Z41p—1  i¢). However the forecast of 3,y based on € is By1 as 4 is

part of the information set.
« insert Figure 6 »

Hence, we have

E; [(%H - %t+1\t)2mt} = E; [($;+lﬂt+l - £2+1|tﬁt+1|t)2mt] (21)

- . 2
= E [5£+1$t+1fi+1ﬁt+1|9t} - ﬁ£+1|txt+l|tm1,t+1|tﬁt+l|t +oc.

This can be written as

E; | (41 — zt+1|t>2‘9t] = f;+1|tEt [(ﬁt—&-l — Big1e) (Beg1 — 5t+1\t)/|Qt] Tt
+ 611 B (@1 — Begrpe) (T — Tes1e) [Q] Breape (22)

Y N / 2
= $t+1|tpﬁ,t+1\txt+1\t + ﬁt+1|tpm,t+1|tﬁt+1|t +o¢.

Py = Eq [(6t+1 — Bitap) (Bigr — ﬁtﬂ‘t)’] is obtained from the Kalman filter. This
component of the overall interest rate forecast uncertainty represents uncertainty due
to changes in the way the Fed reacts to the fundamental variables in its reaction
function. The uncertainty due to this component of future interest rates rises if there
is a numerical increase in the variables that enter the policy rule. The reason is that
even when uncertainty about the S-parameters remains unchanged, uncertainty about
the size of the interest rate response of the central bank increases when the absolute
values of the variables the (-coefficients are multiplied with go up.

Pripe = By [(mt+1 — ) (T — mt+1‘t)’|Qt] represents the uncertainty about the
forecast of the economic variables the interest rate responds to. A detailed derivation

of this expression can be found in the Appendix.

The results are presented in Figure 7. The Figure shows the overall interest rate

uncertainty (22) together with two of its components!?

Y ~!
Bune = xt+1|tpﬂ,t+1|t$t+1|t

12The high initial values result from the Kalman filter initialization where we have chosen a relatively
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and

ol /
Lunce = ﬁt+1|tpw,t+1\tﬁt+1\t-

« insert Figure 7 »

The Figure shows that most of the interest rate uncertainty is caused by the variance
of the policy shock o2. There are three episodes in which an increase in the uncertainty
about the policy response (Gun.) leads to a burst in overall interest rate uncertainty.
These episodes occurred at the end of the 1960s, in the mid 1970s and in the early
1980s. The latter two episodes coincide with an increase in the forecast uncertainty
of the output gap and inflation. After the mid-1980s and particularly during the
1990s uncertainty about the policy parameters remains relatively low and rises again
somewhat after 2001. Uncertainty about future values of output gap almost always
plays a minor role relative to the interest rate rule parameter uncertainty. Uncertainty
about economic fundamentals rises over the 1970s and drops again in the early 1980s
to a level comparably to that of the 1960s. In the early 1990s it rises somewhat but

remains far below the levels of the 1970s.

4.2 The two-period case

We can define uncertainty about the interest rate set two periods in the future as

Er |(ivs2 = fre2n)*I] (23)
where

g1;+2|1t = E; [(it+2’Qt] = E,; [x;+zﬁt+2‘9t} (24)

= E, |:x2+2’9t] E, [5t+2’9t] = j?;+2|tﬂt+2|t-

« insert Figure 8 »

high starting variance for the 3 vector in order to discount possible effects from the choice of the

starting values.
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We get

E, [(it+2 - %t+2\t)2|9t} = E [(x£+2ﬁt+2 — f;+2|t3t+2|t)2|9t] (25)

A A 2
= E; [ﬁ£+2xt+2x;+26t+2|9t} - 6£+2|txt+2|tx;+2|tﬁt+2|t + o,

and, finally,

E, (it+2 - Et+2|z€)2mt] j71/t+2|tEt [(ﬁtm - ﬂt+2|t>(ﬂt+2 - ﬁt+2\t)/mt] j?t+2|t
+ﬁ£+2|tEt [($t+2 - jt+2\t)($t+2 - fi"t+2|t),|9t} 5t+2\t (26)

oot A1 / / 2
= TyopPpar2tTiop + Brpop Prpr21tBpop + 07

Pg o = Ey [(ﬁt+2 —ﬂt+2\t)(5t+2 - ﬁt+2\t)/|9t] can be computed by noting (14) as
Pg 1ot = Pgyq1)¢ + 2. For the derivation of P, ;o refer to the appendix.

Figure 9 shows the two-period forecast uncertainty about the federal funds rate along
with its two components. It is obvious that interest rate uncertainty is markedly
higher over the longer forecast horizon. Furthermore, while over one period parameter
uncertainty is more important than uncertainty about the future state of the economy
the latter one turns out to be always more important for the longer forecast horizon.
Uncertainty about the interest rate rule parameters never exceeds uncertainty about
future economic fundamentals. Some smaller spikes in uncertainty about the central
bank’s future responses to economic conditions can be observed in the early mid-
to late 1960s, the mid 1970s, and in the late 1970s to the early 1980s. Parameter
uncertainty also increases in late 2001 after having been relatively low throughout the
1990s. Uncertainty about future economic conditions rises strongly in the early 1970s,
mid 1970s and in the early 1980s and does only partially return to its previous lower
levels. It comes down somewhat again in the early 1980s. In the early 1990s and
2000s we observe again two persistent increases in uncertainty about future economic

conditions.

« insert Figure 9 »
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1955:1-1979:3  1979:4-1982:3  1982:4-2006:2

0.76 2.15 0.48

Table 3: Estimates for o, for subsamples (OLS)

4.3 Heteroskedasticity

Many studies have presented evidence for shifts in the variance of the policy rule’s error
term associated with the Volcker disinflation period at the Fed (e.g. Boivin (2006),
Clarida, Gali and Gertler (2000)). To accomodate this heteroskedasticity we split the
sample into three subperiods with break points in 1979:4 and 1982:4. We follow Boivin
(2006) and estimate o, across the different regimes from the OLS residuals and use
these estimates in the procedure outlined in section 2.1 to estimate the variances of

the time-varying parameters and to run the Kalman filter.

The estimated value for o, is extremely high for the 1984:4 to 1982:4 period. For the
most recent subsample it is about two thirds of the estimate for the first subsample.
Figures 10 and 11 show that overall interest rate uncertainty was significantly higher
in the pre 1979:4-period than in the post 1982:4-period. For the 1979:4 to 1982:4
subperiod most of the drastic increase in uncertainty is due to the increased variance
of the error term €, but uncertainty about the interest rate rule parameters increased
substantially as well. Uncertainty about the Taylor rule parameters is on average higher
from 1960-79 than from 1982 on. As in the homoskedastic case, there are two spikes in
parameter uncertainty at the end of 1960s and in the mid 1970s. In the final subsample
uncertainty about the Fed’s response parameters is very low. Uncertainty about next
quarter’s fundamentals starts out very low and slowly edges upward throughout the
1970s. We observe a strong rise in the mid 1980s when uncertainty about future
economic conditions makes up most of overall interest rate uncertainty. After the
mid 1980s uncertainty about future fundamentals is relatively low again. However, on
average this component of overall interest rate uncertainty is higher after the late 1980s

than in the 1960s and early 1970s.

« insert Figures 10+11 »
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Figures 12 and 13 show the results for the two-period interest rate forecasts. The
overall impression is similar to the one-period case but on a higher level. As in the ho-
moskedastic case, uncertainty about the future state of the economy is more important

than uncertainty about the policy parameters.

« insert Figures 12413 »

5 Conclusion

We have constructed an empirical model of monetary policy in the U.S. that enables
us to separate the uncertainty perceived by market participants about future interest
rates into its basic components: uncertainty about the state of the economy in the
future and uncertainty about how the Fed will react to future economic conditions.
Our results show that there is considerable time variation in the parameters of the pol-
icy rule. For forecast horizons up to one quarter uncertainty about the future values of
these parameters is most of the time more important than uncertainty about the future
state of the economy. For a forecast horizon of two quarters uncertainty about future
economic conditions dominates uncertainty about future policy parameters. According
to our model uncertainty about future interest rates is highly variable with peaks in the
late 1960s/early 1970s, mid 1970s and late 1970s/early 1980s. Recently, uncertainty
about future policy reactions has increased again and over the longer forecast horizon
uncertainty about future economic conditions has also gone up.

We also accounted for shifts in the error variance of the interest rate rule. We derived
a strong increase in interest rate uncertainty in the 1979-1982 period, driven by a surge
in the error variance of the policy rule. The estimates from the modified model show
uncertainty about future interest rates to have been exceptionally low in the post 1990

period.
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Appendix A: The Kalman filter equations

The estimates of the unobserved component %, = FE;_[%;] and its covariance matrix

Pryji-1 = Eva[(Zy — Tyje—1)(T¢ — Z4y—1)'] are formed recursively

Ty = Foy g1, (A1)

Py = FPipqpF' + 3¢, (A2)

with @y = F;[%] and its covariance matrix Pjyy = Ey[(T¢ — Toe) (T — Tpt)']-

After the information on Y; has become available, the estimates are updated as

Ty = Top—1 + K1 (Y — Yip—1)
= Tyt—1+ Kt\t—l(yt — U — H«fﬂt—l)
= Typ—1 + K1 (H(ZTy — Typ—1) + €1) (A3)

Piye = Py — K1 H Pz -1, (A4)

with Kyy1 = Pryp1H'[HPs g1 H' + Syt
The second second row of (A3) is used to form the estimate of Z;;, while the third row

is used in the computation of the expressions for interest rate uncertainty.

The forecasting and updating equations for the Taylor rule coefficients are

Bii—1 = Bi-1je-1, (A5)
Psyi—1 = Pgy_ip—1 + X, (A6)

After the information on 7; has become available, the estimates are updated as
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Bir = Bip—1 + Pase12[, Poyp—12e + 02) (i — dgje—1)
= @s\tq + Pﬁ,t|t71$t[$gpﬁ,t|t71xt + 03]_1(% - x:&ﬁﬂtfl)y (A7)

Psye = Payo1 — Poy12[wi Py1me + 02] 0} Pg g1 (A8)

Since we require only the one-sided estimates for £ and 3 we do not reproduce the

equations for the smoothing algorithm.!3

Appendix B: Uncertainty measures

Uncertainty about economic conditions in the one-period case

Derivation of (22): Define We can use a Taylor-Approximation to write

E B2zt Bl = Biap@edio B
+2E(ﬁt+1 - 5t+1|t|Qt)/i"t+1|t‘%1,t+1|tﬁt+l|t
+2E(z141 — it-&-lItQt)/ﬁt+1|tﬁ£+1|tjt+1\t
251 B[ (Brr = Berne) (Brar = Begae) 1] Zepa
011 B[ (@141 — Zegape) (@1 — Begae) [Q] Braaye
+4‘%:€+1\tE[(6t+1 — Brrape) (@41 — §7t+1|t),|9t} Brr1)e

~ 5£+1|tj:t+1|t£;+1|tﬁt+l|t (B1)

251 B[ (Brr1 = Bern) (Brar = Begae) 1] Fepa

+ﬂ£+1|tE[($t+1 — Zog1je) (@41 — Zegape)'[Q] Brgne-

Substituting this expression into (21) yields (22).

Since Tty1 = (1 ﬂ-t-‘rl‘t Zt-i—l‘t ’lt) and Tir1 = (1 Tt1)t—1  2t+1)t—1 Zt) we can write

13For more details on the Kalman filter see, for example, Hamilton (1996) or Kim and Nelson (1999).
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Pm,t+2\t = E; [(xt—l-l - $t+1\t)(xt+1 - $t+1|t)/|Qt]
0 0 0 0
0 pﬂ,ﬂ,t+1 pTr,z,t-i—l 0

0 Przt+1  Pzzt4+1 0

0 0 0 0

The individual elements can be derived as follows: We start with p; 111 = E [(Wt+1|t — Tp1fe—1) ]Qt] )
The inflation forecast the central bank will react to in the next period is m ), =
7y + Ameqpe. Since m; is not known at the time the forecast Z,,1; is made m1p—1 =

Tyje—1 + Amq—1. Thus

Tt — T41jt—1 = = (m — 7Tt|t71> + (Aﬂ-t+1|t - Aﬂtﬂ\tfl)
= (Am — Amye—1) + (AT — ATppape-1)

= 1 [(Yi —Yieo1) + Y — Y;f+1\t—1}7 (B3)

with 1, = (0 1)". Using (10), (11), (A3), and (A4) we get

(Ye = Yie) + Yeprp — Yesap—1) = H(Te — Topa) + e+ H( Ty — Tegaje—1)
= H(& — Typ—r1) + & + HE(Typ — Typ—1)  (B4)
= H(Zi't - i’th‘fl) + e

+HFKye1 (H (& — Tye—1) + €1).

Using this expression we get

Praty1 = E [(7t+1|t - 7Tt+1|t—1)2|9t}

= LE|((Y; = Yip—1) + YVes1pe — Yigap—1))

((Yt — Y1) + (Y — Y;t+1|t—1>)/ 19 (1, (B5)

= 1,(I+HFKy 1) [HPs g H' + Sy (I + HF Ky 1] 1o,
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At the time the policy rate in period ¢ is announced, uncertainty about m i, the
estimate of inflation the Fed will react to in the next period and which is forecast as
Ti41)t—1, stems from two sources: first, (Am, — Amy—y), the second element of (Y; —
Yii—1), is the error made in estimating the change in the inflation rate from the previous
to the current period. Second, (Amyp1y — Amepapi—1), the (2,1) element of (Y1 —
Yi1t—1), is the difference between the change in inflation over the next period estimated
by the central bank at the time it has to set i;11 — and thus formed with knowledge of
m, — and the estimate of next period’s change in inflation that is formed by the public

now without knowing ;.

Next we compute p, ,1+1 = E[(zH”t — zt+1|t,1)2|Qt}. Since z; is the (1,1) element of

T,

ftlt T Rt41lt-1 = 1/1 (Zit+1|t - fit+1|t—1)
— 111F<:i‘t‘t - jt‘t—l) (B6)

= 1/1FKt|t,1 (H([Iﬁt - .f;ft|t71) + €t> .

Thus, we arrive at

Peptr1 = E [(Zt+1\t - Zt+1\t—1)2|Qt]
= 111E [(it+1|t - izt+1|t—1)(57t+1\t - ft+1\t—1)lmt] 1, (B7)

= Vi FKy 1 HPsye 1 F'1,

withl;=(1 0 0 0 0 0 0). Uncertainty about the Fed’s estimate of the output
gap is due to the fact that when policy is set next period additional information in

form of observations of m; and y; will be available.

Finally, combining (B3) and (B4) with (B6) we get

Przi+1 = E [(Wt+1\t — Tpgft—1) (Ze1pe — zt+1|t_1)\Qt} (B8)
= 1/2 (pr,ﬂt—lF/ -+ HFKﬂt—alf,ﬂt—lF/) ]_1.
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All these expressions can be evaluated using the parameter estimates from section 3

and the results from the Kalman filter.

5.1 Uncertainty about economic conditions in the two-period

case

Priiop = By [(Te4s — Zegop) (Tego — Tegope)' [
0 0 0 0
O p7r,7r,t+2 pﬂ,z,t+2 pTr,i,tJrZ

0 Przt+2 DPzzt+2 Pizt42

0 Prit+2  Dizpt2 Dii

The inflation forecast the central bank will react to two periods in the future is
Tt420t+1 = 41 -+ A7Tt+2‘t+1 =T_1 + Aﬂ't -+ A7Tt+1 -+ A7t+2\t+1- The forecast of T42[t+1
based on information known at time ¢ is o)1 = M1+ A1+ AT -1 F AT -1

Thus

Tirolerl — Tepo1 = (Am — A7T1t|t—1) + (Ampy1 — A7T1t+1|t—1)
+(ATy o1 — Appop—1)
= 1 [(YZ — Yyeo1) + (Yigr — Yigap—1)

+(Yigops1 — Y;E+2|t71)] (B10)

with 1, = (0 1)". Using (10) and (11) we get

(Y, = Yiyeo1) + (Yerr = Yigip—1) + (Va1 — Yegop—1)
= H(Z — Typ1) + e+ H(Z1 — Tegaje—1)
+H (Ziy o001 — Teropi-1)
= H(# — &) + e+ H(F(& — Z1) + G
+H[F(Ke1 HE + (F — Koy HE) Ky H) (& — Tye—1)

+F(F — Ky  HF) Kyaeer + FEpa(H Gy + et+1)}7 (B11)
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whre the expression in the last two lines of (B11) is derived in (B13). As a result we

arrive at

Prmtre = B [(Top — 7Tt+2\t71)2|9t}

= LE [((Yt — Yyio1) + Vi1 = Yigagem1) + Yegopr1 — Yegop—1))
/

(Y = Yipo1) + (Yerr — Yagap—1) + Yeroprr — Y;H-2|t—1)), 1] 1y

= 1, {H [+ F(I+ Ky HF + (F = Ky HF) Ky 1 H) | Prgja
[[+F(I+ Ky HF + (F — Ky HF) Ky H)) H'
+HF (I + Kyp1 H)S¢ (I + Kyq H) F'H' (B12)
HF(F — Ko HF) Ky Sy Kjyy_y(F — Ky HF) F'H'

+HFKt+1|tZYK£+1‘tF,H/ 12.

For the squared forecasting error of the output gap estimate we have

Zepolerr — 221 = 1y (Tepopsn — Togop1)
= 11 F (@1 + K [H(Tig1 — Tegape) + €] — Tep—1)
= 1 F[F(Zy — Toe—1) + Ky (H(F (2 — Tye) + Cr1) + €141)]
= 1V F(FEKy1[H (T — Top—1) + €] + Kppp HF (T — (Typn
+ K1 (H(Z — Typ—1) + €1) + K10 (H G + €041))
= 1) (F(KH_WHF + (F — Kt-l,-l\tHF)Kﬂt—lH) (T — Sz't\t—l) +er)

+F(F — Ky HF ) Kyy—1ep + FKy 10 (H G + €t+1))- (B13)

Thus,
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Pezprz = E [(Zt+2\t+1 - Zt+2\t—1)2|Qt}
= UV E [(Zryop — Trrop—1) (Ferop — Traop—1) |%] 1
= 1)|F (KpHE + (F — Ky HE) Ky 1 H) P g
(Ko HF + (F — Ky HF) Ky H)' F' (B14)
+F [(F = Ky HF) Kye—1 + Ky Sy [(F — Koy HE) Kyp—1 + KHIH/F’

+FKt+1|tHZCH/ £+1|tF/ 11.

From (B10), (B11) and (B13) we derive

Przti2 = B [(Wt+2|t+1 - 7Tt+2|t—1)(zt+2|t+1 - Zt+2|t—1)|Qt]
= 1 |H(I+F(I+ Ky HF + (F — Ky HF)Kyy1 H) Py
(Kypr HF + (F — Ky HF) Ky 1 H)' F' (B15)
+HF(F — Ky HF) Ky 1Sy Ky, (F — Ky HF) F/

+HFKt+1‘tEYK£+1|tF/ + HFKt+1‘tHZCH/K£+1|tF/ ]_1.

Next are the correlations of the forecast errors for the output gap and inflation with

the forecast error for the interest rate. The latter one is

. i) / ~!
b1 — b1l = Lo B — Ty B + €
_ / ~
= Ty (B + W) — Ty, Bye + €1

= (Tp1 — o) Byt + Ty (Be + Wi — Bip) + €141 (B16)

. ;o . o .
Since xj,; = (1 Tq1pe Zepap @) and Ty = (1 Typ1je—1 Zepip—1  G¢) We can ex-

pand the above expression to
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lip1 — %t-&-l\t = (7Tt+1|t - 7Tt+1\t—1)57r,t|t + (Zt+1|t - Zt+1|t—1)5z,t\t
+(Bet — Bear) + Teg1jt(Brp — Bryyt)
F 211t (Be — Bee) + (e — pege)

+Ty Wit + €41 (B17)

The inflation forecast made for the interest rate setting in the next period is

Topae = T+ AT = m + 15Y 0,
= m+ 1p+ HTpy

= T+ 1/2[,111 + HF(CZ’ﬂt_l + Kt]t—l(H(«%t — jt\t—l) + et))}, <B18)

and (7¢41)¢ — Teq1je—1) is shown in (B3).

] ~
Zere = LiTepap
/ ~
= 11F$t|t

= VU F(Tyo1 + Kyo1 (H(Z — Typ—1) + €1)), (B19)

and (Zg411t — Ze+1)t—1) is shown in (B6).

Using these expressions, we get

Prittr = B [(Teropsr — Tepop—1)(Gre1 — o1 ]
= 1[H (I +F(+ Ky HF +(F — Ky HF)Kyy—1H)|Pi e (B20)
(57r,t|tH(I + FKy 1 H) + FKt\t—lHﬁz,t\t)/ 1,

F1HF(I + Ky H)F Ky 1Sy [HF Kyjoo1 Bege + F K18y 1o,

and
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Di,zt+2 E [(Zt+2|t+1 - Zt+2|t—1)(it+1 - it+1\t)|Qt}

1) F [Kt+1|tHF+ (I + Kt+1|tH)FKt|t—1H} P 1111 (B21)
[H(I + F Ky H)Br e + FKt\tleﬁz,ﬂt}/ 1,

+1\F(F + Kpp HF ) Ky 1 Sy [HF Kyje—1Brge + FKye—1824) 1

Finally, p;; = E [(z’tﬂ‘t — %t+1|t_1)2|9t} is known from the one-step-ahead forecast un-
certainty.
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Figure 2: Output gap with 90% confidence bands
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Figure 3: Actual and estimated inflation
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Figure 5: One-sided coefficient estimates
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Figure 6: Federal Funds Rate forecasts and forecast errors
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Figure 7: Uncertainty about one-quarter ahead Federal Funds Rate
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Figure 8: Federal Funds Rate forecasts and forecast errors (2 quarters)
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Figure 9: Uncertainty about two-quarter ahead Federal Funds Rate
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Figure 10: Uncertainty about one-quarter ahead Federal Funds Rate (heteroskedastic
shocks)

— — — . una

1950 1250 1870 1a8a0 1930 =000 2010

Figure 11: Uncertainty about one-quarter ahead Federal Funds Rate in subperi-
ods(heteroskedastic shocks)
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Figure 12: Uncertainty about one-quarter ahead Federal Funds Rate (heteroskedastic

shocks)
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Figure 13: Uncertainty about one-quarter ahead Federal Funds Rate in subperi-
ods(heteroskedastic shocks)
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