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Abstract

The strong response of long-term interest rates to macroeconomic
shocks has typically been explained in terms of informational asymme-
tries between the central bank and private agents. The standard mod-
els assume that the equilibrium real interest rate is constant over time
and independent of structural shocks. We incorporate time-variation
in the equilibrium real interest rate as function of structural shocks
to e.g. productivity and demand. This extended model implies that
forward interest rates at long horizons move about 40 basis points as
the short-term interest rate increases one percentage point. In terms
of regressions of changes in long-term interest rates on changes in the
short-term interest rate, including a time-varying equilibrium real in-
terest rate explains about half of the puzzle.

Key words: Term structure, equilibrium real interest rate, unobserved
components model
JEL classi�cation: E43, E52, C51

�Without implicating we wish to thank Nils Gottfries, Jesper Lindé, Ulf Söderström
and seminar participants at Uppsala University for helpful comments. Welz gratefully
acknowledges �nancial support from the Jan Wallander and Tom Hedelius foundation and
CEMFI Madrid.

yDepartment of Economics, Uppsala University, Box 513, SE-751 20 Uppsala, Sweden.
Tel: +46 18 4711564. Fax +46 18 4711478. E-mail: annika.alexius@nek.uu.se.

zMonetary Policy Department, Sveriges Riksbank, 103 37 Stockholm, Sweden. Tel:
+46 8 787 0565. Fax +46 8 787 0169. E-mail: peter.welz@riksbank.se

1



1 Introduction

Long-term interest rates display large movements in response to macroeco-

nomic shocks, typically in the same direction as the policy controlled short-

term interest rate (Gürkaynak, Sack and Swanson (2005), Ellingsen and

Soderstrom (2005)). Hence the entire yield curve tends to shift in a parallel

manner. Standard models of monetary policy however imply that long-term

interest rates should remain stable when the economy is hit by shocks. This

behavior has been labelled excess sensitivity and/or excess volatility puzzle.

Excess volatility denotes the �nding that the variance of long-term interest

rates is far greater than what can be explained within the standard models

used in this literature1, whereas excess sensitivity concerns the observed large

movements in long-term interest rates in the same direction as the short-term

interest rate in response to macroeconomic shocks. Since we are interested

in explaining the prevalence of parallel shifts of the yield curve we adhere to

the excess sensitivity version of the puzzle.

Gürkaynak et al. (2005), Ellingsen and Soderstrom (2005), and Beechey

(2004) amongst others construct di¤erent models of why shocks could have

stronger and more persistent e¤ects on expected future short-term rates. In

Gürkaynak et al. (2005) the private sector adjusts its expectations of the long-

run in�ation target in response to macroeconomic shocks in a manner that

generates the observed movements of long-term interest rates. Ellingsen and

Soderstrom (2005) show that a model with private central bank information

about future in�ation generates moderate parallel shifts in the yield curve

1See e.g. Shiller (1979) for an early discussion.

2



when the economy is hit by shocks to supply and demand. They estimate that

the ten-year interest rate rises on average by 25 basis points in response to

an unexpected one percentage point increase in the policy-controlled short

rate. In Beechey (2004) long-term interest rate movements in response to

shocks arise from a non-stationary in�ation target combined with adaptive

learning.

Existing explanations of the excess sensitivity puzzle provide di¤erent

mechanisms through which shocks today a¤ect expected in�ation several

years into the future. The second component of a nominal interest rate is

the real interest rate. In this paper we relax the assumption of a constant

equilibrium real interest rates used in the models discussed above and allow

macroeconomic shocks to have persistent e¤ects on the equilibrium real in-

terest rate, which in turn generates movements in future nominal short-term

interest rates. We are not trying to argue that expected in�ation does not

play an important role in the determination of nominal interest rates. It is

nevertheless relevant to investigate to what extent movements in real interest

rate can explain the puzzle, especially as the assumption of a constant equi-

librium real interest rate is neither theoretically nor empirically plausible.

Shocks to technology or the time preference of consumers alter the equi-

librium real interest rate in general equilibrium models. Several empirical

studies �nd that the equilibrium real rate can be modelled as non-stationary

as in Laubach and Williams (2003) or near unit root process as in Mesonnier

and Renne (2004), implying that shocks have permanent e¤ects or at least

highly persistent e¤ects.2

2Other contributions in the same vein are Andres, Lopez-Salido and Nelson (2004) and
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We use an unobserved components model estimated with the Kalman

�lter to extract a measure of the equilibrium real interest rate and show

that the theoretical model augmented with the estimated process explains

a signi�cant fraction of the excess sensitivity puzzle. Forward interest rates

at long horizons display much more movements in response to shocks when

shocks have persistent e¤ects on the equilibrium real interest rate than when

the natural real rate of interest is constant. An alternative empirical formu-

lation of the excess sensitivity puzzle is that long-term interest rates appear

to react to changes in the short-term interest rate. We show that the slope

coe¢ cients from regressions of changes in long-term interest rates on changes

in short-term interest rates are about 20% higher when the equilibrium real

interest rate is time-varying than when it is constant. Because we do not

investigate whether a time-varying equilibrium real interest rate explains the

puzzle better or worse than alternative explanations, we do not claim that

our solution is the correct one. We do, however, show that equilibrium real

interest rates display su¢ cient variation and dependence on structural shocks

to produce the observed co-movements of long-term interest rates and short-

term interest rates.

Because long-term interest rates consist of expected future short-term

interest rates (plus possible term premia), the excess sensitivity puzzle can

be illustrated in terms of movements in expected future short-term interest

rates or forward rates in response to shocks. To generate persistent e¤ects on

forward rates, either the stochastic process of the shock itself or the e¤ects

of the shock on other variables in the model need to be highly persistent.

Manrique and Marqués (2004).
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Gürkaynak et al. (2005) conclude that the degree of persistence of nominal

shocks required to solve the excess sensitivity puzzle is unreasonably high.

We demonstrate that the e¤ects of real shocks propagated through the equi-

librium real rate is su¢ ciently persistent to explain up to half the puzzle.

The paper is organized as follows. Section 2 presents a semi-structural

general equilibrium model with a time-varying equilibrium real rate. In Sec-

tion 3 we estimate this time-varying real rate. Section 4 analyses the impli-

cations for the excess sensitivity puzzle in two ways: �rst by examining the

e¤ect of shocks on long-horizon forward rates and second through the coef-

�cients of regressions of long-rate changes on short rate movements. Section

5 concludes.

2 A stylized model

The macroeconomic models used to analyze the excess sensitivity puzzle in

Gürkaynak et al. (2005), Orphanides and Williams (2005), and Ellingsen and

Soderstrom (2005) are similar. They are chosen to be empirically relevant

and typically include both forward looking and backward looking terms in

the Phillips curve and Euler equation. The speci�cation we use to analyze

to which extent a time-varying equilibrium real interest rate can explain the

puzzle is taken from Rudebusch (2002a). This model shares the main features

from the stylized Orphanides and Williams (2005) model but features richer

dynamics. A version of it is also used in Ellingsen and Soderstrom (2005)

and Gürkaynak et al. (2005).

Let yt denote the output gap measured as the percent deviation of out-

put from its potential, �t is the annualized quarterly in�ation rate, and
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rt = it � Et�1�t+3 is the real interest rate measured as the di¤erence of

the nominal interest rate and four quarter in�ation expectations calculated

as Et�1�t+3 � Et�1 14
P3

j=0 �t+j. Aggregate demand follows an AR(2) process

and is a¤ected by monetary policy or the deviation of the real interest rate

from the equilibrium real interest rate r�: The latter is de�ned as the real

interest rate that has a neutral e¤ect on demand or the real interest rate that

keeps the output gap equal to zero given that the economy is in equilibrium,

i.e. that output is at its potential. Finally, aggregate demand is a¤ected

by an i.i.d. demand shock "yt . The Phillips curve allows for both backward

looking and forward looking behavior, where �� is the weight of expected

in�ation and (1���) is the weight of lags one to four of in�ation. "�t denotes

the cost push shock:

yt = ��Et�1yt+1 + (1� ��)
P2

s=1 �yiyt�s � �r(rt�1 � r�t�1) + "
y
t (1)

�t = ��Et�1�t+3 + �y1yt�1 + (1� ��)
P4

s=1 ��s�t�s + "
�
t : (2)

In the standard models used to analyze the excess sensitivity puzzle as well

as in the original Rudebusch model, the equilibrium real interest rate or the

interest rate that has zero e¤ect on the output gap is assumed to be constant

over time and una¤ected by structural shocks, i.e. r�t = r for all t. There

is however abundant empirical evidence that the natural real interest rate

shifts over time and with the shocks hitting the economy. We assume that

the equilibrium real interest rate follows a �rst order autoregressive progress

and that it is a¤ected by structural shocks to the economy:

r�t = �rr
�
t�1 + �e"

y
t + ��"

�
t + "

�
t (3)

Our structural model is a stylized version of more elaborate models in which
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one would e.g. account for an explicit link between the marginal product of

capital and the real interest rate. Also, in some DSGE-models that feature

endogenous investment decisions the equilibrium real interest rate depends on

the capital stock (Woodford, 2003), a persistent and slowly moving variable.

These considerations motivate our choice of equation (3). The shock "�t could

thus be seen as a proxy for e¤ects on the equilibrium real interest rate that

do not have a contemporaneous e¤ect on the output gap or in�ation. It

is clear that allowing for a highly persistent time-varying equilibrium real

interest rate in the aggregate demand relation will increase persistence in the

nominal interest rate if the central bank responds to it.

The model is closed by adding a Taylor rule, possibly including interest

rate smoothing as is often found in empirical studies3

it = fiit�1 + (1� fi)(r�t + f��t + fyyt) + "it: (4)

We will consider fi = 0 as well as fi 6= 0.

Most parameter values can be taken from Rudebusch (2003a, b) . How-

ever, we have to estimate values for the parameters pertaining to the time-

varying equilibrium real interest rate in order to calibrate the model and

analyze the response of the short-term and long-term interest rates to shocks.

3We assume that the in�ation target is constant and equal to zero. Gürkaynak et al.
(2005) and Ellingsen and Soderstrom (2005) discuss the potential of a time-varying in�a-
tion target to explain the excess sensitivity puzzle.
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3 Estimating a time-varying equilibrium in-
terest rate

The extent to which a time-varying equilibrium interest rate can explain

the excess sensitivity puzzle depends on the size of the parameters �r, ��; �e

and the standard deviations of the shocks. If the equilibrium real interest

rate is highly autocorrelated or close to a random walk, only small shocks

are required to create large co-movements between long-term interest rates

and short-term interest rates. In this section we estimate a time-varying

equilibrium real interest rate using an unobserved components model.

3.1 Data

All data is measured in quarterly frequency and obtained from the Federal

Reserve Bank of St. Louis database (FRED) covering the period 1959Q1-

2004Q3. For the potential level of output (ypot) we use the series provided

by the Congressional Budget O¢ ce (CBO), and output is measured as 3

decimal real GDP in billions of chained year 2000 U.S. dollars. We construct

the output gap as eyt = 100 log(yt=ypott ). The nominal interest rate is measured
as quarterly averages of the monthly Federal Funds rate and the real interest

rate is de�ned as the di¤erence between the nominal interest rate and the

year-on-year in�ation rate measured by the percentage change in the GDP

chain-type price index.

3.2 Empirical Speci�cation

In this section we focus on estimating the parameters in the dynamic spec-

i�cation for the equilibrium real interest rate as the remaining parameters
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are calibrated.4 Our speci�cation is closely related to the estimated model

by Rudebusch and Svensson (1999) and Rudebusch (2002a) and also used in

Laubach and Williams (2003) and Mesonnier and Renne (2004). This model

has been quite successful in �tting the data and summarizing features of large

scale macroeconometric models.

The empirical speci�cation is similar to those of Laubach and Williams

(2003) and Mesonnier and Renne (2004). However, focus on estimating the

equilibrium real interest rate as an AR(1)-process that depends on the de-

mand shock and the additional natural real rate shock as in the theoretical

model and treat potential output as observable variable unlike the aforemen-

tioned authors.5 We formulate the following empirical model.

yt = �y1yt�1 + �y2yt�2 � �rert�1 + "yt (5)

r�t = �rr
�
t�1 + �e"

y
t + "

�
t (6)

ert = d1ert�1 + d2ert�2 + "rt (7)

ert = rt � r�t (8)

The �rst equation is the empirical counterpart of our aggregate demand equa-

tion (1), and the second equation describes the dynamics of the equilibrium

real interest rate. We postulate a stationary AR(2)-process for the interest

rate gap in equation (7), assuming that the real rate gap follows similar dy-

4This is obviously a second or even third best stragetegy. We have attempted and
failed to estimate the full model in equation (1) to (4). The main problem appears to be
the monetary policy equation as the long sample period covers several policy regimes. In
addition, we have only obtained insigni�cant responses of the equilibrium real interest rate
to the supply shock in equation (2) (i.e. �� = 0), which renders this equation super�ous
to the estimation of (3).

5See Clark and Kozicki (2004) for a comparison of models that estimate jointly the
natural rate of interest and potential output with models where only the natural rate of
interest is estimated and potential output is given by the CBO-measure.
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namics as the output gap.6 Note in particular that our model allows the

equilibrium real interest rate to be either stationary or nonstationary, the

latter case implying that rt and r�t must be cointegrated.

Our speci�cation di¤ers from the ones by Laubach and Williams (2003)

and Mesonnier and Renne (2004) with respect to equation (6) and (7). The

former authors postulate r�t to be nonstationary because in their model the

equilibrium real rate depends on the trend growth rate of potential output

which itself is driven by a random walk. In line with our de�nition of the

equilibrium real interest rate in the previous section, note that in the absence

of shocks equation (5) implies that in the long run a zero output gap should

go in hand with a zero interest rate gap.

We do not take a particular stance on monetary policy here because

the estimated time interval spans several di¤erent monetary policy regimes.

Equation (7) only postulates that the Federal Reserve has conducted mone-

tary policy such that the deviation of the real interest rate from its equilib-

rium remained stationary over the estimation period. This is a fairly general

assumption that encompasses a dynamic Taylor rule of the type that we are

using in the theoretical model.

We assume that all shocks in the model are independent of each other

implying a diagonal variance-covariance matrix of the transition equation

� =

24 �2y �2er
�2r�

35 :
The model is written in state space form (see Appendix A for a detailed

representation) and the value of the likelihood function can then be calculated
6A similar approach has earlier been used for estimations of potential output. See e.g.

Clark (1987).
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with the Kalman �lter. We maximize the likelihood function by standard

procedures and calculate the negative inverse Hessian in order to �nd the

standard errors of the estimates.7 Next we discuss the estimation results.

3.3 Empirical results

Orphanides and Williams (2002) compare six di¤erent methods of measuring

the natural real rate and �nd considerably di¤erent estimates depending

on the method used. We estimate two di¤erent models. In model 1 all

parameters are estimated freely whereas in model 2 the standard deviation

of the equilibrium real interest rate is �xed to �r� = 0:322: This value is

taken from Clark and Kozicki (2004). The smaller standard deviation leads

to a smoother estimate of the equilibrium real interest rate.

Figure (2) displays the graphs for the two models. The top panel plots

the estimates of the equilibrium real interest rate from the one-sided Kalman

�lter together with the observed real interest rate. The bottom panel presents

the interest rate gaps from the two models. We notice that in model 1

the estimated equilibrium real interest rate seems to follow the real rate

quite closely. Nevertheless the bottom panel of �gure (1) shows that there is

sizeable variation in the real rate gap with up to 2 percentage points. Note

that this measure gives information about the stance of monetary policy as

well. As expected, the estimates from model 2 produce a �atter estimate of

7Since we assume that the equilibrium real interest rate is stationary we can calculate a
proper prior distribution of the state vector. The initial covariance matrix is calculated by
vec(P1j0) = (I � T 
 T )�1vec(RQR0), the means of the real rate gap and the output gap
are set to zero and the mean of r�t is set equal to the mean of the real interest rate over the
sample period (see Appendix A for details of the state space model and the notation). For
calculation of the log-likelihood we use Paul Söderlind�s Kalman �lter Gauss code adapted
to Matlab.
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the equilibrium real interest rate.

Figure 1: Estimated equilibrium real interest rates and real interest rate gaps.

Bot our two estimated models produces an estimate of the natural real

rate that is time-varying, a¤ected by shocks to the economy, and highly per-

sistent. The coe¢ cient estimates for the two models are shown in table 2.

The equilibrium real interest rate appears to be highly persistent with an

estimated coe¢ cient of about 0.98 and 0.99, respectively.8 The other coef-

�cient estimates are rather similar with the exception of �r, the sensitivity

8In Appendix B we show plots of the conditional likelihoods around the optimum for
each parameter. These plots con�rm that �r should be smaller than 1 and thus the
equilibrium real rate should be stationary.
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of the output gap with respect to the real rate gap, which is plausibly much

smaller in the second model, and closer to estimates from models that as-

sume a constant equilibrium real interest rate (e.g. Rudebusch (2002a)) but

also with the results found by Laubach and Williams (2003) who estimate

a time-varying equilibrium real interest rate and report values for �r in the

range from 0.088 to 0.122.9

Table 1: Estimation results

Parameter Model 1 Model 2
ay1 1:061

(11:26)
1:111
(14:12)

�y2 �0:118
(�1:30)

�0:161
(�2:00)

�r 0:366
(2:47)

0:168
(2:46)

d1 0:965
(5:65)

0:923
(8:89)

d2 �0:277
(�2:03)

�0:116
(�1:14)

�r 0:977
(54:25)

0:987
(89:91)

�e 0:257
(2:43)

0:316
(2:82)

�y 0:731
(14:26)

0:786
(18:16)

�er 0:595
(4:01)

0:827
(15:86)

�r� 0:662
(4:60)

0:322
(�)

Log-likelihood -440.58 -444.69
AIC / BIC -4.978 / -4.796 -5.037 / -4.873
Notes: In model 2 �r� = 0:322 is �xed.
AIC (BIC) = Akaike (Bayesian) information criterion

9It is however to clear why the equilibrium real interest rate should be smoother than
the real interest rate. Smets and Wouters (2003) �nd for instance that the natural real
rate, that in their model is de�ned as the real interest rate that obtains when all prices
are �exible and nominal shocks are absent, varies more than the real interest rate.
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4 Does a time-varying interest rate explain
the puzzle?

We use two di¤erent kinds of output from the model to analyze the extent

to which a time-varying equilibrium real interest rate can solve the excess

sensitivity puzzle. First, the impulse response functions of the short-term in-

terest rate to di¤erent shocks are derived. They demonstrate that the model

is capable of generating larger movements at 20-40 quarter horizons with a

time-varying interest rate than when it is assumed to be constant. Second,

time series data on the term structure are generated from the model and

changes in these arti�cial long-term interest rates are regressed on changes

in the short-term rate. This is in a sense the original version of the excess

sensitivity puzzle. If the long-term (�ve-year) interest rate reacts with a

coe¢ cient of 0.3 or more we conclude that our explanation is a potential so-

lution to it. Again we compare the results with and without a time-varying

equilibrium real interest rate.

The model is calibrated using the estimated values from Rudebusch (2002

a, b) given in table (1), and our estimated parameters concerning the time-

varying equilibrium real interest rate.10

10Because this model cannot be solved analytically we use algorithms provided in the
Dynare-package for Matlab to obtain numerical simulated responses of the nominal interest
rate it to shocks for speci�c sets of parameter values.
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Table 2: Parameter values
Equilibrium real

Aggregate Supply Aggregate Demand Monetary Policy interest rate
�� = 0:29 �y1 = 1:15 f� = 1:53 �r = 0:987
��1 = 0:67 �y2 = �0:27 fy = 0:93 �e = 0:316
��2 = �0:14 �r = 0:09 fi = 0 (0:5) �r� = 0:322
��3 = 0:40 �("y) = 0:833 �("i) = 1
��4 = 0:07
�y = 0:13
�("�) = 1:012

Sources: Rudebusch (2002a) (aggregate demand and supply), Rudebusch (2002b)
(monetary policy), own estimates (equilibrium real interest rate).

4.1 Impulse responses of nominal interest rates

According to the rational expectations hypothesis of the term structure, long-

term interest rates equal average expected future short-term interest rates

over the horizon in question (plus possible term premia). The excess sen-

sitivity puzzle can be illustrated in terms of movements in expected future

short-term interest rates or forward rates in response to shocks. Standard

models imply that expected short-term interest rates �ve or ten years into

the future do not move in as the economy is hit by a shock. Including a time

varying equilibrium real interest rate explains the excess sensitivity to the

extent that expected future short-term interest rates react to shocks when

this feature is added to the model.

Given a constant equilibrium real interest rate, our model implies that

expected future short-term interest rates display small movements �ve years

after a shock and no movements at all after ten years.11 When the equilibrium

real interest rate is allowed to react to shocks, the e¤ects on forward rates

11See appendix C for an illustration.
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are larger and more persistent. Figure (3) below shows in the left panel the

response of the nominal short term interest rate to an aggregate demand

shock, and the right panel shows the response to a natural real rate shock

for the case without interest rate smoothing (fi = 0) and for the case with

interest rate smoothing (fi = 0:5), respectively.

Figure 2: Responses of forward rates to shocks

Under the assumed parametrization of the model there is a considerable

e¤ect on forward interest rates of about 16 (interest rate smoothing) to 28

(no interest rate smoothing) basis points even at the ten year horizon in

response to a demand shock. Even stronger results are obtained for a real

interest rate shock with movements of about 36 (interest rate smoothing) to
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38 (no interest rate smoothing) basis points at the ten year horizon. These

e¤ects are of the same magnitude as those found by Ellingsen and Soderstrom

(2005). However, long-term interest rates move more in our model because

the e¤ects one to �ve year horizons are larger. In a sense, the puzzle is

overexplained in Figure 2 because long-term interest rates or the average

forward rate over e.g. ten years actually display larger movements than the

short-term interest rate or period zero forward rate.

4.2 Regression evidence from interest rate changes

The original formulation of the excess sensitivity puzzle concerns the high

correlation between changes in long-term interest rates and changes in the

short-term interest rates used as monetary policy instrument. Some authors

distinguish between expected and unexpected changes in monetary policy,

where only unexpected changes are expected to a¤ect long-term interest rates

since expected changes are already discounted for. For instance, Ellingsen

and Soderstrom (2005) �nd that the U.S. ten-year interest rates increases by

0.25 percentage points as the federal funds rate is unexpectedly increased by

one percentage point.

We generate time series data (10 000 observations) on the short-term

interest rate controlled by the central bank and the �ve-year interest rate

from the model. The �rst di¤erences of the long-term rate are then regressed

on the short-term interest rate. Because we construct the long-term interest

rate according to the expectations hypothesis, it is by de�nition only a¤ected

by unexpected changes in the short-term rate. Hence it is not necessary

to distinguish between expected and unexpected monetary policy changes.
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While impulse responses of forward rates show how much long-term interest

rates move in response to speci�c shocks, this exercise demonstrates the

extent to which the complete simulated model including all shocks (also those

to which the equilibrium real interest rate does not respond) generates the

observed co-movements of long-term and short-term interest rates.

Four di¤erent cases are examined in order to determine the e¤ects of a

time-varying equilibrium real interest rate and separate them from the e¤ects

of interest rate smoothing: With smoothing but a constant equilibrium real

interest rate, without smoothing but still a constant equilibrium real interest

rate, with smoothing and a time-varying equilibrium real interest rate, and

�nally without smoothing but with a time-varying equilibrium real interest

rate.

Table 3: Regression results
time-varying r� constant r�

smoothing 0.4082 0.1904
no smoothing 0.2155 0.0312
Slope coe¢ cients from regressing changes in long-term interest rates
on changes in short-term interest rates �i20t = �+ ��i

1
t + �t

Table 3 reports the results from regressing changes in long-term (�ve-

year) interest rates on changes in the short-term (monthly) interest rate

controlled by the central bank. The ��coe¢ cients when the equilibrium

real interest rate is a¤ected by the same shocks as monetary policy are 0.41

with interest rate smoothing and 0.22 without interest rate smoothing. The

corresponding numbers with a constant equilibrium real rate are 0.19 and

0.03; respectively. Hence, the �-coe¢ cient is about 0.2 percentage points

larger with a time-varying equilibrium real interest rate than without it.

Quantitatively, including a time-varying equilibrium real interest rate can

18



hence explain about half the excess sensitivity puzzle.

The regression evidence conveys a slightly di¤erent picture of the e¤ects

of adding a time-varying equilibrium real interest rate and/or interest rate

smoothing than the forward rate graphs. There are considerably more move-

ments in the forward rates at long horizons with smoothing than without,

which per se implies that smoothing helps to explain the excess sensitiv-

ity puzzle. However, regressing long-term rates on changes in short-term

rates yields the opposite result - the slope coe¢ cients are higher without

smoothing than with. Clearly, long-term interest rates move more with the

short-term interest rate in the same period when there is no smoothing and

the shocks have larger e¤ects on both interest rates on impact. Nevertheless,

both types of results indicate that allowing the equilibrium real interest rate

to vary over time and react to structural shocks helps to explain the excess

sensitivity puzzle.

5 Conclusions

Previous studies of the excess sensitivity of long-term interest rates to macro-

economic shocks have focused on generating persistent movements in ex-

pected in�ation, for instance by introducing asymmetric information and

learning about the preferences of the central bank. This paper explores an

alternative explanation to the puzzle, namely that macroeconomic shocks

cause persistent movements in the equilibrium real interest rate. The stan-

dard models of the monetary transmission mechanism used to analyze the

excess sensitivity puzzle assume that the equilibrium real interest rate is con-

stant over time and unrelated to macroeconomic shocks. However, empirical
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evidence has shown that equilibrium real interest rates do vary considerably

over time and is a¤ected by shocks to e.g. preferences and productivity. We

incorporate this notion into one of the standard models frequently employed

in this literature and investigate to what extent it generates movements in

long-term interest rates in response to shocks.

In order to obtain parameter values for the natural real interest rate

equation we estimate a time varying equilibrium real interest rate for the

U.S. over roughly the last 50 years using an unobserved components model.

We show that the equilibrium real interest rate displays considerable time

variation and is a¤ected by structural shocks. Furthermore, movements in

the equilibrium real interest rate are highly persistent.

Given the estimated parameters we use a stylized model to show that a

time-varying equilibrium real interest rate that is in�uenced by structural

shocks has the potential to account for co-movements of short term and long

term interest rates. Slope coe¢ cients from regressing changes in long-term

rates on changes in short-term rates are about 0.2 percentage points higher

when the natural rate is allowed to vary than when it is assumed to be

constant. The intuition for the result is that due to the persistence in the

equilibrium real interest rate, shocks have long lasting e¤ects which transmit

to forward rates and thereby also long-term interest rates.

Our approach focuses on the real side of the economy and we are thus

not able to address nominal shocks. We do not argue that a time-varying

equilibrium real interest rate that is a¤ected by structural shocks is the only

or even a more important factor behind the excess sensitivity puzzle than for

instance informational asymmetries and imperfect knowledge as discussed
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by Gürkaynak et al. (2005) and Ellingsen and Soderstrom (2005). However,

allowing real shocks to a¤ect the equilibrium real interest rate creates an

additional mechanism through which the e¤ects of shocks become more per-

sistent. It would be desirable to develop models that incorporate several of

these approaches and ideally also compare the explanatory power of each

approach.

References

Andres, J., Lopez-Salido, J. D. and Nelson, E.: 2004, Money and the natural

rate of interest: Structural estimates for the uk, the us and the euro

area, CEPR Discussion Paper Series 4337 .

Beechey, M.: 2004, Excess sensitivity and volatility of long interest rates,

Economics Letters .

Clark, P. K.: 1987, The cyclical component of U.S. economic activity, Quar-

terly Journal of Economics 102, 797�814.

Clark, T. E. and Kozicki, S.: 2004, Estimating equilibrium real interest rates

in real-time, Deutsche Bundesbank Discussion Paper Series No 32/2004

.

Ellingsen, T. and Soderstrom, U.: 2005, Why are long rates sensitive to

monetary policy?, Working Paper, Bocconi University .

Gürkaynak, R. S., Sack, B. and Swanson, E. T.: 2005, The excess sensitivity

of long-term interest rates to economic news: evidence and implications

for macroeconomic models, American Economic Review .

21



Harvey, A. C.: 1989, Forecasting, Structural Time Series Models and the

Kalman Filter, Cambridge University Press.

Laubach, T. andWilliams, J. C.: 2003, Measuring the natural rate of interest,

Review of Economics and Statistics 85(4), 1063�1070.

Manrique, M. and Marqués, J. M.: 2004, An empirical approximation of the

natural rate of interest and potential growth, Documentos de Trabajo

No. 0416 (0416).

Mesonnier, J.-S. and Renne, J.-P.: 2004, A time-varying �natural� rate of

interest for the euro area, Working Paper .

Orphanides, A. and Williams, J. C.: 2002, Robust monetary policy rules

with unknown natural rates, Brookings Papers on Economic Activity

2002:2, 63�145.

Orphanides, A. and Williams, J. C.: 2005, Imperfect knowledge, in�ation

expectations, and monetary policy, in B. Bernanke and M. Woodford

(eds), In�ation Targeting (forthcoming), University of Chicago Press.

Rudebusch, G. D.: 2002a, Assessing nominal income rules for monetary pol-

icy with model and data uncertainty, Economic Journal 112, 402�432.

Rudebusch, G. D.: 2002b, Term structure evidence on interest rate, Journal

of Monetary Economics 49, 1161�1187.

Rudebusch, G. D. and Svensson, L. E. O.: 1999, Policy rules for in�ation tar-

geting, in J. B. Taylor (ed.), Monetary Policy Rules, Chicago University

Press, Chicago.

22



Shiller, R. J.: 1979, The volatility of long-term interest rates and expectations

models of the term structure, Journal of Political Economy 87(6), 1190�

1219.

Smets, F. and Wouters, R.: 2003, An estimated dynamic stochastic general

equilibrium model of the Euro area, Journal of the European Economic

Association 1(5), 1123�1175.

Woodford, M.: 2003, Interest and Prices: Foundations of a theory of mone-

tary policy, Princeton University Press, Princeton, New Jersey.

23



Appendices

A State space representation

Our state space model has the following general representation:

Yt = Z�t (Measurement equations)

�t = T�t�1 +R"t (Transition equations)

where E("t) = 0; E("t"s) = 0 for all t 6= s and E("t"0t) = Q and

state vector �t = (eyt; eyt�1; ert; ert�1; r�t )0
residual vector "t =

�
"yt ; "

er
t ; "

r�
t

�0
Measurement equations

eyt = eyt;
rt = ert + r�t
Transition equations

eyt = ay1eyt�1 + ay2eyt�2 � arert�1 + "ytert = d1ert�1 + d2ert�2 + "ert
r�t = �rr

�
t�1 + �e"

y
t + "

r�
t

Z =

�
1 0 0 0 0
0 0 1 0 1

�
; T =

266664
ay1 ay2 �ar 0 0
1 0 0 0 0
0 0 d1 d2 0
0 0 1 0 0
0 0 0 0 �r

377775

R =

266664
1 0 0
0 0 0
0 1 0
0 0 0
�e 0 1

377775 Q =

24 �2y �2er
�2r�

35
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Prediction equations

b�tjt�1 = T b�t�1 (B1)

Ptjt�1 = TPt�1T
0 +RQR0 (B2)

Updating equations�where Ft = ZPtjt�1Z 0:

The likelihood can be computed conditional upon the initial observation

Y0 using a prediction-error decomposition (Harvey, 1989, p. 125). The pre-

diction error is de�ned as �t = Yt�Zb�tjt�1; and assuming that �t is Gaussian,b�tjt�1 is also Gaussian with covariance matrix Ptjt�1: It follows that the log-
likelihood can be written as

logL(Y j �) = �NT
2
log 2� � 1

2

TX
t=1

log jFtj �
1

2

TX
t=1

� 0tF
�1
t �t: (B5)
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B Conditional likelihoods

Figure 3: Negative conditional log-likelihoods around the optimum for model 2.
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C Impulse responses of forward rates given a
constant real interest rate

Impulse responses of forward rates to shocks given a constant
equilibrium real interest rate
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