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1 Introduction

Monetary policy rules have been studied by many researdimee Taylor (1993). He established
the Taylor Rule which states that the interest rate set bycémral bank can be explained as a
linear function of two variables, inflation and the outpupg&Vhile the parameters of the original
Taylor rule are calibrated, these coefficients can also tma®d. This is usually done by using
ordinary least squares (OLS) or instrumental variable$ fidcedures like two-stage least squares
(TSLS) in order to account for endogeneity problems witlpees to inflation and the output gap.
These methods, however, do not yield consistent estimathe dependent variable is censored.
Interest rates cannot fall below zero so that the usage ef Epares estimators is problematic.
The resulting bias is neglectible only so long as interestsrare high enough that reaching the zero
lower bound is unlikely.

Figure 1 shows a plot of short-term interest rates for Jaghen)S and the Euro area from 1983
to 2013. Interest rates have been close to zero in Japantbimtate 1990s, in the US since the end
of 2008 and in the Euro area since 2013. Hence, especiallgcient times, estimating monetary
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Figure 1: Policy rates in Japan, the US and the Euro area

policy rules with standard methods is prone to estimati@s.bStandard methods would omit the
non-linearity that arises when the zero lower bound prevérd central bank to react to inflation
and output gap dynamics as if there was no zero lower bound shée how censored estima-
tion methods—and in particular IV-Tobit estimation—canused to achieve consistent parameter
estimates.

Kato and Nishiyama (2005) and Kim and Mizen (2010) have bhkerfitst and, to the best of
our knowledge, the only ones so far who applied the Tobitretir to the estimation of monetary
policy rules. Both papers focus on monetary policy in Japdrile we estimate monetary policy
coefficients in addition for the US and the Euro area. In @sttto these previous papers, we ac-
count for the fact that most central banks change interéss iia a very gradual manner, which
can be captured by including the lagged interest rate inggression (see e.g. Clarida et al., 1998;
Orphanides, 2001; Orphanides and Wieland, 2008). A cectratkibution of our paper is an anal-



ysis how the estimated monetary policy responses change thkenterest rate approaches zero.
Further, we provide estimates for the shadow policy respmitisat the central bank would have
implemented if there was no zero lower bound.

We find that conventional estimation techniques lead toab$izbias in the estimated inflation
response for all three economies, while the biases for ttubgap response and the interest rate
smoothing coefficients are small.

The IV-Tobit estimates of the shadow policy coefficients larger than the estimates of the
actual ones. The reason is that the latter mix policy coefiitsi in periods where the interest rate
is far away from the zero lower bound—and policy can react aisted to inflation and the output
gap—and policy coefficients in periods of low interest ratdx®re monetary policy is restricted by
the zero lower bound.

We show that the size of policy coefficients estimated withThbit approach depends directly
on the estimated probability of observing an interest rateva zero conditional on inflation and
the output gap. As long as this estimated probability is tmere is no change in monetary policy
responses. This is the case for Japan until 1998, for the WS2009 and for the Euro area until
2012 except for the year 2009. Once this estimated probaislibelow one, policy coefficients
become smaller.

Finally, we discuss whether the estimated change in pobefficients when approaching zero
interest rates is in line with predictions from theory. Qalkrresults in this paper contribute to
understand how the IV-Tobit approach can be applied to naopgblicy rule estimation.

The remainder of the paper is structured as follows. Se@imtroduces the IV-Tobit estima-
tion method in the context of monetary policy rules. In satt8 we describe the data used for
the estimation. In section 4 we first explain how the estimatn be interpreted using a simple
specification without interest rate smoothing. Afterwangspresent the estimation results for the
more realistic case with interest rate smoothing and disthesse. Section 5 relates the estimation
results to predictions from economic theory about mongialigy responses close to the zero lower
bound. Finally, section 6 concludes.

2 Censored regression and monetary policy rules

In the seminal paper by Taylor (1993) the interest rate nedpdo a weighted average of deviations
of inflation from an inflation target and of output from pot@hbutput. In later work it has been

found that rules which include an interest rate smoothimg tend specifications where monetary
policy responds to expectations about inflation (see egridzl et al., 2000) provide a good de-
scription of actual monetary policy. A general specificataf this type of rules that accounts for
the zero lower bound is given by:

it = pieer+ A —p) (F+T+7 (Tpgnp — T) + 0ye) + &, (1)
ir = mazx{i;,0}. 2



i; denotes the nominal interest raté. is a latent variable that can be interpreted as the interest
rate that the central bank would have liked to implementhéf¢ was no zero lower bound, i.e. a
shadow interest rate. Consistent estimate&df; |x;) can be of interest to study shadow interest
rate responses in addition to estimates of the actual sttesite responses;; (i;|x;). 7 denotes the
long-run real interest rate the targeted inflation rater, 1, an inflation forecast for horizoh
based on information in periag y; an output gap ane, a monetary policy shock. The parameter
p stands for the degree of interest rate smoothinig, the inflation response aridis the response
to the output gap.

For simplicity we will work with a version of equation (1) thi linear in the parameters in

what follows:
it = Qo+ Qi1+ QrTyp) + QyYr + € (3)
= b+ e, )
iv = max{i;,0}, (5)

with ag = (1 = p)(T+ (1 =7)7), i = p, ax = (1 = p)y, ay = (1 = p)&, 2 = (1,441, Teyn)e Yt)
andg = (o, s, o, ).

If the interest rate is restricted to positive values, ig€> 0, then assuming® (i;|z;) = x:0
would ignore the nonlinearity betweépandz; at the zero lower bound. Further, from an econo-
metric point of view least squares estimateg afill be biased as demonstrated in Kim and Mizen
(2010) if the truncation of; is ignored. Conventional techniques for the estimation ohatary
policy rules cannot be used and even for historical analgatmg the sample off before the zero
lower bound is reached leads to inconsistent estimates|(idge, 2010).

Assuminge; ~ N (0,0?) equations (3) to (5) resemble a standard censored Tobitlr(iauten,
1958) which can be consistently estimated as proven by Ayee(tB73). The conditional expected
value fori, is given by:

E(Zt‘.%'t) = P(Zt = 0’1’,5) 0+ P(Zt > O‘.%'t) E(it‘.%'t,it > 0) (6)

P(i; > 0|z;) can be written as a Probit model for the binary variablevhich is defined asy =
1if iz > 0,w = 0if ¢ = 0 (the explanations here closely follow Wooldridge, 2010):

P(w = 1’1’) = P(Zz{ > 0’1’,5) = P(Et > —1',55’1',5) = P(Et/O' > —.’IJt,B/O') = q)(l't,@/()'), (7)

where®(.) denotes thedf of the standard normal distribution. It can be shown thataketerm
of equation (6) is given by:

Blifowi > 0) = e + Bleder > —8) = 205+ o | 00 ®

where¢(.) is thepdf of the standard normal distribution. Putting both termstbgr and simplify-



ing we get a final expression fa@# (i;|x;):

Elig]ay) = ®(x18/0) |28 + a% . 9)

In contrast to the latent modél(i;|z;) = x3, the conditional expectatiof'(i;|z;) depends on the
macroeconomic indicators; in a non-linear way.

2.1 Monetary policy responses when the zero lower bound is approached

While the interpretation of the right-hand side terms ofagpn (9) is difficult, the implied partial
effects have a very intuitive interpretation. Wooldrid@®10) shows that after some simplification
the partial effects can be written as:

8E(zt ‘.Z't)
8.%']",5

= O(x/0)B;. (10)

For comparison the partial effects of the latent model arghi given by:

OE(if|x)
axﬁ

= B (11)

The response of the interest rate to inflation in equationd@8s therefore not only depend 6n=

a, as in the uncensored monetary policy rule, but it also depeod-linearly on the scale factor
®(x45/0). The estimated scale factor denotes the estimated pripatfilobserving a positive
interest rate for a given,: ®(x,3/6) = P(i; > 0|z;). If ®(x:/3/6) is close to one, then hitting the
zero lower bound becomes unlikely and the partial effect;3/0)5; approacheg;. ®(2,0/6)
can be expected to increase with the values of the inflatimcést, the output gap and the lagged
interest rate.

Kato and Nishiyama (2005) use the Tobit estimator to ach@mresistent estimates ¢f for
monetary policy rules for Japan. Our analysis shows, horytvat there are several other interest-
ing parameters that can additionally be analyzed to stuglyrhonetary policy changes when the
zero lower bound on nominal interest rates is approached.obfects of interest are:

1. Partial effect in the latent model: /3 denotes the estimated shadow policy response.

2. Partial effect evaluated at the sample mean: @(fﬁ/&)ﬁj denotes the estimated actual mone-
tary policy response evaluated at the sample mgaking into account the zero lower bound.
This object is, however, only partially informative as itx®e$ policy reactions when the zero
lower bound is binding and during other times. Thereforés miseful to study the policy
responses at different valuesxfdirectly.

3. Partial effect at different values of z;: (I)(mtB/&)Bj is an estimate of monetary policy re-
sponses for different realizations of the lagged interats, rthe inflation forecast and the
output gap. It shows how monetary policy responses changm e zero lower bound
is approached because inflation expectations are low aadfecession occurs. When the
probability of hitting the zero lower bound is low thér(z;3/5)3; approaches;.



2.2 1V-Tobhit estimation

While the Tobit-model solves the non-linearity problemundd by the zero lower bound on nom-
inal interest rates, the usual endogeneity problem caugéueltwo-way interaction of the interest
rate with expected inflation and the output gap persists.oh@ghis we use an IV-version of the
Tobit estimator. Here, one can either run a two-step estimgNewey, 1987) or a full maximum
likelihood estimation that includes the instruments diyeclThe disadvantage of the two-step esti-
mator is that it gives no estimate @fwhich we need to compute estimatesigfc;5/0). Therefore,
we use the full maximum likelihood estimator for which staraiconditional maximum likelihood
theory can be used to construct standard errors and testisgatWe use six lags of inflation and
the output gap as instruments (see e.g. Clarida et al., I898 similar approach of instrumenting
with lagged values of the variables in the policy rule). Thgyged variables are correlated with
expected inflation and the output gap. They can be assumeat teerinfluenced by the periad
interest rate as they refer to macroeconomic developmemsriodst — 1tot — 6. The results are
robust to using a different number of lags for the instruraent

3 Data

We use monthly data for Japan, the US and the Euro area. Tioy pale for Japan is the uncol-
lateralized overnight call rate which is directly avaititom the Bank of Japan. Data is available
from July 1985 onwards, thus the sample includes 335 obisengafrom 1985M7 to 2013M5. Re-
garding the inflation rate we compute year-on-year inflatades based on the CPI index. As GDP
data is not available on a monthly frequency we use induigtraaduction instead. The output gap is
computed using the HP-filter. Inflation and industrial prctihn data are obtained from the OECD
database.

For the US we also use CPI-inflation and industrial productiata provided by the OECD. The
effective federal funds rate is available from the Fed. Tdrage for the US starts in 1983M1 and
goes through 2013M6, which yields 366 observations. We dataot earlier to avoid a structural
break in monetary policy responses to inflation and the dujpp before and after Paul Volcker
was chairman of the Fed.

As the Euro was introduced in 1999, we use monthly data foEir® area from 1999M1 to
2013M6, which results in 174 observations. Data for CPhtidgh, industrial production and the
EONIA rate are taken from the ECB data warehouse.

We follow Clarida et al. (1998) and Kim and Mizen (2010) ané d2-months-ahead ex-post
inflation rates to approximate expected inflation. IV-estions control for possible measurement
error bias owing to the approximation of inflation forecasith ex-post observations (see e.g.
Clarida et al., 1998).

Through the construction of expected inflation measuresose twelve observations for each
sample. In addition six further observations are lost tgtothe usage of six lags of inflation and
the output gap as instruments.



4 Estimation results

We start with the estimation of the simple case without Egéerate smoothing, i.ea; = 0, to
demonstrate how the different estimated objects can betasekcribe monetary policy above the
zero lower bound and also when approaching the zero lowerthoLhis case has also been studied
by Kato and Nishiyama (2005) and Kim and Mizen (2010) for dapafterwards, we study the
more realistic case without restriction on the interest smhoothing parameter.

4.1 A simple benchmark case without interest rate smoothing

Table 1 shows the estimated partial effects for the caseowitimterest rate smoothing. The first
column for each of the three economies refers to the TSLiBwats. The second column shows
the 1V-Tobit estimates of (i} |x;) which are informative if the interest rate is well above zero
At low interest rates, these estimates can be interpretéideashadow interest rate responses that
the central bank would have implemented if there was no zesed bound. Finally, the third
column shows the IV-Tobit estimates &Ki;|x;) evaluated at the sample meart We will study
E(i|x;) for alternative values af; below. The table further shows estimatesraind the number

of observations.

The estimates show that the Taylor principle of increashmgrtominal interest rate more than
one-to-one in response to changes in inflation is fulfilledaib three central banks. The inflation
response coefficients are well above one and they are higniifisant. The output gap coefficient
estimates are insignificant and close to zero for Japan. |&8lyiClarida et al. (1998), Kuttner
and Posen (2004) and Kim and Mizen (2010) find a response toutpait gap for Japan that is
insignificant on the&s% level. The output gap responses are positive and signiffoarthe US,
while they are negative and significant for the Euro &rea.

Comparing the TSLS estimates (first column) with the IV-Tastimate at the sample mean
(third column) which correctly includes the non-linearitpnfirms the upward bias of conventional
inflation response estimates found by Kim and Mizen (2010)&pan. TSLS Euro area estimates
of the inflation response also show an upward bias, while i fbr the US estimates is negative.
These results show that the estimation of monetary poligsrior these samples leads to unreliable
estimates of the inflation response if the zero lower boumdisaken into account. In contrast, the
biases of the TSLS output gap response estimates are muttbrsma

Further, the results show that the shadow interest ratemsss 3 (second column), to inflation

1 The sample mean for inflation 4%, 3% and2.1% for Japan, the US and the Euro area, respectively. The sample
mean of the output gap is 0 by construction for all three eoues.

2 For the Euro area we use a slightly different specificati@ntfor Japan and the US. We include an ex-post output
gap forecast—constructed in the same way as the inflatiecést—instead of the actual output gap. Using outcomes
instead of forecasts for the output gap would yield a sigaificnegative inflation coefficient. We regard this as
implausible. With the output gap forecast specificationittilation coefficient has the expected sign, but the output
gap coefficient turns out to be negative and significant. Seradl the results without interest rate smoothing for
the Euro area have to be interpreted with caution as thesgigre for possible misspecification. The more realistic
results with interest rate smoothing which are discusséldemext section yield plausible parameter estimates &r th
inflation and the output gap response.



Japan us Euro area
(1) (2 3) (4) (5) (6) (1) (8) 9)
TS I V-Tobit I V-Tobit TS I V-Tobit I V-Tobit TS IV-Tobit IV-Tobit
Eli|lze)  E(if|2) E(ii|z) Elit|lze)  E(if|ze) E(ii|z) Eli|lze)  E(if]2e) E(it|z)
grsts B, ©@B/e)B; | BTSS B ®@B/o)B; | B B ®(@B/6)B;
inflation response | 2.689***  2.843*** 2.118*** 1.838***  3.557*** 3.096*** 2.903*** 2 ,929%** 2.641***
(0.200)  (0.316)  (0.400) | (0.245)  (0.359)  (0.309) | (0.828)  (0.191)  (0.174)
output gap responseg -0.038 -0.041 -0.031 | 0.453***  (0.433*** 0.376*** -0.770***  -0.799***  -0.720***
(0.038)  (0.042)  (0.035) | (0.083) (0.131)  (0.114) | (0.171)  (0.055)  (0.053)
constant 0.605***  (0,531*** -0.674 -5.628*** -3.598**  -3.649***
(0.166)  (0.199) (0.767)  (1.085) (1.752)  (0.425)
o 2.663 4117 1.940
Observations 317 317 317 348 348 348 156 156 156

* ** %% indicate significance at the 10%-, 5%- and 1%-leyeespectively.

Table 1: Monetary policy rule parameter estimates withotdrest rate smoothing for Japan, the US and the Euro area.



and in the case of the US also to the output gap are always ldrge the actual one@(fﬁ/&)ﬁ
(third column). This intuitively makes sense, because thasdinterest rate response estimates take
into account the constraints on monetary policy that pregentral banks from reacting as strongly
to inflation and the output gap as they desire.

The analysis so far has shown how the Tobit framework can ée tesachieve consistent esti-
mates of monetary policy rule parameters. Now, we go beybadvaluation of policy responses
at the sample average of inflation and the output gap and stmgythe policy response parameters
change, when the interest rate approaches the zero lowadbou

The solid line in figure 2 shows the estimated inflation respdor different values of inflation:
<I>((1,7rt,g)B/6)d7r. For the output gap we again take the sample mean. The ciridek the
estimated inflation response at the sample mean as showhlénlta For comparison the dotted
lines show the shadow inflation responses, tig. estimated at”(:;|x;), and the dashed-dotted
lines show the (biased) TSLS estimatgs’-S. Both do not depend on the level of inflation so that
they are depicted as horizontal lines.

The solid line reveals the full non-linearity of the inflatioesponse when the zero lower bound
is approached as a result of decreasing inflation. Very Idlation rates are usually accompanied
by very low interest rates, so that central banks cannott ieathese by decreasing the policy
rate further. The estimated inflation response parametegfibre converges to zero. Comparing the
solid line with the TSLS estimates shows that for most irdlatiates the TSLS estimates are upward
biased for Japan and the Euro area. Only for inflation rateseabboutl.3% the bias becomes
slightly negative for Japan. For the Euro area the bias dainés for inflation rates abo&5%.
For the US the bias is negative for inflation abav&% and positive for inflation rates below5%.
Comparing the actual inflation responses (solid lines) Withshadow inflation responses (dotted
lines) shows that already for inflation rates bel@% for Japan, belowt% for the US and below
2.5% for the Euro area the actual inflation responses start tatiefiom the shadow responses.
So, at least for monetary policy rule estimates withoutrggerate smoothing accounting for the
non-linearity induced by the zero lower bound is of impocgmot only directly at the zero lower
bound but also above. Actual policy responses deviate fhensthadow responses even for inflation
rates as high as the sample means (sample means of inflagiomdarated by the circles).
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Figure 2: Inflation responses for different levels of infhati

Finally, we can check what the different parameter estimatgply for the fitted interest rate.
Figure 3 shows a scatter plot of the observed interest ratbthe inflation forecasts together with
the fitted interest rate for different levels of inflation€tbutput gap is hold constant at the sample
mean). The solid lines show the implied interest rates whg&img into account the non-linearity
induced by the zero lower boudThe two straight lines show the fitted interest rates impligd
the TSLS estimates (dashed-dotted) and the implied shautevest rate; (dotted). For inflation
rates above about’ for Japan and above abo2it; for the US and the Euro area the IV-Tobit
estimates for; and:} coincide asP(i; > 0|z;) —» 1. For inflation rates below% for Japan and
below 1% for the US and the Euro area the TSLS estimates imply negaiigeest rates and the
shadow interest rate estimates, (I\V-Tobit latent) confirm that the central banks would hae¢ s

% The fit even for the fully non-linear IV-Tobit estimator istrarticularly good, because we hold the output gap fixed
at zero, while low inflation and low interest rates are oftbearved for negative output gaps.



negative interest rates if they could. In contrast, the T estimates fof, take into account the
zero lower bound and converge to zero for low positive andhémyative inflation rates.
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Figure 3: Expected central bank rate for different inflatixpectations

4.2 Monetary policy rule estimateswith interest rate smoothing

Having demonstrated the non-linearities of monetary galesponses when the interest rate ap-
proaches zero for the simple case without interest rate #rimgp we now turn to the more realistic
estimates with interest rate smoothing. Table 2 shows tlima&ed partial effects. The table is
structured exactly as for the case without interest rateosimmeg but additionally reports the esti-
mated response to the lagged interest tate.

4 Forthe case with interest rate smoothing there are no rpissification problems for the Euro area estimates leading to
negative inflation response estimates as in the previot®seo that we can report estimates for all three economies
for the baseline specification where the interest rate retpto forecasts of inflation, but to outcomes of the output

10
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Japan us Euro area
1) 2) 3) 4) ) (6) ) (8) 9)
TS | V-Tobit | V-Tobit TS I V-Tobit [V-Tobit TS [V-Tobit [V-Tobit
E(i]z)  E(iflz)  E(i2) E(i|z)  E(if|ze) E(i|z) E(i]z)  E(if]ze) E(i|z)
pysts By ®@B/e)s; | B By ®@Ble)py | BT B ®(@B/e)B
inflation response 0.255*** 0.360***  0.360*** 0.095***  0.137***  0.137*** 0.151***  (0.225***  (.225***
(0.074) (0.022) (0.022) (0.030) (0.006) (0.006) (0.036) (0.003) (0.003)
output gap response|  -0.002 -0.003 -0.003 0.016**  0.020***  0.019*** 0.018**  0.017***  0.017***
(0.004) (0.012) (0.012) (0.008) (0.005) (0.005) (0.005) (0.001) (0.001)
interest rate response0.900***  0.865***  0.865*** 0.975**  0.966***  0.966*** 0.991**  0.997**  0.997**
(0.026) (0.010) (0.010) (0.008) (0.002) (0.003) (0.011) (0.003) (0.003)
constant 0.043** 0.059 -0.185***  -0.264*** -0.316***  -0.486***
(0.021) (0.058) (0.062) (0.023) (0.088) (0.010)
ol 0.320 0.247 0.193
Observations 317 317 317 348 348 348 156 156 156

* ** %% indicate significance at the 10%-, 5%- and 1%-leyeespectively.

Table 2: Monetary policy rule parameter estimates withrggerate smoothing for Japan, the US and the Euro area.



It is apparent that the response to the lagged interestgdéege and highly significant for all
three economies. The ECB sets interest rates most graduidtiiya coefficient very close to one.
The interest rate smoothing coefficient is only slightly éviior the US, but quite a bit lower for
Japan. The inflation response is positive and highly sigmifidor all three central banks. From
the table it is not clear whether the Taylor principle is Sadid because we report estimates of
ar = (1 — p)y. If the structural inflation response coefficients= «, /(1 — p) are computed it
can be seen that the Taylor principle is fulfilled for all #areentral banks. Overall, the estimation
results are roughly in line with what previous literatures Haund for rules with an interest rate
smoothing term.

Comparing the TSLSATSS, first column) and IV-Tobit estimate®(z3/4);, third column)
shows that the TSLS estimates are biased. In contrast tesbés without interest rate smoothing,
the bias of the inflation response is now negative for allahzentral banks. As in the previous
section the bias of the output gap response estimates issveajl. Regarding the interest rate
smoothing coefficient, the TSLS estimates overestimatdeyece of interest rate smoothing some
what for Japan and the US, while the bias is close to zero &Etiro area.

Comparing the shadow interest rate responggs;|z;) (second column), with the actual ones
evaluated at the sample meali(i;|z) (third column), shows that there is no difference at all.
These results are very different from the estimation reswithout interest rate smoothing in the
previous section. The explanation is that the sample maahddnterest ratei, which is included
inz = {1,4, 7,7} is quite a bit above zera (79%, 4.56% and2.33% for Japan, the US and the
Euro area). Thus at the sample mean the IV-Tobit estimatesotaeveal any non-linearities as the
central banks can implement monetary policy without restms. Therefore, we now turn to the
evaluation of the interest rate responses at differentegatar x; including those close to zero to
study the non-linearity of policy responses.

Figure 4 shows how the inflation responses change with ttet ddexpected inflation. We hold
the output gap constant at zero and the lagged interesttrate5&. Holding the lagged interest
rate constant at the sample mean would prevent any norrtiesan the graph as this is too far

away from the zero lower bound to change the inflation respensn for deflationary forecasts.

In Japan, since the mid-1990s when the interest rate agprdatero actual observed inflation
has been in a range from abou2% to 2%. The graph shows that for this range the inflation
response varies from 0 to 0.4 and coincides with the shadsporese only for inflation rates above
1%. For the US observed inflation ranges from abe@% to 4% since the zero lower bound
became an issue in 2010. For this whole range the actualiémflaésponse is lower than the
shadow response and is close to zerorfgr;o; = —2%. Finally, inflation rates for the Euro area
for the two periods of low interest rates from the middle od2@o the end of 2010 and again from
2012 onwards range from about% to 3%. For this range the actual inflation responses are lower
than the shadow responses, though they do not reach zero.

gap.
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Figure 4: Inflation responses for different levels of infiati

So far, we have studied non-linearities close to the zereild@ound caused by different inflation
forecasts in isolation. To study how monetary policy resgsnchange when the zero lower bound
is approached not only through changes in inflation, but ¢metgnation of previously low interest
rates, changes in inflation forecasts and changes in thatayap, we compute the partial effects for
each point in time evaluated at the specific valugs, 7,12, andy;. In addition we can compute
the estimated probability of observing an interest ratevalzero given the lagged interest rate, the
inflation forecast and the output gab(xz/3/6) = P(i; > 0|z;). The monetary policy responses at
each point in time equal this probability times the estirdaielicy response parameteig &, and
&, as shown in equation (10).

Figure 5 shows the results for Japan. In addition to the poksponse coefficients and the
estimated probability of observing a strictly positiveerdst rate givern; the figure also shows
data for the three macroeconomic variables contained.ifThe first graph of figure 5 shows the
estimated probability of observing an interest rate ab@re,zI)(:ctB/a—). This term was equal to
one until 1998. The second graph shows the nominal intesigsst It dropped t0.5% in 1995. This
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was, however, not sufficient to change the monetary polisgaBese as can be seen in the third, fifth
and seventh graph of the figure. In 1998 the decrease in ttatiamfiforecast led to a drop in the
probability of the interest rate being above zero. Frompbist onwards the smoothing coefficient,
the inflation response and the output gap response are lbaerthe shadow responses. In 1999
following further interest rate decreases the probabdityitting the zero lower bound increased
and the monetary policy responses to inflation and the ogimpitapproached values close to zero.
Additionally, the interest rate smoothing coefficient @gexged substantially. From then on there is
only one minor change in the interest rate. The interestinaeased from values close to zero
to up t00.5% between the middle of 2006 and the end of 2008. During thi®ge?(i; > 0|x;)
went back to one and actual monetary policy responses wages exthe shadow responses. For the
remaining periods”(i; > 0|z;) closely reflects the inflation developments. While therelarge
movements in the output gap as well—in particular the oufjaptdropped below-20% during the
recent financial crisis—this has almost no impact on thecgatesponse as the estimates show no
reaction of the Japanese policy rate to the output gap.

Figure 6 shows that the US central bank was able to implentenirterest rate responses
without restrictions for the largest part of the sample. yOsihce 2009 the estimated probability
of the interest rate being above zero deviates from one aqpdd sharply in 2009 because of the
highly negative output gap caused by the financial crisisthadollowing interest rate reductions.
The inflation response decreased from 0.14 to 0.05 and tipetogdp response dropped from 0.02
to 0.01° In 2010 inflation forecasts increased again (because ofcdhmlainflation increase in
2011) and the probability of the interest rate being above returned to values close to one.
Accordingly, the policy responses to the lagged interdst raflation and the output gap increased.
However, the interest rate smoothing coefficient was selaitat despite this increase in inflation
the interest rate remained at zero. After 2010 the prohgtifithe interest rate being above zero
was closely related to inflation and output gap dynamics auedled about 0.6.

Finally, figure 7 shows monetary policy responses over tionéhfe Euro area. Itis apparent that
the zero lower bound has changed monetary policy respomégtocsome extent in 2009 and from
2012 onwards. In 2009 the output gap was low owing to the filahodsis and the ECB lowered
the interest rate accordingly. The probability of the iastrrate being above zero dropped from
1to 0.7. Accordingly, the inflation response decreased f0d23 to 0.15. In 2010 the increase in
inflation and the output gap led to normal interest rate nesp® again and the interest rate increased
slightly in 2011. In 2012 the ECB lowered the interest rataia@s the inflation forecast and the
output gap decreased because of the weak economic dynasmisccby the sovereign debt crisis.
The probability of the interest rate being above zero drdgpeabout 0.8 so that monetary policy
responses were weakened somewhat. They are, however tiasido some periods in Japan and
the US still largely above zero.

® One should keep in mind that these are combined coefficibatsricludel — p and not the structural coefficients.
Though these coefficients seem to be very small, their eéeanplified over time through interest rate smoothing.
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5 ThelV-Tobit estimates and predictions from economic theory

The estimation results of the previous section showed tttabhpolicy responses to inflation, the
output gap and the lagged interest rate will start to deiiate the shadow responses, once the
estimated probability of observing strictly positive irgst rates conditional on the lagged interest
rate, the inflation forecast and the output gap decreasew lagle. The estimated monetary policy
responses decrease proportionally to this probabilitynithe zero lower bound is approached. By
definition the IV-Tobit estimates of monetary policy respes must become smaller when the zero
lower bound is approached and cannot become larger.

Now, we want to compare this finding with predictions from mamic theory on optimal mon-
etary policy responses when the zero lower bound is appedaddrphanides and Wieland (2000),
Kato and Nishiyama (2005), Adam and Billi (2006) and Oda aradjdhata (2008) find that the
reaction to inflation and the output gap should increase whedanger of reaching the zero lower
bound becomes larger to decrease the interest rate préveimptFor example Orphanides and
Wieland (2000) find that in a model where the optimal inflatiesponse coefficient equals 2 in the
absence of the zero lower bound, when accounting for thelaerer bound the optimal inflation
response increases gradually to a coefficient of almost Biwtilation decreases frofi{s t0 0.5%.
Only, if inflation drops even further then the inflation respe decreases again and converges to
zero as the zero lower bound on nominal interest rates iapped. Similar results are obtained
by the other cited papers.

Such predictions from theory cannot be captured or testieg) tise Tobit approach applied to
an otherwise linear policy rule. The Tobit approach can ealyture the final convergence of policy
responses to zero when the zero lower bound is approachede @te two important assumptions
for the Tobit approach that prevent an increase in policparses. First, it is assumed that the
shadow interest rate that would be implemented if there wa®ro lower bound is a linear function
of the lagged interest rate, inflation and the output gap. [ifearity prevents any systematic
changes in shadow interest rate responses when the zenodowed is approached. Second, it is
assumed that the monetary policy shock to the shadow intexsis normally distributed. This
prevents any discretionary asymmetric policy responsesiine zero lower bound is approached.

One possibility to check for pre-emptive interest rate dases when approaching the zero
lower bound is to include non-linear terms in the equatiantiie shadow interest rate. Kato and
Nishiyama (2005) include squared terms of inflation and thtput gap and estimate indeed nega-
tive coefficients for these using Tobit regression withagtiuments. So, the response of the interest
rate to inflation increases if inflation decreases. As theynaloprovide estimates of the inflation
response for different levels of inflation it remains uncleehether these negative coefficients or
the decrease @(ztﬁ/&) dominate when approaching the zero lower bound. So, thétsesuld
imply a decrease or an increase in the inflation and outputeggmnses when interest rates are low.

We also included squares of inflation and the output gap il\6@iobit estimates of a rule with-
out interest rate smoothing and in contrast to Kato and ésha (2005) also in a rule with interest
rate smoothing. For the rule without interest rate smogthie find a negative, but insignificant
coefficient on squared inflation for Japan, a positive sigaift coefficient for the US and the Euro
area. The coefficients on the squared output gap are poaitidesignificant for Japan, negative
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and insignificant for the US and negative and significant lier Euro area. Some of the estimates
of the remaining parameters were, however, hardly plagisiBbr the more realistic specification
with interest rate smoothing, the estimator had converggmoblems for all three economies. Al-
ready without the squared inflation and output gap termsptagimization of the likelihood for
the 1V-Tobit model is not easy and can lead to numerical gmisl. As it is not clear whether the
IV-Tobit approach with additional squared terms of inflatend the output gap can deliver reliable
results we discuss in the following two other approachesrttight be useful to test for pre-emptive
interest rate decreases near the zero lower bound.

Gerlach (2011) estimates a monetary policy rule for the E@BHe period 1999 to 2009 using
an ordered Logit model. To study whether interest rate dse®fromd.25% in September 2008
to 1% in May 2009 were standard responses to worsening macroetormonditions or whether
in addition interest rates were decreased pre-emptivelgllows for a smooth transition from one
policy response parameter set to the next (see Teras20€, for an explanation of the smooth
transition approach). He indeed finds a change in the monptdicy rule. The parameter on the
lagged interest rate increased substantially, making iertikely that a decrease in the interest rate
is followed by another one. While this result indicates pnaptive interest rates decrases, Gerlach
finds no change in the output respofis&erlach and Lewis (2013) use the smooth transition re-
gression method to estimate a monetary policy rule for th8 BEGm 1999 to 2010. They find a
change in monetary policy in 2008 and a lower interest rata tmplied by the pre-crisis rule after
2008. Before 2008 monetary policy responses to inflationthadutput gap are significant with
the expected sign, but not afterwards, so that pre-emptteedst rate decreases were not caused by
larger policy responses to inflation and the output gap.

Another possibility to test for larger inflation and outpuatpgresponses when the zero lower
bound is approached is to use censored quantile regre€i@vapatrakul et al. (2009) and Wolters
(2012) show that uncensored quantile regression can betasadalyse asymmetric deviations
of monetary policy responses from a linear rule. Using thasnework one can estimate policy
response parameters for each quantile of the conditiotedeist rate distribution. This includes
cases where the interest rate is set higher or lower than enage given inflation and output gap
developments. While the work of Chevapatrakul et al. (260%) Wolters (2012) using quantile
regression is useful to capture asymmetric reactions tatiofl and the output gap in normal times,
their method needs to be extended to a censored quantiEsségn approach to guarantee unbiased
estimates in samples with low interest rates.

6 Conclusion

We have shown how the IV-Tobit estimator can be used to aeldemsistent estimates of monetary
policy rule parameters accounting for the zero lower boumdaminal interest rates. The approach
has been applied to three large economies: Japan, the USaRdito area. In all three economies

® He dropped inflation altogether from the equation as theneséd inflation responses were insignificant.
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policy rates have reached values close to zero in recens.yédre comparison of the IV-Tobit
estimates with conventional two-stage least squares a&simshows that the latter are biased. In
addition, we have demonstrated how estimated monetargypasponses change when the zero
lower bound is approached and how they deviate from the shaglsponses that the central bank
would implement if there was no zero lower bound.

Overall, the analysis in this paper should be useful to wstdad how the IV-Tobit estimator can
be used in the future for the estimation of monetary polidggin samples that include low interest
rates. Researchers do not need to wait until there are enuaiglobservations of interest rates
above the zero lower bound, but they can use the entire sangileling periods of zero interest
rates. We have shown how the various parameters can bergte@s policy responses in normal
times, shadow policy responses that the central bank wouybteiment if there was no zero lower
bound and actual estimated policy responses when the zaeev liound is approached.
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