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Abstract:
This paper investigates how the Federal Reserve (Fed) and the Bank of England, Bank of Japan and the European
Central Bank reacted in the aftermath of the financial crisis by making use of both conditional and unconditional
interest rate quantiles regressions and data on shadow short rate of interest and a measure of uncertainty.
Firstly, the unconditional quantile regression offers some support for increased reaction by the Fed as the ZLB is
approached. Secondly, the decreased reaction of the Fed and other monetary policy makers towards uncertainty
particularly at lower conditional quantiles of interest rates lends support to expansionary mechanism in place
during this time. Hence uncertainty is key to policy reaction, and more so during episodes of crisis.
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1 Introduction

Empirical work on the analysis of monetary policy is dominated by studies that use the linear Taylor rule after
Taylor (1993) and Clarida, Gali, and Gertler (2000), with prominent studies that have estimated asymmetric
monetary policy reaction functions.1 In the context of quantile regression, the response of interest rate to infla-
tion and output (and exchange rate) has been investigated at various quantiles on the conditional distribution
of interest rates. See Christou et al. (forthcoming) for a detailed discussion in this regard. This method has par-
ticular appeal, in an attempt to gauge the policy makers’ reactions at the zero and lower bound amidst recent
financial crisis and economic events. Chevapatrakul, Kim, and Mizen (2009) use conditional interest rate quan-
tile regression applied to Taylor rules for Japan and the USA. They found that inflation has a larger effect on
higher quantiles of interest rates than at lower quantiles of interest rates contrary to the greater aggression to
inflation that they expected to find as interest rates reach low levels as the lower bound is approached. Wolters
(2012) found significant and systematic variations of parameters over the conditional quantile interest rate dis-
tribution for the US. More recently, Chen and Kashiwagi (2017), using a sample that includes recent periods of
zero interest rates for Japan highlight the potential downward biased of using uncensored quantile regressions
versus censored ones. Finally, Liu (2018), using a Markov-switching conditional interest rate quantile distri-
bution Taylor-rule model showed that the Fed responded more aggressively to inflation at upper tails than at
lower tails in both monetary Dovish and Hawkish regimes, with it responding to inflation more aggressively
during the latter regimes than the former across quantiles.2

Moreover, the impact of uncertainty on the Fed’s monetary reaction function has received ample scrutiny
both theoretically and empirically. The concept of uncertainty in monetary policy practice was coined by
Brainard (1967) and hence the Brainard’s attenuation principle. The former Federal Reserve Chairman,
Greenspan (2003), contends that “Uncertainty is not just an important feature of the monetary policy land-
scape, it is the defining characteristic of that landscape.” Mishkin (2010) laments the unfortunate reality that
most existing studies on optimal monetary policy have abstracted from considerations of macroeconomic risk
in the context of financial disruptions.

The Brainard attenuation principle hypothesizes that uncertainty dampens the monetary authorities’ re-
sponse to the target variables of monetary policy compared to when monetary policy decisions are made under
complete certainty or certainty equivalence.3

Christina Christou is the corresponding author. 
© 2020 Walter de Gruyter GmbH, Berlin/Boston.
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Kohn (1996), Kuttner and Posen (2001), and Bernanke and Reinhart (2004) among others have pointed to a
more aggressive reaction of the central bank when interest rates approach the ZLB in order to guard against
the possibility of deflation and negative demand shocks.

A point of departure from previous studies on these economies is that the empirical estimates are con-
ducted not only at the central mean of interest rate, but we also take into account the response of interest rate
to inflation, output and a measure of uncertainty at various points on both the conditional and unconditional
distribution of interest rates.4 This allows us to test predictions of nonlinearity in terms of the response of the
central banks at different bounds of interest rate. Furthermore, to contribute to the literature on the response
of monetary authorities at the zero or lower bounds, one should be cautious of interpreting the lower (upper)
quantile of the conditional distribution of interest which does not necessarily correspond to a low (high) level of
shadow interest rate. As for distinguishing the difference between the unconditional quantile regression and
the conditional quantile regression, we follow Firpo, Fortin, and Lemieux (2009) for unconditional quantile
regression in guiding us in making more precise statements.

To this end, we make use of the shadow interest rates, which is the nominal interest rate that would prevail in
the absence of its effective lower bound, with it derived by modelling the term structure of the yield curve. Thus,
we are also able to study the monetary policy behaviour across conventional and unconventional monetary
regimes without worrying about explicitly modelling the ZLB, as the shadow short rates (SSR) offer an excellent
description of the historic interest rate behaviour (Wu and Xia, 2016).5 Understandably, by using the SSR and
the quantiles based approach, with lower quantiles of the estimated monetary policy function econometrically
capturing the reaction of central banks corresponding to the abnormal ZLB period (Liu 2018), we do not need
to pursue any kind of censoring as in Chen and Kashiwagi (2017).6

Another main contribution is to add to the debate by assessing how the Fed, and other monetary authorities
of advanced economies, have reacted to a (news-based) measure of uncertainty in the aftermath of the recent
financial crisis. In the process, we, for the very first-time, contribute to the existing literature on quantile-based
estimation of Taylor rules by analysing the behaviour of major central banks to not only inflation and output
gap, but also to uncertainty, across the periods of conventional and unconventional monetary policy decisions.
In sum, while studies like Evans et al. (2015), Caggiano, Castelnuovo, and Nodari (2018), and Ma, Olson, and
Wohar (2018) have included uncertainty in the Taylor-rules, their sample have been restricted to the pre-ZLB era
only and results derived based on a conditional-mean model, we use a quantiles-based approach that allows
us to study the entire conditional distribution of the interest rate response. In the process, we also add to the
literature on quantiles-based Taylor rule of Chevapatrakul, Kim, and Mizen (2009), Wolters (2012), Chen and
Kashiwagi (2017), and Liu (2018) by incorporating the role of uncertainty in the model, which has been shown
to be important in interest rate setting behaviour by Evans et al. (2015) and Ma, Olson, and Wohar (2018) in
conditional-mean based monetary policy rules.

We found two main results, firstly, the unconditional quantile regression offers some support for increased
reaction by the Fed as the ZLB is approached. Secondly the decreased reaction of the Fed and other monetary
policy makers towards uncertainty particularly at lower conditional quantiles of interest rates lends support to
expansionary mechanism in place during this time and the Brainard attenuation principle. Hence gauging the
importance of uncertainty to policy reaction is key and more so during episodes of crisis.

The remainder of the paper is organized as follows: Section 2 discusses the methodology, while Section 3
presents the data, results and robustness checks, and finally Section 4 concludes.

2 Methodology: the interest rate rule estimation using quantile regression

For the purpose of this study, we extend Taylor’s original rule in order to capture the reaction of monetary
policy to economic policy uncertainty movement. Furthermore, we adopt the quantile regression methodology
suggested by Lee (2007) to estimate the following monetary policy rules over the whole conditional distribution
of interest rates:

𝑖𝑡 = 𝛼0(𝜏) + 𝛼𝜋(𝜏)𝜋𝑡+𝑘|𝑡 + 𝛼𝑦(𝜏)𝑦𝑡 + 𝛼𝑒𝑝𝑢(𝜏)𝑒𝑝𝑢𝑡 + 𝑢𝑡, (1)

where εt is a policy shock, yt is the output gap, πt+k|t is a k-period-ahead inflation forecast and eput is the
economic policy uncertainty index, and τ the quantile.7
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2.1 Quantile regression analysis: the control function approach of Lee (2007)

We estimate the forward-type interest rate rule using the quantile regression methodology suggested by Lee
(2007): IVQ. The methodology adjusts for endogeneity by adopting a control function approach. The model has
the form:

𝑖𝑡 = 𝑥𝑡𝛼𝑥(𝜏) + 𝑧′
1𝑡𝛼𝑧(𝜏) + 𝑢𝑡, (2)

𝑥𝑡 = 𝑚(𝜏∗) + 𝑧𝑡
′𝜗(𝜏∗) + 𝑣𝑡, (3)

𝑄𝑢𝑡 |𝑥𝑡,𝑧𝑡
(𝜏|𝑥𝑡, 𝑧𝑡) = 𝑄𝑢𝑡 |𝑣𝑡,𝑧𝑡

(𝜏|𝑣𝑡, 𝑧𝑡) = 𝑄𝑢𝑡 |𝑣𝑡
(𝜏|𝑣𝑡) ≡ 𝜆(𝑣𝑡), (4)

𝑄𝑣𝑡 |𝑧𝑡
(𝜏∗|𝑧𝑡) = 0, (5)

where it is the dependent variable, xt is the endogenous explanatory variable, zt = (z1t, z2t)′ is the vector of
exogenous explanatory variables, and ut and vt are unobserved random variables. Parameters m(τ*) and ϑ(τ*)
are unknown parameters, and αx(τ) and αz(τ) are unknown parameters of interest at for some τ ∈ (0, 1), τ* ∈ (0,
1), while λ(·) is a real-valued function of vt. Let us denote the τth quantile of A conditional on C = c is denoted
by QA|C(τ|c). According to (3) and (4), we get:

𝑄𝑖𝑡 |𝑥𝑡,𝑧𝑡
(𝜏|𝑥𝑡, 𝑧𝑡) = 𝑥𝑡𝛼𝑥(𝜏) + 𝑧′

1𝑡𝛼𝑧(𝜏) + 𝜆(𝑣𝑡), (6)

𝑄𝑥𝑡 |𝑧𝑡
(𝜏∗|𝑧𝑡) = 𝑚(𝜏∗) + 𝑧′

𝑡𝜗(𝜏∗). (7)

This suggests that the parameters of interest can be estimated in two steps. In the first step, we estimate vt by
the residuals of a linear τ*th linear quantile regression of xt on (1, zt). Specifically, ̂𝑣𝑡 = 𝑥𝑡 − 𝑚̂(𝜏∗) + 𝑧′

𝑡 ̂𝜗(𝜏∗), 𝑡 =
1, 2, … , 𝑇, and (𝑚̂(𝜏∗), ̂𝜗(𝜏∗)) is the solution to:

𝑚𝑖𝑛
𝑚,𝜗

𝑇−1
𝑇

∑
𝑡=1

𝜉𝜏∗(𝑥𝑡 − 𝑚(𝜏∗) + 𝑧′
𝑡𝜗(𝜏∗)), (8)

where 𝜉𝜏∗(𝜅) = |𝜅| + (2𝜏∗ − 1)𝜅, κ∈(0, 1), the check function. In the second step, we estimate the parameters of
interest in a quantile regression of it on xt, z1t, and the residuals ̂𝑣𝑡 extracted in step 1. Lee (2007) carries out this
step via series estimation. Specifically, λ(v) can be approximated by a linear combination of smooth functions
{fi: i = 1, 2, …}.8 Let 𝑤̂ = (𝑥, 𝑧1, ̂𝑣) and 𝐹𝑛(𝑤̂) = (𝑥𝑡, 𝑧1𝑡, 𝑓1( ̂𝑣𝑡), 𝑓2( ̂𝑣𝑡), … ., 𝑓𝑛( ̂𝑣𝑡)) for any positive integer n. Then,
we calculate Δ̂ = ( ̂𝛼𝑥(𝜏), ̂𝛼′

𝑧(𝜏), ̂𝛿′(𝜏))′ by solving the following minimisation problem:

𝑚𝑖𝑛
Δ

𝑇−1
𝑇

∑
𝑡=1

ℎ(𝑤̂𝑡)𝜉𝜏[𝑦𝑡 − 𝐹′
𝑛(𝑤̂𝑡)Δ], (9)

where ℎ(𝑤̂𝑡) = 𝟙(𝑤̂𝑡 ∈ 𝒲 ) is a trimming function useful for avoiding extreme values and ξτ(·) is the check
function defined earlier. As discussed in Lee (2007), the minimisation problem in (9) can be easily solved by
computation methods developed for quantile regression models since it has a linear programming represen-
tation. The two-step quantile estimator ( ̂𝛼𝑥(𝜏), ̂𝛼′

𝑧(𝜏)) is asymptotically normal and the variance-covariance
matrix can be consistently estimated through kernel methods that lead to valid asymptotic inferences.

In our case, the dependent variable it, is the interest rate. We set xt ≡ eput and z1t ≡ (πt+12, yt)′, where eput is
the economic policy uncertainty, πt+12 is the forward looking inflation9 and yt denotes the output gap.
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3 Data and empirical analysis

3.1 Data

Our analysis uses monthly data on four countries (regions) namely the Euro Area (EA), Japan, the United
Kingdom (UK) and the United States (US), with the period of coverage being: 1995:01–2017:05.10 While the
start date is driven by the common starting- point of data across the four countries (regions) for the measure of
interest rate, the end-point is purely driven by availability of data at the time the paper was being written. The
estimation of the Taylor-rule involves four variables, namely a measure of output, inflation, interest rate and
uncertainty. In our case, we use industrial production (seasonally-adjusted) and Hodrick-Prescott filter to create
the measure of output gap, while month-on-month inflation is computed based on the (seasonally-adjusted)
Consumer Price Index (CPI). Data on both these variables for all the four economies under consideration is
derived from the main economic indicators (MEIs) database of the Organisation for Economic Co-operation
and Development (OECD).

Besides using a quantiles-based estimation approach, a unique feature of our study is that our data sam-
ple covers both the conventional and unconventional monetary policy periods, with the latter ensuing in the
wake of the zero lower bound (ZLB)-situation of the monetary policy instrument in these economies, follow-
ing the global financial crisis of 2008. The myriad unconventional monetary policies (such as large scale asset
purchases, a maturity extension program and efforts of forward guidance in order to manage expectations of
a prolonged period of low policy rates) were all directed towards improving financial conditions for firms and
thereby eventually supporting an expedited recovery from the financial crisis. Given the ZLB, and the fact that
a range of unconventional monetary policies were pursued, for estimation of policy rules across the conven-
tional and unconventional regimes of central banking, we would need a uniform and coherent measure of the
monetary policy stance. For our purpose, we use the shadow short rate (SSR). The SSR is the nominal interest
rate that would prevail in the absence of its effective lower bound. The SSR used in this paper is developed by
Krippner (2013), based on (two-factor) models of term-structure, at a daily frequency for the four economies of
our concern, and is available for download from the website of the Reserve Bank of New Zealand.11 The yield
curve-based framework developed by Krippner (2013) essentially removes the effect that the option to invest
in physical currency (at an interest rate of zero) has on yield curves, resulting in a hypothetical “shadow yield
curve” that would exist if physical currency were not available. The process allows one to answer the question:
“what policy rate would generate the observed yield curve if the policy rate could be taken negative?” The
“shadow policy rate” generated in this manner, therefore, provides a measure of the monetary policy stance
after the actual policy rate reaches zero. The main advantage of the SSR is that it is not constrained by the ZLB
and thus allows us to combine the data from the ZLB period with the data from the non-ZLB era, and use it
as the common metric of monetary policy stance across the conventional and unconventional monetary policy
episodes. Note that, to match the monthly frequency of our other variables, the end of the month value of the
daily SSR is used for our analysis.12

Our final variable that goes in the estimation of the monetary policy rules is uncertainty. But, uncertainty is
a latent variable, and in order to quantify the impact of uncertainty on the interest rate (SSR) decisions, one re-
quires ways to measure the former. In this regard, besides the various alternative measures of uncertainty asso-
ciated with financial markets (such as the implied-volatility indices (popularly called the VIX), realized volatil-
ity, idiosyncratic volatility of equity returns, corporate spread associated), primarily three broad approaches to
quantify uncertainty exists (Gupta, Lau and Wohar, 2018) forthcoming: (1) A news-based approach, with the
main idea behind this method being to perform searches of major newspapers for terms related to economic
and policy uncertainty (EPU) and to use the results of this search to construct measures of uncertainty; (2)
Measures of uncertainty from estimates of various types of small and large-scale structural models related to
macroeconomics and finance. Specifically speaking, the uncertainty measure is the average time-varying vari-
ance in the unpredictable component of a large set of real and financial time-series, i.e. it attempts to capture the
average volatility in the shocks to the factors that summarize real and financial conditions, and; (3) Uncertainty
derived from dispersion of professional forecaster disagreement.

As far as the metric of uncertainty is concerned, we use the first approach, i.e. news-based measure of Baker,
Bloom, and Davis (2016), primarily due to the act that the measure does not require any complicated estimation
of a large-scale model to generate it in the first place, and hence, is not model-specific. In this regard note that,
for the US, to measure policy-related economic uncertainty, Baker, Bloom, and Davis (2016) construct an index
from three types of underlying components. The first component quantifies newspaper coverage of policy-
related economic uncertainty; the second component reflects the number of federal tax code provisions set to
expire in future years, and; the third component uses disagreement among economic forecasters as a proxy
for uncertainty. For the EU, Japan and the UK, the index is based on only the first component.13 Besides not
requiring pre-estimation and suffering from the generated regressor problem to yield biased estimates (Chen
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2015), the advantage of using such a measure of uncertainty is that the data is available publicly for download
for multiple countries, including the ones of our concern.14

3.2 Estimates at the conditional mean

To fix ideas, Table 1 reports GMM estimates of the Taylor rule equation (1). Inflation, output gap and uncer-
tainty measure are instrumented using appropriately chosen lags of these variables. The set of instruments are
determined by choosing lags that are sufficiently long to avoid correlation with the error term. We use the J-test
(Hansen 1982) for the validity of overidentifying restrictions for each set of chosen instruments. We also use the
C-statistic (Hayashi 2000) to test for endogeneity.

Table 1: Forward looking monetary rule: conditional mean GMM results.

α π α y α epu C-statistic J-statistic
H0: epu is
exogenous

H0: inflation is
exogenous

H0: gap is
exogenous

EA 0.4496 0.2076*** −0.0911*** 44.5158
[0.0000]

5.5599 [0.0184] 0.4899
[0.4840]

5.7363
[0.0568]

Japan −0.1881 0.0373* −0.0019 0.0042
[0.9480]

0.4788 [0.9235] 0.0370
[0.8473]

0.2092
[0.6474]

UK 0.1646 0.3096*** −5.0639*** 28.8238
[0.0000]

3.3941 [0.0654] 0.7502
[0.3864]

2.0996
[0.3500]

US 1.5440*** 0.1065 −0.0854*** 15.3349
[0.0001]

3.5947 [0.0580] 3.7199
[0.0538]

5.2465
[0.0726]

Forward looking monetary rule: 𝑖𝑡 = 𝛼0 + 𝛼𝜋𝜋𝑡+12 + 𝛼𝑦𝑦𝑡 + 𝛼𝑒𝑝𝑢𝑒𝑝𝑢𝑡, where it is the end of month shadow interest rate, πt is
inflation, yt is the output gap, and eput is the news-based economic policy uncertainty index of Baker, Bloom, and Davis (2016).
Instruments: 1–3 lags of inflation, output gap and epu. J-statistic and C-statistic stand for Hansen’s (1982) test for the validity of
overidentifying restrictions and difference-in-Sargan exogeneity test (Hayashi, 2000), respectively. Figures in square brackets are p-values.

The specification for equation (3) allows for a forward-looking rate of inflation 12 months ahead, k = 12 for
inflation,15 a contemporary output gap (the dependence of these countries monetary policy on current rather
than expected output gaps agrees with general consensus as for example in Chevapatrakul, Kim, and Mizen
(2009)), and a contemporaneous uncertainty measure. We have tried various lags of uncertainty measure and
we report the contemporaneous effect since it is of most importance. *, **, *** denote statistical significance
at 10%, 5% and 1%, respectively. Our results show that the set of instruments includes a constant, 1-3 lagged
values of inflation, output gap and uncertainty measure. The inflation effect is statistically significant satisfying
the “Taylor principle” that inflation increases trigger an increase in the real interest rate of 0.5 percent when
inflation increases by 1 percentage point and the response to uncertainty is significantly negative, confirming
the Brainard attenuation principle. We found no significant reaction to the output gap for the US. This result
echoes Chevapatrakul, Kim, and Mizen (2009) results for the US. The inflation coefficient estimates for the EA,
Japan and the UK are insignificant. The response to output gap is significant for the EA and the UK and the
response to uncertainty confirms a particularly high negative response for the UK while we detect no significant
reaction for Japan.16

3.3 The Taylor Rule at various quantiles

Table 2 reports the estimated coefficients at each quantile using Lee (2007) IVQ based on the conditional quan-
tile distribution of interest rate regression. We use an equation with the same set of instruments and the same
forward-looking horizon as reported above in Section 3.2. We also estimate unconditional quantile regres-
sions using the methodology of Firpo, Fortin, and Lemieux (2009) to further investigate the response of central
bankers to inflation when the zero lower bound is approached. The results are reported in Table 2 (see figures
in parentheses).
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3.3.1 The case of the US

The coefficient on the inflation rate is significantly different from zero from the 10th to the 95th quantile. The
response is greater than unity above the 50th quantile, supporting the Taylor principle, meaning that the Fed
raises the policy rate by more than 1 percent point when faced with a 1 percent point increase in inflation.
The responsiveness of the interest rate toward inflation at the upper end of the conditional distribution of
interest rate suggests that the Fed responded more aggressively to higher levels of inflation and hence shows
evidence of a deflation bias to monetary policy. In fact, the response to inflation is greater than 1.50 above the
70th conditional quantile distribution of the interest rate and generally increases across quantiles. In contrast, we
do not observe evidence of aggressive response as the zero and lower boundsare approached in the US based
on the conditional regression method. We investigate more precisely the Fed’s reaction at the lower quantiles
of interest rates based on the unconditional regression method following Firpo, Fortin, and Lemieux (2009).
This method has the advantage that it analyses the specific reaction of the central banker when interest rate
is at zero and lower bounds specifically. Table 2 shows that there is very aggressive significant reaction at the
10th unconditional quantile distribution of interest rate, with the Fed raising the Fed’s fund rate by more than
3.35 percentage points when faced with a 1 percent point increase in inflation. A result that tends to support
the proposition emphasized in the introduction that forward looking policy makers in an attempt to prevent
deflation close to the zero lower bounds when faced with demand shocks, will react strongly to inflation so
that expected inflation will fall less since the private sector will take the policy makers’ actions into account.
We further observe that the response to inflation remains insignificant (at the 5% level of significance) up to
the 40th unconditional quantile distribution of the interest rate, with the response becoming more significant at
higher levels of interest rate (and possibly inflation as well), hence confirming evidence of a deflationary bias.

The conditional regression method shows that the response to output gaps is significant from the 20th quan-
tile onwards, with a stronger response to the output gap at the higher conditional distribution of interest rate
(and possibly high inflation) and the magnitude is very close to the value of 0.5, advocated by Taylor (1993).
The response to outputis insignificant at low conditional interest rates (and possibly low inflation). One could
possibly argue that the Fed places high importance on inflationary pressures of output during periods of rising
inflation.17

With respect to the impact of uncertainty on policy, the results indicate that the Fed has been concerned
about volatility throughout much of the sample period with a however higher negative response at the con-
ditional lower bounds when the uncertainty about the conditions in financial markets was important to the
interest rate setting behavior from 2008 for a prolonged period of time. We also notice that such reaction damp-
ens once the economy is away from the conditional lower interest rate bounds. These parameters range from
−0.1171 to −0.0078. The unconditional regression method further confirms these results of negative response
to uncertainty at the lower levels of interest rates, including its zero and lower bounds. So what might not have
been an evidence of aggressive response to inflation as the conditional zero and lower bounds are approached
in the US might well have been translated instead into the decreased reaction to uncertainty as financial markets
predicament unfolded.

To this end, our results go to complement the findings of Chevapatrakul, Kim, and Mizen (2009) who found
no detectable evidence of increasing aggression to inflation as the zero lower bound is approached in the US and
Japan together with the following two additional results. Firstly, based on the unconditional regression method,
we were able to discern that there has been aggressive reaction to inflation from the monetary authorities as
the lower bound is approached and secondly, that the Fed decreases its reaction to volatility, which are largely
consistent with the Brainard (1967) attenuation principle. This decreased reaction to uncertainty as we approach
the lower bound translated into a higher cut in the interest rate to expand the economy.18

3.3.2 International evidence

To highlight the importance of the uncertainty measure and how it contributed to monetary policy instance,
we conduct both the conditional and unconditional regression estimations for the EA, Japan and the UK, and
report the results in Table 2 as well, along with that of the US. First, we find a general consensus based on the
conditional quantile regression that uncertainty decreases the monetary authorities’ reaction which are largely
consistent with the Brainard (1967) attenuation principle, and the proposition of cautious policy under uncer-
tainty by Blinder (1999), suggesting that the monetary policy maker becomes less aggressive to a particular
variable when it becomes more uncertain. Second, we also notice an across the board greater cut in policy rates
at lower conditional quantiles of interest rate, meaning that as one approaches the conditional lower bound, the
central bankers have an incentive to cut the interest rate even more to ensure proper expansionary mechanism
in the economy. While the magnitude of the EPU estimates of the EA are roughly in line with the US, we note
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a particularly high response of this parameter for the UK, most probably highlighting the fact of a small open
economy undertaking quantitative easing in the face of increased risk to its highly exposed financial markets.
The Bank of Japan reaction to uncertainty is also in line with higher negative response at lower conditional
interest rate quantiles. The unconditional regression results support these results of higher response at the
lower bound, except for Japan, whereby most of the estimates turn out to be insignificant. Hence the preva-
lence of nonlinearity in the reaction to uncertainty by virtually all the central banks lend support to the added
information obtained from quantile estimates over estimates at the conditional mean.

Turning to the response to inflation for the EA, Japan and the UK, we notice that all the parameter estimates
are insignificant based on both conditional and unconditional quantile regressions except for the EA, whereby
the conditional regression estimates are significant but however not adhering to the Taylor principle with the
exception at the conditional lower bound (5th quantile). The response to the output gap is significant for all
these three economies based on the conditional regression method (with parameter estimates well below the
0.5 magnitude advocated by Taylor (1993) for the US) with the unconditional regression estimates being mostly
insignificant.

3.3.3 Robustness analysis

We assess the sensitivity of our findings. Firstly, the identification of the regression quantile coefficients is cru-
cially based on the control function approach. Therefore we implement a robustness check on the functional
form by complementing Table 2 conditional quantile regression results which is based on the second-order
polynomial series, with third-order and fifth-order polynomials. The results are provided in Tables 3 and 4 in
the Appendix.19 We find that the qualitative robustness of the quantile estimates does not change that much
with respect to the response of the Fed vis-a-vis the inflation rates for the third-order polynomial series and
to some extent for the fifth-order polynomials. Whereas for the EA, Japan and the UK response to inflation
qualitatively are the same for the third-order polynomials, the EU’s response to inflation are quantitatively in-
significant at the fifth-order polynomial. With regard to the response to output gaps, the results are qualitatively
similar for the third-order polynomial series compared to the second-order polynomial and some divergence
with the fifth-order polynomial, especially for Japan, whereby the responses turned out to be insignificant at all
quantiles. The impact of uncertainty on monetary policy remains significant and negative across all estimated
control functions’ polynomials with the same higher response at the conditional lower bounds. However this
is less so for Japan with the fifth-order polynomial series whereby significance at the 10% level is achieved only
across the 40th to the 60th and the 95th conditional interest rate quantile.

Secondly, we report a number of robustness checks, viz., backward-looking rule where the nominal interest
rate responds to past inflation rates. This follows Carlstrom and Fuerst (2000) that backward-looking Taylor
rules ensure that the monetary reaction function used by the central bank does not introduce real indeterminacy
and avoids sunspot fluctuations. We also report results based on contemporaneous monetary rule and lastly
we report results using annualized inflation rates. All the results are re-done using the conditional quantile
regression based on the second-order control function polynomials. Table 5 in the Appendix reports the results
on backward-looking monetary rule. The response to inflation for all economies are qualitatively the same
based on forward looking monetary policy rule, with the response to inflation for Japan and the UK remaining
mainly insignificant and the response by the Fed to inflation are slightly lesser in magnitude. The Taylor rule
estimates based on contemporaneous inflation rate are presented in Table 6 in the Appendix and conforms to
the results obtained using both the forward and backward looking models with however a response to inflation
by the Fed that only adheres to the Taylor principle from the 70th conditional interest rate quantile onwards.
Table 7 in the Appendix provides the results with the annualized inflation rate based on monthly data. The
response to inflation rate for the EA turns out to be insignificant for couple of interest rate quantiles and at
times significant and with the wrong sign for Japan and the UK. It shows that the Fed’s response to inflation is
significant and greater than unity across all conditional interest rate quantiles. While the response to uncertainty
remains negative and significant for the EA, the UK and the US, the results turn out to be insignificant at the
5% level of significance for Japan at all quantiles altogether.

4 Conclusion

This paper provides some new results to the conduct of conventional and unconventional monetary policy
for advanced economies. Importantly, the paper bridges the gap between existing empirical studies such as
Chevapatrakul, Kim, and Mizen (2009) that found no detectable evidence of increasing aggression as the zero
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lower bound is approached in economies such as the US and Japan and the strong theoretical prediction that
central banks should guard against the possibility of deflation if they operate near lower bounds by being
willing to act especially forcefully, which were done in practice with Quantitative Easing for instance. To tackle
this issue, the empirical analysis conducted in this paper makes use of the shadow interest rates, i.e. the nominal
interest rate that would prevail in the absence of its effective lower bound, together with complementing the
conditional interest rate quantile regressions with unconditional quantile regressions which allow more precise
statements as lower bounds of interest rate are approached. We further make use of a news-based measure of
uncertainty in the aftermath of the recent financial crisis. The results show an increased negative reaction of
the Fed and other central banks towards uncertainty particularly at lower conditional quantiles of interest rates,
hence lending support to increased aggressiveness as the conditional lower bound is approached together with
increased aggressiveness by the Fed to inflation as the unconditional lower bound of interest rate is approached.

Other results emerge for the US such as adherence to the Taylor principle not just at the mean of interest rate
and inflation but also across the different quantiles of interest rate. The prevalence of nonlinearity is present
with the Fed reacting more aggressively at higher conditional levels of interest rate when inflation increases.
These results clearly show that relying on linear models to investigate monetary policy reaction functions might
be misleading and furthermore measures of uncertainty is of particular importance to gauge monetary policy
reaction especially in dire situations such as crisis times.
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Notes
1 Cukierman and Gerlach (2003), Ruge-Murcia (2003), Dolado, María Dolores, and Ruge-Murcia (2004), and Dolado, María-Dolores, and
Naveira (2005)), and Surico (2007) have shown evidence supporting asymmetries in nonlinear monetary policy reaction function for major
OECD economies and Castro and Sousa (2012) assess the response of monetary policy to developments in asset markets in the euro area,
the UK and the US. While Jawadi, Mallick, and Sousa (2014) provide support for asymmetric monetary policy reaction for emerging market
economies such as Brazil and China.
2 Quantiles-based estimation of Taylor rules for emerging and developing Asian and Latin American countries can be found in Miles and
Schreyer (2012, 2014), and Christou et al. (forthcoming).
3 This literature presents evidence in support of the attenuation principle, viz., Svensson (1999), Peersman and Smets (1999), Estrella and
Mishkin (2000), Orphanides et al. (2000), Rudebusch (2001), Ehrmann and Smets (2003), Martin and Costas Milas (2009), and Naraidoo
and Raputsoane (2015). On the contrary, Giannoni (2002) and Sonderstrom (2002), among others, have presented evidence that supports
an aggressive reaction of monetary policy under uncertainty. More recently, Caggiano, Castelnuovo, and Nodari (2018) and Ma, Olson,
and Wohar (2018) found strong evidence indicating that the Fed responded to increases in financial and macroeconomic uncertainty re-
spectively, by cutting the Federal Funds rate. The fact that the Fed did respond to macroeconomic uncertainty in the pre-zero lower bound
(ZLB) period has also been earlier confirmed by Evans et al. (2015), when estimating modified Taylor-type monetary policy rules. Note that
the negative response of interest rate to uncertainty (shocks) is also consistently detected in the vector autoregressive model-based analysis
of uncertainty, where by uncertainty shocks are identified as negative demand shocks (see for example, Bloom, 2009; Colombo, 2013; Jones
and Olson, 2015; Jurado, Ludvigson and Ng, 2015; Gupta, Lau and Wohar, 2018; and references cited there in).
4 Note that quantile regressions have been widely used in wide variety of applications in economics and empirical finance. In this regard,
see for example, Taylor (1999), who considers quantile regressions in the context of value at risk; Conley and Galenson (1998), who explore
wealth accumulation in several US cities, while Gosling, Machin, and Meghir (2000) study income and wealth distribution in the UK;
Machado and Sousa (2005) assessed the impact of macroeconomic fundamentals on the distribution of asset prices; Leon Li and Yen
(2011) analysed the dynamic covariance risk in global stock markets; Jawadi and Sousa (2013, 2014), respectively, estimated money demand
equations (for the euro area, the US and the UK), and modelled the relationship between consumption and wealth (for the same economies);
and Sousa and Sousa (2017) assessed time-variation in US asset returns while considering the whole conditional distribution, and show that
the probabilistic distribution of expectations about future stock returns changes in response to variation in commonly used explanatory
variables.
5 In this regard, an important study analysing the impact of unconventional monetary policy on the US economy is that by Jawadi, Sousa,
and Traverso (2017). These authors investigated the macroeconomic and wealth effects of nonstandard monetary policy shocks using a
Bayesian structural vector autoregression (B-SVAR) and US monthly data for the post- Lehman Brothers’ collapse period. They show that
such shocks do not have a substantial impact on industrial production or consumer prices, but are responsible for a strong boost to asset
prices, which is larger in magnitude for stock prices than for housing prices.
6 In this regard note that, more recently, Agnello et al. (2018) specify unconventional monetary policy reaction functions for the Fed using
a Markov-Switching Regression (MSR) and a Time-Varying Probability Markovian Process (TVPMS), which in turn can also be considered
as an alternative approach to quantile regressions in modelling nonlinear Taylor-type rules.
7 A number of authors estimate a monetary rule with interest rate smoothing. However, in our case, all interest rate time series appear to
be near to unit root processes. It is well known that values of interest rate smoothing parameter in the vicinity of unity cause parameter
estimates to diverge (Chevapatrakul, Kim and Mizen, 2009). To solve this problem, we follow Chevapatrakul, Kim, and Mizen (2009) and
we adopt a Taylor-type rule without interest rate smoothing.
8 In this paper we use power functions. Specifically, we provide results for second-third- and fifth-order polynomials.
9 Following the literature, we use the observed 12 month-ahead inflation.
10 As a word of caution, we must point out that, due to data availability, the sample period is 1995:01–2017:05, which is relatively short.
Thus, estimating quantile regressions using such time window implies that the results are based on a very few data points even if all the
distribution is used in the econometric framework. However, tests of equality of slope parameters across the quantiles are found to be
different in a statistically significant manner, and hence, is an indication that the quantiles in our case have been estimated appropriately,
and also captures the inherent nonlinearity in the relationship.
11 The data can be downloaded from the following link: https://www.rbnz.govt.nz/research-and-publications/research-
programme/additional-research/measures-of-the-stance-of-united-states-monetary-policy/comparison-of-international-monetary-
policy-measures.
12 For comparability, all of the estimates are obtained using the Krippner (2013) shadow/lower bound framework with two factors, i.e. the
K-ANSM(2), a fixed 12.5 basis point lower bound, and yield curve data with maturities from 0.25 to 30 years with the sample beginning in
1995. SSR estimates can be very sensitive to the model specification, data, and estimation method. Krippner (2013) approach is designed
to be as comparable as possible by holding each of the above aspects consistent between the four economies. In addition, SSR results
from different K-ANSM(2) applications are shown by Krippner (2013) to be robust in profile and magnitude, and correspond well with
unconventional monetary policy events. These properties do not generally hold for SSR estimates from three-factor models, which includes
K-ANSM(3) model of Wu and Xia (2016). Hence our decision to use this database, besides the fact that Wu and Xia (2016) does not report
SSR estimates for Japan.
13 However, when we use the first (i.e. news-based) component only of uncertainty for the US in our estimation, our results were qualita-
tively similar to those reported for the broad measure. Complete details of these results are available upon request from the authors.
14 The data can be downloaded by following the appropriate country (region)-specific links at: http://www.policyuncertainty.com/.
15 We also report results based on contemporaneous and backward looking monetary rules.
16 The estimates based on contemporaneous and backward looking monetary rules yield poor insignificant reaction to inflation while the
reaction to output gap and uncertainty are qualitatively the same compared to the forward looking rule.
17 The unconditional regression shows significant reaction to output gaps at all quantiles with the wrong sign however at the 5th and 10th

unconditional quantiles of interest rate.
18 We conducted additional robustness analyses to assess the sensitivity of our findings. First, we used a different inflation horizon (i.e.
one-month ahead); second, we utilized the average over the month (instead of the end-of-month) measure of shadow short rate; third, we
repeated the analysis using the narrower news-based measure of uncertainty, and; finally; we also investigated the quantile interest rate
rule estimation using the new method suggested by Lee (2016) which also takes into account the persistence of the regressors. In general,
our results were qualitatively similar to those reported in the paper, and are available upon request from the authors.
19 We would like to thank Lee (2007) for providing the codes used in our programming.
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