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Abstract

This paper applies extreme value theory to monetary policy design. The analysis is
based on a small-scale New Keynesian model with sticky prices and wages where shocks
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Under the Ramsey policy, a benevolent central bank responds non-linearly and asym-
metrically to shocks and induces di�erent ergodic means for in
ation and the interest
rate compared with the symmetric case. The relative contribution of shock asymmetry
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The analysis sheds some light on the Fed's actions during the recent Financial Crisis.
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1 Introduction

This paper applies extreme value theory to the study of monetary policy. Extreme value

theory is a branch of statistics concerned with extreme events and was primarily developed

in engineering, where designers seek to protect structures against infrequent but potentially

damaging events like earthquakes or hurricanes.1 Economies are also subject to extreme

shocks|think, for example, of the oil shocks in the 1970s or the �nancial shocks associ-

ated with the Great Recession|and, so it is important to design monetary policy with the

possibility of extreme events in mind.

This paper constructs and estimates the model of a dynamic economy where extreme

shocks can occasionally happen and, as a result, agents and policy makers face skewness

risk. In particular, the analysis is carried out using a small-scale New Keynesian model with

sticky prices and wages where shocks are drawn from a generalized extreme value (GEV)

distribution. This distribution is widely used in extreme value theory to model the maxima

(or minima) of long sequence of random variables. The distribution has three independent

parameters, which have implications for location, scale and shape|the �rst, second and

third moments of the distribution. To be consistent with considering three moments of the

distribution, we approximate the model dynamics using a third-order perturbation and the

model is, therefore, nonlinear. The nonlinear model is estimated by the simulated method

of moments (SMM). In order to disentangle the relative contribution of asymmetric shocks

and nonlinearity to our results, we also estimate a nonlinear version of the model with

normal shocks, and a linear version with GEV shocks. Statistical results show that the data

reject the hypothesis that shocks are normally distributed and favor instead an asymmetric

distribution. In particular, the data prefer a speci�cation where monetary policy innovations

are drawn from a positively skewed distribution and productivity innovations are drawn from

a negatively skewed distribution. Thus, in a statistical sense, skewness is signi�cant. The

positive implications of skewness for monetary policy are analyzed using impulse-response

analysis and our analysis sheds some light on the Fed's actions during the recent Financial

Crisis.

Using the estimated parameters, we pursue a normative analysis in the context of a Ram-

sey planner. We show that under the Ramsey policy, a benevolent central bank responds

asymmetrically to shocks and induces di�erent ergodic means for in
ation and interest rates,

compared with the symmetric case. Specially, since the shocks are not symmetrically dis-

1Key contributions in extreme value theory are those of Fisher and Tippett (1928), Gnedenko(1943), and
Jenkinson (1955). For a review of applications of this theory in engineering, meteorology, and insurance, see
Embrechts, Kl�uppelberg, and Mikosch (1997) and Coles (2001).
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tributed, the shocks at the 1st and 99th percentiles are asymmetrically located about the

mean. We also �nd that the Ramsey planner responds more strongly to large shocks and to

variance and skewness risk than a policy maker that follows a Taylor-type rule. In addition,

to deriving the optimal monetary policy response to large shocks, this paper also derives

speci�c policy prescriptions concerning optimal in
ation targets. This issue is important

because in light of the recent Financial Crisis, Blanchard et al. (2010) propose in
ation

targets of 4% per year (as opposed to the 2% per year used, for example, by the Bank of

Canada) in order to provide a larger bu�er zone from the zero-lower bound on interest rates.

Previous research on the positive analysis of monetary policy typically works under the

dual assumptions that the propagation mechanism is linear and shocks are symmetric, usu-

ally normal. In some normative analysis, it is necessary to go beyond a linear approximation

of the model dynamics to avoid spurious welfare implications, but a second-order approx-

imation is consistent with any two-parameter distribution. Since the Normal distribution

satis�es this two-degrees-of-freedom speci�cation, the normal is also widely used in normative

analysis. This strategy leads to tractable models but, as we argue below, it is unsatisfactory

to understand policy responses to extreme events.

The paper is organized as follows. Section 2 presents a small-scale New Keynesian

model occasionally subject to extreme shock realizations. Section 3 discusses the estimation

method, data and identi�cation, and reports estimates for the three estimated speci�cations.

Section 4 examines the positive implications of the model using impulse-response analysis.

Section 5 studies optimal monetary policy in an environment where extreme events can

happen. Finally, Section 6 concludes.

2 The Model

The agents in this economy are 1) in�nitely-lived households with idiosyncratic job skills,

2) �rms that produce each a di�erentiated good, and 3) a monetary authority. This section

describes the behavior of these agents and the resulting equilibrium.

2.1 Households

Household h 2 [0; 1] maximizes

E�
1X
t=�

�t��U(cht ; n
h
t );

where E� is the expectation conditional on information available at time � , � 2 (0; 1) is the
discount factor, U(�) is an instantaneous utility function, cht is consumption, and nht is hours
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worked. Consumption is an aggregate of di�erentiated goods indexed by j 2 [0; 1],

cht =

0@ 1Z
0

(chj;t)
1=�dj

1A� ; (1)

where � > 1 is a parameter that determines the elasticity of substitution between goods.

The utility function is

U(cht ; n
h
t ) = ln(c

h
t )�  nht =zt; (2)

where  > 0 is a weight and zt is a labor supply shock that shifts the disutility of labor.

(The stochastic process of this and the other shocks in the model are speci�ed in section

2.4). The linear speci�cation for hours worked in (2) is based on Hansen (1985).2

Nominal wages are assumed to be rigid as a result of labor-market frictions that induce

a cost whenever there is an adjustment. This cost is modeled using the convex function

�ht = �(W
h
t =W

h
t�1) =

 
�

2

! 
W h
t

W h
t�1

� 1
!2
; (3)

where W h
t is the nominal wage and � � 0 is a parameter. In the especial case where � = 0,

nominal wages are 
exible.

In every period the household is subject to the budget constraint

cht +
QtA

h
t � Aht�1
Pt

+
Bh
t � it�1B

h
t�1

Pt
=
�
1� �ht

� W h
t n

h
t

Pt

!
+
Dh
t

Pt
; (4)

where At is a complete set of Arrow-Debreu securities, Qt is a vector of prices, Bt is a one-

period nominal bond, it is the gross nominal interest rate, Dt are dividends, and Pt is an

aggregate price index. The index is de�ned as

Pt =

0@ 1Z
0

(Pj;t)
1=(1��)dj

1A1=(1��) ; (5)

with Pj;t denoting the nominal price of good j. In addition to this budget constraint and a

no-Ponzi-game condition, utility maximization is subject to the demand for labor h by �rms

(see the �rms' problem below).

First-order conditions include a wage Phillips curve that equates the marginal costs and

bene�ts of increasing W h
t ,

�ht n
h
t

��
&

& � 1

� �
1� �ht

�
+ 
ht

�
�ht
�0�

(6)

= �ht n
h
t

�
1� �ht

�
+
�

&

& � 1

� 
nht =zt
W h
t =Pt

!
+ �Et

 
�ht+1
�t+1

�

ht
�2
nht+1

�
�ht+1

�0!
;

2In preliminary work, we considered a more general formulation of the utility function but estimates were
quantitatively close to the log-linear speci�cation in the text. Section 5 examines the implications of the
model under alternative parameterizations of the utility function.
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where �ht = 1=c
h
t is the marginal utility of consumption, &=(&�1) is the elasticity of substitu-

tion between labor types, �t = Pt=Pt�1 is gross price in
ation, 

h
t = W h

t =W
h
t�1 is gross wage

in
ation for the labor of type h, and
�
�ht
�0
denotes the derivative of the cost function with

respect to its argument. The costs in the left-hand side of (6) are the wage adjustment cost

and the decrease in labor income as �rms substitute away from the more expensive labor.

The bene�ts in the right-hand side are the increase in labor income per hour worked, the

increase in leisure time, and the reduction in the future expected wage adjustment cost.

The optimal consumption of good j satis�es

chj;t =
�
Pj;t
Pt

���=(��1)
cht ; (7)

which is decreasing in the relative price with elasticity ��=(�� 1).

2.2 Firms

Firm j 2 [0; 1] produces output, yj;t, using the technology

yj;t = xtn
1��
j;t ; (8)

where nj;t is labor input, � 2 (0; 1) is a production parameter and xt is a productivity shock.
Labor input is an aggregate of heterogeneous labor supplied by households,

nj;t =

0@ 1Z
0

(nhj;t)
1=&dh

1A& ; (9)

where & > 1 is a parameter that determines the elasticity of substitution between labor

types. The price of the labor input is

Wj;t =

0@ 1Z
0

(W h
t )
1=(1�&)dh

1A1�& : (10)

Nominal price adjustments entail a convex cost that is modeled using the function

�jt = �(Pj;t=Pj;t�1) =
�



2

� 
Pj;t
Pj;t�1

� 1
!2
; (11)

where 
 � 0 is a parameter. In the case where 
 = 0, prices are 
exible. This model of price
rigidity is due to Rotemberg (1982).

The �rm maximizes

E�
1X
t=�

�t�� (�t=�� )

0@�1� �jt� (Pj;t=Pt)cj;t � 1Z
0

(W h
t =Pt)n

h
t dh

1A ;
[4]



where the term in parenthesis is pro�ts, �t is the aggregate counterpart of �
h
t , and cj;t =

1R
0
chj;tdh is total consumption demand for good j. The maximization is subject to the

downward-sloping consumption demand function (7), the technology (8), and the condition

that supply must meet demand for good j at the posted price.

First-order conditions include the price Phillips curve,

�tcj;t

  
�

�� 1

!�
1� �jt

�
+�jt

�
�jt
�0!

(12)

= �tcj;t
�
1� �jt

�
+

 
�

�� 1

! 
�t�tyj;t
Pj;t=Pt

!
+ �Et

 
�t+1
�t+1

�
�jt
�2
cj;t+1

�
�jt+1

�0!
;

where �t is the real marginal cost and �
j
t is the gross in
ation rate of good j. This condition

equates the marginal costs and bene�ts of increasing Pj;t. The costs are the decrease in

sales, which is proportional to the elasticity of substitution between goods, and the price

adjustment cost. The bene�ts are the increase in revenue for each unit sold, the decrease in

the marginal cost, and the reduction in the future expected price adjustment cost.

The optimal demand for (total) labor satis�es the condition that the marginal produc-

tivity of labor equals its real cost,

(1� �)xtn
��
j;t = Wj;t=Pj;t:

The optimal demand for labor h is

nht =

 
W h
t

Wt

!�&=(&�1)
nj;t;

where �&=(& � 1) is the elasticity of demand of labor h with respect to its relative wage.

2.3 The Fed

The monetary authority (let us call it the Fed, for short) sets the interest rate following the

Taylor-type rule

ln(it=i) = �1 ln(it�1=i) + �2 ln(�t=�) + �3 ln(nt=n) + et; (13)

where �1 2 (�1; 1), �2 and �3 are constant parameters, variables without time subscript
denote steady-state values, and et is a monetary shock that represents factors beyond the

control of the Fed that also a�ect the nominal interest rate.
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2.4 Shocks

De�ne the 3 � 1 vector �t = [ln (zt) ln (xt) ln (et)]0 with the current realization of the labor
supply, productivity, and monetary shocks, the 3 � 1 vector "t = ["z;t "x;t "e;t]

0 with the

innovations to these shocks, and the 3� 3 matrix

� =

264 �z 0 0
0 �x 0
0 0 �e

375 ; (14)

with all eigenvalues inside the unit circle. Then, the process of the structural shocks of the

model is

�t = ��t�1 + "t: (15)

We assume that the vector of innovations, "t, is independent and identically distributed

(i.i.d.) with mean zero, diagonal variance-covariance matrix, and its elements are drawn

from a generalized extreme value (GEV) distribution.

The GEV distribution due to Jenkinson (1955) is the most widely used distribution in

extreme value analysis. The reason is that under the Fisher-Tippett theorem (Fisher and

Tippett, 1928), the maxima of a sample of i.i.d. random variables converge in distribution to

either of three possible distributions, namely, the Gumbel, Fr�echet, andWeibull distributions,

but, as shown by Jenkinson, all three can be represented in a uni�ed way using the GEV

distribution. The distribution is described by three parameters: a location, a scale and a

shape parameter. Depending on whether the shape parameter is zero, larger than zero, or

smaller than zero, the GEV distribution corresponds to either the Gumbel, the Fr�echet, or

the Weibull distribution, respectively.

The shape parameter also determines the thickness of the long tail and the skewness of

the distribution. In the case where the shape parameter is non-negative (the GEV is either

the Gumbel or the Fr�echet distribution), skewness is positive. In the case where the shape

parameter is negative (the GEV is the Weibull distribution), skewness can be negative or

positive depending on the relative magnitudes of the shape and scale parameters. The fact

that the GEV distribution allows for both positive and negative skewness of a potentially

large magnitude is particularly attractive for this project because, as we will see below, the

U.S. data prefer speci�cations where the skewness of the innovations is relatively large.3

Finally, there are values of the shape parameter for which the mean and variance of the

distribution do not exist|in particular, the mean is not de�ned when this parameter is

3In preliminary work, we considered using the skew normal distribution, whose skewness is bounded
between �1 and 1. However, parameter estimates consistently hit the boundary of the parameter space
because, in fact, matching the unconditional skewness of the data with our model requires innovations with
skewness larger than 1 in absolute value.
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larger than or equal to 1, and the variance is not de�ned when it is larger than or equal to

0.5| but this turns out to be not empirically relevant here. For additional details on the

GEV distribution, see Embrechts, Kl�uppelberg, and Mikosch (1997) and Coles (2001).

2.5 Equilibrium

In the symmetric equilibrium, all �rms are identical and all households are identical. That

is, all �rms charge the same price, demand the same input quantities, and produce the

same output quantity, while all households supply the same amount of labor and receive

the same wages. As a result, net holdings of bonds and Arrow-Debreu securities are zero.

Substituting the pro�ts of the (now) representative �rm into the budget constraint of the

(now) representative household delivers the aggregate resource constraint,

ct = yt � (yt�t + wtnt�t) ; (16)

where yt is aggregate output and wt = Wt=Pt is the real wage. In the especial case where

prices and wages are 
exible, ct = yt, meaning that all output produced is available for

private consumption. Instead, when prices and wages are rigid, part of the output is lost to

frictional costs (the term is parenthesis in (16)).

2.6 Solution

Since the model does not have an exact solution, we use a perturbation method to ap-

proximate the policy functions around the deterministic steady state using a third-order

polynomial and to characterize the local dynamics (Jin and Judd, 2002). A third-order per-

turbation is of the minimum order necessary to capture the e�ect of skewness in the policy

functions and, as we will see below, allows for rich non-linear dynamics. The solution method

is implemented using the MATLAB codes described in Ruge-Murcia (2012), which extend

those originally written by Schmitt-Groh�e and Uribe (2004) for a second-order perturbation.

In order to appreciate the non-linearity of the solution and the contribution of skewness

to the policy functions, it will helpful to explicitly write the third-order perturbation. For

a generic variable k in the model, the policy function that solves the dynamic model takes

the general form f(st; �) where st is the vector of state variables and � is a perturbation

parameter that represents the departure from certainty. Then, the third-order approximation

of f(st; �) around the deterministic steady state (st = s and � = 0) can be written in tensor

notation as

[f(st; �)]
k = [f(s; 0)]k + [fs(s; 0)]

k
a[(st � s)]a (17)
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+(1=2)[fss(s; 0)]
k
ab[(st � s)]a[(st � s)]b

+(1=6)[fsss(s; 0)]
k
abc[(st � s)]a[(st � s)]b[(st � s)]c

+(1=2)[f��(s; 0)]
k[�][�]

+(1=2)[fs��(s; 0)]
k
a[(st � s)]a[�][�]

+(1=6)[f���(s; 0)]
k[�][�][�];

where a, b, and c are indices, and we have used the results [fs�(s; 0)]
k
a = [f�s(s; 0)]

k
a = 0

(Schmitt-Groh�e and Uribe, 2004, p. 763), [fss�(s; 0)]
k
ab = [f�ss(s; 0)]

k
ab = [fs�s(s; 0)]

k
ab = 0

(Ruge-Murcia, 2012, p. 936) and [f��s(s; 0)]
k
a = [f�s�(s; 0)]

k
a = [fs��(s; 0)]

k
a by Clairaut's

theorem. In this notation, elements like [fs(s; 0)]
k
a and [fss(s; 0)]

k
ab are coe�cients that depend

nonlinearly on structural parameters.

As one would expect to see in a third-order expansion, the policy function (17) includes

linear, quadratic, and cubic terms in the state variables. Obviously, the latter two terms

are nonlinear and, thus, the overall solution expressing the relation between endogenous and

state variables in the model is nonlinear. As we will see below this has important implications

for the dynamics of the model and the e�ect of shocks.

The policy function also includes linear, quadratic, and cubic terms in the perturbation

parameter, but the coe�cient of the linear term (not shown) is zero. This is just another way

of saying that the linear solution (a �rst-order perturbation) features certainty equivalence.

The quadratic term is proportional to the variance, and the cubic term is proportional to the

skewness, of the innovations. In the special case where the distribution of the innovations is

symmetric|and, hence, skewness is zero|the latter term is zero. In the more general case

where the distribution is asymmetric, this term may be positive or negative depending on the

sign of the skewness and the values of other structural parameters. Thus, the contribution

of skewness to the solution is a constant that shifts the policy function above and beyond

the shift induced by the variance. Depending on the magnitude of the skewness and its

coe�cient, this contribution may be sizable.

The policy function also includes cross-terms between the state variables and the per-

turbation parameter, but, except for the time-varying term in the variance, the other terms

have coe�cients equal to zero.
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3 Estimation

3.1 Data

The data used to estimate the model are quarterly observations of real per-capita consump-

tion, hours worked, the price in
ation rate, the wage in
ation rate, and the nominal interest

rate between 1964Q2 to 2012Q4. The sample starts in 1964 because aggregate data on wages

and hours worked are not available prior to that year, and ends with the latest available

observation at the time the data was collected. The raw data were taken from the Web Site

of the Federal Reserve Bank of St. Louis (www.stlouisfed.org). Real consumption is mea-

sured by personal consumption expenditures on nondurable goods and services divided by

the consumer price index (CPI). The measure of population used to convert this variable into

per-capita terms is an estimate produced by the Bureau of Labor Statistics (BLS). Hours

worked are measured by average weekly hours of production and nonsupervisory employees

in manufacturing. The rates of price and wage in
ation are measured by the percentage

change in the CPI and the average hourly earnings for private industries, respectively. The

nominal interest rate is the e�ective federal funds rate. Except for the nominal interest rate,

all data are seasonally adjusted at the source.

3.2 Method

The model is estimated by the simulated method of moments (SMM). Ruge-Murcia (2012)

explains in detail the application of SMM to the estimation of non-linear dynamic models

and provides Monte-Carlo evidence on its small-sample properties. De�ning � 2 � to be a
q � 1 vector of structural parameters, the SMM estimator, b�, is the value that solves

min
f�g

M(�)0WM(�); (18)

where

M(�) = (1=T )
TX
t=1

mt � (1=�T )
�TX
�=1

m�(�);

W is a q � q weighting matrix, T is the sample size, � is a positive integer, mt is a p � 1
vector of empirical observations on variables whose moments are of our interest, and m�(�)

is a synthetic counterpart of mt with elements obtained from the stochastic simulation of

the model. Intuitively, the SMM estimator minimizes the weighted distance between the

unconditional moments predicted by the model and those computed from the data, where

the former are computed on the basis of arti�cial data simulated from the model. Lee

and Ingram (1991) and Du�e and Singleton (1993) show that SMM delivers consistent

[9]



and asymptotically normal parameter estimates under general regularity conditions. In

particular,

p
T (b� � �)! N(0;(1 + 1=�)(J0W�1J)�1J0W�1SW�1J(J0W�1J)�1); (19)

where

S = lim
T!1

V ar

 
(1=
p
T )

TX
t=1

mt

!
; (20)

and J = E(@m�(�)=@�) is a �nite Jacobian matrix of dimension p � q and full column

rank.4 In this application, the weighting matrix is the identity matrix and S is computed

using the Newey-West estimator with a Barlett kernel and bandwidth given by the integer

of 4(T=100)2=9 where T = 195 is the sample size. The number of simulated observations

is ten times larger than the sample size, that is � = 10. Thus, the simulated sample has

10 � 195 = 1950 observations, which is su�cient to accurately estimate the higher-order

moments. The dynamic simulations of the non-linear model are based on the pruned version

of the solution, as suggested by Kim, Kim, Schaumburg and Sims (2008).

The estimated parameters are the coe�cients that determine price and wage rigidity (�

and 
) and the parameters of the productivity, labor supply, and monetary shocks. The

moments used to estimate these parameters are the variances, covariances, autocovariances

and skewness of the �ve data series. That is, a total of 25 moments. During the estimation

procedure the discount factor (�) is �xed to 0:995, which is the mean of the inverse ex-

post real interest rate in the sample period. The steady-state (gross) in
ation target (�) in

the monetary policy rule is set to 1. The disutility weight ( ) is set to 1, but this is just

an inconsequential normalization because this parameter only scales the number of hours

worked in steady state and does not a�ect either the model dynamics or the moments used

to estimate the model. The curvature parameter of the production function (1� �) is set

to 2=3 based on data from the National Income and Product Accounts (NIPA) that show

that the share of labor in total income is approximately this value. Finally, the elasticities

of substitution between goods and between labor types are �xed to � = 1:1 and & = 1:4;

respectively. This value for � is standard in the literature. Sensitivity analysis with respect

to & indicates that results are robust to using similarly plausible values.

In addition to the nonlinear model with GEV innovations, we estimate two benchmark

versions of the model. The �rst one is a nonlinear model with normal innovations. This

4SMM is generally less e�cient than GMM as a result of the term (1+1=�) that captures the uncertainty
associated with computing the moments by simulation. However, this term decreases geometrically with � so
that, for example, for � = 10, SMM asymptotic standard errors are only 5% larger than those of GMM. On
the other hand, for medium scale models computing the moments by simulation can be more computationally
e�cient than computing them analytically because the latter requires time-consuming matrix inversions.
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model allows us to examine the e�ects of departing from the usual Gaussian assumption.

The second one is a linear model with GEV innovations. In this certainty-equivalent model

agents ignore the variance and skewness of shocks when making their economic decisions.

Thus, this model allows us examine the e�ect of departing from certainty-equivalence and

to quantify the contribution of nonlinearity to our results.

3.3 Identi�cation

Although it is di�cult to verify that parameters are globally identi�ed, local identi�cation

simply requires

rank

(
E

 
@m�(�)

@�

!)
= q; (21)

where (with some abuse of the notation) � is the point in the parameter space � where the

rank condition is evaluated. We veri�ed that this condition is satis�ed at the optimum b� for
all versions of our model.

3.4 Estimates

Estimates of the parameters under each of the three models are reported in table 1. Standard

errors are computed using the k-step bootstrap proposed by Davidson and MacKinnon (1999)

and Andrews (2002).5 In this preliminary version of the paper, the number of replications

is 19 and the number of steps is 5. In current work, we are examining the robustness of our

results to using a larger number of replications and steps.

For the two nonlinear models, estimates of the price and wage rigidity parameters are

similar across distributions and suggest that wages are substantially more rigid than prices.

Quantitatively, these estimates are in line with earlier literature. In contrast, for the linear

model, the estimate of the wage rigidity parameter is implausibly large and, in order to

match the volatility of wage in
ation, this model requires a much larger standard deviation

for the labor supply shock than the nonlinear models.

Productivity and labor supply shocks are very persistent and, for the models with GEV

innovations, the scale and shape parameters imply that their innovations are negatively

skewed. Figure 1 plots the cumulative distribution function (CDF) of productivity innova-

tions estimated under each model (thick line). For the two models with GEV innovations,

the �gure also plots, as a comparison, the CDF of a normal distribution with the same stan-

dard deviation as the GEV (thin line). Notice that CDFs of the GEV distribution have more

probability mass in the left tail, and less mass in the right tail, than the normal distribution.

5The use of the k-step bootstrap was suggested to us by Silvia Gon�calves.
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Thus, large negative productivity surprises can occasionally happen, but large positive ones

are unlikely.

Figure 2 plots the estimated CDF of the innovations to the labor supply shock. As in

�gure 1, the GEV distributions have more mass in the left tail, and less mass in the right

tail, than the normal distribution. However, for the linear version of the model, the left tail

is much thicker than that of the nonlinear version, and a normal distribution with the same

standard deviation features a much larger second moment (this is apparent from the thin line

in the right panel of �gure 2). Also, notice in table 1 that the estimated standard deviation

and skewness of the innovations are, respectively, 16 and 3 times larger in the linear than

in the nonlinear model. This observation suggests that whether the propagation mechanism

of the model is linear or nonlinear has important quantitative implications for the estimates

of parameters of this shock. Finally, although the skewness of the labor supply shock is

large, its contribution to the model dynamics is relatively small, except for the fact that its

asymmetry is crucial to capture the positive skewness of wage in
ation.6

The smoothing parameter in the Taylor rule in table 1 is moderately large, and the

coe�cients of in
ation and output are both positive, as expected. For the models with

GEV innovations, the estimated scale and shape parameters imply that monetary shocks are

positively skewed. In particular, the nonlinear version of the model implies a skewness of 1:09,

which is quantitatively close to the 0:79 obtained when we estimated the Taylor rule (equation

(13)) alone by maximum likelihood using data on the interest rate, in
ation and hours

worked.7 Figure 3 plots the estimated CDF of this shock and shows that its GEV distribution

has more probability mass in the right tail, and less mass in the left tail, than a normal

distribution with the same standard deviation. That is, the monetary shock, which represents

factors that a�ect the interest rate outside the control of the monetary authority, is not

symmetrically distributed around zero. Instead, because the shock is positively skewed, large

positive monetary shocks can happen sometimes while large negative ones are uncommon.

The key empirical result in table 1 is that the skewness of all three innovation distributions

is quantitatively large and statistically signi�cant. Thus, the null hypothesis that innovations

are drawn from a symmetric distribution (whether normal or Student's t) can be safely

rejected. (Note: To be veri�ed by a larger bootstrap.) The asymmetry in the shocks means

that agents in this economy face skewness risk and that the monetary authority will be called

6This observation is based on (unreported) sensitivity analysis where we estimated our model without
a labor supply shock and found that the �t of the model worsened, primarily because the model could not
generate quantitatively large skewness in wage in
ation.

7When we used the rate of employment instead of hours worked as measure of output, the estimated
skewness was about 0:50. Thus, the positive skewness of monetary policy shocks appears to be robust to the
estimation method and output measure.
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to set policy during and following extreme events, whether large drops in productivity or

large interest rate increases due to causes outside its control.

4 Implications

In this section, we examine the positive implications of extreme events for monetary policy.

4.1 Skewness and Kurtosis

Figure 4 plots the histograms of �ve key macroeconomic series in the U.S. The most obvious

observation from this �gure is that the data look quite di�erent from a normal distribution

(continuous line): none of the series is symmetric around the mean and all of them feature

extreme realizations at one tail of the distribution. Consumption and hours worked are

negatively skewed, with observations in the left tail corresponding to periods of recession,

while price in
ation, wage in
ation, and the nominal interest rates are positively skewed. We

compute the skewness and kurtosis of these series and report them in table 2. The skewness

are quantitatively large and the kurtosis are larger than 3 in all cases, with 3 being the

kurtosis of the normal distribution. In order to evaluate statistically these departures from

normality, we carry out the test proposed by Jarque and Bera (1987) and report the results

in table 3. The Jarque-Bera test is a goodness-of-�t test that evaluates the hypothesis that

the data follow a normal distribution and it is based on sample estimates of the skewness

and excess kurtosis, both of which are should be zero if the data are normal. Given the

plots in �gure 5, it is not surprising that the p-values are all below 0.05 for all series and the

hypotheses can be rejected.

We now examine to what extent the di�erent versions of the model can account for the

non-Gaussian features of the U.S. data. To that end, we simulate an arti�cial sample of 2000

observations under each model and perform the same empirical analysis that we carried out

above for each sample. Consider �rst the nonlinear model with normal innovations. Table

2 shows that this model predicts skewness close to zero for all variables, and kurtosis close

to 3 for most variables but less than 3 for consumption and the nominal interest rate. The

hypothesis that the data follows a normal distribution cannot be rejected for hours worked,

price in
ation and wage in
ation. It is interesting to note that the hypothesis is rejected for

consumption and the nominal interest rate, but this is so primarily because their kurtosis is

well below 3 and, thus, their excess kurtosis is negative. In summary, these results indicate

that despite its nonlinearity, this version of the model cannot account for the departures

from normality in the data.
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In contrast, the linear and nonlinear models with GEV innovations predict skewness and

kurtosis that are quantitatively large and of the same sign as the actual data. In addition,

the hypothesis that date follows a normal distribution can be rejected using the Jarque-Bera

test (see table 3). Thus, both versions of the model|linear and nonlinear|can account

for the non-Gaussian features of the U.S., although, as pointed out above, the empirical

estimates of the parameters are not as plausible in the case of the linear model.

In light of the results reported above|the statistical and economic signi�cance of the

skewness and the implausible estimates of the linear model|we focus from now on the

nonlinear model with GEV innovations.

4.2 Impulse-Responses

This section uses impulse-response analysis to study the e�ects of extreme shocks on our

model economy. Since the model is nonlinear, the e�ects of a shock depend on its sign,

size, and timing (see Gallant, Rossi and Tauchen, 1993, and Koop, Pesaran, and Potter,

1996). Regarding sign and size, we compute the responses to shock innovations in the 1st

and 99th percentiles. We focus on these percentiles because we are concerned here with

extreme realizations. Naturally, the size (in absolute value) of these innovations is not same

for an asymmetric distribution like the GEV, but the point is that the likelihood of the two

realizations is the same. Regarding timing, we assume that shocks occur when the system

is at the stochastic steady state (where all variables are equal to the unconditional mean

of their ergodic distribution). Responses are reported in �gures 5 through 7 (thick lines),

with the vertical axis denoting percentage deviation from the stochastic steady state and

the horizontal axis denoting periods. As a comparison, we plot the responses for a normal

distribution with the same standard deviation as the GEV (thin lines). Since the model

is nonlinear, the e�ects of normal shocks need not be symmetric. Thus, these responses

allow us to evaluate the contribution of nonlinearity (as opposed to shock asymmetry) to

our results.

Figure 5 plots the responses to productivity shocks. A positive shock in the 99th per-

centile of the distribution induces an increase in consumption and hours worked, with the

e�ect on consumption being very persistent as a result of intertemporal smoothing. Price

in
ation and the nominal interest rate decrease, in the latter case because the in
ation coef-

�cient in the Taylor rule is quantitatively much larger than that of employment. Finally, the

nominal wage increases on impact but decreases thereafter. Since prices are more 
exible

than wages and they decrease by a larger proportion there is an unambiguous increase in

the real wage. Qualitatively, the e�ects of the negative shock in the 1st percentile are the
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opposite to those just described. However, note that since the magnitude of the (negative)

shock is quantitatively much larger than the magnitude of the equally-likely positive shock,

its e�ects are much larger. This asymmetric is particular obvious when we compare these

responses with those obtained using a normal distribution with the same standard deviation

as the GEV distribution.

Figure 6 plots the responses to labor supply shocks. A negative shock in the 1st percentile

of the distribution, increase the marginal disutility of labor and lead to a reduction in hours

worked and, hence, consumption. Price and wage in
ation increase but in this case the e�ect

on wages is large enough that real wages actually increase. With price in
ation raising,

the nominal interest rate increases as well. Except for its e�ect of real wages, this shock

qualitatively resembles a negative productivity shock. Notice, however, that the positive

shock in the 99th percentile is quantitatively small as a result of the sharp asymmetric of

the innovation distribution. Thus, the e�ects of this equally-likely shock are negligible.

Finally, consider �gure 7 that plots the responses to a monetary shock. A positive shock

that raises the interest rate induces a decrease in consumption, hours, price in
ation, and

wage in
ation. Since prices drop by more than wage, the real wage increases. Again, an

important feature of this �gure is the asymmetry in the responses to monetary shocks.

4.3 How Does the Fed React to Extreme Events?

In this model, the Fed follows a linear rule in in
ation and employment. However, since

the latter variables are themselves nonlinear functions of the state variables, the Fed reacts

nonlinearly to shocks. The extent of the nonlinearity can seen in the policy functions plotted

in �gure 8. In this �gure, the think line is the nonlinear policy function implied by our third-

order perturbation, while the thin line is the linear policy function implied by a �rst-order

approximation. Consider �rst the reaction to productivity and labor supply shocks. Under

both the �rst- and third-order perturbations, the Fed cuts the interest rate for positive shocks

and increases it for negative shocks. The intuition simply is that negative shocks lead to

an increase in in
ation, and thus under a Taylor rule, the Fed must raise the interest rate.

However, the response is larger under the nonlinear than under the linear solution, with the

opposing being true in the case of positive shocks. In the case of monetary shocks, notice

that the Fed's reaction is the same under solutions because the Taylor rule is log-linear in

the monetary shock and, thus, both solution methods coincide.
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5 Optimal Policy

Consider now case where the monetary authority follows a Ramsey policy of maximizing the

households' welfare. That is, the monetary authority chooses fct; nt; Wt; it; 
t; �tg1t=� to
maximize

E�
1X
t=�

�t��U(ct; nt);

subject to the resource constraint and the �rst-order conditions of �rms and households, and

taking as given previous values for wages, goods prices, and shadow prices. The monetary

authority can commit to the implementation of the optimal policy and may evaluate future

utilities using a discount factor � 2 (0; 1) that may di�er from the one used by households.

5.1 Impulse-Responses under the Optimal Policy

Figures 9 and 10 respectively plot the responses to productivity and labor supply shocks.

As before, we consider innovations in the 1st and 99th percentiles for the GEV distribution

and a normal shock with the same standard deviation as the GEV, as a comparison.

Figure 9 plots the responses to productivity shocks. Qualitatively, responses are similar

to those in �gure 5 under the Taylor policy. That is, a positive leads to an increase in

consumption, hours worked, wage in
ation, and real wages, and a decrease in the interest

rate and price in
ation. Notice, however, that the response of hours worked under the

Ramsey policy is much larger than under the Taylor policy. As before, a key feature of this

responses is their asymmetry. Finally, �gure 10 plots the responses to labor supply shocks.

Although the qualitative responses are similar to those in �gure 6 under the Taylor policy,

there are some quantitative di�erences. Most notably, the e�ects on price and wage in
ation

are much smaller under the Ramsey policy. The asymmetry of these responses is especially

large because a positive shock in the 99th percentile is a relatively small shock, while the

equally-likely negative shock in the 1st percentile is very large.

5.2 Comparison with the Taylor Policy

In this section, we compare monetary policy under the Ramsey and Taylor policies. To

that end, we compare the policy functions under both monetary regimes. Figure 11 plots

the policy function under Ramsey for the third- and �rst-order perturbations. Comparing

�gures 11 and 8, notice that the Ramsey planner reacts much more aggressive to negative

productivity shocks than the Taylor central banker, and react relatively less to labour supply
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shocks. A key di�erence, however, is that under the Ramsey policy the interest rate is cut

for negative realizations of the labor supply shocks but it is raised under the Taylor rule.

Another important di�erence between both policies is the e�ect of uncertainty on the

average rate of in
ation. Under the Taylor policy, the mean of the ergodic distribution is

0:41 points (at an annual rate) above its deterministic steady state, while under the Ramsey

policy, it is �0:003 below. Concerning the interest rate, the mean of the ergodic distributions
are respectively, 0:38 and �0:03 points from its value in the deterministic steady state.

6 Conclusions

This paper studies the e�ect of extreme shocks for monetary policy under a realistic Taylor-

type policy and under an ideal Ramsey policy. It is shown that extreme shocks and non-

linearities in the propagation mechanism are important to account for the non-Gaussian

features of the data.
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Table 1

Parameter Estimates

Model
Nonlinear Nonlinear Linear
GEV Normal GEV

Parameter Estimate s.e. Estimate s.e. Estimate s.e.
Nominal Rigidities
Wages 230:66 0:0003 282:28 0:0019 9932:8 0:0001
Prices 14:119 0:0206 45:644 0:0716 31:302 0:0433

Productivity Shock
Autoregresive coe�. 0:9582 0:0207 0:8481 0:0235 0:9328 0:0251
Scale (�10�2) 0:8994 0:2272 � � 1:1735 0:2260
Shape �1:2044 0:0554 � � �1:1889 0:2121
Standard deviation (�10�2) 0:9990 0:2304 1:5016 0:1434 1:2915 0:2227
Skewness �2:6551 0:1820 0 � �2:6022 0:7508

Labor Supply Shock
Autoregresive coe�. 0:9955 0:0111 0:9682 0:0151 0:9964 0:0024
Scale (�10�4) 0:4183 0:6152 � � 0:7147 0:6435
Shape �3:7550 0:0621 � � �4:8812 0:1817
Standard deviation (�10�2) 0:1321 0:1064 0:7581 0:4006 2:1074 1:2433
Skewness �45:501 3:2520 0 � �165:63 26:156

Monetary Policy
Smoothing 0:8443 0:0597 0:8618 0:0626 0:6933 0:0432
In
ation 0:3836 0:0769 0:3847 0:0834 0:3838 0:0588
Output 0:1425 0:0371 0:1371 0:0475 0:0631 0:0497
Scale (�10�2) 0:4199 0:0979 � � 0:2977 0:0816
Shape (�10�1) �0:9169 1:8867 � � 0:7753 0:8508
Standard deviation (�10�2) 0:5322 0:1331 0:4434 0:1141 0:4277 0:1363
Skewness 1:0858 1:8810 0 � 1:6978 1:1941

Note: s.e. denotes standard errors computed using a k-step bootstrap with 19 replications.

For the GEV distributions, the standard deviation and skewness are those implied by the

scale and shape parameters. The superscript � denotes statistical signi�cance at the 5%
level.
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Table 2

Unconditional Moments

Model
U.S. Nonlinear Nonlinear Linear
Data GEV Normal GEV

Skewness
Consumption �0:874 �0:566 0:014 �0:725
Hours �0:580 �0:625 0:078 �0:538
Price in
ation 0:656 1:150 0:094 0:987
Wage in
ation 1:023 0:899 �0:066 0:991
Nominal interest rate 0:641 0:703 0:044 0:659

Kurtosis
Consumption 3:581 3:419 2:720 3:796
Hours 3:190 3:574 3:092 3:720
Price in
ation 6:051 5:701 3:114 4:715
Wage in
ation 3:996 4:312 3:062 4:227
Nominal interest rate 3:767 3:972 2:663 3:695

Note: The table reports unconditional moments of actual U.S. series and of arti�cial data

simulated from the four versions of the model considered. The sample size of the arti�cial

data is 2000 observations.
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Table 3

Jarque-Bera Test

Model
U.S. Nonlinear Nonlinear Linear

Series Data GEV Normal GEV
Jarque-Bera
Consumption 0:001 0:001 0:037 0:001
Hours 0:011 0:001 0:249 0:001
Price in
ation 0:001 0:001 0:130 0:001
Wage in
ation 0:001 0:001 0:402 0:001
Nominal interest rate 0:003 0:001 0:008 0:001

Note: The table reports p-values of the Jarque-Bera test of the hypothesis that the data

follows a normal distribution. For the models, the test is based on 2000 simulated observa-

tions.
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Figure 1: Estimated Cumulative Distribution Function of Productivity Shock
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Figure 2: Estimated Cumulative Distribution Function of Labor Supply Shock
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Figure 3: Estimated Cumulative Distribution Function of Monetary Policy Shock
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Figure 5: Responses to Extreme Productivity Shocks under Taylor Rule Policy
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Figure 6: Responses to Extreme Labor Supply Shocks under Taylor Rule Policy
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Figure 7: Responses to Extreme Monetary Shocks under Taylor Rule Policy
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Figure 8: Interest Rate Policy Function
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Figure 9: Optimal Responses to Extreme Productivity Shocks
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Figure 10: Optimal Responses to Extreme Labor Supply Shocks
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Figure 11: Optimal Interest Rate Policy Function




