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Abstract

We structurally estimate how much stochastic-volatility, relative to first-moment shocks, account
for policy, demand or supply fluctuations in Canada. The historical Canadian business cycle is largely
due to domestic technology and policy shocks. Time-varying volatilities dominate during times of
turmoil and policy-environment changes. Our model-based shock-volatility accounting attributes
the early 1980s crisis to international, cost-push, and monetary-policy shock volatilities; the adoption
of inflation targeting in the early 1990s to monetary-policy uncertainty; the recessions around the
early 1980s and 1990s to investment volatility; and income-tax and capital-gains tax reforms involve
relatively large tax-policy uncertainty.
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Introduction

ere has been a recent surge of interest in identifying and measuring time-variations in the riskiness

derlying shocks to a macroeconomy (Bloom et al., 2007; Bloom, 2009; Born and Pfeifer, 2014; Caggian

al., 2014; Fernández-Villaverde et al., 2015; Baker et al., 2016). In this literature, riskiness is modelled

ms of stochastic volatility in postulated shocks to the economy—i.e., the second moments of the di

utions of shock processes are stochastic. However, the analyses using structural general-equilibriu

dels with monetary and fiscal policies tend to focus on closed economies such as the U.S. In this p

r, we focus on Canada as the case study for a developed small open economy. Our contribution is

ucturally estimate how much stochastic-volatility, relative to first-moment shocks, account for fisca

d monetary-policy, demand and supply sources of its business cycle.

In small open economies, policymakers are often concerned about external and internal sources

cks and uncertainties, and whether their conduct of policy itself may contribute to economic fluct

ons. In this paper, we ask how much do policy shocks contribute to Canadian business cycle fluctu

ns. Specifically, we ask: To what extent is this due to first-moment (i.i.d.) factors underlying structur

cks, and to what extent is this due to second-moment time-varying or stochastic volatility of the

licy shocks? We address this policy-relevant question from the perspective of an estimated mode

ing a structural business cycle model with stochastic volatility allows us to decompose and quanti

ich time-varying volatility of structural shocks matter. The internal logic of the model facilitates

ar identification and interpretation of structural shocks to domestic demand or supply conditions,

ll as to domestic monetary or fiscal policy, and, international economic and policy spillovers factor

our knowledge, this structural open-economy contribution to the “volatility shocks” literature is th

t.

Our main findings are as follows. First, we identify considerable time-varying volatilities in dome

technology, markup, investment, fiscal-policy and monetary-policy shocks. The same holds for th

genous block representing the foreign economy, in terms of foreign inflation, output-growth, an

minal interest rate shocks. There has been a noticeable increase in our identified domestic volatili

cks leading up to and after the Great Recession period (2008-2011). The variance of Canadian ou

t can be largely attributed to domestic technology shocks (around 60 percent), and monetary poli

cks (around 20 percent) with international spillovers playing a smaller role (less than 1 percent).

When we further decompose the sources of these shocks to uncover the component due to the tim

ying volatility in the shocks, we find that time-varying volatilities tend to dominate during times

moil. Our model-based shock-volatility accounting attributes: (i) the energy crisis of the early 198

international, cost-push, and monetary-policy shock volatilities; (ii) the adoption of inflation targetin

the early 1990s to monetary policy uncertainty; (iii) the recessions around the early 1980s and 199

investment volatility; and (iv) income-tax and capital-gains tax reform periods—in 1987 and 200

pectively—to relatively large tax-policy uncertainty shocks in the model.

1
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Related literature

e empirical literature on macroeconomic and policy volatility shocks go about measuring this notio

two ways. In the first method, one may use data constructs as proxies of time-varying volatilities

tcomes (see, e.g., Caggiano et al., 2014; Baker et al., 2016).1 In the second, one may take a slightly mo

uctural modelling approach where the statistical processes governing time-varying volatilities in ec

mic and policy shocks have explicit economic interpretations (see, e.g., Bloom et al., 2007; Bloom, 200

rn and Pfeifer, 2014; Fernández-Villaverde et al., 2015). In what follows, we take the second approac

construction, we have well-defined (or identified) notions of domestic-versus-foreign economic an

licy shocks. Additionally, this also allows us to avoid the well-known problems of weak identificatio

impulse dynamics in less theoretically-constrained statistical models (see, e.g., Yao et al., 2017, and th

ed references therein). We use Canada as the case study.

To distinguish between domestic and foreign variations in economic and policy activity along wi

ir associated uncertainty elements, we augment a typical incomplete-markets small open econom

th NK features (e.g., Alonso-Carrera and Kam, 2016; Gali and Monacelli, 2005; Monacelli, 2005; Ju

iano and Preston, 2010a), by allowing for time variation in the standard deviations of the structur

cks, á la Justiniano and Primiceri (2008). In terms of empirical methods, the paper closest to ours

tiniano and Primiceri (2008). The authors consider a linearized medium-scale DSGE framework (se

., Del Negro et al., 2007; Smets and Wouters, 2003; Christiano et al., 2005) and augment the stru

al shocks with time-varying volatility in the distributions of the shocks.2 Using this framework

lore the potential causes of the Great Moderation, they conclude that reductions in the volatility

estment-specific technological shocks were a key driver of the reduction in real GDP volatility (s

o, Fernández-Villaverde and Rubio-Ramírez, 2007; Bloom et al., 2007, for similar conclusions).3

More recently, research has moved beyond the role of the investment channel by investigating the ro

domestic (monetary and fiscal) policy in shaping the business cycle. For instance Mumtaz and Zane

Commonly used measures include the Chicago Board Options Exchange Market Volatility Index (i.e., the VIX) and the Ec
ic Policy Uncertainty (EPU) index of Baker et al. (2016).

We have also experimented with a higher-order, local nonlinear solution scheme to see if the time-varying volatilities int
with covariance and higher-order cross-effects. We find that the contribution of these terms are rather insignificant.
In following Justiniano and Primiceri (2008), the stochastic-volatility components can be estimated along with the rest
structural model using full-information Bayesian methods on a conditionally linear Gaussian state-space representatio

wever, to facilitate this computationally tractable method, one trades-off with accuracy of model solution and likelihood a
ximation. In our approach, as in Justiniano and Primiceri (2008), we solve the model to first-order accuracy by a standa
turbation method. We then approximate the originally non-linear and non-Gaussian conditional density of structural shoc
a mixture of Gaussian processes (Kim et al., 1998). Alternatively, one may prefer to trade-off estimation and computation
ed in return for model accuracy: This can be done by solving the model using higher-order approximations of equilibriu
icies, evaluating the non-Gaussian data likelihood of a resulting non-linear state-space representation and constructing t
del’s posterior density by sequential Monte Carlo. This latter method is costly, and as a result, researchers tend to use
omplete-information approach to estimate the model (see, e.g., Fernández-Villaverde et al., 2011; Born and Pfeifer, 201
nández-Villaverde et al., 2015): The authors would separately estimate the stochastic volatility (SV) processes, and then es
te the rest of the structural parameters of the DSGE conditioning on the estimated (SV) block. The second stage estimati
sually done using a partial-information method of simulated moments.

n our application, we think there is not much lost in terms of accuracy, since the decision problems faced by agents in o
all open economy example is away—theoretically and in the observed Canadian data—from crucial sources of nonlinear d

ics like the zero lower bound on nominal interest. Hence, we conduct our analyses using the methods similar to Justinia
Primiceri (2008).

2
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13) find that monetary-policy volatility shocks have a negligible effect on real GDP (approximate

5 percent). A similar result which also encompasses the effects of fiscal-policy volatility shock is foun

Born and Pfeifer (2014). Interestingly, when exploring a zero lower bound environment, Fernánde

laverde et al. (2015) find that fiscal volatility shocks may decrease real GDP by around 1.5 percent. O

rk here complements this literature by asking how important are time-varying volatilities in fiscal- an

netary-policy shocks for a small open economy, and how they vary over the recent history of a sma

en economy.

A related strand of literature in empirical macroeconometrics uses time-varying models to study th

ect of shocks. This literature started with the development of time-varying structural vector autor

ssions for the examination of monetary policy transmission in the US (Cogley and Sargent, 2001, 200

miceri, 2005), but have been widely used in other applications. For instance, Benati and Surico (200

d light on the good policy vs good luck debate surrounding the Great Moderation, Mumtaz and Suric

09) study the link between monetary policy, the yield curve and private sector behaviour and Mumt

d Zanetti (2015) investigate the effects of technology shocks on the labor market.

Our research is also related to recent research on the effects of international spillovers. For examp

mtaz and Theodoridis (2017) employ a dynamic factor model with stochastic volatility to show th

ss-country volatility-shock spillovers have real effects among eleven OECD countries. Faccini et a

16) show that U.S. government spending has a significant spillover effect on its major trading par

rs. Our research complements both of these papers from the point of view of a small open econom

ck and Jackson (2024) use a dynamic factor model to quantify the relative effects of international an

ional factors in explaining international trade fluctuations in Canada.

Finally, our paper is also closely related to the literature on monetary policy evaluation using stru

al small open-economy models. For instance Lubik and Schorfheide (2007) and Kam et al. (200

nsider whether the monetary authorities of small open economies respond to variations in nomin

hange rates. A closely related analysis is conducted by Justiniano and Preston (2010b) who explore th

timal monetary policy design of the same three small open economies when the policy maker is face

th parameter uncertainty. In contrast to Justiniano and Preston (2010b), who study parameter unce

nty arising from estimation imprecision, we are interested in making inference about time-varyin

latilities of structural shocks’ distributions. Ravenna and Mølbak Ingholt (2021) use a DSGE model

termine whether inflation stabilization since the 1990s can be attributed to the adoption of inflatio

geting or by a lucky period of relatively low volatility in business cycle shocks. They find that chang

expectations can explain the majority of inflation and output stabilization since the 1990s.

There is also a related literature on business cycle accounting. For example, Hevia (2014) studies re

siness cycle accounting for emerging and developed small open economies, in the spirit of Chari et a

07). In contrast, we consider a setting with explicit nominal frictions such that the model allows us

p structural first- and second-moments shocks to nominal and real outcomes. Our setting also allow

to identify monetary- and fiscal-policy variations.4

Also, in Hevia (2014) and the real business cycle (RBC) accounting literature, one has a more agnostic measure of the wedg
quilibrium conditions in their RBC models. That is, the authors do not impose particular structural interpretations on the
ges. For example, the labor wedge may have a structural source through distortionary income tax policy or it may be becau
arket power on the side of firms. Here, we make stronger structural identification and interpretation of the sources of t

3
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Model

e small-open-economy model is a typical incomplete-markets New Open Economy Macroeconomi

OEM) model (see Gali and Monacelli, 2005; Justiniano and Preston, 2010a; Alonso-Carrera and Kam

16). To identify a richer set of structural domestic market-side (investment, technology and cost-pus

cks, policy-side (monetary, labor-tax and capital-tax policy) shocks and foreign (output-growth, infl

n and interest-rate) shocks, the model has a description of monetary policy, fiscal policy, and physic

ital accumulation, in addition to standard NOEM elements. The structural shocks themselves a

composable into first-moment components and second-moment or stochastic volatility componen

is allow us to perform our volatility measurement and accounting from the lens of this model structur

Representative household

e small open economy is populated by a continuum of identical households. Following McCallum an

lson (1999) and Benigno and Thoenissen (2008), each household has access to a pair of non-stat

ntingent domestic and foreign money bonds, denoted Bt and B∗
t , which are respectively denominate

Home and Foreign currency. More precisely, if st denotes the aggregate state vector, then Bt+1 (s

d B∗
t+1 (st ) respectively denote currency specific unit claims (e.g., one dollar) conditional on st .5 Thu

ting rt and r∗
t respectively denote the domestic and foreign nominal interest rates, the date t cost

h bond in domestic currency terms are given by (1+ rt )−1 and St (st )
(
1+ r∗

t

)−1, where St (st ) is th

minal exchange rate expressed as domestic currency per unit of foreign currency. In what follows w

uce the notation on endogenous (random) variables by suppressing the arguments. More precise

define X t := X t (st ), where the function s 7→ X t (s) is vector-valued, consisting of endogenous (i.

uilibrium-determined) functions. For instance, B∗
t+1 (st ) is written more compactly as B∗

t+1.

Each household faces the sequential budget constraint:

PtCt +Pt It +
Bt+1

Rt
+ St B∗

t+1

(1+ r∗
t )

≤ (1−τW,t )Wt Nt + (1−τK ,t )Rk,t Kt +PtτK ,tξKt +Bt +St B∗
t +PtΘt , (

ere Pt is the domestic consumer price index, It is domestic investment, Ct is a CES composite ind

home and foreign produced consumption goods later defined in (34), Rt := (1+ rt ) is the domest

oss) nominal return on money holdings, τW,t is the marginal tax rate on labor income, Wt is the p

ur nominal wage rate, Nt is the number of hours of labor supplied, τK ,t is the marginal tax rate o

ital income, Kt is the date t level of capital, Rk,t is the per unit rental rate of capital, ξ ∈ (0,1) is th

ital depreciation rate and Θ ≡ ∫
[0,1]Θ(i )di is the total number of dividend payment received fro

nership of all differentiated-product firms indexed by i ∈ [0,1]. The budget constraint (1) requires th

nominal value of consumption, investment, and new asset purchases, must be feasibly financed b

st-tax capital and labor income, current holdings of Home and Foreign money claims, and profits fro

ownership.

iness cycle shocks.
We will summarize what st comprises at the end of Section 4.

4
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The law of motion for capital production is:

Kt+1 = (1−ξ)Kt +µt It

[
1−D

(
It

It−1

)]
, (

ereµt is an investment shock which we discuss later, and, following Fernández-Villaverde et al. (2015

·) is a convex cost function for capital adjustment of the form:

D

(
It

It−1

)
= κ

2

(
It

It−1
−exp(g A)

)2

, (

which κ ∈ (0,∞) is the capital adjustment cost parameter, D
(
g A

) = D′ (g A
) = 0, D′′ (g A

) = κ, and, g

notes the total factor productivity growth factor along a balanced growth path.

Household preferences are represented by the total discounted expected utility criterion:

E0

{ ∞∑
t=0

δtU (Ct , Nt )

}
, δt :=




β(C a

t−1/At−1)δt−1, for t > 0

1 for t = 0
(

ere Et := E{·|st } is the linear expectations operator conditional on realized public information (st )

beginning of date t , At is realized total factor productivity (technology), C a
t /At is (detrended) avera

nsumption across households, and, δt is an endogenous discount factor.6 We assume an additive

arable utility function of the form: U (Ct , Nt ) := C 1−ρ
t

1−ρ + v(G̃t )−ψ
(

A1−ρ
t

)
N 1+φ

t
1+φ , where ρ > 0 is the i

temporal elasticity of substitution, φ> 0 is the inverse of the Frisch elasticity of labor supply, ψ> 0 is

le parameter, G̃t is the (stationary) level of government spending and v(·) is an increasing, concave an

unded from above function. As in Fernández-Villaverde et al. (2015), the presence of technology in th

lity function (i.e., At ) ensures the existence of a balanced-growth path. Following Ferrero et al. (2010

endogenous discount factor takes the following parametric form: β(C a
t /At ) = β̄

1+ζ[ln(C a
t /At )−ϑ)]

, whe

(0,1). We will parametrize ϑ> 0 and ζ such that that the endogenous discount factor has a negligib

ect on the dynamics of the model, but they will matter enough to ensure the existence of a uniqu

nstochastic steady-state equilibrium.

The representative household chooses an optimal plan
{
Ct , Nt ,Bt ,B∗

t ,Kt+1, It
}

t∈N to maximize (

ject to (1), taking the average level of consumption, nominal prices, policy rates and initial bon

ldings—i.e.,
{
C a

t ,Pt ,Wt ,St ,rt ,r∗
t

}
t∈N ,B0,B∗

0 and K0—as given. The first-order conditions of this pro

The Uzawa (1968)-style endogenous discount factor function, β :R+ → (0,1), ensures that the model exhibits a unique no
chastic steady state in the presence of incomplete markets and international borrowing and lending. For a survey on differe
roaches to introducing a deterministic steady state into small open economy models see Schmitt-Grohé and Uribe (2003

5
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at state st are characterized by the functionals:

A1−ρ
t ψNφ

t Cρ
t = (1−τW,t )

Wt

Pt
, (

C−ρ
t = RtEt

{
β

(
C a

t /At
)( Pt

Pt+1

)
C−ρ

t+1

}
, (

C−ρ
t = (

1+ r∗
t

)
Et

{
β

(
C a

t /At
)(P∗

t Qt+1

P∗
t+1Qt

)
C−ρ

t+1

}
, (

λt Pt = q̃t

([
1−D

(
It

It−1
; g A

)]
−µt It D

′
(

It

It−1
; g A

))
−δtEt

{
q̃t+1µt+1It+1D

′
(

It+1

It
; g A

)}
, (

q̃t = δtEt
{
λt+1

((
1−τK ,t+1

)
RK ,t+1 +Pt+1τK ,t+1ξ

)+ q̃t+1 (1−ξ)
}

, (

ere the Lagrange multiplier q̃t := λt qN t represents the nominal Tobin’s-q: qN ,t , in terms of margin

lity: λt . In our Online Appendix, Section A, we define Ct as a CES composite of a continuous variety

me and foreign produced goods. This gives rise to a consumer price index:

Pt =
[(

1−γ)
P 1−η

H ,t +γP 1−η
F,t

] 1
1−η

, (1

ere η> 0 measures the elasticity of substitution between home and foreign goods indices.

Firm

in Gali and Monacelli (2005), the production side of the economy consists of a continuum of reta

s i ∈ [0,1], each of whom produce a differentiated product which is sold to the domestic governme

well as domestic and foreign households, according to the demand schedule:

YH ,t+s(i ) =
(

PH ,t+s(i )

PH ,t+s

)−ϵH ,t

YH ,t+s , YH ,t+s :=CH ,t+s + IH ,t +GH ,t+s +C∗
H ,t+s , (1

ere PH ,t is the domestic-goods producer price index, YH ,t is the aggregate level of domestic produ

n, CH ,t , IH ,t and C∗
H ,t respectively denote total levels of domestic and foreign consumption expend

e on home produced goods and expenditure, investment on domestic capital and GH ,t is total lev

government expenditure at any t , s ∈ N. For simplicity, we assume that the Home government on

nsumes Home goods. The production technology is (constant returns to scale) Cobb-Douglas:

YH ,t (i ) = [At Nt (i )]1−α [Kt (i )]α , (1

ereα ∈ (0,1), At is a labor-augmenting productivity term (later defined in (26)), Nt (i ) is the labor inp

d Kt (i ) is the capital input. Cost minimization with respect to capital and labor inputs implies that,

uilibrium, all intermediate good producing firms have the same capital-to-labor ratio and the sam

6
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rginal cost of production:

MCt =
(

1

1−α

)1−α (
1

α

)α W 1−α
t Rα

K ,t

A1−α
t

, (1

Kt (i )

Nt (i )
=

( α

1−α
) Wt

RK ,t
, (1

ere MCt is the nominal marginal cost (i.e., the shadow value of, or Lagrange multiplier on, the firm

hnology constraint).

Since firms compete in monopolistically competitive environment, they must also decide the pri

charge for their variety of good. Following Rotemberg (1982), we assume that each firm faces a conv

ce-adjustment cost:

AC

(
PH ,t+s(i )

PH ,t+s−1(i )
,YH ,t+s(i )

)
:= ϖ

2

(
PH ,t+s(i )

PH ,t+s−Π(i )
−Π

)2

×YH ,t+s(i ),

ere Π is gross CPI inflation along a deterministic balanced-growth path (i.e., the monetary authority

ation target). The parameter ϖ controls the degree of price stickiness. If ϖ = 0 then prices are ful

xible. Thus, a larger ϖ, implies more stickiness in pricing. Since this part of the model is standard, w

egate the firm’s pricing decision problem to Section A of our Online Appendix.

Market clearing

ere are four types of Walrasian markets in our environment: A continuum of domestic labor and capit

rkets, a continuum of internationally traded goods market, and the international asset markets tradin

non-state-contingent money claims. We consider each in turn.

First, under the assumption that labor and capital are immobile across countries, the domestic lab

d capital markets must clear in a competitive equilibrium. Equating labor supply (5) and demand (13

) gives:

A1−ρ
t ψNφ

t Cρ
t = (1−τW,t )mcH ,t At pH ,t (1

ere we have defined pH ,t = PH ,t

Pt
and mcH ,t = MCt

PH ,t
. Similarly, equating capital supply (8), (9) and d

nd (13), (14) gives the capital market clearing condition.

Second, goods market clearing for each variety of good i ∈ [0,1], accounting for the resource cost

ce adjustments, yields the condition:

[
1− ϖ

2

(
PH ,t (i )

PH ,t−1(i )
−Π

)2]
YH ,t (i ) =CH ,t (i )+ IH ,t (i )+GH ,t (i )+C∗

H ,t (i ) =
(

PH ,t (i )

PH ,t

)−ϵH ,t

YH ,t (1

ere YH ,t =
[

(1−γ)
(

PH ,t

Pt

)−η
(Ct + It +Gt )+γ

(
PH ,t (i )
St P∗

F,t

)−ϵF,t
(

P∗
F,t

P∗
t

)−η
C∗

t

]
, is the sum of Marshallian deman

good i , by Home households and government, and also by Foreigners. The third equality is derive

m the demands for Home index goods by the same agents, which embed the assumption that Foreig

7
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d Home agents have symmetric preference representations.

Let us define an aggregate Home output index: Yt =
[∫1

0 Y
(ϵH ,t−1)/ϵH ,t

H ,t (i )di
]ϵH ,t /(ϵH ,t−1)

. The aggrega

ods market clearing condition is

[
1− (

ΠH ,t −Π
)2

]
Yt = YH ,t ≡

(
pH ,t

)−η [
(1−γ)(Ct +Gt )+γQη

t C∗
t

]
. (1

Government behavior and policy shock processes

close the model by describing monetary and fiscal policies as following simple policy rules. The mo

ry authority follows a conventional Taylor-type rule:

Rt

R
= Rt−1

R

ϕR Πt

Π

(1−ϕR )ϕΠ Yt

Y At

(1−ϕR )ϕY

exp
{
σR,tεR,t

}
, εR,t ∼N (0,1), (1

ere ϕR ∈ [0,1) models the degree of interest-rate smoothing behavior, while ϕΠ > 0 and ϕY ≥ 0 r

ctfully model the monetary authority’s response to CPI inflation (Πt := Pt /Pt−1) and contemporan

s output Yt (to be defined later). Terms in the denominators without a subscript denote steady-sta

els or rates of their respective variables in the numerator. As in Primiceri (2005), the structural sho

,t captures “non-systematic monetary policy”, interpretable as “policy mistakes”, as well as any po

actions that are left unexplained by the model. The time varying volatility term σR,t , thus allows f

e-varying second moments in the distribution of non-systematic variations in monetary policy. F

tance, institutional changes such as the change from monetary to inflation targeting may result in

er value for σR,t .

For simplicity, we follow Fernández-Villaverde et al. (2015) and assume that the fiscal authority do

t accumulate a stock of debt, so the government budget constraint is always balanced:

Gt = τW,t
Wt Nt

PH ,t
+τK ,t

RK ,t Kt

PH ,t
. (1

llowing Fernández-Villaverde et al. (2015), the (capital and labor) income tax rates are modeled as

an-reverting tax smoothing rule:

τi ,t −τi =αi
(
τi ,t−1 −τi

)+ϕi ,Y

(
Yt

Yt−1
−1

)
+exp

{
στi ,t

}
ετi ,t ετi ,t ∼N (0,1), (2

which i ∈ {K ,W }, τi is the steady state tax rate, αi ∈ [0,1) is a stationary autoregressive coefficient an

Y > 0 is a feedback effect from the current state of the business cycle. As was the case in the Taylor ru

,t captures unanticipated changes to fiscal policy. This component can be thought of as exogeno

litical changes arising in the implementation of fiscal policy. The term στi ,t , specified in (31), captur

e-varying volatility in these non-systematic fiscal policy shocks.

8
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Competitive equilibrium

set pricing. The requirement of zero profitable arbitrage in equilibrium is given by the equality b

een the Euler functionals (6) and (7). This can be rewritten as:

RtEt

{
β

(
C a

t /At
)( Pt

Pt+1

)
C−ρ

t+1

}
= Et

{
β

(
C a

t /At
)(Qt+1

Qt

)
C−ρ

t+1R∗
t+1

}
, (2

ich implies uncovered interest parity (UIP) condition. Since the process for R∗
t := 1+ r∗

t is (exog

usly) given as an AR(1)-SV model, this asset pricing condition will exhibit an exogenous time-varyin

k component.

illips curve. We restrict attention to a symmetric equilibrium: All firms i ∈ [0,1] will choose a pricin

ategy such that at each date t and state st , PH ,t (i ) = PH ,t . Denote ΠH ,t := PH ,t /PH ,t−1. After som

ebra, the firms’ optimal pricing condition (shown in our Online Appendix, Section A) implies an equ

rium “Phillips curve” functional equation:

ΠH ,t (ΠH ,t −Π)− ϵH ,t

2
(ΠH ,t −Π)2 =

β(C a
t /At )Et

{
C−ρ

t+1

C−ρ
t

(
ΠH ,t+1 −Π

)
ΠH ,t+1 ·

YH ,t+1

YH ,t

}
+ ϵH ,t

ϖ

[
mcH ,t −

ϵH ,t −1

ϵH ,t

]
.

(2

is is an expectations-augmented Phillips curve. Also, the greater is the cost of prices adjustment, ϖ

the gap between expected discounted next-period marginal (profit) value of inflation and curre

rginal value of inflation goes to zero. That is, prices are expected not to change very much (i.e., a

t sensitive to real marginal cost deviations) the more costly is price adjustment. The greater is th

sticity of demand, ϵH ,t →+∞, the more positive and sensitive is the response of current inflation

l marginal cost (limiting case of perfect competition) deviation. Note that (ϵH ,t −1)/ϵH ,t is the inver

a monopolist’s static optimal markup, which depends on the firm’s demand elasticity ϵH ,t .

eful identities. From the CPI index (10), we can derive the Home final goods price index relative

CPI index as:

pH ,t := PH ,t

Pt
=

[
1−γ (Qt )1−η

1−γ

] 1
1−η

, (2

ere we have used the definitions PF,t /Pt = St P∗
t /Pt =: Qt . As a corollary, we have that pH ,t /pH ,t−1

,t /PH ,t−1)/(Pt /Pt−1), which implies:

Πt =
ΠH ,t

pH ,t /pH ,t−1
=ΠH ,t ×

[
1−γ (Qt−1)1−η

1−γ (Qt )1−η

] 1
1−η

. (2

gregating (12) up, we have

YH ,t = [At Nt ]1−α [Kt ]α . (2

9
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Given these identities, a recursive competitive equilibrium is defined as follows:

finition 1. Given policies (18) and (20), a recursive competitive equilibrium is a system of allocatio

ctions st 7→ (C , I , N ,K ,G ,YH ,mcH )(st ), and pricing functions st 7→ (ΠH , pH ,Π,Q)(st ), such that:

1. Households optimize: (5), (6), (7), (8), (9), (23) and (24);

2. Firms optimize: (13), (14), (22) and (25);

3. Markets clear (given agents optimize): (8), (9), (13), (14), (15), and (17);

4. Government budget constraint holds: (19);

= Ct , and limt→∞δt RtEt
{
C−ρ

t+1Π
−1
t+1Bt+1

} = limt→∞δtEt
{
C−ρ

t+1Qt+1R∗
t+1B∗

t+1

} = 0, for each date t ∈
d state st .

Since the labor augmenting technology process At has a unit root, consumption, labor, governme

enditure and output all evolve along the stochastic growth path. Thus, before solving the model, w

t need to solve for the competitive equilibrium in terms of stationary allocation and pricing function

do so, we define stationary functions by taking the ratio X̃ t = X t /At , where X ∈ {C , N ,G ,Y }. The cha

erization of Definition 1 in stationary terms is provided in the online appendix.

Exogenous Stochastic Processes

mestic monetary- and fiscal-policy shocks. We have already alluded to two sources of exogeno

uctural shocks acting through domestic monetary and fiscal-policy, respectively, in (18) and (20). The

tistical models will be given below. Before getting there, we will complete the description of the rest

exogenous shock processes that shift the model economy.

mestic technology, cost-push and investment shocks. The law of motion for labor-augmenting tec

logy (At ), cost-push (ϵH ) and investment (µ) shocks is a mean reverting process:

ln(it ) =
(
1−ρi

)
i +ρi ln(it )+σi ,tεi ,t , εi ,t ∼N (0,1), (2

ere ρi ∈ (0,1) is an AR(1) coefficient, i ∈ {g A ,ϵH ,µ}, g A,t := At
At−1

is the gross growth rate of technolo

d g A and ϵH denote, respectively, the rate of technological growth and mark-up along the balance

wth path.7 The fact that (26) has time varying volatility means that the riskiness of the future pat

domestic technology growth, mark-ups and investment is permitted to change over the course of th

siness cycle.

The unconditional mean of the markup shock µ is set to zero.

10
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e rest of the world. We assume that the rest of the world can be modeled as the limit of a large close

nomy. Thus, C∗
t = Y ∗

t is the rest of the world’s output. The rest of the world is assumed to follow

ursively-ordered, second-order VAR-SV process:8

LZ∗
t =β1Z∗

t−1 +β2Z∗
t−2 +wt , wt ∼N (0,Ft ) (2

ere Z∗
t := [∆ ln

(
Y ∗

t

)
,π∗

t ,r∗
t ]′ lists the (demeaned) percentage growth in foreign real GDP, foreign i

tion rate, and, foreign nominal interest rate. The βi objects, for i = 1,2, are 3 × 3 matrices of VA

efficients. Also,

L =




1 0 0

σπ∗,Y ∗ 1 0

σr ∗,Y ∗ σr ∗,π∗ 1


 , and, Ft =



σ2

Y ∗,t 0 0

0 σ2
π∗,t 0

0 0 σ2
r ∗,t


 . (2

As is standard in the VAR literature, interest-rate (i.e., monetary policy) shocks are assumed to be i

pendent of any other innovations, however the ordering of the non-policy block is somewhat arbitra

e, e.g., Primiceri, 2005). For robustness we therefore ensured that the results are not subject to orderin

ects.

Structural shocks and volatility shocks

t ũt denote an 9× 1 vector collecting all the policy and economic disturbances—i.e., the structur

cks:

ũt =Σ1/2
t εt , εt ∼N (0,I9), (2

ere I9 is a (9×9) identity matrix,

Σt =
[

Ft 0(3×6)

0(6×3) Dt

]
, and, Dt =




σ2
A,t 0 0 0 0 0

0 σ2
R,t 0 0 0 0

0 0 σ2
τW ,t 0 0 0

0 0 0 σ2
τK ,t 0 0

0 0 0 0 σ2
ϵH ,t 0

0 0 0 0 0 σ2
µ,t




. (3

te that when we abuse notation and write Σ1/2
t , it is understood that Σt is a diagonal matrix. Eac

ment of the stochastic volatilities, Σt , evolves according to the stochastic process:

logσi ,t = (1−ψi )φi ,t +ψi logσi ,t−1 +νi ,t , νi ,t ∼N (0,ω2
i ), (3

In our model estimation, we estimate this process. We arrive at this choice of lag length for the foreign VAR-SV model usi
Bayesian information criterion (BIC).

11
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ere φi ,t is the conditional mean, and, |ψi | < 1 for i ∈ I := {A,R,τW ,τK ,ϵH ,µ,Y ∗,π∗,r∗}.9 Denote th

llection of variance parameters asω= {ωi }i∈I .

scussion. The vector of states relevant to agent decisions is st =
(
Bt ,B∗

t ,Kt , At ,Z∗
t )

)
. Also, from (2

d (31), we can see that there are two sources of variations in structural shocks, ũt . For each shock

e source of innovation, εi ,t ∈ εt , is a Gaussian shock to the policy or economic variable itself—a mea

uctural shock. Another component of innovation, νi ,t , is volatility shock, which renders a permane

ck to the spread of the distribution of each ũi ,t ∈ ũt .

Model Solution and Empirical Observables

m a stationarized version of Definition 1, its implied deterministic steady-state equilibrium is com

ted by the steps listed in the online appendix. Following Justiniano and Primiceri (2008), the mode

ursive competitive equilibrium conditions are approximated by a perturbation method which is a

rate to first-order.10 We then use a standard rational expectations equilibrium (REE) algorithm to fin

stable REE solution, represented as a conditionally linear and Gaussian state-space system, and ma

served data to it as

xt+1 = Aθxt +Bθũt ,

yo
t = Hoyt , (3

ere xt is a vector of all endogenous variables in the system, yo
t is a vector of observables, and, Ho is th

ear observation equation.11

Let ∆ log X t denote the first difference log X t − log X t−1. For the observables,

yo
t := (∆ logYt + g A,t , logRt , logτW,t , logτK ,t , logΠt ,∆ logQt ,∆ logY ∗

t ,π∗
t ,r∗

t ),

denotes the level of real GDP per capita in the SOE, Rt is the domestic gross nominal interest rate, τW

he marginal labor tax rate, τK ,t is the marginal capital tax rate, Πt is the gross inflation rate, Qt is th

l exchange rate in terms of CAD per USD, Y ∗
t is the international level of real GDP per capita, π∗

t

The reason for modeling the stochastic processes (31) in logarithms, is to ensure that the random levels of the standa
iations, σi ,t , remain positive almost everywhere. This law of motion for the conditional volatilities ensures the existence

sed form solutions for the first and second moments (Andreasen, 2010), and has been used in, e.g., Born and Pfeifer (2014
One might conjecture that the SV effects should also interact directly with the model’s endogenous dynamics (e.g., throu
e-varying covariance and risk-premium terms). To address this, we have experimented with alternative higher (third) ord
turbation solutions. However, the resulting higher-order dynamics (evaluated at our mean posterior estimates) seem to
ligible. Therefore, we focus on a linearized solution with SV shocks in the rest of the paper. Our chosen solution strategy al
ans that we can carry out full-information estimation feasibly. A limitation of a nonlinear solution means that performi
-information estimation will be very costly, since evaluating the model’s data likelihood function will require very cos
ticle filtering. Existing papers featuring nonlinear solutions rely on incomplete-information estimators such as those fro
method of simulated moments.
Such state-space representations of the dynamical system are typically used to estimate DSGE models using either ma
m likelihood (see, e.g., Ireland, 2004; Zanetti, 2008) or Bayesian methods (see, e.g., An and Schorfheide, 2007; Herbst a
orfheide, 2015).

12
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foreign inflation rate, and, r∗
t is the foreign nominal interest rate. Recall that domestic output in o

del is defined as the ratio of output to productivity At . Hence, observed output growth correspon

∆ logYt adjusted by productivity growth g A,t . All data for these observable variables are quarter

e sample period under investigation is from 1981 (Quarter 1) to 2018 (Quarter 4). Data sources an

nsformations of each series used in the empirical analysis are provided in the online appendix.

In summary, the implied econometric model is jointly given by equations (26), (27), (28), (29), (30

), and (32).

Bayesian Estimation

now outline a method for evaluating the non-analytical posterior joint distribution of the implie

nometric model given observed data.12 To obtain posterior draws for the model’s structural p

eters
(
θ,ω2

)
and the time varying volatilities

(
{Σt }T

t=1

)
, our estimation procedure uses a four-ste

tropolis-within-Gibbs algorithm. In the first step, given ω2 and {Σt }T
t=1, the model’s microeconom

rametersθ are drawn (updated) through a random walk Metropolis-Hastings algorithm as in Schorfhe

00). Next, the structural shocks {ũ}T
t=1 are simulated using the efficient disturbance smoother deve

ed by Durbin and Koopman (2002). Drawing the time-varying volatilities requires the combination

o procedures: In the first step, we apply the auxiliary mixture sampler of Kim et al. (1998) to approx

te the underlying non-linear, non-Gaussian state-space representation as a mixture of linear Gaussia

dels.13 Following this, the volatilities Σt can then be sampled with standard linear Gaussian metho

in Carter and Kohn (1994). However, here we make use of an efficient algorithm by Chan and Hsia

14) which takes advantage of the fact that the precision matrices of the underlying state space mod

both block-banded and sparse. Conditional on the above blocks, the posterior distributions of the r

ining parameters, (ω2), have analytical Inverse Gamma density representations. This Gibbs-samplin

th conditional blocking method is known to induce the correct posterior density of the model’s param

rs
(
θ,ω2

)
(see Stroud et al., 2003; Del Negro and Primiceri, 2015).

Our priors on the model

e prior distributions of each of the structural parameter in the DSGE-SV model are provided in Tab

[ Table 1 about here. ]

The associated posterior estimates will be discussed in the next section. Here we note that all pri

tributions are assumed to be independent and the support of each parameter’s density is restricted

This is similar to the method used in Justiniano and Primiceri (2008), with the exception of the penultimate step where
ize a more efficient smoother to construct a sequence of stochastic volatilities conditional on other estimated blocks in t
bs sampler. More details are presented in Appendix D in the online appendix.
The stochastic-volatility components of the model renders nonlinearity and non-Gaussian (χ2) distributions in its sta
ce representation, which can be approximated as a log-linear Gaussian mixture process.

13
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in line with economic theory. For instance, the autoregressive term in the labor augmenting techno

y equation follows a beta distribution on the unit interval. When choosing the values for the hyperp

eters we lean on existing studies were possible. The prior distributions of the domestic economi

GE parameters follow from Justiniano and Preston (2010a) who also estimate a small open econom

del using data from Canada and the US, but without stochastic volatility. The hyperparameters f

parameters in the state equations associated with the stochastic volatilities are standard within th

ader literature on empirical stochastic volatility models (see, e.g., Chan and Hsiao, 2014). Similar

lowing common practice in the VAR literature, priors for the VAR coefficients are made uninformati

choosing hyperparameters such that they are centered upon zero with a large variance (see, e.g., Cha

d Eisenstat, 2017).

Given that we are estimating a large model, certain parameters are not estimated but instead fixed

nventional values. This includes setting ϵH = 8, which implies a steady state markup of 14 percent.

e steady state discount factor β̄= 0.99 and the parameters in the endogenous discount factor functio

set toφ= 1.27 andϑ= 10−6. In practice we found that g A was not well identified by the data. Followin

rnández-Villaverde et al. (2015), we therefore set g A = 0.005 which implies a steady state growth rate

hnology to 2 percent per annum.

Estimation Results

will address our main question on the accounting of macroeconomic and policy volatility shoc

a small open economy’s real GDP growth in Section 7.3 below. Readers interested in the econom

nclusions may go directly there from here. Otherwise, we will discuss the model estimation resul

re.

Structural parameter estimates

e posterior mean and standard-deviation statistics of of the estimated parameters are reported alon

e their corresponding prior densities’ statistics in Table 1. We have tested to ensure that the posteri

tributions represent an ergodic distribution of the Markov chain (induced by our Metropolis-withi

bs sampler). In the interest of brevity, these convergence diagnostics are summarized in our onlin

pendix. Here we note that all parameters are quite precisely estimated as evidenced by the small sta

rd deviations. However, some structural parameters have posteriors that do not vary much from the

ors. This may suggest that some model micro-parameters may not be well-identified. We have e

rimented with fixing some of these parameter values and found that this does not change our overa

ults. As such, we are not too concerned about some of the posteriors being numerically close to the

ors, which are in line with those from Justiniano and Preston (2010a).

Interestingly, despite having a more general modeling framework, our estimated posterior means f

Taylor-rule parameters are close to those in Justiniano and Preston (2010a). Regarding our descri

n of the fiscal policy rules, the estimates show that the smoothing parameters are quite similar.

To see this, note that the percentage markup in steady state markup is given by ϵH
ϵH−1 −1.

14



Journal Pre-proof

co t.

Wh 4;

Fe S

an

7.2

No s.

Fig e

sam d

gra E

an 15

Wi e

15 or
dra
Jo
ur

na
l P

re
-p

ro
of

ntrast, the labor tax is weakly correlated with output fluctuations, the capital tax is almost invarian

ile the latter result is consistent with existing studies on the US economy (Born and Pfeifer, 201

rnández-Villaverde et al., 2015), the former result suggests that there are differences between in the U

d Canadian fiscal policy responses.

Behavior of shock uncertainties

w we examine the economic significance of allowing for time varying volatilities in each of the shock

ure 1 displays the posterior mean of the estimated stochastic volatilities (blue solid graphs), over th

ple period. The 16-th and 84-th percentiles of the respective posteriors are depicted as dashed-re

phs. The initial decline in volatility across most variables following 1980 is consistent with both DSG
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Figure 1: Estimated stochastic volatility
(
σi ,t

)
, where i ∈ {

A,R,τW ,τK ,ϵH ,µ,Y ∗,π∗,r∗}
.

We deem the structural shocks to technology, cost-push, and investment as (domes-
tic) “market-side shocks” and shocks to monetary, labor-tax and capital-tax policies as
“policy-side shocks.”

d VAR evidence on the Great moderation period (Primiceri, 2005; Justiniano and Primiceri, 2008).

th respect to the domestic economy, technology and the two tax rates are relatively stable, with th

We highlight the fact that these results are robust to model variants where we estimate the initial condition: σi ,0, in (31)
w it from a known distribution with large variance, i.e. σi ,0 ∼ N (0,Vσ0 ) where Vσ0 = 10.
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ter exhibiting a slight downward trend across the sample period. The domestic monetary policy ra

ibits an initial reduction in volatility associated with the adoption of inflation targeting in 1991, an

n increased around the 2000 recession and remained high until after the Great Recession. Finally, th

lk of domestic volatility stems from cost-push and investment shocks. This is consistent with close

nomy results for the US economy (Justiniano and Primiceri, 2008).

The results for the US shocks differ from those found in VAR studies (Primiceri, 2005; Mumtaz an

netti, 2013). Aside from the difference in sample size, one possible explanation for these differences

fact that the aforementioned VAR studies utilize time-varying-coefficient VAR-SV models, compare

our DSGE model which implies a constant-coefficient VAR-SV reduced form. For instance, the U

netary policy shock volatility presented here is qualitatively similar that presented in Born and Pfeif

14) - which was derived from a first-order autoregressive AR(1) model with SV. We also note that th

oice of a VAR-SV for the (exogenous) US economy is in line with recent results in Chan and Eisenst

17).16

Volatility shock accounting

address the main question in the paper here by decomposing and quantifying which time-varyin

latility—in domestic demand or supply conditions, in domestic monetary or fiscal policy, or, in inte

tional economic and policy spillovers factors—matter for a small open economy.

To this end, we analyze the variance decomposition of domestic real GDP. Following Justiniano an

miceri (2008), this is conducted as follows: First, we use the state space representation of the model s

ion to construct the implied variances of the endogenous observable variables conditional on a dra

the parameters and volatilities. Second, we construct time-varying variance decompositions by s

entially setting to zero the volatility of all disturbances but one, for all time periods. Since the objecti

our analysis is to decompose the effects of volatility shocks and i.i.d. shocks on real GDP, we do n

sent the graphs for the remaining variance decompositions.

tal variation. Figure 2 presents the evolution of the (long-run) forecast error variance shares of GD

wth attributed to each of the structural shocks in (32). The blue (solid) line represents the avera

re and the red (dotted) lines are associated 16-th and 84-th percentiles.17 In line with existing empi

l studies, we find that technology shocks are the dominant driver of Canadian real GDP fluctuation

out 60 percent on average) (see, e.g., Watanabe, 2012). In contrast with existing studies on the U

nomy (see, e.g., Mumtaz and Zanetti, 2013; Born and Pfeifer, 2014; Fernández-Villaverde et al., 2015

mestic policy shocks contribute a non-negligible share of Canadian output volatility.

The largest contribution in terms of policy shocks stems from domestic monetary policy shocks (abo

percent on average), with capital and labor tax shocks respectively accounting for approximate

uivalent shares (about 5 percent each on average). Interestingly, despite having the largest volatiliti

Using the same observable time series for the US economy as those in this paper, Chan and Eisenstat (2017) show th
VAR-SV model has superior in-sample fit compared to its various model counterparts—e.g., a VAR-SV with time-varyin
fficients and a constant VAR.
In Table 3 of our Online Appendix G, we provide additional descriptive statistics for the estimated distributions of the relati
res of stochastic-volatility in structural shocks over the sample period.
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terms of magnitude, the cost-push shocks account for a negligible proportion of domestic real outp

ctuations (around 2 percent of average), while the investment shock accounts for majority of the r

ining variation (around 6 percent on average). The reason for this is a weak propagation mechanis

the cost-push shocks. Consistent with Justiniano and Preston (2010a) we also find that the iden

d international spillovers are substantially less than those found in SVAR studies (e.g., Cushman an

a, 1997). Another symptom of this appears in the model not being able to fully rationalize observe

pirical cross-correlations between domestic and foreign variables. While the estimated model can r

nalize somewhat the direction of correlation between the real exchange rate and the U.S. variables,

ds to miss the contemporaneous correlation between Canadian Output and U.S. data.18 To conser

ce, we defer further details on this result to Appendix F in the online appendix. Finally, we end th

tion by noting that the large positive correlation observed between the time varying volatility of th

cks, and their associated contribution to the unconditional variance of real GDP, is in line with resul

Justiniano and Primiceri (2008).

Instead of just looking at the long-run variance decomposition (of real GDP growth) we can also bre

s up into short-to-medium-run horizons (h) for the variance decompositions. In Figure 3, we sho

ple slices of the decomposition at particular horizons h ∈ {1,4,8,20,40} following each sampled tim

ying shock in a particular quarter (measured on the horizontal axis). As we step forward in the foreca

rizon h, we see the decomposition profiles or graphs converging onto the long run graphs shown

ure 2. Figure 3 basically confirms the same insight as the long-run case of Figure 2, for the cases

rt- and medium-term forecast horizons.19 A key additional insight is that in the short-run, moneta

licy shocks have a greater impact on the real economy. However, in the long-run technology shoc

n take over as the most important factor. This is in line with the notion of the former shocks havin

ransitory effect on the economy, while the latter have a longer lasting permanent impact. For simil

sons, we also see the effects of the tax shocks decreasing in the horizon (h).

riation from shock-process volatities. One shortcoming of using variance decompositions to a

ss our research question is that they only provide details of the contributions of each composite shoc

. To analyze the relative contribution of volatility shocks, it is thus necessary to further decompose th

ntribution of the two stochastic elements of the structural shocks ũt —i.e., changes in the i.i.d. inn

ions (εt ) versus changes in the volatility of the distributions of the structural shocks (Σt ). With this

One reason that we abstract the Foreign block of the model (into a simple structure featuring just output, inflation a
netary policy from the U.S.) is that there is existing empirical evidence to that effect. A recent structural VAR study for Cana
Ha and So (2023) also suggests quite robust evidence that U.S. monetary-policy have small effects on Canada. The autho
w quite robustly that much of the foreign variations get absorbed by counteracting movements in the trade balance and t
hange rate. Another reason is for modelling and estimation tractability. Our strategy here follows existing literature (s
., Justiniano and Preston, 2010a; Fernández-Villaverde et al., 2011; Hevia, 2014). In earlier versions of our work, we have al
sidered more foreign factors and multiple foreign-country variables. However, the benefit of having more detailed mod

s quickly overwhelmed by the cost of over-parametrization, with symptoms of poorly-identified and imprecisely-estimat
ctural parameters.
Alternatively, Table 4 in our Online Appendix G provides a summary of the information behind Figure 3 in terms of averagi
variance decompositions across the sample period.
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Figure 2: (Long-run) Variance Decomposition for Real GDP Growth (40 quarters ahead).
We deem the structural shocks to technology, cost-push, and investment as (domes-
tic) “market-side shocks” and shocks to monetary, labor-tax and capital-tax policies as
“policy-side shocks.”
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Figure 3: Variance Decomposition for Real GDP Growth for different forecast horizons
at quarters h ∈ {1,4,8,20,40} ahead. We deem the structural shocks to technology, cost-
push, and investment as (domestic) “market-side shocks” and shocks to monetary, labor-
tax and capital-tax policies as “policy-side shocks.”
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nd, we consider the relative share:

ξi ,t =
(
σi ,t

εi ,t

)2

=
(

(σi ,t )2

ũi ,t

)2

, (3

ere unity is the reference point since this would imply equal contribution of SV and iid shocks.

What this refined measure tells us is as follows: A magnitude of ξi ,t > 1 implies that the stochastic se

d moment of a particular shock i is more important in accounting for the variations in the compoun

uctural shock i , i.e., ũi ,t . The complement of this statistic, which accounts for the relative share of th

d. component, can be readily deduced and interpreted as well.

Figure 4 presents the evolution of the relative shares of the structural shocks, as defined in (33), ov

entire sample. Here is how one should read this chart: The dashed-black line with a value of uni

ur reference point for the ratio defined in (33). Any realization above (below) one would suggest th

SV component is relatively more (not as) dominant than the i.i.d. first-moment component in overa

ving a particular structural shock, at each sample period. The blue (solid) line represents the posteri

dian of the relative shares.20

Over the estimated sample period, we see that the SV component was relatively larger during tim

economic turmoil. This is seen by large values in the cost-push and monetary policy shocks durin

energy crisis of the early 1980s, and the investment shock during the recessions of the early 198

d 90s, along with the 2000 dotcom crisis and 2007/08 GFC. For example, in 1980, the riskiness of th

tribution (i.e., the SV component) of cost-push shock was in the order of 1500 times larger than th

t-moment component in accounting for the overall structural cost-push factor. Monetary policy’s S

mponent (i.e., riskiness surrounding monetary policy behavior) accounted for something in the ord

ing twice as important as its first-moment shock.

We also find evidence of volatility being a relatively dominant driver of the monetary policy sho

en Canada adopted inflation targeting in the early 1990s, and for taxes when the Federal governme

ormed income tax in 1987 and the effective rate of capital gains taxation in 2000. In the foreign blo

find strong evidence for a relatively large SV contribution during the energy crisis, but then iid shoc

come relatively more prevalent during the rest of the sample. We emphasize that this does not mea

t the SV component was not at all important during this period (see Figure 1 for discussion of th

portance of SV), but rather that the iid components were relatively more important during this perio

Conclusion

this paper, our main goal was to identify and measure which of unexpected variations in internation

nomic stochastic volatility, or domestic economic and policy stochastic volatility, are the more dom

nt drivers of a small open economy’s business cycle.

We also have information on the estimated credible set—e.g., the 16th and 84th percentiles of the distribution—that co
s the posterior estimates on the respective shares. However, the relatively large upper bound of the distribution results
median being indistinguishable from the lower bound, despite the two being numerically different. Readers interested

ing what we mean may find the corresponding figure in our Online Appendix G.
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Figure 4: Relative shares of stochastic-volatility in structural shocks.

To answer this question, we extended a version of a well-known small-open-economy DSGE mod

allow for the volatilities of the structural disturbances to change over time.

Using this model structure as a yardstick for interpretation and quantification, we identified and a

unted for both domestic market-side (i.e., technology, cost-push, and investment) and policy-side (i.

netary, labor-tax and capital-tax policy) sources of stochastic-volatility shocks, in addition to foreig

rces of shocks.

Overall, our shock volatility accounting exercise suggests that the historical movements in the Can

n business cycle are largely due to domestic technology and policy shocks. When further decompose

o their constituent structural i.i.d. and time-varying volatility components, we find that time-varyin

latilities in these shocks are relatively more important during times of turmoil. Our model-base

ck-volatility accounting attributes (i) the energy crisis of the early 1980s to international, cost-pus

d monetary-policy shock volatilities; (ii) the adoption of inflation targeting in the early 1990s to mon

y policy uncertainty; (iii) the recessions around the early 1980s and 1990s to investment volatility; an

) income-tax and capital-gains tax reform periods to relatively large tax-policy uncertainty shocks

model.

While the normative question of “what ought policymakers do in response” or “what are optimal po

s” is beyond the scope of detailed study here, our estimated shock-volatility accounting suggests th

licy design may need to be more gradual and further condition on time-varying volatilities or ha

licit policy-simulation models that build in model/shock uncertainty. This is especially pertinent

es of economic turmoil. At least for the estimated historical case of Canada, our results also sugge

21
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t one need not worry too much about foreign factors and their riskiness as that is absorbed into exis

open-economy channels. A monetary policy that reacts to CPI inflation (a measure that incorporat

ernational relative prices movements) also helps. This conclusion is consistent with recent SVAR e

nce for Canada (Ha and So, 2023) and also with earlier optimal policy structural estimation work b

m et al. (2009).
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Table 1: Prior and posterior densities for estimated model parameters

Parameter Descriptiona Familyb Prior meanc Prior Std.c Post. Meand Post. Std.d

ρ Intertemporal ES G 1.00 0.40 1.00 0.40
η Elasticity H-F Goods G 0.90 0.10 0.90 0.10
ϖ Price-stickiness N 35.00 15.00 35.82 14.71
ϕR MP, Smoothing B 0.60 0.10 0.60 0.10
ϕΠ MP, Inflation G 1.80 0.30 1.80 0.30
ϕY MP, Output N 0.25 0.13 0.27 0.12
ϕW FP Output (N) G 0.25 0.13 0.26 0.13
αW FP, Smoothing (N) B 0.60 0.10 0.59 0.10
ρA TFP, Smoothing B 0.90 0.10 0.90 0.10
κ Capital Adjustment Stickiness N 2.00 0.71 2.03 0.69
ϕK FP Output (K) G 0.25 0.13 0.26 0.13
αK FP, Smoothing (K) B 0.60 0.10 0.60 0.10
ρϵH Elasticity H-F Goods, Smoothing (K) B 0.60 0.10 0.60 0.10
ρi Investment, Smoothing (K) B 0.60 0.10 0.60 0.10

ρ(Y ∗ ,Y ∗ ,1) VAR-SV, AR N 0.00 10.00 0.28 0.17
ρ(Y ∗ ,π∗ ,1) VAR-SV, AR N 0.00 10.00 -0.22 0.22
ρ(Y ∗ ,i∗ ,1) VAR-SV, AR N 0.00 10.00 0.26 0.62
ρ(π∗ ,Y ∗ ,1) VAR-SV, AR N 0.00 10.00 0.27 0.16
ρ(π∗ ,π∗ ,1) VAR-SV, AR N 0.00 10.00 -0.18 0.22
ρ(π∗ ,i∗ ,1) VAR-SV, AR N 0.00 10.00 -0.16 0.60
ρ(i∗ ,Y ∗ ,1) VAR-SV, AR N 0.00 10.00 0.01 0.16
ρ(i∗ ,π∗ ,1) VAR-SV, AR N 0.00 10.00 0.22 0.21
ρ(i∗ ,i∗ ,1) VAR-SV, AR N 0.00 10.00 0.68 0.59
ρ(Y ∗ ,Y ∗ ,2) VAR-SV, AR N 0.00 10.00 -0.02 0.15
ρ(Y ∗ ,π∗ ,2) VAR-SV, AR N 0.00 10.00 -0.10 0.21
ρ(Y ∗ ,i∗ ,2) VAR-SV, AR N 0.00 10.00 -0.45 0.58
ρ(π∗ ,Y ∗ ,2) VAR-SV, AR N 0.00 10.00 0.03 0.15
ρ(π∗ ,π∗ ,2) VAR-SV, AR N 0.00 10.00 -0.06 0.19
ρ(π∗ ,i∗ ,2) VAR-SV, AR N 0.00 10.00 1.17 0.56
ρ(i∗ ,Y ∗ ,2) VAR-SV, AR N 0.00 10.00 0.07 0.15
ρ(i∗ ,π∗ ,2) VAR-SV, AR N 0.00 10.00 0.03 0.19
ρ(i∗ ,i∗ ,2) VAR-SV, AR N 0.00 10.00 -0.21 0.55
σ(π∗ ,Y ∗) VAR-SV, COV N 0.00 10.00 -0.11 0.16
σ(i∗ ,Y ∗) VAR-SV, COV N 0.00 10.00 -0.05 0.15
σ(i∗ ,π∗) VAR-SV, COV N 0.00 10.00 -0.03 0.19
φA log-volatility technology shock, cond. mean N 0.00 5.00 0.03 1.88
φR log-volatility dom. MP shock, cond. mean N 0.00 5.00 -0.25 1.95
φτW log-volatility labor tax shock, cond. mean N 0.00 5.00 -0.24 1.91
φτK log-volatility capital tax shock, cond. mean N 0.00 5.00 -0.15 1.90
φϵH log-volatility cost-push shock, cond. mean N 0.00 5.00 0.00 0.23
φµ log-volatility investment shock, cond. mean N 0.00 5.00 -0.76 1.43
φy∗ log-volatility foreign output shock, cond. mean N 0.00 5.00 -0.19 1.91
φπ∗ log-volatility foreign inflation shock, cond. mean N 0.00 5.00 -0.27 1.96
φi∗ log-volatility foreign MP shock, cond. mean N 0.00 5.00 -0.03 1.93
ψA log-volatility technology shock, AR TN 0.90 1.00 0.99 1×10−4

ψR log-volatility dom. MP shock, AR TN 0.90 1.00 0.99 6×10−4

ψτW log-volatility labor tax shock, AR TN 0.90 1.00 1.00 3×10−4

ψτK log-volatility capital tax shock, AR TN 0.90 1.00 1.00 3×10−4

ψϵH log-volatility cost-push shock, AR TN 0.90 1.00 0.98 182×10−4

ψµ log-volatility investment shock, AR TN 0.90 1.00 0.98 190×10−4

ψy∗ log-volatility foreign output shock, AR TN 0.90 1.00 1.00 19×10−4

ψπ∗ log-volatility foreign inflation shock, AR TN 0.90 1.00 1.00 8×10−4

ψi∗ log-volatility foreign MP shock, AR TN 0.90 1.00 1.00 1×10−4

ωA log-volatility technology shock, std. dev. IG 0.10 0.10 0.10 3×10−3

ωR log-volatility dom. MP shock, std. dev. IG 0.10 0.10 0.01 8×10−3

ωτW log-volatility labor tax shock, std. dev. IG 0.10 0.10 0.02 4×10−3

ωτK log-volatility capital tax shock, std. dev. IG 0.10 0.10 0.01 5×10−3

ωϵH log-volatility cost-push shock, std. dev. IG 0.10 0.10 0.17 68×10−3

ωµ log-volatility investment shock, std. dev. IG 0.10 0.10 0.08 49×10−3

ωy∗ log-volatility foreign output shock, std. dev. IG 0.10 0.10 0.03 17×10−3

ωπ∗ log-volatility foreign inflation shock, std. dev. IG 0.10 0.10 0.02 9×10−3

ωi∗ log-volatility foreign MP shock, std. dev. IG 0.10 0.10 0.01 3×10−3

a MP (or FP) stands for Monetary (or Fiscal) Policy rule. TFP denotes Total Factor Productivity. N and K respectively
denote labor and capital. AR denotes autoregressive coefficient and COV denotes covariance.

b B stands for Beta, G Gamma, IG inverse-Gamma, N Normal and TN Truncated Normal.
c Posterior moments are generated from a thinned sample of 106 MCMC draws in which we save 1 in 50 draws after a26
50,000 draw burn-in. Convergence diagnostics are presented in Appendix E in the online appendix.
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Highlights

• A structural stochastic-volatility accounting of Canada’s business cycle.

• Volatility spikes in economic crisis like the 1980s energy crisis and 2008
recession.

• Adopting inflation targeting in the 1990s reduced monetary policy
volatility.

• Income-tax and capital-gains tax reforms significantly increased policy
volatility.

• Canadian business cycles are largely shielded from external economic
volatility.
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