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We estimate a production-based general equilibrium model featuring demand-
and supply-side uncertainty and an endogenous term premium. Using term
structure and macroeconomic data, we find sizable effects of uncertainty on risk
premia and business cycle fluctuations. Both demand- and supply-side uncer-
tainty imply large contractions in real activity and an increase in term premia,
but supply-side uncertainty has larger effects on inflation and investment. We in-
troduce a novel analytical decomposition to illustrate how multiple distinct en-
dogenous risk wedges account for these differences. Supply and demand uncer-
tainty are strongly correlated in the beginning of our sample, but decouple after
the Great Recession.

KeyworbDs. Production-based asset pricing, uncertainty shocks, Bayesian meth-
ods, term structure of interest rates, time-varying risk premia, business cycles.
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1. INTRODUCTION

It is well established that broad measures of macroeconomic and financial market un-
certainty vary significantly over time.! There is also an emerging literature interested in
studying how these changes in uncertainty affect business cycle fluctuations in micro-
founded general equilibrium models. However, these papers typically only use macroe-
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conomic data to pin down the effects of uncertainty, consider only one source of uncer-
tainty, and estimate the process for uncertainty separately from the rest of the model.?
In this paper, we use both macroeconomic and term structure data, distinguish between
demand-side and supply-side uncertainty, and conduct a structural estimation of a mi-
crofounded model in which the process for uncertainty and its effects are jointly esti-
mated. Our results demonstrate that uncertainty matters. In particular, we uncover siz-
able effects of uncertainty shocks on business cycle and term premia dynamics. The
specific effects of demand-side and supply-side uncertainty are examined through mul-
tiple endogenous risk wedges.

Asset prices contain valuable information about uncertainty, given that changes in
macroeconomic uncertainty generate fluctuations in risk premia. We find that changes
in nominal term premia contain key identifying information disciplining the effects of
uncertainty and its propagation through various risk channels. At the same time, there
is empirical and anecdotal evidence suggesting that changes in measures of uncertainty
are related to heterogeneous sources (e.g., Bloom (2014) and Herskovic, Kelly, Lustig,
and Van Nieuwerburgh (2020)) and are also imperfectly correlated. Figure 1 plots various
uncertainty measures whose pairwise correlations range between —0.24 to 0.84. We find
it important to distinguish between different sources of uncertainty, and we explicitly
model fluctuating demand and supply uncertainty. We identify demand uncertainty as
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Ficure 1. This figure plots various uncertainty measures. All measures are demeaned and
normalized to have standard deviation equal to 1. “EPU”—Economic Policy Uncertainty In-
dex (Baker, Bloom, and Davis (2016)), “Macro Unc.”—Macroeconomic uncertainty index for 12
month horizon (Jurado, Ludvigson, and Ng (2015)). “Fin Unc.”—Financial uncertainty index for
12 month horizon (Jurado, Ludvigson, and Ng (2015), Ludvigson, Ma, and Ng (2021)). “Disagree-
ment”—Forecast disagreement about real GDP growth. 75th percentile minus 25th percentile
of the forecast for growth rate at 4 quarters horizon. “VXO”—CBOE S&P 100 Volatility Index.
“Trade”—Trade policy uncertainty (a component of Economic Policy Uncertainty Index). The
pairwise correlations range from —0.24 to 0.84.

2Some examples include Bloom (2009), Bloom, Floetotto, Jaimovich, Saporta-Eksten, and Terry (2018),
and Basu and Bundick (2017).
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originating from shocks to the time discount factor while supply uncertainty as emanat-
ing from shocks to TFP growth. In particular, we show that these two types of uncertainty
act through distinct channels. Finally, jointly estimating the process for uncertainty and
its effects on the economy has the important implication that uncertainty is not only
identified via changes in stochastic volatility, but also through its first-order effects on
the economy.

Our quantitative analysis is based on a dynamic stochastic general equilibrium
(DSGE) model along the lines of Christiano, Eichenbaum, and Evans (2005), but with
the following departures. First, we assume that the representative household has Ep-
stein and Zin (1989) recursive preferences to capture sensitivity toward low-frequency
consumption growth and discount rate risks. Second, we allow for stochastic volatility
changes in TFP and preference shocks, both modeled as distinct Markov chains, esti-
mated jointly within our DSGE model. Changes in stochastic volatility and the endoge-
nous response of the economy to these changes both contribute to fluctuations in un-
certainty. Third, we use an iterative solution method to endogenously capture sizable
and time-varying risk premia. We use a risk-adjusted log linearization to keep the model
solution tractable. By modelling stochastic volatility as regime changes, we obtain a con-
ditionally log-linear solution that facilitates an estimation using a modification of the
standard Kalman filter. Furthermore, as indicated by our results, regime changes are well
suited to capture business cycle fluctuations, given that the average duration of a regime
can align with the duration of the corresponding business cycle phase. Of course, the
number of regimes can be increased if a researcher deems this to be important. Lastly,
we use data on nominal bond yields across different maturities in our estimation.

Our solution method captures the first- and second-order effects of uncertainty on
agents’ decision policies, as well as effects on conditional risk premia. We show that this
feature of our solution method sharpens the identification of uncertainty dynamics. In
addition, our solution method provides an approximate analytical risk decomposition
that uncovers distinct endogenous risk wedges for which uncertainty affects macroeco-
nomic fluctuations. We use the risk decomposition to illustrate how uncertainty shocks
produce different effects depending on the origin (e.g., demand or supply). Our analy-
sis therefore provides an economic interpretation for why there is not a consensus on
the macroeconomic effects of uncertainty shocks. More broadly, our risk decomposi-
tion can be utilized in a wide range of dynamic stochastic models, and is therefore of
independent interest.

Figure 2 illustrates the strong relation between real activity, measured as detrended
GDP, the slope of the nominal yield curve, and macroeconomic volatility.? As the econ-
omy enters a recession, the slope of the yield curve and macroeconomic volatility both
tend to rise. In our model, movements from low to high volatility regimes endogenously
trigger a decline in real activity and a steepening of the yield curve, consistent with the

3Detrended GDP is obtained by applying a bandpass filter. Similar results hold if GDP is detrended using
an HP filter. The slope of the term structure is computed as the difference between the 5-year yields and the
1-year yield. Macroeconomic volatility is measured as a 5-year moving average of the standard deviation of
GDP growth.
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F1GURE 2. Slope and volatility over the business cycle. Panel A plots the comovement between
the slope of the yield curve (dashed line) and the cyclical component of GDP (solid line) and
Panel B plots the comovement between the volatility of GDP growth (dashed line) and the cycli-
cal component of GDP (solid line) from the data.

data. We find that the effects of uncertainty are quantitatively significant. The two uncer-
tainty shocks together explain over 16% of the variation in investment growth, around
11% for consumption growth, and 24% for the slope of the nominal yield curve. These
shocks also produce significant countercyclical variation in the nominal term premium.
The effects of uncertainty are even more sizable when focusing on fluctuations at busi-
ness cycle frequencies. An economy that is exclusively affected by uncertainty shocks
would generate business cycle fluctuations for consumption and investment as large as
29% and 34%, respectively, of an analogue economy with both uncertainty and tradi-
tional level shocks.

Both demand-side and supply-side uncertainty generate positive comovement be-
tween consumption and investment, which is often a challenge for standard macroe-
conomic models. Thus, uncertainty shocks emerge as an important source of business
cycle fluctuations. However, the origin of uncertainty plays an important role, as the two
types of uncertainty impact the economy in very distinct ways. Compared to demand-
side uncertainty, supply-side uncertainty has larger effects on inflation and is relatively
more important for explaining fluctuations in investment.

We find that demand- and supply-side uncertainty tend to move together in the first
half of our sample, but they decouple in the second half of the sample where demand
uncertainty tended to be higher than supply uncertainty after the Great Recession. The
decoupling is potentially related to recent trends in household consumption and firm
production at the product level (i.e., 12-digit UPC). First, Neiman and Vavra (2019) doc-
ument that over the past 15 years that the products in household consumption bundles
are becoming more concentrated within households over time but increasingly different
across households. Increasing heterogeneity in household product demand can trans-
late to higher aggregate demand uncertainty. Second, Clara, Corhay, and Kung (2021)
document that product concentration within firms has been declining over the past
15 years. They show that increasing diversification within firms generates a downward
trend in supply uncertainty. Overall, the decoupling of supply and demand uncertainty
that we find after the Great Recession is broadly consistent with patterns in micro evi-
dence from households and firms.
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Nominal term premia in our model is driven by time-varying demand and supply
uncertainty. As such, using the term structure of interest rates as observables in our esti-
mation is important for disciplining the effects of uncertainty. While both supply and de-
mand uncertainty is important for the unconditional nominal term premia, we find that
the conditional dynamics of nominal term premia are mostly attributed to variation in
demand-side uncertainty through the inflation risk premia component. Therefore, the
observed term structure dynamics help to sharpen the identification of the two different
sources of uncertainty. Without using term structure data in our estimation, the timing
of the uncertainty shocks is quite different, the volatility regimes are less persistent, and
the effects of the uncertainty shocks on the macroeconomy are smaller.

Our solution method allows us to identify and quantify five distinct endogenous risk
wedges for uncertainty shocks. The two risk wedges that are the most important for de-
termining the consumption, output, inflation, and the yield curve response to uncer-
tainty are the precautionary savings motive and the nominal pricing bias. The precau-
tionary savings motive reflects the prudence of the representative household toward un-
certainty about future income while the nominal pricing bias relates to the prudence of
firms when setting nominal goods prices. The investment response to uncertainty is dic-
tated by a wider array of risk wedges than the other macro variables.

Our paper relates to Basu and Bundick (2017) in that we also consider the role of
the precautionary savings channel, in conjunction with sticky prices, for the propaga-
tion of demand-side uncertainty shocks. In our estimation, we find that this channel
is quantitatively important. Thus, we complement the findings of Basu and Bundick
(2017), but differ along the following dimensions. First, we develop a novel analytical
decomposition that unveils four additional endogenous risk wedges. In our estimation,
we find that two of these four wedges, the investment risk premium and nominal pric-
ing bias, are as quantitatively important as the precautionary savings wedge. Second,
we conduct a structural estimation of our model using macroeconomic and bond yield
data instead of calibration. In our structural estimation the process for uncertainty is
not exogenously given, but jointly estimated with the rest of the model. We find that
uncertainty plays a key role for both macro and term structure dynamics. Finally, we
allow for both demand- and supply-side uncertainty changes, while Basu and Bundick
(2017) only consider demand-side uncertainty shocks. While both types of uncertainty
shocks are important for explaining business cycles, we find that the macroeconomic
responses to these shocks to be quite different. For example, supply-side uncertainty
changes generate more severe recessions, with significantly larger effects on inflation
and investment. Our analytical decomposition allows us to carefully disentangle the
economic margins that account for these different responses.

Our paper connects to the broader literature studying the impact of uncertainty
shocks in macroeconomic models (e.g., Bloom (2009), Ferndndez-Villaverde, Guerrén-
Quintana, Kuester, and Rubio-Ramirez (2015), Bansal, Max Croce, Liao, and Rosen
(2019), Bianchi, Ilut, and Schneider (2018)). We differ from these papers in that we (i)
allow for multiple sources of uncertainty, (ii) conduct a structural estimation, (iii) use
asset pricing data, in the form of nominal bond yields in the estimation and a prior on
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the investment risk premium, to discipline the effects of uncertainty, and (iv) do not
deviate from the assumption of rational expectations.

Ferndndez-Villaverde and Rubio-Ramirez (2007) estimate a real business cycle
model with stochastic volatility using second-order perturbation methods. We instead
use arisk-adjusted log-linear solution method that utilizes an iterative procedure to cap-
ture the effects of uncertainty on the macroeconomy and risk premia in an estimated
New Keynesian model. We believe that there are several advantages to our approach.
First, our solution method captures the effects of uncertainty shocks on conditional
risk premia while their second-order perturbation method does not (a third- or higher-
order perturbation would be needed). This feature of our solution method is important
because we use bond risk premia fluctuations to help identify the uncertainty processes.
Second, our method provides an approximate analytical risk decomposition that uncov-
ers distinct endogenous risk wedges that characterizes how uncertainty shocks are prop-
agated to the real economy through different economic channels. Third, our solution
method and specification of uncertainty imply that our model is conditionally linear,
facilitating an estimation using a modification of the standard Kalman filter. Fourth, our
solution method is computationally efficient, allowing us to study and estimate larger
models with more state variables, such as the medium-sized DSGE model we use in our
benchmark estimation.

Justiniano and Primiceri (2008) estimate a DSGE model with stochastic volatility.
Bianchi (2013) and Bianchi and Ilut (2017) estimate models with both stochastic volatil-
ity and regime changes in policy rules. These papers employ a first-order approximation
of the solution. As a result, stochastic volatility affects the size of the shocks but does not
have first-order effects. In our estimated model, uncertainty has first-order effects and
impacts conditional risk premia because of our risk adjustment. An alternative to our
approach would be to use third-order perturbation methods. However, this would make
econometric inference challenging. The fact that the standard approach in the macroe-
conometric literature is to employ a first-order approximation suggests that there are
still significant limits in our ability to estimate models solved with higher-order approx-
imations. In this respect, our paper proposes a computationally tractable way to correct
for risk in quantitative models. In the Online Supplementary Material (Bianchi, Kung,
and Tirskikh (2023)) in the Appendix, we show that our approach delivers a good ap-
proximation of the model.

Christiano, Motto, and Rostagno (2014) build a general equilibrium model of higher-
order frictions that feature time-varying cross-sectional idiosyncratic uncertainty. They
refer to stochastic disturbances to cross-sectional volatility as risk shocks, which they
find important for explaining business cycle fluctuations. In their estimation, this mea-
sure of risk is an unobserved latent variable. In contrast, our paper considers a smaller-
scale New Keynesian model without financial frictions and instead focuses on aggregate
uncertainty. In our setting, uncertainty is identified by both changes in the first and sec-
ond moments in the data.

The pricing of consumption and volatility risks builds on the endowment econ-
omy models of Bansal and Yaron (2004), Piazzesi and Schneider (2006), and Bansal and
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Shaliastovich (2013). However, we differ by considering a general equilibrium frame-
work with production, where the dynamics of stochastic consumption volatility risks
are linked to the time-varying second moments of structural macroeconomic shocks
and to the endogenous response of the macroeconomy to changes in the volatility of
these shocks. Furthermore, our production-based setting allows us to consider the en-
dogenous feedback between risk premia and business cycle fluctuations via uncertainty
shocks. The role of preference shocks for generating a positive real term premia relates to
the endowment economy model of Albuquerque, Eichenbaum, Luo, and Rebelo (2016).
We build on this work, and show that time discount factor shocks also provide Bianchi,
Ja novel endogenous source of inflation risk premia in a New Keynesian framework.

Our paper relates to an emerging literature studying asset prices in New Keynesian
models (e.g., Bekaert, Cho, and Moreno (2010), Bikbov and Chernov (2010), Hsu, Li, and
Palomino (2014), Rudebusch and Swanson (2012), Dew-Becker (2014), Bretscher, Hsu,
and Tamoni (2017), Weber (2015), Kung (2015), Gourio and Ngo (2020), Segal (2019),
and Campbell, Pflueger, and Viceira (2020)). Duffee (2013) provides a survey of the
New Keynesian models for explaining the term structure. Linking the term structure to
production-based factors relates to Jermann (2013). More broadly, we build on general
equilibrium production-based models, such as those featuring habit formation (e.g., Jer-
mann (1998)), long-run risks (e.g., Ai (2010), Kaltenbrunner and Lochstoer (2010), Kuehn
(2008), Croce (2014), Favilukis and Lin (2013), and Favilukis and Lin (2015)), and disas-
ters (e.g., Gourio (2012) and Kuehn, Petrosky-Nadeau, and Zhang (2018)). With respect
to these papers, we conduct a structural estimation of a microfounded model assuming
continuity between how assets are priced by the representative agent in the model and
by the econometrician.

Amisano and Tristani (2019) also study the relationship between the macroeconomy
and the term structure in presence of uncertainty shocks. As far as we know, the two pa-
pers were independently developed around the same time but differ in several dimen-
sions. Amisano and Tristani (2019) consider a small-scale NK model with no capital,
solve the model with a second-order perturbation, and need to approximate the model
further when evaluating the likelihood. Our model features capital accumulation, a dis-
tinction that we find important to disentangle the relative contribution of demand-side
and supply-side uncertainty shocks. We solve the model using solution methods devel-
oped for first-order approximations, exploiting the fact that uncertainty shocks enter
the model as discrete shocks. This allows us to obtain a conditionally linear solution
that facilitates inference without needing to approximate the model further. Finally, we
develop a risk decomposition as a transparent way to interpret the effects of uncertainty.

2. MoDEL

We use a dynamic stochastic general equilibrium (DSGE) model along the lines of Chris-
tiano, Eichenbaum, and Evans (2005), but with a number of important differences. One
of the departures is that representative household has Epstein and Zin (1989) prefer-
ences, which is crucial for the asset pricing implications of the model. We allow for a
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rich set of shocks to show that even when additional disturbances are introduced, un-
certainty plays a key role in explaining the bulk of business cycle and term structure fluc-
tuations. Overall the estimated model has seven exogenous shocks to preferences, TFP
growth, monetary policy, markups, relative price of investment, government spending,
and liquidity. We also allow for two stochastic volatility processes to distinguish between
supply-side (TFP) and demand-side (preferences) uncertainty. The volatility processes
are modeled as two independent Markov chains, ¢ and ¢P, with transition matrices
HS and HP, where the letters, S and D, are used to label the supply- and demand-side
shocks, respectively. We then obtain a combined chain, &; = {f? , gtS }, with the corre-
sponding transition matrix, H = H?@H?5. A detailed description of the model is pre-
sented below.

Household

Assume that the representative household has recursive utility over streams of con-
sumption, C;, and labor, L;:

Bt
Vi=u(Ci, Le, B) B (E [V 7)) 7, )

where the parameter v is a key determinant of relative risk aversion.*

We introduce habit formation in consumption and preference for liquidity, by spec-
ifying the utility kernel in the following form:

147 B,
L t+1
t gB,thPth ,

u(Cy, Ly, Biy1) = (G, — hCy_1)e” ™ 17 e

where the variable, {5, shock captures time-variation in the liquidity premium on
short-term government bonds. The average liquidity premium is determined by the
steady-state value of this variable, {g. The term Z; is the stochastic trend of the econ-
omy, By is the amount of nominal one-period bonds held by household at time ¢, P; is
the nominal price of consumption good.

The discount factor, 3, is defined as 8; = (1+ ,é eP)~1 where I;, is a preference shock

bi1=ppbs + Tg,¢b &B,1+1) &,+1 ~ N (0, 1),

and ¢P is a Markov-switching process with transition matrix, H?, which determines
the volatility regime for the preference shock.’ The liquidity shock {p ; = log({p,:/{B)
follows an AR(1) process:

{B,1+1=pislB,t + 05805, 141, €¢5,0+1 ~ N (0, 1).

4The utility specification corresponds to the Epstein and Zin (1989) preferences V; = ((1 —

Bu(Cy, Ly, Bio1)' VY + B4 (E, [V,:“/]) = ) =17 in the limit case where the parameter i affecting the elas-
ticity of substitution is approaching the value of one (¢ — 1).

5Garleanu and Panageas (2015) provide a microfoundation for a time-varying time preference parameter
in an overlapping generations model featuring preference heterogeneity.
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The household supplies labor service, L;, to a competitive labor market at the real wage
rate, W;. They also own the capital stock, K1, predetermined at time 7 — 1, and rent out
capital services, K; = U/K,;_1,toa competitive capital market at the real rental rate, r,k,
where U, is capital utilization. Capital is accumulated according to

K, :Et—l(l - 5(Ut)) + [1 - S(It/lt—l)]lt,

SU/I-1) = %(It/lt_l —e"'Y)?,
5(Ut):80+61(Ut_Uss)+?(Ut_Uss) ’

where §(Uy;) is the capital depreciation rate that varies depending on the utilization rate
of capital, Uy, I, is investment, the function S(/;/1,_1) captures capital adjustment costs,
w* is a steady-state growth rate of the economy.®

The time ¢ budget constraint of the household is

PGy +Pt(€§Y"Yt)7llz + Bi+1/Ri = PtD¢ + PWi Lt + By +Ptft—1”,kUt - P/Ty,

where P; is the nominal price of the consumption good, B, is the amount of nominal
one-period bonds held by household at time ¢ that mature at ¢ + 1, R; is the gross nom-
inal interest rate set at time ¢ by the monetary authority, D; is the real dividend income
received from the intermediate firms, and 7; denotes lump-sum taxes. The parameter,
Y, controls the average rate of decline in the price of the investment good relative to the
consumption good, while {y ; is a shock to this relative price:

0,41 = PYLY,t + Oy oy 041, Egy,t+1 ~ N(O, 1).

The household’s problem and corresponding first-order conditions are contained in Ap-
pendix A.

Final goods

A representative firm produces the final (consumption) good in a perfectly competitive
market. The firm uses a continuum of differentiated intermediate goods, X; ;, as input
in the following CES production technology:

v _ </ X1+/\pt .>1+)\p,t
t— )

where A, determines elasticity of substitution between intermediate goods and
evolves as

logAp: —loghp =py(logA, —1 —10gA,) + oyey,, &y~ N(0, 1),

6In the steady state, the utilization rate of capital is equal to 1, Uy, = 1.
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The profit maximization problem of the firm yields the following isoelastic demand
schedule with price elasticity, v; = 1;:2’[” :

1+Ap,

X =Yi(Pi,/P) *rr,

where P, is the nominal price of the final good and P; ; is the nominal price of the inter-
mediate good i.

Intermediate goods

The intermediate goods sector is characterized by a continuum of monopolistic com-
petitive firms. Each intermediate goods firm hires labor, L; ;, and rents capital, K; ;, in
competitive markets and produces output, X; ;, using a constant returns to scale tech-
nology:

Xi=K&,("Lir) ™%,

where 7, is a stochastic productivity trend with the following law of motion:

Any = u+ xy,

Xt = pxXi—1+ Oy, e5€x,0 Ext ~N(0, 1),

where p is the unconditional mean of productivity growth, py is the persistence param-
eter of the autoregressive process x;, and the Markov-switching process, 5, controls the
volatility of shocks to TFP growth. As explained above, this Markov-switching process
is controlled by the transition matrix HS, where we use the letter S to emphasize the
supply-side nature of this shock.

The intermediate firms face a cost of adjusting the nominal price a 14 Rotemberg
(1982), measured in terms of the final good as

P 2
G(Pi,t,Pi,t—])Yt) :ﬁ<+—l) Yt;
,t—1

T I—kqx
2 1Ty HtflK P
where Il > 1 is the steady-state inflation rate, ¢ is the magnitude of the price adjust-

ment costs, and the parameter «, controls price indexation to past inflation relative to
steady-state inflation. The source of funds constraint is

P.Dj;;=P; Xi,— PW,Li,— Pr*K;,— P,G(P;, P11, Y1),

where D; ; is the real dividend paid by the firm. The objective of the firm is to maximize
shareholder value, V[(i) =V, taking the pricing kernel, M;, competitive real wage,
W;, competitive real rental rate of capital, 7X, and vector of aggregate state variables,
¥, = (P, e, Y,), as given.

The intermediate firm’s problem and corresponding first-order conditions are con-
tained in Appendix A.
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Central bank

The central bank follows a modified Taylor rule that depends on output and inflation
deviations:

Rt Rt—l Ht /Y\[
In| — | =p,In| — 1— 1 — In( =— ,
“(R*) pr “( R )“ ””("” “(mw*) oy “(m)) + oRoR.¢

where R* is the risk-adjusted steady-state gross nominal short rate, Y, = Y; /Z7 is de-
trended output, and Il; = P;/P;_; is the gross inflation rate. Variables with an ss sub-
script denote deterministic steady-state values. We allow the inflation target to differ
from the deterministic steady-state inflation to take into account that average inflation
does not necessarily coincide with the deterministic steady state when risk is taken into
account in the solution method. The correction is controlled by the parameter, 7*.

Symmetric equilibrium

In equilibrium, all intermediate firms make identical decisions P;; = P;, X; ;= X, =Y,
Ki; =K, L;; =Ly, Di; = D,, and nominal bonds are in zero net supply B, = 0. The
aggregate resource constraint is

Y, =Ci+ (e Y ', + %(HJ(H;‘S“H}__I"”) ~1)%Y,+G,,
where G, are government spending, which follows exogenously specified AR(1) process

in logs:
log Gt+1 — log GSS = pg(log Gt — lOg GSS) + Og&g t+1-

Government spending is financed by lump-sum taxes on households: G, = T;. As Ricar-
dian equivalence holds and the spending shocks are uncorrelated with the other shocks,
our government spending margin does not generate the opposite responses of private
savings and private investment to changes in supply uncertainty highlighted in Bansal
etal. (2019).

All the equilibrium conditions are contained in Appendix B.

3. SOLUTION METHOD

Our goal is to study the effects of uncertainty on both asset prices and the macroe-
conomy. If standard log-linearization techniques were applied, all of the effects of un-
certainty would be lost. Instead, we implement a risk-adjusted log linearization of the
model (e.g., Jermann (1998), Lettau (2003), Backus, Routledge, and Zin (2010), Uhlig
(2010), Kaltenbrunner and Lochstoer (2010), Dew-Becker (2012), Borovicka and Hansen
(2014), and Malkhozov (2014)). This approximation approach exploits the fact that once
the model is log linearized, the log variables follow a Normal distribution. This implies
that the variables in levels follow a log-normal distribution. Thus, all the expectational
equations in the standard log-linear approximation can be risk-adjusted to reflect that
the variables are log normal.
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We introduce stochastic volatility in our model, which makes the variables condi-
tionally log normal. We solve a resulting system of linear expectational difference equa-
tions augmented with an iterative procedure designed to capture a risk-adjustment
component. This procedure allows us to solve rational expectation models in which un-
certainty is controlled by a Markov-switching process by using solution methods that
have been developed for log-linear approximations. Worth emphasizing, our procedure
allows risk to affect both asset prices and the policy functions controlling the macroeco-
nomic variables—the latter of which is crucial to study the effects of uncertainty on the
macroeconomy.

We model uncertainty as a discrete Markov chain so that the approximated model
is conditionally linear, which facilitates estimation using a modification of the standard
Kalman filter. Importantly, our solution method allows us to capture salient aspects of
conditional risk premia in a tractable way and the effects on the real economy. Moreover,
a Markov switching process guarantees that the volatility process is strictly positive. The
alternative would be to model a linear process in log volatility but this would make the
model nonlinear. Finally, regime changes are well suited to capture business cycle fluc-
tuations, given that the average duration of a regime can align with the duration of the
corresponding business cycle phase.

We characterize the two general concepts underlying our solution method in this
section (additional details are provided in the Appendix C). First, we want to exploit the
properties of log normality to correct the standard log-linear approximation for risk. In
doing this, we mostly borrow from the asset pricing literature. Second, we want to use
this risk-adjusted log-linear approximation in the context of a DSGE model in which risk
isin large part endogenous. In other words, risk affects the solution of the model, but the
solution of the model also affects the amount of risk. We begin with a simple Fisherian
example to illustrate the approximation method. Then we generalize the procedure to
DSGE models with stochastic volatility.

3.1 Simple example
To show how the risk-adjusted approximation differs from the standard log-linear ap-
proximation, consider the simple Fisherian model:

R; = E[I;/11;44],

where R; is the gross real interest rate (the notation here is different with respect to the
paper), I, is the gross nominal interest rate, and I1,.1 = P41 /P is the gross inflation rate.
Assume a Taylor rule for the nominal interest rate:

I/I = (11, /I)¥=,

and an exogenous i.i.d. normal process for the log of the real interest rate: log(R;) =
e~ N(O, 0-,2). Note that r; is approximately equal to the net real interest rate: log(R;) =
log(1+r) =1y
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In the zero (net) inflation deterministic steady state, we have [I=1, R=1,1 = 1. The
standard log approximation would give us:

re=1i; — Emgl,
ip = lﬂrﬂTt,

where all variables are now expressed in logs. Given that all variables are zero in the
steady state, the lower case letters also denote log deviations from steady state. The so-
lution to the model is given by 7, = #1r;. In this case, changes in the variance of the
exogenous shock (2) do not affect the solution.”

Now, consider the risk-adjusted log linearization used in our paper. Even under the
standard log-linear approximation, the solution implies that inflation 7, is a linear trans-
formation of a normal variable (r;), so it also has a normal distribution. Thus, Il; has a
log-normal distribution. We then have

rr =iy — E¢[me1] — 0.5V [ 7411,
Iy = l)[f7777t~

Note that V;[7,41] = o2 is a constant that depends on the volatility of the real inter-
est and the policy parameter .. We can then start with a guess on its value, solve the
model, and then replace o2 with the value implied by the solution. The solution now
becomes

-1
T = w;lrt + 05%[4];20’3]

o

Now, the solution also depends on risk. Specifically, if we vary o2, the mean of net infla-
tion, ¢, also varies. Importantly, the effect on the level of inflation is endogenous and
depends on how strongly the nominal interest rate reacts to inflation.

3.2 Applying the method to a DSGE model with stochastic volatility

To implement our solution method in the context of a fully-specified DSGE model with
stochastic volatility, we exploit the fact that when stochastic volatility is modeled as a
Markov-switching process, risk at time ¢ only depends on the regime in place at time
t, denoted by ¢&;. The system of equations in this general framework can be written by
using matrix notation as in a standard log linearization:

FoSi =T18:1+T60¢ 8 +Tyme +T¢ g, 2)

where the DSGE state vector S; contains all variables of the model known at time ¢, Q¢,
is a regime-dependent diagonal matrix with all of the standard deviations of the shocks
on the main diagonal, ¢; is a vector with all structural shocks, 7, is a vector containing

“In the Appendix, we discuss how gross inflation is affected by changes in the variance, but this is not
how we assess whether uncertainty matters.
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the expectation errors, and the Markov-switching constant I'¢, captures the effects of
uncertainty:

a1 Covi[c1Si+1; dySe1]

Fc,f, = | a2 COVt [CéSH-l; d/ZSH-l] ,

where we have used the fact that uncertainty at time ¢ only depends on the regime in
place at time ¢, denoted by &;. Elements of I ¢, represent risk adjustment terms, ¢; and
d; are vectors of coefficients, and a; are constants implied by our risk adjustment tech-
nique.

However, we cannot compute the volatility terms in I'¢ ¢, without knowing the so-
lution for S,. This is because to compute the one-step-ahead variance and covariance
terms, we need to know how the economy reacts to the exogenous shocks, ¢, and to
the regime changes themselves. Therefore, we employ the following iterative procedure.
First, given some T ¢, = T ¢, the solution to equation (2) can be characterized as a
Markov switching vector autoregression (Hamilton (1989), Sims and Zha (2006)):

Sl‘ = T(Op)Stfl +R(GP)Q(§1» Ov)gt + C(ft, 01), 0}7’ H)) (3)

where 0” is the vector structural parameters, 6" is the vector containing the stochas-
tic volatilities, H is the probability transition matrix, and Q,;, = Q(¢;, 6*). Taking (3) as
given, we can now compute the implied level of uncertainty (i.e., the implied FC, &) In
particular,

COVt[CiSH-I; diSH—l] = Ez{COVz[CiSzH; d/lsz+1|§z+1]}
+ Cov|E[c Siy1l€rs1]s Ed[dySis1léis]]
= 1 E:[RQ¢,,, (RQ¢,,,)']d1 + ¢ Var/[Cg,,,1d1, )

where we used the law of total covariance:
Cov(X,Y)=E(Cov(X, Y|Z)) 4+ Cov(E(X|Z), E(Y|2)).

Note that the changes in the Markov-switching constant, induced by the risk adjust-
ment, are themselves a source of uncertainty. Given the new value for T, ¢,, we repeat
the iteration: First, compute a new solution to (2), and then update fc, ¢ This iterative
procedure continues until the desired level of accuracy is reached. It is worth emphasiz-
ing that only C¢, depends on I, ¢,, while the matrices, T and R, do not depend on it, so
we only need to iterate on C¢,. Furthermore, standard conditions for the existence and
uniqueness of a stationary solution apply, given that regime changes enter the model
additively. Thus, we know that a finite level of uncertainty exists, as long as a solution
exists and the shocks are stationary.

In the solution (equation (3)), the matrices, 7 and R, are equivalent to a standard
log-linear solution. Therefore, conditional on the volatility regime, the dynamics of the
model are the same as in a standard log-linear solution. Volatility matters in two ways.
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First, like in log-linearized models, volatility affects the size of the innovations, cap-
tured by Q¢,. Second, volatility affects the level of uncertainty in endogenous variables.
Changes in uncertainty, in turn, impact the risk adjustment term, C¢,, which is not
present in a standard log-linear approximation. This term reflects the endogenous re-
sponse of the economy to uncertainty and it is a source of uncertainty itself. Overall, the
risk adjustment term adjusts the levels of the variables, determines model dynamics in
response to a volatility regime change, and produces additional uncertainty.

Importantly, the Markov-switching constant, C¢, = C(&;, 6, 67, H) depends on the
structural parameters, because for a given volatility of the exogenous disturbances, dif-
ferent structural parameters determine the various levels of uncertainty. In a standard
log linearization, this term would always be zero. As shown below, this approach allows
us to capture salient asset pricing features despite having approximated a model with
a conditionally linear solution. Furthermore, given that agents are aware of the possi-
bility of regime changes, uncertainty also depends on the transition matrix, H. Finally,
given that regime changes enter the system of equations additively, the conditions for
the existence and uniqueness of a solution are not affected by the presence of regime
changes. The model can then be solved by using solution algorithms developed for fixed
coefficient general equilibrium models (Blanchard and Kahn (1980) and Sims (2002)).
The model can also be solved by using the solution algorithms explicitly developed for
MS-DSGE models (e.g., Farmer, Waggoner, and Zha (2009), Farmer, Waggoner, and Zha
(2011), and Foerster, Rubio-Ramirez, Waggoner, and Zha (2016)), but these methods are
more computationally expensive. Appendix D shows that our risk-adjusted log lineariza-
tion provides an accurate approximation of the model solution.

3.3 Nominal bond yields

This section characterizes how bond yields are determined. Let P’ be the n-period
nominal bond price at time ¢. This bond price satisfies the following asset pricing Eu-
ler equation:

P = E[Mia P D ]

Applying the same log-linearization and risk-adjustment technique described above, we
get

S _E =17 10 5 Var [ — 5 ~(n—1) 5

Py’ = t[mt+1 T4l + Py ] +0. ar,[mt_,_l T4l + Py ] )
Using this equation, we solve for nominal bond prices iteratively, starting from »n = 2.
Note that the gross short-term nominal interest rate is an inverse of the price of a one-
period nominal bond, R; =1 /Pt(l), and, therefore, 7)51) = —7;. Given equation (3), the
solution to equation (5) is given by

P =TpSi1 4+ RpQs2+ Cpe-

Having solved for 5"~ and knowing the solution of the model (3), we can compute
Var[m;41 — Tyl + ]355:1)] in a way similar to equation (4) to get the solution for ﬁg”).
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. . . . () . . .
Given a price of the n-period nominal bond Pt(”) = PMePi", the yield on this bond is

given by
1
= - log P{"),

where P{ is the price of the n-period nominal bond in the deterministic steady state.
Importantly, the pricing of bonds is internally consistent, in the sense that the econo-
metrician and the agent in the model price bonds in the same way.

4. EMPIRICAL ANALYSIS

We estimate the model by using Bayesian methods over the sample period 1984:Q2-
2019:Q4. The model solution retains the key nonlinearity represented by regime chan-
ges, but it is linear conditional on a regime sequence. Thus, Bayesian inference can be
conducted using Kim’s modification of the basic Kalman filter to compute the likelihood
(i.e., Kim and Nelson (1999)). In addition to the priors on the single model parameters,
we also have priors on the unconditional means of inflation, the real interest rate, the
slope of the nominal yield curve, and the investment risk premium. Unlike in a linear
model, the unconditional means of these variables are not pinned down by a single pa-
rameter. Thus, these priors induce a joint prior on the parameters of the model, in a way
similar to Del Negro and Schorfheide (2008). The priors for the model parameters are
combined with the likelihood to obtain the posterior distribution.

Eleven observables are used: GDP per-capita growth, inflation, FFR, consumption
growth, investment growth, price of investment growth, 1-year yield, 2-year yield, 3-year
yield, f4-year yield, and 5-year yield (all variables are annualized). Given that there are
more observables than shocks (i.e., eleven variables compared to seven shocks), we al-
low for observation errors on all variables, except for the FFR. We also repeated our es-
timation excluding the zero-lower-bound period, with no significant changes in the re-
sults. Finally, alternative versions of the model are estimated, such as a specification in
which both volatility processes are perfectly correlated and another specification where
all shocks exhibit stochastic volatility that are perfectly correlated, but these versions did
not lead to a better fit of the data. As it will become clear below, the data ostensibly favor
a separation between supply- and demand- side uncertainty shocks.

4.1 Parameter estimates and model fit

Table 1 reports the posterior mean for the structural parameters together with the 90%
error bands and the priors. A few comments are in order. First, the utility specification
in (1) implies that the elasticity of intertemporal substitution is equal to 1. Second, the
parameters controlling the magnitude of the price adjustment cost, ¢z, and the average
markup, v, cannot be separately identified. Thus, when solving the model, we define and
estimate the parameter, R:%, while we fix the parameter 1.8 The resulting estimated

8The average markup (v) affects the steady state of the model. For the purpose of computing the steady
state, we fix this parameter to 6, a value that implies an average net markup of 20% and that is considered
in the ballpark (see Gali (1999)).
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value for xr implies an elevated level of price stickiness, in line with the existing New
Keynesian literature. Third, in accordance with previous results in the literature, we find
a more than one-to-one response of the FFR to inflation, despite the long time spent
at the zero lower bound. The fact that the response is well above 1 guarantees that the
Taylor principle is satisfied.

Table 1 reports estimates for the volatilities of the shocks and the persistence of the
two regimes. Figure 3 reports the probability of the high volatility regimes (Regime 2 for
each chain) for the preference shock (top panel) and the TFP shock (bottom panel). The
high volatility regime for the preference shock is less persistent than the low volatility
regime, while the opposite is true for the high TFP volatility regime. Demand and supply-
side uncertainty tend to move together in the first half of the sample but decouple in
the second half where demand uncertainty tended to be higher than supply uncertainty
after the Great Recession. The decoupling pattern is potentially related to recent trends
in household consumption and firm production at the barcode level.

We first provide a narrative of how the recent trends in the composition of house-
hold consumption bundles are related to higher demand uncertainty. Neiman and Vavra
(2019) document that over the past 15 years products within consumption bundles are
becoming more concentrated within households but are increasingly different across
households. These trends are reflected in the rapidly expanding product variety found
in consumer goods. A demand-based interpretation of the increasing heterogeneity in
consumption bundles across households is that there is increasing dispersion in prod-
uct taste shocks across households. With incomplete markets, an increase in the disper-
sion in the taste shocks would lead to higher aggregate demand uncertainty.

We next provide an explanation for the lower supply-side uncertainty by appealing to
the same product data but from the perspective of firms. In particular, the expansion in
product variety is mostly supplied within firm boundaries rather than through the entry
of new firms. Clara, Corhay, and Kung (2021) document an increasing trend of product
diversification within firm boundaries over the past 15 years. In their model where firms
can choose product scope, an increase in product diversification within firm bound-
aries reduces firm cash flow uncertainty arising from the idiosyncratic shocks to each
product line. They show that the increasing aggregate trend in product diversification
across firms in the period after the Great Recession lowers aggregate supply uncertainty.
In sum, the decoupling of supply and demand uncertainty after the Great Recession is
broadly consistent with patterns in micro evidence from households and firms.

Figure 4 compares the variables as implied by our model with the observed variables.
The figure shows that the model does a very good job in matching the behavior of both
the macro variables and the term structure. We observe some visible deviations between
model-implied and observed variables only for the growth rate of the price of invest-
ment. Thus, observation errors do not play a key role in matching the observed path for
yields and macro variables. The last panel of the figure also shows that the model tracks
the behavior of the slope of the yield curve quite well, defined as the difference between
the 5-year and 1-year yields. As we will see below, variations of the term premium over
the business cycle play a key role in generating such a close fit.
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TABLE 1. Mean, 90% error bands and prior distributions of the DSGE model parameters. Col-
umn 6 reports type of the prior distribution: B—beta, G—gamma, N—normal, IG—inverse
gamma, D—Dirichlet. For all distribution types, except inverse gamma, columns 7 and 8 report
mean (Param. 1) and standard deviation (Param. 2) of the corresponding distribution. For in-
verse gamma distribution, columns 7 and 8 report shape and scale parameters.

Posterior Prior
Mean 5% 95% Type Param.1 Param.2

Model parameters:

Subjective discount factor B 0.9870 0.9837 09893 B 0.9800  0.0100
Persist. of preference shock pB 0.9823 0.9783 09956 B 0.5000  0.2000
Degree of habit formation h 0.9031 0.8731 09203 B 0.5000  0.2000
Risk aversion v 16.3603 11.5708 21.1560 G 10.0000  5.0000
Elasticity of labor supply T 8.9612 6.2917 12.8996 G 5.0000  4.0000
Liquidity preference param. 100{p 0.1476  0.0774 0.2327 G 0.1500  0.0500
Persistence of liquidity shock Pip 0.8436  0.8021 0.8788 B 0.5000  0.2000
Average economic growth 100u* 0.1699  0.0506  0.2877 N 0.4000 0.1250
Persist. of TFP growth shock Px 0.7252 0.6668 0.7753 B 0.1500 0.1000
Capital share in production a 0.0592  0.0351  0.0907 B 0.3500  0.1000
Average capital depreciation 8o 0.0148 0.0124 0.0176 B 0.0350  0.0050
Capital depreciation param. 52 8.0457 5.1943 115593 G 10.0000  5.0000
Capital adj. cost parameter Qr 7.3164 59590 8.8052 G 5.0000  3.0000
Persist. price of invest. shock pY 0.9573  0.9400 0.9731 B 0.5000  0.2000
Slope of phillips curve 100«R 0.0773 0.0569 0.1021 G 5.0000  4.0000
Persistence of markup shock Py 0.0403 0.0158 0.0741 B 0.2500  0.1000
Indexation to past inflation K 0.9438 0.8924  0.9822 B 0.5000  0.2000
Monetary policy inertia pr 0.8205 0.7992  0.8443 B 0.5000  0.2000
Taylor rule param., inflation P 1.5820 1.4349 1.7609 N 2.0000  0.5000
Taylor rule param., output Py 0.2049 0.1448 0.2879 G 0.5000  0.2000
Inflation in steady state s 0.0089 0.0069 0.0109 N 0.0070 0.0013
Risk adj. of inflation target " 0.0208  0.0155 0.0260 N 0.0050  0.0050
Share of gov. spending Ng 0.1321 0.0821 0.1907 B 0.1500  0.0500
Standard deviations of shocks:

Preference, low unc. 10005(§D =1) 1.9925 1.6440  2.4687 1G 0.0016 3.2652
Preference, high unc. 10005(£P =2)  3.7479 3.2893 4.2815 IG 0.0016  3.2652
TFP growth, low unc. IOOUX(fs =1) 0.3124 0.2462 0.4050 IG 0.0001 2.5891
TFP growth, high unc. 1000, (&5 =2) 0.7594 0.5830 0.9718 IG 0.0001  2.5891
Monetary policy 1000 0.1219  0.1086 0.1365 IG 0.0000  2.5891
Markup 1000y 0.5038 0.4552 0.5576 IG 0.0016 3.2652
Price of invest. 10007, 0.4283 0.3693  0.4927 IG 0.0000  2.5891
Gov. spending 1000, 27697 1.7715 4.2496 IG 0.0016  3.2652
Liquidity 1000y, 0.0842  0.0747 0.0944 1IG 0.0000 2.5891
Regime persistence:

Low demand uncertainty Hfl 0.9850 0.9729 0.9940 D 0.8889  0.0721
High demand uncertainty Hzl?z 0.9796 0.9648 0.9899 D 0.8889  0.0721
Low supply uncertainty Hls,1 0.9312 0.9149 09452 D 0.8889  0.0721
High supply uncertainty sty 2 0.9225 0.8891 0.9532 D 0.8889  0.0721

(Continues)

85U8017 SUOWILOD 3AITea.D 3{edtdde 8y} Aq paupAob 88 S3oe YO ‘88N JO S9N 10} Akeiq1 8UIIUO A8]IA UO (SUONIPUOD-PUE-SWRIL0 A8 1M AReIq 1 U1 UO//SANL) SUOTIPUOD pUe W | 8U1 89S *[£202/80/20] U0 AfiqiTaulluO A8|IM *|00ydS Sseusng uopuo- A 6/6TI0/Z86E 0T/I0P/LI0Y A8 |1 Areiq uljuo//SANy Woj papeojumoq ‘¢ ‘€202 ‘TEEL6GLT



Quantitative Economics 14 (2023)

TAaBLE 1. Continued.

Origins and effects of macroeconomic uncertainty 873

Posterior Prior

Mean 5% 95% Type Param. 1 Param. 2
Standard deviations of observation errors:
GDP oy 0.1755 0.1008 0.2350 IG 0 2
Inflation o 0.0485 0.0268 0.0830 IG 0 2
Investment g 0.7311 0.6131 0.8703 1G 0 2
Consumption o 0.2115 0.1785 0.2489 IG 0 2
Price of investment Oy 0.4000 0.3344 0.4720 1G 0 2
1-year yield oy, 0.0102 0.0060 0.0145 IG 0 2
2-year yield oy, 0.0078 0.0061 0.0095 IG 0 2
3-year yield Oy, 0.0068 0.0054 0.0083 IG 0 2
4-year yield oy, 0.0081 0.0062 0.0101 IG 0 2
5-year yield Oy 0.0152 0.0130 0.0175 IG 0 2
Priors and posteriors on endogenous variables:
Inflation T 1.8422 1.3153 2.4088 N 2 0.5
Equity premium E(r' - rf) 0.8573 0.7026 1.0158 N 1 0.1
Real interest rate r—ar —0.0883  —0.6035 0.4668 N 2 0.5
Slope Y5 — 1 0.8408 0.7636 0.9188 N 0.9 0.05

4.2 The effects of uncertainty

Given that the model allows for two TFP volatility regimes and two preferences volatil-

ity regimes, there are a total of four regimes labeled as follows: (i) Low Preference—Low

TFP volatility; (ii) Low Preference—High TFP volatility; (iii) High Preference—Low TFP
volatility; and (iv) High Preference—High TFP volatility. We are interested in characteriz-
ing the level of uncertainty across the four regimes. Uncertainty is computed taking into
account the possibility of regime changes, following the methods developed in Bianchi
(2016). For each variable, z;, we measure uncertainty by computing the conditional stan-

dard deviation, sd;(z;4+s) = \/Vt(ztﬂ) = \/Et[ztﬂ — E¢(z4+5)12, where E;(-) = E(:|I;) and

Preference
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F1GURE 3. Regime probabilities. The figure plots the probability of the high uncertainty regime
for the preference shock (top panel) and the TFP growth shock (bottom panel).
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FIGURE 4. Actual and fitted series. The figure compares the fluctuations of the macroeconomy
and the term structure of interest rates implied by our model (solid line) with the fluctuations
observed in the data (dashed line).

I; denotes the information available at time ¢. We assume that [; includes knowledge of
the regime in place at time ¢, the data up to time ¢, and the model parameters for each
regime, while future regime realizations are unknown. These assumptions are consis-
tent with the information set available to agents in our model, and so our measure of
uncertainty reflects uncertainty supposedly faced by the agent in the model across the
four regimes.

Overall macroeconomic uncertainty is influenced through two general effects. The
first one is direct: As the size of the Gaussian shocks hitting the economy increases,
uncertainty goes up. The second one is more subtle: The endogenous response of the
macroeconomy to uncertainty—through the five endogenous risk wedges—is in itself a
source of uncertainty. Thus, the magnitude of the response to uncertainty and the fre-
quency of regime changes matter for the overall level of uncertainty. The relative con-
tribution of these two sources of uncertainty are described in detail below. Thus, the
overall effect of uncertainty is determined by how uncertainty propagates through the
different channels.

Uncertainty and business cycles Figure 5 reports the levels of uncertainty across the dif-
ferent regimes. The time horizon s appears on the x-axis. Solid and dashed lines are used
to denote low and high preference shock volatility regimes, respectively. Conditional on
these line styles, we use lines with dots and without dots to denote low and high TFP
shock volatility, respectively. When both demand-side and supply-side volatilities are
high (dashed-line with dots), uncertainty is high for all variables at all horizons. When
only one of the shocks is in the high volatility regime, the effects differ across the vari-
ables. For inflation, the FFR, and the slope of the yield curve, the main driver of uncer-
tainty is the volatility of the preference shock. Instead, uncertainty about the growth rate
of the real variables is higher when TFP is in the high volatility regime. It is also interest-
ing to notice that uncertainty for consumption and GDP is slightly hump-shaped when
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Ficure 5. Uncertainty. The figure reports the level of uncertainty at different horizons. Uncer-
tainty is computed taking into account the possibility of regime changes. All variables are annu-
alized.

the high TFP volatility regime prevails. In other words, when TFP volatility is high, un-
certainty is not monotonically increasing with respect to the time horizon, as agents are
more uncertain about the short-run than the long-run. This is because of two compet-
ing forces. On the one hand, events that are further into the future are naturally harder
to predict, as the possibility of shocks and regime changes increase. On the other hand,
in the long run, the probability of still being in the high volatility regime declines.

Figure 6 presents a simulation to understand the impact of these changes in un-
certainty on business cycle fluctuations and the term structure. We take the most likely
regime sequence, as presented in Figure 3, and simulate the economy based on the pa-
rameters at the posterior mode, setting all Gaussian shocks to zero. The top left panel re-
ports the cyclical behavior of GDP and the slope of the yield curve implied by the model.
Anincrease in uncertainty produces a drop in real activity and an increase in the slope of
the yield curve, which consequently generates negative comovement between the slope
of the yield curve and real activity, as in the data (e.g., Ang, Piazzesi, and Wei (2006)).
The four panels in the second and third row of the figure compare the movements in
the slope, GDP, consumption, and investment, induced by the increase in uncertainty,
with the business cycle fluctuations of the actual series. The estimated sequence of the
volatility regimes produces business cycle fluctuations and changes in the slope of the
yield curve in a way that closely tracks the observed fluctuations in the data.

The fluctuations in uncertainty also lead to significant breaks in the term premium.
Term premium is defined as the difference between the yield on a 5-year bond and the
expected average short-term yield (1 quarter) over the same 5 years (following Rude-
busch, Sack, and Swanson (2006)). The expected value is computed taking into account
the possibility of regime changes using the methods developed in Bianchi (2016). The
top-right panel of Figure 6 shows that both supply-side and demand-side uncertainty
lead to an increase in the term premium. Specifically, Table 2 shows that the nominal
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F1GURE 6. Uncertainty-driven fluctuations. The figure plots selected variables from the simula-
tion of the model with estimated volatility regime sequence (all Gaussian shocks are set to zero in
this simulation). Top left panel: simulated path of GDP, expressed in log deviations from steady
state, and slope of the yield curve, expressed as a difference between 5-year yield and 1-year
yield. Top right panel: simulated dynamic of nominal term premium in the model, expressed as
a difference between 5-year nominal yield and an expected average yield on a 1-quarter nominal
bond over the next 20 quarters. Middle left panel: simulated slope of the yield curve and slope
of the yield curve observed in the data. The subsequent panels plot the model-implied path of
GDP, consumption, and investment in response to changes in uncertainty and the cyclical com-
ponents of the corresponding series in the data (obtained using bandpass filter). Units on the
y-axis for macro variables are percentage points (model and data). Units on the y-axis for term
premium and slope are annualized percent (data and model).

(real) term premia associated with the different regimes are: (1) Low Preference—Low
TFP volatility: 0.57% (0.40%); (2) Low Preference—High TFP volatility: 0.81% (0.66%);
(3) High Preference—Low TFP volatility: 1.04% (0.58%); and (4) High Preference—High
TFP volatility: 1.29% (0.84%). In Section 4.4, the mechanisms that lead to these sizable
premia are explored in detail. For now, we are highlighting that term premia are large
and vary considerably in response to changes in uncertainty.

Variance decomposition Our estimated model allows for a rich set of shocks to avoid
forcing the estimation to artificially attribute a large role to uncertainty shocks. The re-
sults presented above suggest that uncertainty shocks can in fact lead to sizable fluctu-
ations for both the macroeconomy and bond risk premia. In order to formally quantify
the importance of uncertainty shocks with respect to the other disturbances, we proceed
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TABLE 2. This table reports nominal and real term premia conditional on the uncertainty
regime. The term premium in the model is computed as the difference between 5-year yield
and the expected average yield on a 1-quarter bond over the next 20 quarters. The inflation risk
premium refers to the difference between nominal and real term premia.

Uncertainty regime
Preference uncertainty Low Low High High
TFP growth uncertainty Low High Low High
Nominal Term Premium 0.57 0.81 1.04 1.29
Real Term Premium 0.40 0.66 0.58 0.84
Inflation Risk Premium 0.17 0.15 0.46 0.45

in two steps. First, we compute a variance decomposition by comparing the uncondi-
tional variance, as implied by the model when only one shock is active, to the overall
variance. Second, we explore how much variation in endogenous variables at business
cycle frequencies can be generated by uncertainty shocks. We do this by computing the
volatility of business cycle fluctuations in an economy where only uncertainty shocks
are present and comparing it to the volatility of business cycle fluctuations in an econ-
omy where both uncertainty and level shocks are active.”

The decomposition of the unconditional variance for the observables is reported in
the left panel of Table 3. The results confirm that uncertainty shocks play an important
role in explaining fluctuations in the slope of the yield curve (24.38% of the uncondi-

TaBLE 3. The left panel presents the contribution of the different shocks to the unconditional
variance of the macroeconomic variables and the slope of the yield curve. The right panel ana-
lyzes the importance of uncertainty shocks in generating business cycle fluctuations with respect
to the traditional level shocks. Specifically, we use the posterior mode parameter values to sim-
ulate two economies 1000 times. In the first economy, only uncertainty shocks occur. In the sec-
ond economy, we have level shocks on top of the same uncertainty shocks. For each simulation
and for each variable, we extract business cycle fluctuations using a bandpass filter. Finally, for
each simulation we compute the ratio between the volatilities of the business cycle fluctuations
for the two economies.

Unconditional variance Uncertainty
decomposition and business cycle

Preference TFP growth Monetary Markup Uncertainty Median Conf. Inter.

GDP 2.51 71.63 0.99 1.60 8.33 27.11 (20.63; 35.45)
Inflation 28.95 0.05 0.05 70.37 0.48 14.22 (11.55; 17.30)
FFR 76.31 2.33 5.05 8.10 6.96 38.88 (31.06; 47.89)
Investment 2.40 68.84 2.67 4.54 16.80 34.39 (25.88; 45.83)
Consumption 3.95 78.64 1.23 1.94 11.07 28.79 (21.86; 37.71)
Slope 17.21 9.72 16.20 27.28 24.38 40.89 (33.59; 50.71)

9From a technical point of view, the contribution of uncertainty shocks is given by the amount of volatil-
ity generated by the Markov-switching constant.

85U8017 SUOWILOD 3AITea.D 3{edtdde 8y} Aq paupAob 88 S3oe YO ‘88N JO S9N 10} Akeiq1 8UIIUO A8]IA UO (SUONIPUOD-PUE-SWRIL0 A8 1M AReIq 1 U1 UO//SANL) SUOTIPUOD pUe W | 8U1 89S *[£202/80/20] U0 AfiqiTaulluO A8|IM *|00ydS Sseusng uopuo- A 6/6TI0/Z86E 0T/I0P/LI0Y A8 |1 Areiq uljuo//SANy Woj papeojumoq ‘¢ ‘€202 ‘TEEL6GLT



878 Bianchi, Kung, and Tirskikh Quantitative Economics 14 (2023)

tional variance), but they also account for a large fraction of the variability of consump-
tion and investment growth (11.07% and 16.80%, respectively). The right panel of Ta-
ble 3 highlights that uncertainty shocks appear even more important if we focus on their
ability to generate sizable business cycle fluctuations. Uncertainty shocks explain a sub-
stantial part of the variation in consumption, investment, and output over the business
cycle. In particular, 28.79% of the variation in consumption and 34.39% of the variation
in investment at business cycle frequencies can be explained by uncertainty shocks. Fi-
nally, uncertainty shocks also explain 40.89% of business cycle variation in the slope of
the yield curve, confirming the evidence presented in Figure 6.

Finally, the variance decomposition in the left panel of Table 3 shows that the com-
bination of TFP shocks, preference shocks, and their corresponding volatility shocks ac-
counts for a very large fraction of the volatility of the macroeconomy and bond yields.
Specifically, these shocks combined account for more than 80% of the variance of GDP
growth, for more than 90% of the variance of consumption growth, for more than 85%
of the variance of investment growth, for more than 50% of the variance of the slope of
the yield curve, and for almost 30% of the variance of inflation. The only other shock that
plays a significant role is the markup shock. However, this shock only appears to account
for high-frequency movements in the volatility of inflation, as typical in estimated New
Keynesian models. Thus, the combination of first and second moments shocks to TFP
and preferences account for the bulk of the volatility of the observed variables, despite
the fact that we allow for a series of other shocks, like the liquidity shock, that generally
plays a significant role in the estimation of New Keynesian DSGE models without the risk
adjustment. This suggests that extending standard estimation technique to include the
first-order effects of uncertainty shocks can significantly change the importance of the
other shocks, possibly allowing for more parsimonious models to explain the observed
fluctuations.

While the benchmark estimated model does not allow for government spending un-
certainty shocks, Appendix F explores a potential role that government spending un-
certainty could play in explaining the business cycle fluctuations given the estimated
model. Our findings suggest that government spending uncertainty shocks would pro-
duce only relatively small fluctuations within the model. This result is primarily due to
the fact that we model fiscal policy with lump-sum taxes, which induces only small
wealth effects. Consequently, the second-moment government spending shocks also
have small effects. Appendix G reports the means and standard deviations of macro vari-
ables and yields from the benchmark model.

What drives the large effects of uncertainty? From a methodological point of view, un-
certainty matters in our setting because we are estimating the sources and effects of
uncertainty jointly, instead of using a two-step procedure. Thus, uncertainty is not ex-
clusively identified by movements in second moments, but also through its first-order
effects on risk premia and business cycle fluctuations. More practically, there are a se-
ries of parameters that play an important role. To make this point, Table 4 reports the
variance decomposition at business cycle frequencies for different levels of risk aver-
sion (increasing in y) and nominal rigidities (decreasing in «). Low levels of risk aversion
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TABLE 4. Counterfactual variance decomposition for different values of risk aversion and nom-
inal rigidities. The first column reports the benchmark decomposition, obtained using the pos-
terior mode parameter values. The other columns consider counterfactual parameterizations by
varying the degree of risk aversion (y) and nominal rigidities (k).

Benchmark Counterfactuals
y=19.76 y=1 y=10 y=10 y=19.76
100kg =0.0769 100xkg =0.0769 100kg =0.0769 100xg =0.7690 100xg = 0.7690
GDP 27.11 1.12 13.99 9.19 18.13
Inflation 14.22 0.89 7.29 27.59 49.40
FFR 38.88 1.18 20.64 31.32 54.82
Investment 34.39 0.91 17.91 6.94 14.27
Consumption 28.79 1.32 15.10 10.85 21.14
Slope 40.89 1.39 21.79 40.11 65.71

(low y) imply a large reduction in the importance for uncertainty shocks. Similarly, more
flexible prices also reduce the importance of uncertainty shocks. Of course, all the pa-
rameters matter to pin down the importance of uncertainty shocks, but these two chan-
nels appear to be particularly relevant. This also highlights an important difference with
respect to previous work such as Ferndndez-Villaverde, Guerrén-Quintana, and Rubio-
Ramirez (2015). Using Epstein—Zin preferences allow us to separate risk aversion from
the intertemporal elasticity of substitution, while they use log utility, which implies a
risk aversion of one. Recursive preferences allow news about future growth, future dis-
count rates, or future uncertainty to be priced, while they are not with expected utility.
The additional risk factors arising from recursive preferences yield additional transmis-
sion channels for uncertainty shocks. Note that when we fix the coefficient controlling
risk aversion to 1 (i.e., the log utility case given that the intertemporal elasticity of sub-
stitution is also set to 1), we get very small effects of uncertainty.

Another reason why we estimate large effects from uncertainty compared to the lit-
erature is that our estimated uncertainty process captures the persistent component
of macro uncertainty and we consider two sources of uncertainty fluctuations from
demand- and supply-sides. Other work primarily focuses on one source of uncertainty
and the transient spikes in uncertainty (e.g., Bloom (2009)). The persistent revisions in
our two uncertainty processes coupled with recursive preferences generate large effects
from uncertainty.

4.3 Endogenous risk wedges

This section presents the endogenous risk wedges that govern the propagation of un-
certainty changes in the macroeconomic and asset price dynamics. Section 4.4 below
decomposes the effects of uncertainty through the risk wedges. To make the presenta-
tion of the risk wedges in this section more tractable and intuitive, we consider a sim-
plified version of the estimated benchmark model from Section 2 only for illustrative
purposes. To this end, we abstract from the following features: Changes in the price
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of investment, variable capital utilization, price indexation, habit formation, liquidity
premium on short-term bonds, and markup shocks. These features are important for
matching macroeconomic dynamics in the estimation of the model, but they do not
provide additional intuition for disentangling the five endogenous risk wedges that we
want to focus on.

Analyzing uncertainty changes through the lens of these risk wedges help us to un-
derstand (i) the heterogeneous effects of different uncertainty shocks on the macroe-
conomy, (ii) the role of risk premia for imposing restrictions on the uncertainty prop-
agation channels, and (iii) how various model frictions pin down the effects of uncer-
tainty. This approach can be applied to other models and it is therefore of independent
interest.

4.3.1 Equilibrium conditions from the simplified model We first present the equilib-
rium conditions from the simplified model that involve expectations of endogenous
variables.

The optimization problem of the household results in the following intertemporal
first-order condition:

1=EZ[Mt+1PZ‘/P[+1]Rt) (6)
where
1- VAT NG\ 7!
Moy = Bt+lﬁt( t+1177 )( z+1> o
1= B EV.h] C

is the Stochastic Discount Factor (SDF).
The first-order condition with respect to the investment decision is

2
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i

1 is defined as

where ¢, is a shadow value of capital and the return on investment, R

i it (1= 80)

+1 = .
qi

The price setting decision of the intermediate firm yields

P 7Y, L, (P )\ '1
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4.3.2 Risk-adjusted approximation We apply the risk-adjusted log linearization to the
first-order conditions and market clearing conditions presented above using the solu-
tion method outlined in Section 3. Define the risk-free rate, Ry ;, as the return on a the-
oretical risk-free asset, which pays one unit of consumption good in every state of the
world next period. The risk-free rate satisfies the following asset pricing equation:

1= E([M11Ry ] (11

As described above, the log-linearization approach that we are using approximates all
expectational equations assuming that the variables are conditionally log normal. Log-
linearizing equation (11), we get

~ ~ 1 ~
—rfe=Edma] + Evar’[th]’ (12)

where variables with a tilde denote log deviations from the deterministic steady state.!”
Alog-linear approximation of the expression for the stochastic discount factor (equation
(7)) using our risk adjustment approach yields!!

Bbir1 — b+ (1 — Y) (Vi1 — Et[Vi1 + Xi411) — (Cr1 — )

My = ~ ~ ~
—YXi+1 — 5(1 — ¥)? Var[Vy41 + ¥ri1]

Substituting this log-linear expression for stochastic discount factor in equation (12), we
obtain
G =Eci] =7+ (1 - EPB)Bt + pxXy

1 - 1 - ~
—5 Var (i1l + 5 (1 y)? Var[Dr41 + Fri1), (13)

Precautionary savings motive

which is an Euler equation with respect to the risk-free rate. The risk adjustment compo-
nent, —% Var,[m,41]+ %(1 —¥)2 Var; D41+ X411, captures the precautionary savings mo-
tive. This term reflects the prudence of the household toward uncertainty about future
income. Formally, the precautionary savings term relates to the convexity of marginal
utility (e.g., Kimball (1990)).

Log-linearizing and risk-adjusting the intertemporal first-order condition of the
household (equation (6)) and combining it with the expression for the log risk-free rate
(equation (12)), we get

~

~ - ~ - 1 -
1 =771+ Elme] + Cove[mygr; ] — Evart[’”'ﬂrl]» (14)

Inflation Risk Premium
where 7; is the nominal short-term interest rate. The risk adjustment term, Cov[#i;1;

Tiil) — %Vart[%tﬂ], corresponds to an inflation risk premium, and it reflects the fact

0For capital, k; = log K; — log K.
NE, [¢@1+541)0-7)] i3 approximated as exp((1 — y) E¢[Tr41 + Trp1) + ”’2”2 Var; [Tr41 + Xre1]).-
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that the payoff of a nominal short-term bond in real terms is uncertain. The rate of re-
turn on this bond in consumption units depends on the realization of inflation next
period. Therefore, the covariance of inflation with the real pricing kernel determines the
inflation risk premium on the short-term nominal bond. If inflation tends to be high
when the marginal utility of wealth is high, then nominal short-term bonds are risky
and investors demand a risk premium for holding them.

We log-linearize and risk-adjust the equation characterizing the investment decision
of the household, equation (9), and use equation (12) to obtain

~ - ~ o~ 1 ~
Ei[ri 41 —7f,] = — Cove[mei1; Tiy 1] — > Var,[7; r41] . (15)

Investment Risk Premium

The risk adjustment component in brackets embodies an investment risk premium. If
the return on investment is low when the marginal utility of wealth is high, then the re-
turn on investment in physical capital is risky and will command a risk premium. There-
fore, in equilibrium, households will choose a level of investment such that the expected
investment return will be higher than the risk-free rate by an amount sufficient to com-
pensate them for the risk that they are exposed to.

The expression for ¢; is obtained by log-linearizing equation (8):

qr — QDIeZMAit

— ) ~ ~ ) 5 .
+ @Iez'uB(Et[AltJrl] + Cove[myy1 + Gry1; Aigy1] + 2 Vart[AltJrl]) =0, (16)

Investment adjustment

where Ai; :7,“ ~T+ X141 is log investment growth. The risk adjustment term in this
equation captures the fact that when making an investment decision at time ¢, house-
holds consider its impact on the capital adjustment costs at time ¢ + 1, which depends
on investment growth Ai,;;. Therefore, the household takes into account uncertainty
about future investment growth and how it covaries with the shadow value of capital
and the pricing kernel.

We apply the same risk-adjustment technique to log linearize the equation charac-
terizing the price setting decision of the intermediate firms (equation (10)) to obtain the
risk-adjusted Phillips curve:

= EEt[?TH-l] + KR (W +7; —y)+

1 ~ ~ ~ o~ ~
+ EB*(Z Covi[11 + Ver1 + Xeg1; Tl + 3 Var [7Fr41]), (17)

Nominal Pricing Bias

where the risk-adjustment component represents the nominal pricing bias and kg =
';%Rl. The variance term captures a precautionary price setting motive due to the pres-
ence of the price adjustment costs. The covariance term between inflation and the pric-
ing kernel relates to the inflation risk premium introduced above. In addition, the nom-
inal pricing bias also depends on covariance terms between both output and TFP with
inflation.
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The rest of the equations, which are needed to close the system, do not have terms
which depend on expectations of the endogenous variables. As a result, a simple log
linearization suffices and no additional risk adjustment terms are needed.

To summarize, based on the risk-adjusted log linearization of the model above,
we identify five endogenous risk wedges through which uncertainty affects the econ-
omy: A precautionary savings motive wedge represented by the risk adjustment terms in
the equation (13); an inflation risk premium wedge represented by the risk-adjustment
terms in the equation for short-term nominal interest rate (equation (14)); an investment
risk premium wedge captured by the risk adjustment terms in the intertemporal invest-
ment decision (equation (15)); a nominal pricing bias wedge represented by the risk-
adjustment terms in the Phillips curve (equation (17)); a investment adjustment wedge
captured by the risk adjustment terms in equation (16).

4.4 Inspecting the mechanism

We now decompose the effects of the uncertainty shocks into the five endogenous risk
wedges described above. The results here show that the origins of uncertainty are essen-
tial to understand both its qualitative and quantitative effects.

Figure 7 presents the median and 90% error bands for the impulse responses to a
demand-side (dashed line) and a supply-side (solid line) uncertainty shock. Impulse re-
sponses are computed as the change in the expected path of the endogenous variables
following an initial impulse, in line with the way impulse responses are computed for
shocks to levels. Specifically, these impulse responses assume a shift from low to high
uncertainty in the first period, but from that point on they are computed integrating
out future regime changes. Thus, the impulse responses are conceptually different from
the simulations reported in Figure 6 where the posterior mode regime sequence was
imposed.

Despite these technical differences that take into account uncertainty about the fu-
ture regime path, uncertainty shocks still emerge as a driving force of business cycle
fluctuations. Both demand- and supply-side uncertainty shocks generate positive co-
movement between consumption, investment, and output as there is an economic con-
traction following heightened macroeconomic uncertainty. Also, higher uncertainty in-
creases the nominal and real term premia, consistent with the observed dynamics in
the data. However, a supply-side uncertainty shock leads to a much larger decline in
inflation. Furthermore, the recession generated by a supply-side uncertainty shock is
visibly larger, as confirmed by the first row of Figure 7. The effects on term premia are
also quantitatively different with the supply-side uncertainty shock generating a smaller
increase in the nominal term premium and a larger increase in the real term premium.
Figures 8 and 9 decompose the effects of demand- (Panel a) and supply-side (Panel b)
uncertainty through our risk wedges. The effects of the individual risk wedges on each
variable differ depending on the origin of uncertainty.

The dashed line shows the contribution of the precautionary savings wedge for un-
certainty changes. With higher supply or demand uncertainty, the precautionary savings
motive increases the desire for saving. This effect is reflected in the variance of marginal
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FiGURE 7. Responses to uncertainty shocks. This figure plots impulse responses to a change
from low uncertainty regime to high uncertainty regime for preference and TFP growth shocks.
The gray areas represent 90% credible sets. The impulse responses are computed as the change in
the expected path of the corresponding variables when the volatility regime changes. The figure
plots impulse responses of consumption, investment, GDP, inflation, Fed Funds Rate (1-quarter
nominal interest rate), the slope of the yield curve expressed as the difference between 5-year
and 1-year nominal yields, nominal term premium defined as the difference between 5-year
nominal yield and an expected average yield on 1-quarter nominal bond over the next 20 quar-
ters, the real term premium defined as the difference between 5-year real yield and an expected
average yield on 1-quarter real bond over the next 20 quarters, the real slope expressed as the dif-
ference between 5-year and 1-year real yields. The units of the y-axis are percentage deviations
from a steady state (values for inflation, interest rates, and term premia are annualized). Units
on the x-axis are quarters.

utility growth, given by equation (13). Note that the precautionary savings channel gen-
erates positive comovement between consumption, investment, and output. The reason
is that the estimated model has a sufficiently high degree of price stickiness for higher
uncertainty to generate a large enough downward shift in labor demand that translates
to a fall in investment, labor hours, and output. This is the mechanism that Basu and
Bundick (2017) use to produce positive comovement between macroeconomic aggre-
gates.

However, while this wedge plays a key role in driving consumption down following
an uncertainty shock, other wedges play an equally important role to understand the
effects of uncertainty on the other macroeconomic variables.

A line with circle markers on the Figure 9 shows the contribution of the investment
risk premium wedge. We find that when the economy experiences a supply-side uncer-
tainty shock, the investment risk premium wedge is equally (and at certain horizons
more) important than the precautionary savings wedge in determining a decline in in-
vestment. On the other hand, when the economy experiences a demand-side uncer-
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FiGuRre 8. Inspecting the mechanism. The impulse responses represent a change in the ex-
pected path of corresponding variables when volatility regime changes. The units of the y-axis
are percentage deviations from a steady state (values for inflation and FFR are annualized). Units
on the x-axis are quarters. The solid line depicts an IRF to volatility regime change in the bench-
mark model. The dashed line shows the contribution of the precautionary savings motive. The
dotted line shows the contribution of the nominal pricing bias channel. The line with crosses
shows the combined contribution of the other three channels: the channel operating through a
change in the risk premium on investment return; the investment adjustment channel; and the
inflation risk premium channel.

tainty shock, the investment risk premium wedge works in the opposite direction and
mitigates the decline in investment. Thus, demand and supply uncertainty propagate
differently through the investment risk premium wedge. The direction of the investment
risk premium channel depends mainly on the covariance between the return on invest-
ment and the pricing kernel (see equation (15)). This covariance is determined by the
response to the level shocks, and the impulse responses are depicted in Figure 10. The
difference between the supply- and demand-side uncertainty is determined by how the
shadow value of capital responds to adverse demand and supply shocks. For the house-
hold, capital works as a hedge against adverse preference shocks, because the return on
investment is positive in a state of the world with high marginal utility of wealth (high
SDF). The opposite is true for a negative TFP shock, as the return on investment is neg-
ative in the high SDF state. So, when supply-side uncertainty increases, the effect of the
investment risk premium wedge is driven by investment becoming riskier and house-
holds, keeping all else equal, optimally choosing to cut investment. In contrast, when de-
mand uncertainty increases, investment becomes less risky and the effect of this wedge
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F1GURE 9. Inspecting the mechanism. The impulse responses represent a change in the ex-
pected path of the investment when volatility regime changes. The units of the y-axis are per-
centage deviations from a steady state. Units on the x-axis are quarters. The solid line depicts an
IRF to volatility regime change in the benchmark model. The dashed line shows the contribution
of the precautionary savings motive. The dotted line shows the contribution of the nominal pric-
ing bias channel. The line with circles shows the contribution of the channel operating through
a change in the risk premium on investment return. The line with diamond markers shows the
contribution of the investment adjustment channel. The line with crosses shows the contribu-
tion of the inflation risk premium channel.

is determined by the household choosing a relatively higher level of investment than it
would choose if the investment risk premium remained constant. Importantly, the net
effect of demand-side uncertainty on investment is still negative because of the com-
bined effect of the precautionary savings and nominal pricing bias wedges.

Another important channel that affects the response of investment to higher supply-
side uncertainty is the investment adjustment wedge (dotted line with diamond mark-
ers on Figure 9). The investment adjustment wedge depends on the volatility of future
investment growth, and how it comoves with the real stochastic discount factor and
marginal g (see equation (16)).

The contribution of the nominal pricing bias wedge of uncertainty is illustrated in
Figures 8 and 9 by a dotted line. When the economy experiences a demand-side uncer-
tainty shock, the nominal pricing bias wedge contributes to the decline in consumption
and investment. In response to an increase in demand-side uncertainty, the nominal
pricing bias determines effects similar to a markup shock, given that it enters the New
Keynesian Phillips curve in an isomorphic way (see equation (17)). Inflation goes up
while consumption and investment go down. This contributes to a deepening of the re-
cession, while on the other hand, mitigating the effects on inflation.

In general, the magnitude and direction of the nominal pricing bias wedge de-
pends on (i) the variance of inflation and (ii) the covariance between inflation and the
real stochastic discount factor, output, and TFP growth (see equation (17)). The vari-
ance term in equation (17) relates to a precautionary price setting effect highlighted in
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F1Gure 10. Impulse responses to level preference and TFP shocks. The units of the y-axis are
percentage deviations from a steady state (values for inflation and return on investment are an-
nualized). Units on the x-axis are quarters.

Fernandez-Villaverde et al. (2015) that creates a desire for firms to increase prices more
when uncertainty is higher in the presence of nominal rigidities.

Our decomposition also helps in understanding why the response of inflation is
so muted with respect to both demand and supply uncertainty shocks. In both cases,
the precautionary savings wedge generates deflationary pressure. However, following a
demand-side uncertainty shock the pricing bias wedge essentially nullifies the effects
on inflation, while in the case of the supply-side uncertainty shock this wedge plays a
very little role. To understand why;, it is useful to revisit the impulse responses presented
in Figure 10. Inflation experiences a persistent increase in response to a demand shock,
while a supply shock has very little quantitative impact on inflation dynamics. As a re-
sult, the nominal pricing bias wedge is not quantitatively important for supply-side un-
certainty: Firms do not adjust their price setting decision, as supply-side uncertainty has
limited impact on uncertainty about future inflation. In contrast, the preference shock is
an important driver of inflation dynamics, and demand-side uncertainty directly trans-
lates into uncertainty about future inflation. Hence, the nominal pricing bias is an im-
portant determinant of the economy’s response to demand-side uncertainty.
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Finally, we find that the inflation risk premium wedge has small quantitative effects.
Both the nominal pricing bias and the inflation risk premium wedge depend on the co-
variance between the real pricing kernel and inflation, and are therefore tightly linked to
nominal term premia. Hence, in the estimation we discipline these channels using asset
pricing data, namely, nominal bond yields across different maturities. As we show be-
low, in the estimated model, both supply-side and demand-side uncertainty contribute
positively to term premia, albeit through two very different mechanisms.

In addition, the equity premium is closely tied to the investment risk premium in
the model. Consequently, in our structural estimation we discipline the investment risk
premium wedge by requiring the investment risk premium to be positive on average,
and we verify that it increases with an increase in investment risk.

4.5 Yield curve

In this section, we provide more details about the fit of the model and the mechanisms
at play by inspecting the ability of the model to match movements in the term structure.
We already conducted a first check on the fit of the model in Figure 4 showing that the
yields across various maturities, as implied by our model, track very closely observed
yields despite allowing for observation errors on all variables, except for the FFR. In what
follows, we analyze how the model is able to match the dynamics of yields and the slope
so closely.

Table 5 reports the nominal and real yield curve as implied by our estimated model.
Our model generates both an upward-sloping real and nominal yield curve with sizable
average term spreads. Both preference and TFP shocks are important for generating the
unconditional real term premium, while the preference shock is important for generat-
ing the unconditional inflation risk premium. It is worth emphasizing that in our esti-
mated model, the endogenous risk premium is significantly more important than the
liquidity premium in generating nominal term premia and the only determinant of real

TaBLE 5. The left panel reports unconditional means of nominal and real yields in the estimated
model for the following maturities: 1-quarter and 1, 2, 3, 4, 5 years. The right panel reports the
slopes of the corresponding term structures, defined as the difference between yields on 5-year
and 1-quarter bonds. The first column in the right panel reports the total value, while the next
two columns decompose the difference between 5-year and 1-quarter yield into risk premium
and liquidity premium. The last two columns report the slope of the term structure in a model
with only preference shocks and only TFP growth shocks. Values are annualized percent. The
1-quarter real yield corresponds to the risk-free rate r; , in the model. Real bond prices are com-

puted as Pr(,",) =F, [MtHPr(";j&)], where M, is areal SDE

Yields Slope
1Q 1Y 2Y 3Y 4Y 5Y Total Risk Liquidity OnlyPref. Only TFP

Nominal 2.09 2.18 237 260 282 302 093 0.87 0.06 0.58 0.45
Real 0.13 0.12 023 041 059 074 061 0.61 - 0.19 0.46
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term premia. The liquidity premium is the premium arising from a linear term that cap-
tures the preference of the household for short-term bonds, and it is controlled by the
parameter, {g. Thus, liquidity shocks seem to play only a small role for explaining busi-
ness cycle fluctuations and, moreover, the liquidity premium seems less important in
determining term premia compared to the risk-based channels.

The right side of Table 5 shows that the overall nominal term premium is 0.93%,
generating an unconditional slope of the term structure very much in line with the data
(1%). The risk premium accounts for the bulk of the term premium: 0.87% vs. 0.06%. The
real term premium is 0.61% and it is all due to the risk premium arising from the pref-
erence and TFP shocks. To understand the relative importance of demand-side versus
supply-side uncertainty in generating the premia, we consider a counterfactual simula-
tion in which the standard deviations of all shocks are set to zero, except for preference
(TFP) shocks. When only preference (TFP) shocks are allowed, the nominal term pre-
mium is 0.58% (0.45%), while with only preference (TFP) shocks, the real term premium
is 0.19% (0.46%). These results show that demand-side uncertainty is relatively more
important in determining the nominal term premium, while supply-side uncertainty is
relatively more important in determining the real term premia. Next, we study how the
two sources of uncertainty lead to sizable risk premia.

Persistent shocks to time discount rates coupled with recursive preferences con-
tributes significantly to both the real term premia and inflation risk premia. To under-
stand the mechanism behind this finding, Figure 11 presents the impulse responses to
such a shock for some key variables. A negative preference shock (less patience) induces
household to consume more and save less, which decreases the wealth-to-consumption
ratio. A drop in the wealth-to-consumption ratio implies a decline in the return on a
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-0.02 -1 0.2
R pm— 2 =
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Ficure 11. IRF to a preference shock and term premium. The units of the y-axis are percentage
deviations from a steady state (values for inflation are annualized). Units on the x-axis are quar-
ters. The top left panel plots 8,—loading on continuation utility in Epstein-Zin value function.
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claim to aggregate consumption. When agents prefer an early resolution of uncertainty
(the elasticity of intertemporal substitution > 1/v), a decrease in the return on the con-
sumption claim increases marginal utility. When the shock is persistent, this leads to a
sharp increase in marginal utility. A persistent negative time preference shock also in-
creases the real rate persistently, which erodes the payoffs of long real bonds more than
short ones. Given that a negative time preference shock is associated with high marginal
utility, long real bonds provide less insurance against bad states of the world relative to
short real bonds. In equilibrium, this contributes to an upward-sloping real yield curve
and a positive real term premia, in a way similar to Albuquerque et al. (2016).

The time preference shock endogenously generates a negative relation between
marginal utility and inflation, which translates into positive inflation risk premia in-
creasing with maturity. A persistent negative time preference shock increases aggre-
gate demand, which raises inflation persistently. The negative time preference shock
is also associated with high marginal utility as discussed above. Persistently higher
inflation erodes the value of long nominal bonds more than short nominal bonds
during high marginal utility states. Consequently, the nominal yield curve is upward-
sloping.

The persistent TFP growth shocks in conjunction with habits contributes positively
to real term premia. A negative TFP growth shock decreases consumption today relative
to habit (proportional to lagged consumption), decreasing surplus consumption (i.e.,
the difference between consumption and habits), and raising marginal utility. However,
next period, the habit catches up and increases expected surplus consumption growth.
This induces a borrowing motive to smooth surplus consumption, which therefore in-
creases the real rate akin to Wachter (2006). A persistent increase in the real rate erodes
the value of long-term real bonds more than short-term ones. Therefore, long-term real
bonds provide less insurance against high marginal utility states induced by negative
TFP shocks, which contribute to the upward-sloping real yield curve and positive real
term premia. However, the TFP shocks do not generate significant inflation risk premia
as TFP shocks have a very small effect on inflation (see Figure 10). Therefore, the impact
of TFP shocks on the nominal term premia are primarily through the real term premia
component.

Table 2 illustrates how the dynamics of real and nominal term premia are driven by
the preference and TFP uncertainty shocks. As preference uncertainty shocks contribute
significantly to the unconditional real term premia and inflation risk premia, changes in
demand-side uncertainty generates sizable variation in the conditional real term premia
and the conditional inflation risk premia. In contrast, TFP uncertainty shocks mainly
contribute to real term premia and not toward inflation risk premia since the level TFP
shocks mainly contribute to the unconditional real term premia. Quantitatively, changes
in demand-side uncertainty produce large fluctuations in term premia through the ef-
fects on inflation risk premia.

Appendix E provides additional details on the role that the bond yield data play in
our estimation for identifying the effects of uncertainty.
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5. CONCLUSION

This paper quantitatively explores the effects of different macroeconomic uncertainty
shocks on business cycle and asset pricing fluctuations. We build and estimate a DSGE
model that features realistic bond risk premia. We estimate the model using macroeco-
nomic data, the term structure of interest rates, and imposing restrictions on the aver-
age investment risk premium. Our model allows for stochastic changes in the volatil-
ity of demand-side (preferences) and supply-side (TFP) shocks, while at the same time
controlling for other disturbances often included in the estimation of New Keynesian
DSGE models. Uncertainty shocks are triggered by changes in stochastic volatility, but
the endogenous response of the macroeconomy to these changes is in itself an impor-
tant determinant of overall uncertainty.

We study the effects of uncertainty through the lens of a novel decomposition that
identifies five endogenous risk wedges: precautionary savings, investment risk pre-
mium, inflation risk premium, nominal pricing bias, and investment adjustment chan-
nel. The effects arising from the investment and inflation risk premia wedges are disci-
plined by the investment risk premium and nominal term premium, respectively.

We find sizable effects of changes in uncertainty. Both demand-side and supply-
side generate a positive comovement in consumption, investment, and output. The
responses of inflation and term premia differ depending on the source of uncertainty.
Supply-side uncertainty leads to larger contractions in both investment and consump-
tion. These differences are explained in light of the way uncertainty propagates through
the real economy. In response to an increase in supply-side uncertainty, an increase in
the risk of investing in physical capital contributes to a larger recession. Instead, when
demand-side uncertainty is high, investment in capital becomes more attractive, reduc-
ing the fall in investment. In response to an increase in demand-side uncertainty, the
negative effects on inflation from the precautionary savings wedge are nullified by a
nominal bias in pricing. The joint estimation of macro and yield curve variables put ad-
ditional discipline on the relative importance of these wedges, as the model is also asked
to account for the negative comovement between term premia and the macroeconomy.
Overall, our results highlight the importance of accounting for the origins of macroeco-
nomic uncertainty and for using asset prices to discipline the various risk propagation
channels for uncertainty.
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