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INTRODUCTION

Considerable interest in understanding the relationship
between uncertainty and economic activity

Several recent papers find a negative relationship in the
data using various measures of uncertainty

DSGE literature uses stochastic volatility shocks to model
uncertainty, which typically reduce economic activity

Literature primarily focuses on how economic activity
responds to changes in specific types of uncertainty

This paper examines how recent events affected
uncertainty and its correlation with real GDP growth



FINDING IN THE DATA

e Measures of uncertainty:
» Time-varying VAR with stochastic volatility
» Stock Market Volatility
» Survey-based forecast dispersion
» Macro uncertainty index from Jurado et al. (AER, 2015)

e A stronger negative correlation between real GDP growth
and uncertainty emerged in the data in 2008Q4

e Theory: ZLB constraint contributed to the stronger
negative correlation because it restricts the ability of the
central bank to stabilize the economy



TESTING OURTHEORY

e Estimate a nonlinear DSGE model with a ZLB constraint

» Small-scale new Keynesian model
» Habit persistence, interest rate smoothing
» Preference, growth, and monetary policy shocks

e Create a data-driven, forward-looking uncertainty measure
» Expected volatility of real GDP growth forecast errors

e Results from our estimated model:
» Correlations with GDP growth near the values in the data
» Strong positive correlation between uncertainty measures
» Cross correlations with leads/lags of GDP growth indicate
uncertainty arises due to what is happening in the economy



Relationship between

Economic Activity
and Uncertainty



VAR WITH STOCHASTICVOLATILITY

¢ Following Primiceri (2005), we estimate a time-varying
VAR with stochastic volatility using Bayesian methods:

Ye =bi + Bisyi 1+ Bogyr o+ A 'Sey, t=1,...,T

where y, = [GDP Growth Inflation T-Bil]’, ¢ ~ N (0, 1),

1 0 0 o, 0 0
At = |1 1 0 , and Et = 0 O2.¢ 0
Q31 (32¢ 1 0 0 03t

e Calculate the correlation between real GDP growth and the
standard deviation of the shock to output (o, ;) for each
draw from the posterior distribution from 1986Q1-2014Q2



Real GDP Growth (Data)
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REAL GDPVS. ESTIMATED VOLATILITY

Pre-ZLB Sample  ZLB Sample Differences
(1986Q1-2008Q3)  (2008Q4-2014Q2)  (ZLB - Pre-ZLB)
Federal Funds Rate —0.24** —0.60%** —0.35*
Federal Funds Rate + 057 —0.34%
Financial Uncertainty
Shadow Rate —0.24** —0.60*** —0.35*
10-Year T-Bill Rate —0.25%* —0.61%** —0.35*
Real Rate —0.23* —0.59%** —0.36*




ALTERNATIVE MEASURES OFUNCERTAINTY

Real GDP is our main measure of economic activity
» Also examine industrial production

Popular measures of uncertainty:

» CBOE VXO index

» SPF real GDP forecast dispersion

» BOS forecast dispersion

» Jurado, Ludvigson, and Ng (JLN) Macro Uncertainty

Quarterly data: 1986Q1-2014Q2

For each measure, calculate correlations with GDP growth



ALTERNATIVE UNCERTAINTY MEASURES
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RGDP QROWTH VS. UNCERTAINTY

VXO BOS FD SPF FD JLN
Pre-ZLB Sample
(1986Q1-2008Q3) —0.09 —0.19* —0.08 —0.45%**
ZLB Sample B _ B B
(2008Q4-2014Q2) 0.72%** 0.70*** 0.47** 0.73***
Difference —Q.64xr* —(0.51%** —0.39** _0.09%*

(ZLB—Pre-ZLB)

Fisher z-transformation—tests whether the pre- and post-Great
Recession correlations are significantly different:

e 1% level: VXO and BOS FD
e 5% level: SPF FD and JLN



IP GROWTH VS. UNCERTAINTY

VX0 BOS FD SPF FD JLN
Quarterly Data
Pre-ZLB Sample
(1986Q1-2008Q3) —0.11 —0.19** —0.26%+* —0.64%+*
ZLB Sample
(2008Q4-2014Q2) —0.74** —0.59*** —0.61*** —0.78***
Difference
(ZLB-Pre-ZLB) —0.62%** —0.40* —0.34* —0.14
Monthly Data
Pre-ZLB Sample B _ - _
(1986Q1-2008Q3) 0.10* 0.13* 0.41%+*
ZLB Sample B _ B B
(2008Q4-2014Q2) 0.50™ 0.38*** 0.54%%*
Difference _0.40% 0.5 B o013

(ZLB-Pre-ZLB)




Theoretical Model



NEW KEYNESIAN MODEL

The representative household chooses {¢;, n, b }°, to
maximize expected lifetime utility given by

EyY  Billog(c, — hefy) — xni /(1 + 1)),
t=0
where 5, = 1 and j, = [,_, 3, for t > 0 subject to
Ct + bt = WMy + it—lbt—l/'/rt + dt

Optimality implies
we = xn{ (¢ — hef_y),

1=k, [Qt,t+1/7rt+l]>

where ¢ ;11 = Biv1(ce — hei_y)/(cr1 — hef) is the pricing kernel.



NEW KEYNESIAN MODEL

e Firm optimality condition:

™
W(E—l)—_1—9+9—+@Et l:QttJrl( AL —1) ﬂ&}
™ ™ ™ ™ Yt

e Production Function
Y = 2y
e Monetary policy rule

iy = max{s, iy }
i = (i3_1)" (U /7)* (er/ (Gee-1)) %) =" exp(va),

where 7* is the notional interest rate.



NEW KEYNESIAN MODEL

Resource constraint:

e = [1—p(m /7 = 1)% /2y, = y{™
Discount factor () follows an AR(1) process
B = B(Bi-1/B)"" exp(er)
Technology (z) follows a random walk:
Zt = Zt—-10+
9t = §(g-1/9)" exp(vy)
Exogenous state variables: 5;, g;, 1

Endogenous state variables: ¢;_q, i}
Policy functions: ¢, m



COMPETITIVE EQUILIBRIUM

Consists of sequences of quantities { M\, &, 51152, prices
{wy, if, m}72,, and shocks {5;, g:}i2, that satisfy:

)\t =C — th—l/gt
wy = X?j?;\t
1 =iFE, [Bt+1(S\t/j\t+1)/(gt+17ﬁ+1)]

by -
=10+ 0w, + oE, 5t+15\ t (m+1 _ 1) 7thr1 yt~+1‘|

t+1 T T Yt

SEE:
= [1 - (Wt/ﬁ - 1) /2]gt
iy = (iy_0)" (@(m /7)™ (900 / (§E1-1)) ") exp(o,)

gt = §(ge—1/9)" exp(er)
B = B(ﬂt 1/5)'06 exp(vt)

>l\|=‘



SOLUTION METHOD
e Solve the linear models using Sims’s (2002) algorithm

e Solve the nonlinear models using policy function iteration:
» Use linear solution as an initial conjecture: ¢4 (z;), 74(z;)
» For iteration ¢ and node d, implement the following steps:
1. Solve for {wy, §:, i}, i} given &2 | (z¢) and 7/ (z¢)
2. Use piecewise linear interpolation to solve for updated

values of consumption and inflation, {&;1, m1}2.,, given
each realization of the updated state vector, z; .
M

3. Given {41, m41}M_,, solve for future output, {77, }M_,,
which enters expectations. Then, numerically integrate.
4. Use csol ve to determine the values of the policy functions
that best satisfy the equilibrium system
» Define maxdist; = max{|¢! — &2 |, |7 — 74|}
Continue iterating until maxdist; < 10~7 for all d.



ESTIMATION PROCEDURE

Use quarterly data on per capita real GDP, the GDP price
deflator, and the Fed Funds Rate from 1986Q1 to 2015Q4

Use a Metropolis-Hastings algorithm with a particle filter to
evaluate the likelihood of the posterior distribution

Observation equation:

RGDP,/CNP,
log <RGDPt_I§CNPz_1 ) |:10g(gtyt * /g, ygdp)] |:€lt]

log(DEF,/ DEF,_;) log(m) Ear
log(1+ FFR;)/4 log(it) Eat

where ¢ ~ N(0,Y) is a vector of measurement errors.

We adapt the particle filter to incorporate the information
contained in the current observation, which helps the
model better match outliers in the data (e.g., 2008Q4).



ADAPTED PARTICLE FILTER

1. Initialize the filter by drawing from the ergodic distribution.

2. For all particles p € {1, ..., N, } apply the following steps:

2.1 Draw e; ), ~ N(e, I), where e, maximizes p(&;|z¢)p(z¢|zi—1)
2.2 Obtain z; ,, and the vector of variables, w; ,, given z;_; ,

2.3 Calculate, &, = %2 — x¢a%*_ The weight on particle p is
p(ft|zt p) (Zt p|zt 1 p) o exp(_gé,pH71£t7P/2) exp(_eé,petyp/2)

9(z4 plze -1 p, X7 exp(—(erp — €)' (erp —)/2)

The model's likelihood at ¢ is ¢4 = S wy /N,

tp =

2.4 Normalize the weights, W, = wy p,/ Zgﬁl wtp. Then use

systematic resampling with replacement from the particles.
3. Apply step 2fort € {1,...,T}. log % = ST log fyodel,



PARTICLE ADAPTION

. Given z,_; and a guess for e;, obtain z, and wy .

. Calculate xmodel = [log(gtytdp/ygdp) log(m;),log(is) |-

. Calculate ¢, = ximodel — gdata "which is multivariate normal:

p(&lz) = 2m)*PH|7 2 exp(—6H'6,/2)
p(zelzer) = (27) 727 exp(—etet/Q)

H = diag(o?, ,, 02 ) is the ME covariance matrix.

mey7 me,m? mez

. Solve for the optimal e; to maximize

p(&e|2e)p(2e|2ze—1) ox exp(—&H '€, /2) exp(—eje/2)

We converted MATLAB's f m nsear ch routine to Fortran.



CALIBRATED PARAMETERS

Steady-State Discount Factor B 0.9984
Frisch Elasticity of Labor Supply 1/n 3
Elasticity of Substitution between Goods 0 6
Steady-State Labor n 0.33
Nominal Interest Rate Lower Bound 2 1.00017
Real GDP Growth Rate Measurement Error SD Ome.i 0.00194
Inflation Rate Measurement Error SD Ome,n 0.00075
Federal Funds Rate Measurement Error SD Tme,i 0.00206
Number of Particles N, 40,000

Number of Posterior Draws Ny 100,000




PRIOR/POSTERIORDISTRIBUTIONS

Prior Posterior
Parameter Distribution Mean SD Mean 5% 95%
© Gam 80.000 20.000 96.80137 67.71867 131.85091
h Beta 0.500 0.200 0.44428 0.30733 0.57745
br Norm 2.500 1.000 4.06383 3.33170 4.90267
by Norm 1.000 0.400 1.49057 1.12702 1.87727
g Norm 1.004 0.001 1.00376 1.00260 1.00489
T Norm 1.006 0.001 1.00622 1.00556 1.00683
Pg Beta 0.500 0.200 0.20064 0.06547 0.37805
P8 Beta 0.500 0.200 0.90245 0.87001 0.92958
pi Beta 0.500 0.200 0.81158 0.75375 0.86060
e IGam 0.010 0.010 0.00968 0.00738 0.01241
ov IGam 0.010 0.010 0.00215 0.00159 0.00286

ou IGam 0.010 0.010 0.00199 0.00148 0.00261




MODEL OBSERVABLES

Real GDP Growth (§9%)
T

— — — Data Model| : i
1988 1992 19961 o ZQOtO( ) 2004 2008 2012
— — — Data Model|
1988 1992 1996 2000 2004 2008 2012
Nominal Interest Rate (i) / Notional Interest Rate (i*)
— — — Data Nominal —-—-— Notional| . I\J./ ; . |
1988 1992 1996 2000 2004 2008 2012



EMPIRICAL FIT OF THE STRUCTURAL MODEL

Real GDP Growth (gfdp ) Inflation Rate () Interest Rate (i)
Mean SD SD Mean SD
Data 1.44 2.45 0.97 3.92 2.70
Model 1.54 2.48 0.96 4.70 1.73
(0.66, 2.43) (2.02, 3.04) (0.73,1.25)  (3.35,6.09)  (1.18,2.40)

Autocorrelations

Cross-Correlations

_gdp -gd _gd _gdp ,
@797 (me,me—1) G77, me) @77 ir) (e, ¢)
Data 0.30 0.63 0.01 0.18 0.47
Model 0.49 0.72 —0.40 0.06 0.30

(0.29, 0.66) (0.60, 0.83)

(—0.63, —0.12)  (—0.22,0.33)  (—0.04,0.60)




Z1L.B DURATION CONDITIONAL ON 2008Q4

16

=
N
T

Frequency (%)
[ee]

N
T

1 2 3 4 5 6 7 8 9 10 11 12
ZLB Duration Conditional on 2008Q4 (Quarters)



EXOGENOUSUNCERTAINTY

Suppose zi1 = pxy + opy1€041, € ~ N(0,1)

o follows an independent exogenous process

Expected value of the forecast error
EyFE; 1] = Bt [v411 — Epre] =0

Expected volatility is

VEFES ] = VE [(t41 — Bwe)?] = \/ B0t

so o determines the degree of uncertainty




ENDOGENOUSUNCERTAINTY

Stochastic models contain uncertainty that is endogenous

We quantify the degree of uncertainty that surrounds
output (y) by following the logic of the SV literature

The endogenous uncertainty surrounding real GDP is

oune = \ B — Egi)?)
which is the same measure of uncertainty JLN use.

We focus on output uncertainty, but we also calculate this
measure of uncertainty for other variables in the model.



Real GDP Growth

Uncertainty
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Real GDP Growth (Data)

EXCLUDING STOCHASTICVOLATILITY
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Real GDP Growth (Data)

INCLUDING STOCHASTICVOLATILITY
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REAL GDP GROWTH VS. UNCERTAINTY

¢ Filter the model and generate a time series for real GDP
growth uncertainty for each draw from the posterior

e Calculate the correlation between each filtered uncertainty
series and per capita real GDP growth in the data

Pre-ZLB Sample ZLB Sample Differences
(1986Q1-2008Q3) (2008Q4-2014Q2) (ZLB - Pre-ZLB)
Excluding SV — —0.48%** —
Including SV —0.19%** —0.54*** —0.34x+*

e Results are robust to removing 2008Q4 and 2009Q1



Additional Results &
Supporting Evidence



UNCERTAINTY CORRELATIONS

Pre-ZLB

ZLB Sample [DSGE DSGESV VAR VXO BOSFD SPFFD JLN
Sample

DSGE — 0.18 0.07 0.40 —-0.35 0.08 0.05
DSGE SV 0.99 — 0.70 029 -0.03 —-0.02 041
VAR 0.77 0.76 — 0.43 0.09 0.17 0.57
VXO 0.67 0.67 0.86 — 0.11 0.46 0.30
BOS FD 0.22 0.20 0.54 0.60 — 0.13 0.25
SPF FD 0.83 0.83 0.75 0.74 0.34 — 0.35
JLN 0.87 0.87 0.92 0.91 0.52 0.88 —




PRE-ZLB CROSSCORRELATIONS

(COI"T(U Y.t yAH—j ))

Output Leads Uncertainty Leads
-3 -2 —1 0 1 2 3
DSGE —-0.17* —0.14* —0.07 0.02 0.07 0.14* 0.16*
DSGE SV —-0.13 —0.21** —0.24* —0.20** —0.13 —0.26%*  —0.29%**
VAR —0.18** —0.28**  —0.29%*  —0.35%** —0.31** —0.29%** —0.26"**
VXO —0.07 0.03 —0.09 —0.09 —0.11 0.00 0.04
BOS FD 0.34*** 0.17* —0.11 —0.19** —0.14* —0.15* —0.14*
SPF FD —0.11 —0.17* —0.24* —0.12 —0.12 —0.09 —0.06
JLN —0.16* —0.31%¥*  —0.35%*  —0.45%**  —0.41%*  —0.43*** —0.45***




Z1L.B CROSSCORRELATIONS

(COI"T(U Y.t yAH—j ))

Output Leads

Uncertainty Leads

-3 -2 -1 0 1 2 3
DSGE —0.83"*  —0.84** —0.62*** —-0.62** —0.19 0.04 0.27
DSGE SV —0.85*** —0.82*** —0.60"* —0.59*** —0.20 0.03 0.24
VAR —0.54"*  —0.67* —0.79"** —0.79** —0.55"** —0.16 0.13
VXO —0.33* —0.48**  —0.61*** —0.72*** —0.65*** —(.32* —0.02
BOS FD 0.42** 0.07 —0.33* —0.70** —0.39*  -0.27 —0.15
SPF FD —0.53"*  —0.64"* —0.64"** —0.477* —0.32* 0.03 0.12
JLN —0. 729 —0.79"*  —0.74** —0.73** 047  —0.09 0.15




INFLATION UNCERTAINTY CORRELATIONS

DSGE DSGE SV VAR SPF FD CPI
Pre-ZLB Sample
(1986Q1-2008Q3) —0.23*** —0.28*** —0.19** —0.25%**
ZLB Sample
(200804-201402) —0.53%* —0.55%** —0.30 —0.55%**
Difference —0.30%** — Q.27+ —0.13 _0.31*

(ZLB-Pre-ZLB)




CONCLUSION

. Data: Relationship between real GDP growth and
uncertainty much stronger during the ZLB period

. Theory: ZLB prevents the central bank from responding to
adverse shocks, which increases macro uncertainty

. Correlations between real GDP growth and uncertainty in
the DSGE model have same key features as data

. Results provide evidence ZLB is one important factor to
consider when thinking about macro uncertainty



