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Abstract

This paper estimates consumption and GDP tail risk dynamics over the long run (1874—
2020). Our predictive approach circumvents the scarcity of large macroeconomic crises by
exploiting a rich information set covering 42 countries. This flexible approach does not
require asset price information and can thus serve as a benchmark to evaluate the empirical
validity of rare disasters models. Our estimates covary with asset prices and forecast future
stock returns, in line with theory. A calibration disciplined by our estimates supports the
prediction that macroeconomic tail risk drives the equity premium.
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Many puzzles in macro-finance arise from the inability of theories to reconcile asset prices and
macroeconomic risk quantitatively. A classic example is the equity premium puzzle: averaged
stock returns are far too high to be explained by the observed risk in consumption (Mehra
and Prescott, 1985). A potential resolution of these puzzles is that we do not observe the
risk that agents genuinely care about. As shown in Rietz (1988) and Barro (2006), a small
probability of a macroeconomic disaster can greatly increase the equity premium. Models
in which this probability is time varying can generate a volatile equity premium and thus can
rationalize macro-finance puzzles, including excess volatility and predictability puzzles (Gabaix,
2012; Gourio, 2012; Wachter, 2013). The success of rare disaster models to rationalize asset
pricing puzzles unfortunately relies on assumptions that are difficult to test. With standard
preferences, asset prices are very sensitive to tail risk, meaning key parameters are difficult to
pin down without relying on asset price data (Martin, 2013b). The assumption that tail risk is
time-varying only makes matters worse. For these reasons, disaster risk has been described as
“dark matter for economists” (e.g., Campbell, 2017; Cochrane, 2017; Chen et al., 2022).

This paper proposes a simple approach to measuring time-varying macroeconomic tail risk.
Our approach circumvents the scarcity of large macroeconomic crises by making use of a broad
cross-section of countries and by exploiting the informational content of variables that forecast
the lower quantiles of consumption growth. Our approach delivers the time-varying probability
of a large macroeconomic crisis by combining variables according to their ability to forecast the
conditional distribution of consumption growth. We apply this approach to a large international
panel, exploiting a rich information set that includes macroeconomic, political, and financial
variables. We write our probability estimate as macro risk, or 7 for short. An attractive feature
of our approach is that it does not impose structural assumptions or require the use of asset
price information. This feature allows us to construct macro risk estimates that do not use asset
price data, denoted by 7, which we use as a benchmark with which to evaluate the predictions
of rare disasters models. In particular, backing up a time-varying estimate allows us to directly
test whether asset prices covary with macroeconomic tail risk over time.

We estimate 7 semiparametrically using a two-step approach, similar to Adrian et al. (2019).
First, we forecast the lower quantiles of consumption growth using quantile regressions. The
dependent variable is consumption growth in a given country ¢ between years ¢ and ¢t + 3. The
right-hand-side variables consist of 18 time-t macroeconomic, war and political, natural disaster,
financial conditions, and asset price predictors. We use this predictor set to forecast the lower
time-t quantiles of consumption growth. To avoid overfitting, the regressions are pooled across

countries and include a penalization that shrinks the coefficient estimates toward zero. Second,



we interpolate the conditional quantiles to infer the probability of a large macroeconomic crisis,
which we define as a two-standard-deviation drop in consumption below its long-term growth
path. This approach delivers 7, the probability of a macroeconomic crisis in country ¢ in year
t + 1. (The variant 7~ excludes asset price predictors). Our data set covers 1874 to 2020,
comprising 42 countries.

Figure 1 shows 7 for the United States. Macro risk mostly varies between 1% and 5%, with
higher levels during the Knickerbocker Crisis, the Great Depression, the two World Wars, the
Korean War, and the Great Recession of 2009. This time variation is the direct result of the
ability of our model to forecast the lower quantiles of consumption growth. The most reliable
predictors include realized recessions at home and in neighboring countries, world growth, wars
and crises abroad, global credit growth, and the U.S. (or world) dividend-price ratio. We find
that the forecasting model performs remarkably well out of sample and could, therefore, be used
to predict crises in real time. Our macro risk estimates are relatively stable over time periods
and between advanced and emerging countries. Equally importantly, we document redundancy
among predictor variables. For instance, 7 and 7~ are highly correlated, and we cannot reject
that they have equal forecasting power. Overall, this redundancy is quite robust across predictor
categories, which suggests that the predictor set approximately spans the information set of
investors.

Under this spanning condition, 7 can be interpreted as the rational expectation probability
of a macroeconomic disaster. It thus provides a benchmark from which to evaluate theories in
which macroeconomic tail risk plays a role. In the second part of the paper, we ask whether
macro risk is related to the equity premium. We find that asset prices tend to be low (high
dividend-price ratio) when 7 is high (corr. = 0.60). By itself, the U.S. dividend-price ratio—a
standard equity premium proxy in the literature (e.g., van Binsbergen and Koijen, 2010)—
captures a lot of information about future crises. A one-standard-deviation increase in the
D/P ratio yields a 2.2% increase in macro risk. One would expect this result if investors were
shunning stocks when macro risk is high, as predicted by rare disasters models. We find similar
results using the equity premium proxy proposed by Martin (2017). Furthermore, macro risk
directly forecasts international stock returns, confirming the link between tail risk and the
equity premium. In contrast, macro risk is only weakly related to future consumption growth,
meaning that our estimates reproduce the well-known disconnect between the equity premium
and consumption. Importantly, these results hold when we estimate macro risk excluding asset
price predictors, which means they are not the mechanical consequence of asset prices forecasting

macroeconomic risk. We also show that predictability by 7 is distinct from predictability by



realized recession and realized financial crises, which is useful to distinguish rare disaster risk
from competing theories of asset price fluctuations.

Next, we ask whether rare disaster models help rationalize the equity premium puzzle and
the other patterns we observe in the data. Following the Mehra and Prescott (1985) approach,
we calibrate consumption dynamics in a consumption-based asset pricing model, derive asset
pricing moments, and compare those moments to their empirical counterparts. A benefit of this
approach is that we can work with estimated consumption dynamics that exclude asset price
information, meaning that consumption parameters are not reverse-engineered to fit the asset
pricing data.

We consider a rare disaster model similar to that of Wachter (2013), in which agents have
recursive preferences. Consumption growth follows an exogenous stream, which is subject to rare
disasters that occur with a time-varying probability. The model generates a high and volatile
equity premium and a low risk-free rate under conservative preferences. It can also reproduce
the option volatility skew, the predictability of stock returns, and the lack of predictability
of consumption growth by asset prices that we observe in the data. An alternative dividend
specification documents that time-varying disaster probability is still responsible for a sizable
component of the equity premium and its dynamics, when its imperfect correlation with the

D/P ratio matches that in the actual data.

Related literature This paper draws inspiration from the seminal study of Barro (2006)
and the subsequent literature that uses international macroeconomic data to measure macroe-
conomic tail risk. Nakamura et al. (2013) show that a rare disaster model can rationalize the
equity premium even if crises unfold over several years and are followed by economic recoveries.
As noted above, these claims remain controversial because of the high sensitivity of the equity
premium to disaster risk. Indeed, several papers use asset prices to inform disaster risk esti-
mates and conclude that rare disasters cannot rationalize equity or options prices (e.g., Julliard
and Ghosh, 2012; Backus et al., 2011).

This early literature focused on the unconditional properties of macroeconomic tail risk,
which is sufficient to evaluate models in which disaster risk and the equity premium are constant.
In contrast, we are interested in studying the dynamics of macroeconomic tail risk. This is
important because variation in macroeconomic tail risk can rationalize puzzles related to the
time-series behavior of equity prices. Furthermore, measuring tail risk dynamics is critical to
comparing rare disasters to alternative mechanisms, such as time-varying risk aversion.

The literature has so far used two approaches to measure time-varying tail risk. One ap-

proach consists in using variables that are likely to capture variation in tail risk. Berkman et al.



(2011) follows that route using international political crises to proxy for disaster risk. They
document that increases in the number of international political crises correlate with increases
in the mean and volatility of world stock market returns, consistent with rare disaster models.
A unique feature of their data is that it contains crises that can be precisely dated, which is
ideal for event studies, i.e., to study relative changes in disaster risk. Manela and Moreira
(2017) propose a news implied volatility index encoding information from the title and abstract
of front-page articles published in the Wall Street Journal. They find that a large fraction of the
variation in their index reflects words associated with war and policy, which can be interpreted
as disaster concerns. A drawback of the proxy approach is that it is not best suited to study
disaster risk in levels, because individual proxies do not span the information set of economic
agents. Indeed, many macroeconomic crises begin with other crises that are not political in na-
ture. Another limitation is that proxies are not directly related to consumption, which means
that additional assumptions are needed to evaluate the rare disaster model quantitatively.

Another approach consists in extracting tail risk from option prices. Options provide a
hedge against tail events and are thus informative of the disaster concerns of option market
participants. Siriwardane (2015) extracts a jump risk factor from short-term option prices for
a large panel of U.S. firms. He shows that this factor can proxy for variation in the risk-neutral
probability of a macroeconomic disaster. Under stronger assumptions, Barro and Liao (2021)
back out the physical probability of a macroeconomic crisis using implied volatility surfaces
for seven equity market indices. An important limitation of this approach is that it requires
structural assumptions about investors’ preferences and the joint behavior of the stock markets
and macroeconomic outcomes. In practice, these assumptions imply that option-based estimates
are highly correlated with equity volatility, and thus likely capture market movements unrelated
to macroeconomic tail risk. We indeed show that while volatility forecasts consumption tail risk,
many other variables exhibit incremental forecasting power. Besides, option-based estimates
that impose disaster model assumptions are subject to the critique that they cannot be used to
falsify the very assumptions they are imposing.

Our paper generalizes the use of proxies by combining and weighing candidate proxies ac-
cording to their ability to forecast the lower quantiles of consumption growth. One benefit of
our approach is that we do not take a stand on whether option prices or other risk proxies
reflect disasters. The fact that @ varies over time is the direct consequence of these candidate
proxies predicting macroeconomic crises. As our set of predictive variables includes a volatil-
ity index, our framework can accommodate volatility information without imposing structural

assumptions, and on a much longer time frame. We find that volatility strongly forecasts



macroeconomic risk, consistent with Manela and Moreira (2017) and Barro and Liao (2021).
However, & delivers superior forecasts, reflecting the incremental forecasting power of the addi-
tional predictors in our data set. Consequently, & and volatility indices are positively but only
imperfectly correlated, confirming that stock volatility varies for reasons others than macroeco-
nomic tail risk. Likewise, the correlation between 7 and the number of political crises proposed
by Berkman et al. (2011) is only 0.25, reflecting the fact that many variables beyond political
crises forecast tail risk.'

Our paper is also related to the literature concerned with the estimation of rare disaster
models. Asnoted in Campbell (2017) and Chen et al. (2022), rare disaster models have powerful
effects on asset pricing moments and consequently standard efficient methods that rely exces-
sively on asset pricing restrictions are often fragile. Several recent papers (see, e.g., Hansen
(2008), Julliard and Ghosh (2012), Chen et al. (2022), Cheng et al. (2022)) develop robust
estimation and testing methods to address these difficulties. We use a method of moments ap-
proach that exclusively targets consumption dynamics moments and then calibrate parameters
that are relevant to asset prices. Our estimation approach can be seen as an extreme case of
robust approaches in that it does not rely on asset pricing moments. Chen et al. (2022) show
that such an approach is especially valuable when asset pricing moments provide most of the
identification strength (i.e., when the dark matter measure is large). Our main contribution
to this literature is that we propose to directly measure 7, which allows us to target moments
directly related to m’s dynamics. Specifically, we seek the parameters that match the following
moments: mean consumption growth rate; standard deviation of consumption growth rate; ex-
pected number of crises (2-SD events); autocovariance of the unobserved disaster probability;
variance of the unobserved disaster probability; expected disaster size. Our approach uses one
moment condition for each parameter. We fit the model using rescaled international consump-
tion data and the fitted disaster probability. The inference method does not assume that the
disaster probability is observed and explicitly accounts for estimation error. The method also
accounts for time aggregation, since we estimate the model using three-year consumption data.

Measuring and understanding macroeconomic tail risk is critical for policymakers. A recent
literature explores the possible nonlinear relationship between financial and economic conditions.
Giglio et al. (2016) and Adrian et al. (2019) use quantile regressions to estimate the predictive
U.S. GDP growth distribution conditional on measures of financial market distress. Similar
to Adrian et al. (2019), we use quantile regressions to study the properties of international

consumption growth, but our focus is on evaluating rare disaster models of asset prices.

'The Online Appendix offers a more detailed comparison with the disaster risk index proposed by Berkman
et al. (2011).



The rest of this paper is organized as follows. Section I presents our data and methodology.
Section II documents the forecastability of the lower quantiles of consumption growth. Section
III presents macro risk estimates and studies the relationship between macro risk and variables,
such as stock returns and macroeconomic growth. Section IV calibrates a rare disaster model
using macro risk dynamics. Section V concludes. An Online Appendix contains additional

results and proofs.

I. Methodology and Data

We begin by presenting our econometric framework. Models of time-varying disaster risk gen-
erally assume that the left tail of consumption growth is driven by a single state variable. This
variable, which we denote macro risk ; ¢, is the probability that a given country 7 experiences a
macroeconomic crisis at time ¢. As macroeconomic disasters generally unfold slowly over time,
we will primarily work with consumption growth aggregated over multiple years. We write

H-year consumption growth as

C:
Act) =1 <Z’t> , 1
(R Ci,tfH ( )

where C} is real consumption per capita. A macroeconomic crisis is defined as a 2 standard
deviation (SD) decline in consumption growth from its long-term growth path:

1, if AC(I;I) < mean(Ac(H)) —k x SD(AC(?)).

H) i, it i,
it = (2)
0, otherwise.

Crisis

We define macro risk as the probability of a macroeconomic crisis between times t+1 and t+ H,

Wl(f) = Pr(Crisisgf_zH =1|1;4), (3)
where the probability Pr(.|[;) is taken with respect to information I;; available to economic
agents at time t.2 In what follows, we mostly use a three-year window (i.e., H = 3). To ease
notations, we drop the horizon superscript whenever there is no ambiguity. We later study the
sensitivity of our empirical results to this baseline definition.

This definition conforms with the approach in the rare disasters literature to define tail
events as declines in consumption (or GDP) that exceed a fixed threshold value. Using a fixed
threshold amounts to treating the long-term growth rate and volatility in normal times as

constant parameters. Variation in 7;; thus summarizes movements in recession risk, which de-

2Remark that Eq. (3) allows for an arbitrary correlation between consumption growth conditioning on I ¢.



pends on the level, volatility, and higher moments of the growth process. Our approach slightly
departs from the prior literature, which compares consumption peak to its trough to define
macroeconomic disasters. For example, macroeconomic disasters in Barro and Ursia (2008)
have variable durations, with an average of three and a half years. We define macroeconomic

crises over a fixed window instead since it is better suited to our forecasting framework.

A.  Empirical Implementation

In the spirit of Barro (2006) and subsequent literature, we use international data to supple-
ment the relatively small US sample that is commonly used in empirical work. A difficulty is
that average growth rates and standard deviations tend to differ greatly across countries, even
among industrialized ones. To ensure that international series are approximately comparable,
we standardize the data such that consumption growth in each country has mean zero and unit
standard deviation. This assumption is similar to Nakamura et al. (2013), where countries are
allowed to have different long-term growth rates and volatilities. We find that the rescaled
consumption series exhibit a distribution that is comparable to the US series. Formally, we
cannot reject that US and non-US series are from the same continuous distribution, using the
two-sample Kolmogorov-Smirnov test (p-value = 0.60).

A common concern in the rare disaster literature is that macroeconomic crises are so rare
that even pinning down the unconditional probability of a crisis poses an empirical challenge.
In addition to using international data, we gain traction by modeling the entire left tail of
consumption growth. Specifically, we work with a set of variables that have predictive power
for the left tail, allowing us to model variation in the conditional distribution of consumption
growth, summarized by 7.

Denote a predictor set available to the econometrician as X;;. While m;; is unobservable,
we assume that m; 4, is a function of the information available at time ¢: m;; = f(X;,) for some
function f. We compute f semiparametrically using quantile regressions, similar to Adrian et al.
(2019). In a first stage, we estimate conditional quantiles covering the left tail of consumption
growth.? The quantile regression model of Koenker and Bassett (1978) assumes the conditional

quantile of the dependent variable has an affine form. Specifically, we estimate the model

Qx,, (1|1Xit) = XitB, (4)

where Qx, , (7| Xi) is a vector of conditional quantiles of three-year consumption growth given

X+, and 7 is a set of probabilities covering the interval [0.01,0.5]. Each column of the matrix B

3The Online Appendix provides further details on the estimation.



contains coeflicients with respect to each quantile, which are estimated by minimizing the sum of
absolute errors across quantiles. In a second stage, we fit the log-linear function Q X (7| Xig) =
git(7) for each country and year. This gives us an estimate of the probability of a 2-SD crisis
as it = g, tl(—2). (Throughout the paper, we use “hats” to denote the empirical counterparts
of the true unobserved values.)

This approach allows efficient use of consumption data since it exploits variation in the
whole left tail and not only very rare events. We also explore an alternative approach where f
takes the form of a standard normal distribution (i.e., f(X;:) = ®(X],-b) for some vector b. In
that case, we obtain estimates of 7 by regressing realized crises (2) on the predictor variables
using probit regressions.

Our goal is that the vector X;; approximates as closely as possible the information set I; ;
of economic agents. We include as many variables as possible, to maximize the sample coverage
over our international sample. While it is impossible to verify that we cast a wide enough net
in terms of predictive variables, we expect X;; to encode much more information than past
realizations of consumption. We also expect to observe “decreasing returns to scale”, such that
the forecasting performance of our model is not too sensitive to small changes in the predictor
set.

Overfitting is an immediate difficulty when working with a large number of predictors. To
circumvent that difficulty, we exploit the panel structure of our data by restricting regression
coefficients to be equal across countries. This implies that each quantile regression features less
than one free parameter per country. While such homogeneity restrictions are unlikely to be
literally true, they lead to more efficient parameter estimates, at the cost of a hopefully small
bias. Pooled regression models are common in the forecasting literature and typically lead to
improved out-of-sample forecasting performance (see, e.g., Garcia-Ferrer et al. (1987), for an
early application to macro data).*

In addition, we also allow for the quantile minimization problem to include a penalty term
to shrink possibly uninformative predictors.” We consider penalties based on the L; and Lo
norms, as well as a combination of the two norms. A penalty based on the L; norm yields the
quantile equivalent of the LASSO estimator (‘least absolute shrinkage selection operator’) of
Tibshirani (1996). As is well known, the LASSO estimator imposes a sparsity assumption in

that it leads some coefficient estimates to be exactly zero for large enough values of the LASSO

4We also considered a model in which we relax the homogeneity restrictions for the quantile loadings on global
variables. We show in the Online Appendix that the corresponding macro estimates remain strongly correlated
to the baseline 7 (correlation = 0.86). However, this model sharply underperforms out-of-sample, even when
overfitting is accounted for using penalized regressions.

5See the Online Appendix for additional details.



parameter. The Lo norm penalty corresponds to the ridge estimator, in which estimates will
almost never be zero exactly. The ridge estimator tends to dominate the LASSO in settings
with many correlated regressors. The combination of the two penalties yields the elastic net
estimator of Zou and Hastie (2005). Whenever we estimate penalized quantile regressions, we
select the penalization parameters using cross-validation. Namely, we slit the sample into ten
parts, fit the model using nine-tenth of the data, and evaluate the model out-of-sample on the
remaining tenth (i.e., ten-fold cross-validation). We select the penalization parameter(s) that

minimize the out-of-sample quantile loss function averaged over the ten subsamples.

B.  Consumption and GDP Data

Our consumption and GDP data were initially constructed by Barro and Ursta (2010); we
extend the data to 2020. The data consist of real per capita consumption expenditures and
GDP. The sample covers 42 countries, and for many of these countries the data are available
since the early nineteenth century. We extend the data to the years 2010-2020 using the World
Bank’s World Development Indicators. (The Online Appendix provides details on data sources
and the construction of all variables used in the analysis.) The data span 1870 to 2020 and
comprise 25 OECD countries; 14 countries from Latin America and Asia; and Egypt, Russia,
and South Africa.

Figure 2 gives an overview of the tail events occurring over our sample. The figure shows
a heatmap of negative realizations of consumption growth below —0.5 SD. Small black dots
represent data unavailability, and grey circles represent 2-SD macroeconomic crisis years (see
the Online Appendix for a list of the crises). Data coverage begins at various times across
countries but is generally continuous once it starts, except for Austria, Singapore, and Malaysia.
We do not interpolate missing observations, although our results are unaffected when we do so.
We observe an apparent clustering of tail events, particularly around the two world wars, the
GFC, and the Covid-19 crisis.

Our baseline crisis definition (2) identifies a large macroeconomic crisis as a decline in the
log consumption two SD below a country’s long-term growth rate. (The Online Appendix
reports long-term growth rates and consumption volatilities for all countries.) This definition
yields 177 crisis years, corresponding to a crisis frequency of 3.7%, which is similar to the 3.6%
disaster frequency reported in Barro and Ursia (2008). Realized crises are more common in
the prewar period, especially in advanced economies. The United States is a case in point,
with four macroeconomic crisis years, all within the prewar period, which is consistent with the

observation of Barro (2006) and subsequent literature. Over the sample, the United States was



about as likely as any other country to experience a macroeconomic crisis.

C. Predictive Variables

We assemble a relatively large annual data set of predictor variables spanning 1874 to 2020.
Table I gives an overview of our sample. We select variables based on their availability of
comparable data for all countries over the most extended sample available. We group them into
five categories: macroeconomic; war and political; natural disaster; financial conditions; and

asset prices. The Online Appendix provides further details.

Macroeconomic predictors Our sample of macro predictors is aimed at capturing the serial
and spatial correlation in macroeconomic risk. “Recession” is a variable equal to one when a
country experienced a negative growth rate in a given year. Recession events are quite frequent;
Table I indicates that 28.10% of country-years are in a recession on average. “Recession abroad”
captures the possible transmission of the realization of a foreign recession. It is constructed as

a distance-weighted average of the recessions that occurred abroad:

Recession abroad;; = Z d;gRecessionj,t, (5)

J#i
where d; ; measures the geographic distance between countries, normalized such that ) ki d;tl =
1, for all j. We also include predictors based on past consumption growth rates and a “world”
growth rate constructed by GDP-weighting consumption growth for the countries in the sample

with available data.

War and Political Predictors We create three variables encoding wars, civil wars, and
political crises, primarily obtained from Sarkees and Wayman (2010) and the Center for Systemic
Peace (CSP). Our wars and civil wars data consist of armed conflicts that resulted in deaths in
battle. We define political crises as events of power disruption (e.g., a military coup), as well as
periods of political instability (e.g., a country under occupation by a foreign power). We also
construct a variable capturing foreign wars and political crises as in Eq. (5), where Recession is
replaced by a variable equal to one whenever a foreign country enters into one of the three above-
mentioned crises. With the exception of coups and similar events, these data describe spells that
typically last for several years. Though defined based on systematically recorded crisis events,
they might inadvertently contain a hindsight bias, giving the econometrician information that

is only available ex post. We thus delay the beginning of these crises by one year.
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Natural Disaster Predictors We create two variables capturing natural disasters. A “natu-
ral disaster” indicator equals one when a major earthquake, tsunami, or volcano eruption occurs
in a given country. We focus on disasters that reached the highest grade in event classifications
from the National Centers for Environmental Information. We also set our “natural disaster”
indicator to one for all countries during the years corresponding to the Great Influenza Epidemic
(1919-1920). We forecast consumption growth up to 2020 using predictors up to 2017; this ap-
proach excludes the Covid-19 pandemic from the predictor data. We also construct an indicator
variable capturing the most devastating famines that occurred over the sample. To mitigate
hindsight bias in the data, we delay natural disaster indicators by one year; for example, we

start the Great Influenza indicator in 1919, although the pandemic began in 1918.

Financial Condition Predictors Financial condition predictors include crisis dummies cap-
turing banking, currency, and sovereign default crises, as well as extensive inflation periods.
Our primary data source is Reinhart and Rogoff (2009), but we also checked the financial cri-
sis indicators obtained from the Jorda-Schularick-Taylor Macrohistory Database (Jorda et al.,
2017). We create a variable capturing the global financial cycle, proxied for by worldwide credit
growth. We compute the three-year changes in bank loans-to-GDP ratio over three years using
data from the Jorda-Schularick-Taylor database. The database covers 17 advanced economies,
and we construct a GDP-weighed global factor, which we assign to the 42 countries in our

sample.”

Asset Price Predictors Our primary source for asset price data is Global Financial Data. To
maximize the sample size, we work with the U.S. series to proxy for world variables. Estimates
based on individual country predictors yield similar results, except for shorter periods. Asset
pricing theory and empirical evidence suggest the dividend-price ratio is a natural proxy for
the equity premium (e.g., van Binsbergen and Koijen, 2010). If the equity premium varies in
proportion to disaster concerns, then the equity premium, and thus the dividend-price ratio,
should forecast future crises. Our proxy for the world dividend-price ratio is the S&P 500
dividend-price ratio.” We also construct a volatility index based on the CBOE VXO index from
1986. We extend the series back to 1871 using realized volatility as in Bloom (2009); to do so,
we use daily data from 1885 through 1927, and monthly data before 1885, following Schwert

(1989). Finally, we use a yield-curve slope predictor (e.g., Harvey, 1988; Estrella and Mishkin,

SWe obtain very similar results using local credit growth for the 17 countries where the individual data are
available.

"GFD offers a world dividend-price ratio, which is available from 1925. In our sample, the correlation between
the two series is 0.91.
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1998), based on the difference between the 10-year Treasury bond and the 1-year short rate.

II. Forecasting Macroeconomic Tail Risk

A.  Quantile Regression Estimates

Figure 3 shows conditional quantile regression estimates for three-year consumption growth for
the United States. The estimates are standardized and constructed at the .01, .02, .03, .04, .05,
.075, .1, .15, .2, .3, .4, and .5 quantiles. The solid black line shows 7, which is interpolated as the
probability of a 2-SD decline in consumption. We observe substantial variation in the quantiles
over time; however, the extreme quantiles appear much more volatile than central quantiles.
This is confirmed in Figure 4, which plots the associated quantile regression estimates for all
predictor variables. The figure shows quantile coefficient curves for univariate and multivariate
regressions. The curves are rarely flat along quantiles; instead, the slope coefficients tend to be
larger in absolute value at the lowest percentiles.

We use a saturated regression to construct 7, as a large set of variables is desirable to
approximate the information set of economic agents. In a time-series context, a saturated
regression would likely suffer from in-sample overfitting as well as from near-collinearity between
the predictive variables. However, the number of variables remains small relative to the number
of countries (42) in our sample. We also show in the Online Appendix that the average pairwise
correlation among variables is low.® We nevertheless implement a variable selection procedure
using penalized regressions. The cross-validation procedure tends to select low values for the
penalization parameter, resulting in modest shrinkage. We report ridge estimates in Figure 4
(dotted black line). These estimates are close to unpenalized estimates (dotted blue lines); we
obtain comparable results with LASSO and elastic net penalizations.

We estimate 7 using multivariate regressions, but it is interesting to examine univariate
regressions as well as they are easier to interpret. We report these coefficients in red. The
multivariate slopes are generally smaller in magnitudes, which is expected, but tend to keep the
same sign as univariate slopes. The slope signs conform with the intuition that adverse shocks
tend to have persistent negative effects. For instance, a country that experiences a recession
in the forecasting year is exposed to more tail risk in the future. The same is true for non-
macroeconomic shocks such as war or political crises, at home or abroad. Low equity prices
(i.e., high dividend-price ratio) are also associated with more risk in the tail. This pattern

is consistent with rare disaster models, which posit a sharp link between the equity premium

8The collinearity diagnostics of Belsley et al. (2004) further confirm that there are no statistically significant
near linear dependencies in the predictor matrix.
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(proxied by the dividend-price ratio) and the likelihood of a macroeconomic disaster. Also, in
line with rare disaster models (Barro and Liao, 2021; Farhi and Gabaix, 2016), stock volatility
and currency crises forecast macroeconomic risk. Interestingly, credit growth is associated with
lower tail risk, which contrasts with the body of evidence that credit growth forecasts worse
macroeconomic outcomes (e.g., Mian et al., 2017). The reason for the difference is that we
aggregate credit growth at the world level, thus capturing the world credit cycle, which is
positively associated with future growth. In contrast, Mian et al. (2017) and others work with
domestic credit growth, which is negatively associated with future growth in the smaller sample
where this data are available.

To summarize the importance of individual predictors across quantiles, we calculate
“marginal effects.” We define these marginal effects as the increase in 7 for a unit increase
in the variable of interest.” Figure 5 reports the marginal effects for each predictor in uni-
variate regressions. To facilitate comparisons, we standardize the variables, so that each bar
represents the effect of a unit standard deviation increase in the predictor. The figure also
shows bootstrapped 90% confidence bands for the null of no predictability.'® Most variables
exhibit substantial forecasting power for the conditional distribution of consumption growth,
which translates into statistically significant marginal effects. For instance, the standardized
effect of a recession at the time of forecasting is 0.014. Given that the standard deviation of the
crisis variable is 0.450 (see Table I), being in a recession raises the future probability of a crisis
by 0.014/0.450 ~ 3.1%. Among the remaining group of variables, War, War/political crises
abroad, credit growth, and the dividend-price ratio have the larger forecasting power. Being
at war raises the likelihood of a crisis by about twice as much as being in a recession (6.8%).
The predictive power of the U.S. dividend-price ratio is fairly large. A one-standard-deviation
increase in the dividend-price ratio raises the likelihood of a disaster by 2.2%. We return to this

link when we discuss the link between macro risk and the equity premium in Section II1.B.

B.  Macroeconomic Risk Estimates

Figure 6 displays 7, the probability of a consumption crisis three years ahead (solid lines),
together with the realized crisis years (shaded areas) for the 42 countries in our sample. (Figure
1 in the introduction zooms in on U.S. risk.) We construct & using the full set of predictors
and the ridge model, but the unpenalized model and alternative penalized regressions yield

very similar results. Later, we will work with estimates for a specification excluding asset price

9We shock the predictor variable up and down and report the average of the two marginal effects.
10We bootstrap one-year consumption growth to account for the fact that the dependent variable is aggregated
over three years.
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predictors, denoted by 7.

Macroeconomic tail risk is volatile, countercyclical, and persistent. Crisis probabilities usu-
ally range between 1% and 5%, with occasional spikes, in particular when crises arise, reflecting
the serial correlation in tail risk in the data. Regressing 7 on time fixed effects yields a 82%
R?, meaning about three-quarters of the variance in country risk is due to common forces. This
high correlation between country risk estimates is a result and not the product of a high pair-
wise correlation between predictor variables. For instance, excluding global variables delivers
a 68% R2. We report pairwise correlations between predictors in the Online Appendix. We
find that only Recessions and War and Political Crises Abroad variables exhibit high pairwise
correlations. Empirically, variables that are highly correlated tend to have more forecasting
power, which results in a high correlation between macro risk estimates. We obtain a similar
R? when we regress the U.S. estimates on the average cross-country probability (see the Online
Appendix for a graphical comparison). This strong factor structure is consistent with Lewis
and Liu (2016), which shows that a high degree of common macroeconomic risk is necessary
to reproduce the fact that international asset return correlations are higher than consumption
growth correlations.

We assess the forecasting performance of 7, using the Receiver Operating Characteristic
(ROC) curve, a standard tool to assess the accuracy of binary indicators. Because crises are
binary events, one is interested in converting probabilities into binary forecasts, which requires
choosing a threshold over which to assign a value of one. The ROC curve shows the true positive
rate (i.e., of all the crises that did happen, what fraction did the model predict?) against the false
positive rate (i.e., how often the model wrongly predicts a macroeconomic crisis in ¢t 4 17). The
curve obtains by varying all possible threshold values. As the threshold increases, the number of
crisis signals drops, so fewer crises are correctly identified and incorrectly signaled. In contrast,
for a lower threshold, more crises are correctly identified; the cost is that the frequency of false
signals also increases. A model with no forecasting power results in a 45-degree line, whereas
a model with a perfect fit would have an elbow-shaped ROC running from (0,0) to (0,1) to
(1,1). The goodness of fit is measured by the area under the ROC curve (AUROC), with 0.5
corresponding to no explanatory power and 1 to a perfect fit. We plot the ROC curve for 7
in Figure 7. Figure 7 indicates that our predictive model has substantial forecasting power,
with an AUROC statistic of 0.792. Of course, this excellent forecasting power could reflect
overfitting, as the curve uses in-sample estimates. We show in Section II.D that probabilities
fitted out-of-sample are similar to in-sample estimates and that the model continues to perform

well in that context.
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C.  Decomposition of Macroeconomic Risk

To better understand what drives variation in macro risk, we construct risk estimates for each
predictor category. Figure 8 plots the breakdown of US macro risk across four predictor cate-
gories: Macro, War and Political, Financial Conditions, and Asset Prices. We leave out Natural
Disasters predictors, as there was no major famine in the US in our sample (other natural disas-
ters do not have a statistically significant predictive ability). Shaded areas highlight important
events, namely recessions, wars, and banking crises.

The Macro component illustrates how even a small number of variables can capture meaning-
ful patterns in a country’s economic history. The component indicates elevated tail risk during
the two World Wars, the Great Depression and the Great Influenza Pandemic, and finally
during the Great Recession. The US economy experienced a disproportionally large number
of recessions (highlighted by shaded areas) in the late nineteenth century and the beginning
of the twentieth century. This does not however translate into an excessively volatile Macro
component in the early part of the sample, which reflects the impact of other macroeconomic
variables, such as the realization of crises abroad.

The Macro component only imperfectly captures the economic consequences of warfare. The
War and Political component fills this gap. It shows marked spikes during the two World Wars,
as well as the Korean and Vietnam conflicts after 1945. The bottom left panel of Figure 8 shows
the US crisis probability given by the Financial Conditions component. Most of the variation
in the predicted risk is due to world credit growth. Periods of low credit growth, such as the
two World Wars and the recession of 1937-1938, are associated with increased risk. Banking
crises identified in the Reinhart-Rogoff dataset (highlighted) also have significant importance.
As a consequence, the component is more variable before 1945, reflecting the higher frequency
of banking crises over that period.

The bulk of the variation in the Asset Prices component in Figure 8 is driven by movements
in the dividend-price ratio. We again observe some redundancy with respect to the remaining
components, with elevated macroeconomic risk during the period containing US crisis events,
such as during the Great Influenza Pandemic after WWI, the Depression of 1920-21, and the
Great Depression. Around WW2, the Asset Prices component reaches a peak in 1937, then
another one at a critical turning point, in 1941, when the US declared war on Japan. The
probability rises again during the Korean War, the 1973 oil crisis, the 1981-1982 recession, the
1987 crash, and the Great Financial Crisis.

Figure 8 suggests that the predictor categories capture risks that often overlap. To get a

better sense of the relative importance of each category, we decompose the variance of macro
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risk into each component. To do so, we regress 7; ; on the estimates associated to each category

7, (fore=1,...,5):
5
i = b0+ ) RS, + A (6)
c=1
We calculate the contribution of each component and the residual 77, on the variance of 7;
using

Cov (i, i) Zc Cov(b°rfy, Tie) + Cov(Ag,, Tit)
1= AR\ 7 : - : ) (7)
Var(; +) Var (7 ¢)

We present the results of this decomposition in Table II. The first column reports the results
for the entire sample. Throughout this table, we report the decomposition for variations of
the baseline specification. The table also reports the AUROC statistics, the volatility of the
estimated macro risk, and the correlation of the various risk estimates with the baseline esti-
mates. In Panel A, we exclude each predictor category in turn. In Panel B, we estimate the
model in subsamples including the periods before and after 1945 and separating OECD and
non-OECD countries. In Panel C, we vary the forecasting horizon and present decompositions
of consumption risk cumulated from one to five years.

Table II indicates that all predictor categories except Natural Disasters contribute to a large
fraction of the variance of 7. War and Political predictors contribute to about a third of the
variance, followed by Macro and Asset Prices predictors that contribute to about a quarter of
the variance each.

Excluding categories, however, does not result in large forecasting losses. An important
subset, in particular, is the set that excludes Asset Price predictors, which we use to construct
7. We see in column (5) of Panel A that the AUROC statistic for 77 is 0.774, which is almost
the same as that for 7 (0.792). A Wald test cannot reject that the two variables have equal
forecasting power. We show in the Online Appendix that the two estimates are indeed very
similar. We believe this is important in assessing the role of macroeconomic tail risk in asset
pricing, as discussed in Section IV. This redundancy across predictors is not limited to just
asset price predictors. As illustrated in Figure Table II, when any one group of predictors is
excluded from the set of predictors, the forecasting power remains largely the same and the
probabilities remain highly correlated. This is an important result, as it suggests our predictor
set approximately spans the information set of investors.

In Panel B, we see that the model performs similarly well in the different subsamples, with
AUROCs well above 0.5. There is unsurprisingly more variation between the pre- and postwar

periods. War and Political predictors explain more than half of the variance of 7 when estimated
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in the prewar sample, which is twice more than the postwar period. Correspondingly, excluding
the prewar period results in macro risk estimates that are much less volatile. In contrast, the
results are remarkably similar for the sample consisting of OECD and non-OECD countries.
This suggests that our assumption that coefficients are homogeneous across countries results in
a small bias. Turning to decompositions for alternative forecasting horizons in Panel C, we see
that the model’s forecasting performance remains very similar for crises measured over longer
periods. We also see that the probability estimates are strongly correlated across horizons. This
reflects the slowly unfolding nature of large macroeconomic crises. Interestingly, we do not find
a similar forecasting power for mean consumption growth over longer horizons, as we discuss in
Section ITT.A.

Overall, we have shown that the contributions of each predictor category and AUROC
statistics are fairly stable. We show in the Online Appendix that the corresponding crisis
probabilities are comparable across subsamples and specifications. In addition, series based on
linear probit and penalized regressions are also very similar. In the next section, we evaluate

the forecasting performance of the model out of sample.

D. Out-of-Sample Predictability

In this section, we evaluate the accuracy of our model in providing early-warning signals of
upcoming crises. We back-test our model by replicating the analysis an econometrician would
have done, using the proposed methodology to forecast crises out-of-sample. To do so, we
employ two backtesting and a sample split exercises.

First, we backtest the model by constructing 7 in real-time over an expanding window. We
use a b0-year training period to estimate our model and start forecasting in 1922 (rather than
1874. When then expand the training period, so that each year ¢, we estimate 7 using data
available up to t and use coefficient estimates to forecast realized crises in t + H. We run this
test over horizons H from one to five years. We evaluate the performance of the model over
3,768 observations and 124 realized macroeconomic crises.

Second, we repeat the same backtesting exercise dating crises in real time. Indeed, a limita-
tion of the first exercise is that crises are dated using full-sample consumption moments. Dating
crises in real-time requires us to use a training period to compute consumption moments in each
country, costing us more observations. In this second exercise, we estimate consumption growth
and consumption volatility on an expanding window. We require 50 years of data per country,
leaving us with 3,392 observations and 78 crisis years (for H = 3).

Third, we run a sample split forecasting exercise. A limitation of the two out-of-sample
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tests outlined above is that they use the early part of the sample to train the forecasting model
and test the forecast on the later portion. Any differences in predictability between the early
and late parts of the sample could be missed by these exercises. In addition, we would like
to provide further evidence that our homogeneity assumption results in a small bias. For this
exercise, we pick a random sample of 21 countries to train the model and test the model on the
remaining 21 countries. We repeat this operation 100 times and report the averaged statistics.

We report the results of the three tests in Table 111, which shows out-of-sample AUROC
statistics, as well as in-sample statistics evaluated over the same sample. The results are shown
for realized crises defined over horizons of one to five years, for macro risk estimates based
on the quantile regression models as well as the probit model. The forecasting performance
is mechanically higher in sample, but we observe that the model remains quite successful out
of sample. For instance, for the first forecasting test and baseline horizon H = 3, the QR
model achieves an AUROC of 0.79 in sample, which declines to 0.73 out of sample. We find
similar magnitudes in the remaining tests. The forecasting performance tends to be stronger
at shorter horizons, yet the AUROCSs remain significantly above 0.5 for all horizons. Penalized
regressions slightly outperform unpenalized regression forecasts in some specifications. The
probit model often underperforms, which suggests the quantile regression approach captures

important information that is lost when fitting 7 using only realized crises.

E.  Comparison with Option-Based Fstimates

We interpret 7 as an estimate of the rational expectation probability of a macroeconomic crisis.
This estimate is accurate as long as our predictor set approximately spans the information
set of economic agents. Another natural approach to recover the rational expectation crisis
probability is to use asset prices. The prices of derivatives, in particular deep out-of-the-money
options, reveal the probability of a stock market crash, taken from the viewpoint of a risk-neutral
agent, that is, under the risk-neutral measure. Under assumptions about investors’ preferences,
it is possible to recover the physical probability of a stock market crash (see, e.g., Bollerslev
and Todorov, 2011). Imposing further assumptions about the link between stock returns and
consumption, one can compute the physical probability of a consumption crisis. Backus et al.
(2011) tackle the challenge, assuming a constant crisis probability. Siriwardane (2015) does not
impose this assumption, but focuses on the risk-neutral crisis probability, while Barro and Liao
(2021) back out the time-varying probability of a macroeconomic disaster, under the physical

measure.
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Barro and Liao produce risk estimates for six countries over the 1994-2018 period, which
we report in Figure 9 (black lines) next to ours (blue lines). The unconditional option-implied
probability equals 6.2%, which is much higher than & over that period. They are also more
volatile, with several large spikes exceeding 20%. The presence of such spikes occurs in part
because of option-based estimates are sampled monthly. In comparison, our yearly estimates
appear more stable.

The benefit of option-based estimates is that they do not require assumptions about in-
vestors’ information set. The inconvenience is that these estimates rely on structural assump-
tions that may not be satisfied. For instance, the option-based estimates indicate that macroe-
conomic risk was about equally high in the United Kingdom, Germany, or Sweden during the
Long-Term Capital Management crisis of 1998 as during the Great Financial Crisis. Likewise,
using a longer U.S. sample that extends to 1983, Barro and Liao report that the probability of
a macroeconomic disaster reached 89% at the month of the October 1987 stock market crash.
Overall, option-based estimates tend to strongly covary with implied volatility, which indicates
that their model attributes most of the variation in implied volatility to disaster concerns.

If the rare disaster model is literally true, the option-based estimates will contain all relevant
information about future disasters. This is a testable assumption: option-based estimates will
forecast crises, and no additional variable will have additional forecasting power. However, such
a test is not practicable given the short sample over which options are available. To extend the
sample back in time, we can proxy option-implied probabilities with realized volatility.'! We
already presented evidence of the ability of the volatility index to forecast future crises. However,
on a stand-alone basis, the volatility index has weaker forecasting performances than 7. We find
that the corresponding AUROC statistics 0.611 is considerably smaller than the corresponding
statistics for 7 (0.792). A Wald test rejects the null that the volatility index has forecasting
performance equal to 7, meaning that option prices do not fully summarize macroeconomic tail
risk. This is to some extent unsurprising. The rare disaster model assumes that asset prices
are driven by a single state variable. The simple fact that the U.S. dividend-price ratio and the
VIX are not perfectly correlated is by itself a rejection of the model.

In the Online Appendix, we also compare 7 to the news-based volatility index (NVIX)
proposed by Manela and Moreira (2017). While the NVIX aggregates information from Wall
Street Journal headlines, it is designed to forecast the VIX and should thus reflect the risk

perception and risk attitude of investors. Interestingly, Manela and Moreira (2017) show that

1VWe show in the Online Appendix that option-implied probabilities and realized volatility indeed strongly
covary, with a correlation coefficient of 0.92. Another caveat is that we use U.S. volatility to proxy for international
volatility, although international option-implied estimates also strongly covary (Barro and Liao, 2021).
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the NVIX has forecasting power for U.S. consumption tail risk. This is consistent with our
findings that volatility forecasts crises. Over the 1889-2016 period, the NVIX weakly forecasts
international disasters, with an AUROC statistic of 0.543, which is significant at the 10% level.
Again, 7 exhibit substantial incremental forecasting power, consistent with the interpretation

that equity volatility varies for reasons unrelated to macroeconomic tail risk.

III. Macroeconomic Tail Risk over the Long Run

Having established the forecasting performance of our model, we now document new stylized

facts about macroeconomic tail risk over our historical sample.

A.  Consumption and Output Growth

In this section, we study the link between macro risk and macroeconomic growth. We run
predictive regressions of H-year-ahead log of consumption and GDP growth on past country
crisis probabilities 7; ;:

ACEfJZH =a; + bﬁi’t + Uit H- (8)

Table TV presents estimation results at 1-, 3-, and 5-year-ahead cumulative horizons. For com-
parison purposes, we also report similar results for cumulative crises. We report slope estimates,
standard errors, and R? statistics for the full sample (1874-2020), as well as individually for
the prewar (1874-1945) and postwar (1945-2020) periods.

We use a bootstrap procedure to calculate standard errors and test whether slopes are differ-
ent from zero. In particular, the procedure accounts for the fact that 7 is a generated regressor.
We begin with the main dependent variable (say, excess returns) sampled at yearly frequency
and standardized consumption growth. We cumulate the dependent variable to the appropriate
horizon. We then construct @ by regressing standardized consumption growth on the set of
predictors and interpolating 7 from the fitted quantiles. We obtain the estimates of interest by
regressing the dependent variable on 7. Next, we perform 1,000 bootstrap iterations. At each
iteration, we simulate random draws for the dependent variable and standardized consumption
growth. To simulate the dependent variable, we regress the yearly sampled dependent variable
on year fixed effects and keep the fixed effect coefficients and the residuals. We simulate the
yearly sampled dependent variable by drawing without replacement from the fixed effects and
the residuals. As this variable is still sampled yearly, we cumulate the dependent variable to
the appropriate horizon. To simulate standardized consumption growth from the quantiles, we

draw a random uniform vector. The realizations above 0.5 are transformed to follow a stan-
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dard normal distribution, while the realizations below 0.5 are interpolated from the conditional
quantile estimates. We use these simulated samples of the dependent variable and standardized
consumption growth to estimate the model and calculate standard errors.

We see that an increase in macro risk predicts a decline in consumption growth, but the effect
dies out after three years, and magnitudes are relatively small. For instance, the full-sample
coefficient for consumption growth is —0.30, meaning that a one-standard-deviation increase
in 7 (3.1%) lowers the next-year growth rate by 0.9%. Macro risk holds its forecasting power
over longer horizons for GDP growth, but with similar magnitudes. In contrast, macro risk has
robust forecasting power for future crises for all horizons.

We can relate these results to the well-known disconnect between asset prices and macroe-
conomic outcomes. In particular, Beeler and Campbell (2012) emphasizes the limited ability
of the U.S. dividend-price ratio to forecast future dividends and consumption, meaning that
most of the variation in the dividend-price ratio stems from changes in risk premia. We show
in Section IV that time-varying disaster models can reproduce this feature of the data. Before

turning to the model, we establish the link between macro risk and the equity premium.

B.  Macroeconomic Risk and Equity Premium Proxies

Rare disaster models predict that the equity premium varies over time in tandem with macroe-
conomic tail risk. The reason is that investors shun stocks when the probability of a disaster
increases, effectively raising the equity premium. In what follows, we ask whether this link is
present in the data. Since the equity premium is unobserved, we use three candidate proxies: the
dividend-price ratio and two volatility-based series. The first series, SVIX?, is the risk-neutral
market return variance scaled by the gross risk-free rate. Martin (2017) shows that this index
constitutes a lower bound on the equity premium that can be computed from option prices (the
index is available from Martin’s webpage for the 19962012 period). The second volatility series
approximates SVIX? using realized volatility instead of option prices, which gives us a long time
series. We compute this second proxy as our volatility index squared, which we then multiply
by the real U.S. risk-free rate and scale to have the same mean and standard deviation as the
SVIX2. This longer series provides a reasonable approximation for the SVIX? (corr. = 0.78).
Figure 10 plots the probability of a macroeconomic crisis in the United States, together
with the S&P 500 dividend-price ratio in Panel A, and with the two volatility proxies (Panel
B). Because we use both the D/P ratio and the volatility index to construct our baseline crisis
probability, 7, we present 7~ in Figure 10, the variant excluding asset price predictors. We see

that macro risk is positively related to both equity premium proxies. For instance, both macro
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risk and the D/P ratio spiked during the Great Depression and the two world wars. The 1990s
stock market boom (low D/P) coincided with a marked decline in macroeconomic risk during
the Great Moderation, as previously noted by Lettau et al. (2008). The correlation coefficient
between the two series is about 0.40, while the correlation with 7 (which includes asset price
predictors) is 0.60. The correlation between macro risk and the SVIX? appears more muted. For
instance, squared volatility did not increase during the two world wars, in contrast with macro
risk and the D/P ratio. This is in line with our earlier observation, in Section II.E, of a positive
but imperfect association between our volatility index and macro risk. The SVIX index is also
noticeably less persistent, with a half-life of about six months, as compared with a half-life of
2.9 years for the D/P ratio. Consequently, our baseline macro risk measure, which captures the
information of the D/P ratio and volatility, exhibits persistence that lies somewhere in between

(a half-life of 1.9 years).

C. Macroeconomic Risk and Stock Returns

We further examine the link between macroeconomic tail risk and the equity premium using
stock returns. We first test whether stock markets fall around macroeconomic crises and then
ask whether macro risk forecasts future stock returns. We obtain stock market and one-year
interest rate data from Global Financial Data, which we use to construct excess stock returns
series. These are generally broad-market and market capitalization indices, such as the S&P
500 and the FTSE All-Share index (for the United Kingdom). However, these data are less
comprehensive than macro series and often contain gaps, in particular during wars. We obtain
total return and short rate data for 40 (of 42) countries, corresponding to a smaller panel of
2,240 year-country observations and 20 realized crises.

We first investigate how stock returns behave around macroeconomic crises. Rare disaster
models unambiguously predict stock markets to crash during crises. The primary reason for
such crashes is the fall in output and consumption, which coincides with lower demand for
equities. However, stock markets may also reflect movement in macro risk. In particular, to the
extent that crises can be anticipated, stock markets may crash before consumption and output
fall. Furthermore, as stock markets attach a risk premium to macroeconomic tail risk, we may
observe above-average returns after crises, when output and consumption return to normal and
macro risk dissipates. Consistent with this reasoning, Barro and Ursia (2017) find that large
macroeconomic crises tend to coincide with stock market crashes and that crises are more likely,
conditional on a stock market crash. We complement their results with an event-study design,

to characterize the behavior of stock returns and consumption growth around macroeconomic
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crises. We adopt a flexible specification with five leads and lags around the year of a large

macroeconomic crisis:

5
Tit = a; + Z b_;Crisis; 115 + u ¢, 9)
j=-5
where z;; is either the yearly standardized consumption growth or the local currency excess
return in country ¢ in year t. The fitted b coefficients thus give the relative returns during a
crisis, which occurs over the periods ¢, t + 1, and ¢ + 2.

We report the fitted coefficients in Figure 11. Stock returns are depicted with error bars
and consumption growth is shown with a dotted line. Consumption growth falls on average for
the three crisis years, with the worst year occurring in the third year. These crises tend to be
anticipated by equity markets. Stock prices tend to fall a year before the beginning of a crisis
and remain negative for the two subsequent years. The cumulative decline equals 30.3%. They
then rebound the next two years as the economy is exiting the crisis. The presence of a stock
market decline followed by a rebound is consistent with rare disaster models’ prediction that
the equity premium increases when the economy enters a crisis.

We explore this prediction further in Table V, where we forecast stock returns in excess of
the risk-free rate. We expect macro risk to positively forecast stock returns, reflecting the risk
premium attached to periods of above-average risk. The table has a similar layout as Table IV.
We estimate predictive regressions of the cumulative log excess returns on lagged macro risk
over horizons of 1, 3, and 5 years. The top panel uses our baseline 7 probability, while the
bottom panel uses the measure excluding asset price predictors, 7.

We see that macro risk strongly predicts future returns. A 1% increase in 7 forecasts a
0.75-percentage-point larger return the next year, with the forecasts adding up to 2.7% over a
five-year period. The regression coefficient suggests a volatile equity premium. For instance,
given the volatility of macroeconomic risk (3.1%), the 0.75 coefficient implies a volatility for
the one-year equity premium of about 3.1% x 0.75 ~ 2.3%. This is a large number, albeit
smaller than estimates based on valuation ratios. For example, using the U.S. dividend-price
ratio, Cochrane (2011) estimates that the U.S. equity premium varies by about 5.4% per year.
Remark that o could forecast returns only incidentally because of its correlation with asset
prices, which themselves contain information about future stock returns. This concern is only
valid to the extent that our set of predictor variables is much smaller than the information set
of market participants, in that asset prices carry too large a weight in 7 than in the true crisis

probability. We address this concern by forecasting returns with 77—, which is constructed by
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excluding these predictor variables. As the point estimates are almost identical, our conclusions
remain unchanged.

Turning to subperiods, Table V indicates that predictability is only statistically significant
in the postwar period. One difference between the two subperiods is that much fewer disasters
occurred during the latter. As we will see in the next section, rare disaster models can quali-
tatively reproduce this feature of the data, with higher predictive coefficients in the absence of
disasters.!?

Next, we ask whether return predictability reflects actual macroeconomic tail risk or the
realization of tail events. Table VI estimates the same return predictability regressions as
the previous table, replacing the right-hand side variable to include realized recessions and
financial crises. Rare disaster models predict that the equity premium varies over time because
macroeconomic tail risk changes over time. Another plausible theory is that agents sell risky
assets during recessions, causing asset prices to fall. This theory predicts that agents require a
higher risk premium during crises, not because of the risk that their economic situation worsens,
but because their willingness to take on risk has decreased. Models of habit formation, such
as that of Campbell and Cochrane (1999), predict that, during recessions, agents’ consumption
approaches their habit level, effectively raising their risk aversion. In this class of models,
movements in risk aversion rather than movements in risk cause the equity premium to move
over time. This prediction is consistent with the pattern in Figure 11 that stock prices fall and
rebound around crises. The first row in Table VI indicates that expected returns are 6.2% higher
during a recession. The associated coefficient is large and statistically significant and lasts for
one year. In the second row, we add 7 to the right-hand side of the forecasting equation. We
see that the effect of recessions is largely independent of macroeconomic risk. Both coefficients
are statistically significant, although the coefficient associated with macro risk is slightly weaker
at the one-year horizon.

Many models based on financial intermediation frictions propose that the price of risk in-
creases during financial crises. The third and fourth rows repeat this forecasting exercise fore-
casting returns with realized financial crises. We see that the coefficients associated with fi-
nancial crises are either insignificant or negative. This is consistent with the evidence in Baron

et al. (2021) that financial crises are not associated with higher future returns.

PInterestingly, Manela and Moreira (2017) also find that NVIX forecasts returns in the postwar sample, but
not in the prewar sample. They also interpret their findings in terms of disaster concerns.
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IV. Asset Pricing Implications

In this section, we quantitatively evaluate the asset pricing implications of a workhorse equilib-
rium asset pricing model with time-varying macroeconomic tail risk. Our model is a discrete-time
version of the one offered by Wachter (2013) and belongs to the discrete-time affine class pro-
posed in Drechsler and Yaron (2011). We also consider an alternative dividend specification. In
the spirit of Mehra and Prescott (1985), we ask whether a calibrated economy can reproduce
key asset pricing moments. To do so, we take advantage of our methodology, which can pro-
duce macro risk estimates that do not exploit asset price information. Moreover, we investigate

model-implied option prices.

A. Model

We consider a pure exchange closed economy, a la Lucas (1978), in which the log of consumption

growth, Ac;11, evolves as follows:

Aciy1 = p+ ogq1 + Vg, (10)

where €41 and vy are two mutually independent shocks. The first shock is a standard normal
random variable, and the second shock captures rare consumption disasters. We model v;41 as
a compound Poisson shock: v;11 = Jiy11Ap,,,>0, where ny 11 is a Poisson counting process such

that Angyq1 > 0 describes a disaster event occurring at time ¢ 4+ 1. The probability that the

economy encounters a disaster in ¢ + 1,'% m;, follows a discretized square-root process:

41 *ﬁ:p(ﬁt*ﬁ')Jrl/\/??tutJrl, (11)

where 7 > 0, 0 < p < 1, and v > 0 are constants and where u; is a standard normal random
variable uncorrelated with £, and v;. Following Cheng et al. (2022), disaster size Jy11 follows
a parsimonious shifted negative exponential distribution with a moment-generating function
given by

p(u) = e (1 +ub) ™, (12)

13We slightly abuse the notation since m; is only an approximation of the conditional probability of a disaster
on the unit time interval (i.e., yearly). The Poisson counting process n:;+1 has an intensity of ;. The exact
conditional probability of a single disaster occurring over the horizon h is, therefore, m:h exp(—m¢h), while the
probability that a disaster does not occur is exp(—m¢h). Hence, the residual probability that more than a single
disaster occurs is 1 — exp(—m¢h)(1 + m¢h). According to our estimates, the latter value is about 0.05% when 7 is
at its steady state and less than 1% when 7, is at its 99th percentile. So to facilitate this terminology and ease
the notation, we will use m; for the conditional disaster probability and }°, Ansy1 (instead of >, 1an, ,>0) for
the number of disasters.

25



where disasters have support from (—oo, —f#). The mean and variance are equal to —(6 + /3)
and /32, respectively.

These dynamics are standard and can potentially capture several asset pricing regularities.
This baseline model is most closely related to the continuous-time model of Wachter (2013).
Gabaix (2012) calibrates a richer model that allows for movements in the disaster probability
and the expected disaster size. The literature contains several alternative specifications. For
example, Barro and Jin (2011) considers different laws for disaster size, such as single and
double power laws. Gabaix (2011) and Gourio (2012) introduce time-varying disaster risk in
production economies. Gourio (2008), Nakamura et al. (2013), Branger et al. (2016), and Hasler
and Marfe (2016) consider more complex disaster dynamics, including unfolding consumption
declines and subsequent recovery, as well as disasters leading to economic regime changes.'
We intentionally keep the model simple, tractable, and parsimonious to focus on the time-series
relationship between disaster probability and equilibrium asset prices.

We assume the economy is populated by a representative investor with recursive preferences

(Epstein and Zin, 1989):
1-1/% 1y 2% 1/(1-1/%)
Vi= [(1 - 5)01: +5<Et[v}+1 )T ] . (13)

In this expression, d, v # 1, and 1, respectively, capture time discounting, relative risk aversion,
and the elasticity of intertemporal substitution. To ensure tractability, we focus on the case
of 1 being equal to one. Similar to Collin-Dufresne et al. (2016), we solve for asset prices by
expressing the stochastic discount factor in terms of the investor’s log value function ve, =
vo + vr7¢, which is affine in disaster probability ;. The stochastic discount factor is given by15

e(l_V)UCtJrl
% Et [6(1_7)(Act+1 +’Uct+1)] '

Mt+1 = 5677Act+1 (14)

discounting of
expected utility discounting of

continuation utility

Note that the stochastic discount factor variance (i.e., the priced risk in the economy) is state-

dependent and increases with the disaster probability. The log of the risk-free rate, ry; =

14 Another strand of the literature maintains a constant disaster probability but assumes that the representative
agent learns about the model parameters or states so that the subjective disaster probability is time-varying (e.g.,
Weitzman, 2007; Koulovatianos and Wieland, 2011; Orlik and Veldkamp, 2014; Johannes et al., 2016; Ghaderi
et al., 2022). Martin (2013a) shows that constant disaster risk spreads across assets in a multiple-tree economy
and leads to endogenous risk premia dynamics.

15The Online Appendix provides details about the solution.
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—log E¢[M;41], is affine in the disaster probability:

rre=—logd +p— o +m(e(l —7) — o(—7)). (15)

This risk-free rate is stationary and decreases with the disaster probability m;. Consumption
risk increases with the likelihood of a disaster, and so does the demand for safe assets, causing
the risk-free rate to fall. This effect strengthens with relative risk aversion.

We consider two dividend specifications. In the first specification, which we name the levered

consumption model, the log aggregate dividend is proportional to consumption:
Adir1 = pAciy, (16)

as in Abel (1999), Campbell (2003), Wachter (2013), and others. When ¢ > 1, this ensures, in a
parsimonious way, that dividends fall more than consumption when a disaster hits, as observed
in the U.S. data (Longstaff and Piazzesi, 2004). In the second specification, which we name the

co-integration model, the dividend dynamics follow:

Adt = ACt + Ast, (17)

st = (1= @)5+ dsi—1 + nz + Koy, (18)

where s; = log D;/C; is the log dividend share of consumption and z; is a normal random
variable—independent of the other shocks for the sake of simplicity. The term kwv; implies
that dividends load more on disaster than consumption, for £ > 0. Although simplistic, this
specification is empirically motivated. First, s; allows to break the unit correlation between
consumption and dividend growth rates. Second, s; induces co-integration between consumption
and dividends. Third, recent evidence suggests that dividend growth risk decreases with the
length of the horizon (Belo et al., 2015; Marfe, 2017). The assumption of Eq. (16) implies
that dividend growth risk is higher than consumption growth risk at any horizon. Instead, co-
integration preserves the larger dividend risk at short horizons but imposes that consumption
and dividend growth risks are equal in the long run. This produces a downward-sloping dividend
growth risk. Fourth, as documented by Gourio (2008) and Nakamura et al. (2013), disasters
are often followed by recoveries. Co-integration generates dividend recoveries, as the dividend-
consumption ratio increases after disasters, in line with the evidence in Longstaff and Piazzesi
(2004) and Hasler and Marfe (2016).

In addition, the second dividend specification lets us benchmark our model against an addi-
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tional moment. In the previous section, we highlighted the relatively high correlation between
macroeconomic tail risk and the dividend-price ratio. For the United States, the correlation
with 7~ is about 40.1%. Dynamics in Eq. (16) lead to a single state variable, 7, which mechani-
cally produces a unit correlation between 7 and the dividend-price ratio. This assumption could
make us overestimate the correlation between prices and discount rates and, hence, the effect
of disaster risk on the equity premium. Introducing co-integration gives rise to an additional
state variable, s;, which breaks the perfect correlation between 7w and the dividend-price ratio.
To solve for the equity claim price, we log-linearize returns around the unconditional mean
of the log D/P ratio: dy — p; = log D;/P,. Campbell et al. (1997) and Bansal et al. (2012)
document the high accuracy of such a log-linearization, which we assume to be exact. We use
the Euler equation 1 = E;[Myie"4t+1] to recover that the log D/P ratio is affine in the disaster
probability:
di —pr = Ao + Apmmi + Asse, (19)

with A; = 0 for the levered consumption model (see Eq. (16)). The D/P ratio is stationary
and increases with the disaster probability m;. These dynamics reflect a preference for the early
resolution of uncertainty about time variation in m;. An increase in disaster probability makes it
more likely that crises will affect future consumption. An investor who prefers early resolution
of uncertainty (y > 1) is worried about current disaster risk and uncertainty in future disaster
risk. Hence, equity prices are low relative to dividends when 7; is high (and vice versa). The
substitution effect and the income effect offset each other because the elasticity of intertemporal
substitution is equal to one.

The log of the equity premium is given by

log Ey[e"dt+1] — 1y = Myo? 4+ (v — Dk Azvpri
~—— ~~
nondisaster risk disaster probability risk

+ (0(Q2) + o(=7) — (2 — ) — V)7, (20)

disaster size risk

where Q1 = Qg = ¢ for the dividend specification of Eq. (16) and Q3 = 1, Qy = 1 4+ k(1 —
k1 As) for the dividend specification of Eq. (17), with k; being the endogenous log-linearization
constant. The equity premium is given by three terms. The first term concerns nondisaster
risk and gives rise to the usual consumption-CAPM compensation (Lucas, 1978). The second
term reflects the compensation for the variation in disaster probability and increases with its
persistence and volatility for v > 1. The third term is associated with disaster size risk and

increases with disaster size and with its variance. Both the second and third terms increase
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with current disaster probability ;.

B.  Calibration

In this section, we assess the asset pricing plausibility of the rare disaster model using our
macro risk estimates. In the spirit of Mehra and Prescott (1985), we estimate the parameters
of the time-series processes of aggregate consumption and compare model-implied asset pricing
moments to their empirical counterparts. This approach is similar to the recursive estima-
tion/calibration approach highlighted by Hansen (2008) and Chen et al. (2022). Specifically, we
use a simulated method of moments approach to estimate the parameters of the model (10)—
(12) to match baseline moments of consumption growth data. We next calibrate the nuisance
parameters to target selected asset pricing moments, while keeping the consumption parameter
values equal to their estimates from the baseline moments. Chen et al. (2022) shows that the
recursive estimation approach delivers better out-of-sample performance for models that exhibit
large ‘dark matter’ such as rare disaster models.

We focus on the U.S. economy, consistently with our closed-economy setting, but we estimate
the consumption parameters using international data. To do so, we rescale the standardized
consumption growth series to match the first and second moments of US consumption growth.

Ei)’ together a candi-

We assume the econometrician observes rescaled consumption growth, Ac
date predictor of the left tail of consumption growth z; ;. The estimation approach does not rely
on asset pricing data: we set the predictor z; ; = ﬁ; , (i.e., the econometrician does not observe
asset prices). The decision interval of the agent in the model is assumed to be annual, but we
estimate the model using three-year data to match the baseline definition of macroeconomic
crises. In particular, disasters in the model occur instantaneously and we account for the fact
that disasters are measured over three-year periods in the data. Our modeling approach is thus
immune to the measurement issues highlighted by Constantinides (2008), Donaldson and Mehra
(2008), and Julliard and Ghosh (2012).

The model for consumption features six parameters: u, o, T, p, v, and 5. We use six moment
conditions that target each parameter. To ensure that estimation error is accounted for in the
estimation, we calculate macro risk moments using the econometrician’s estimate of m;;. In
a first step, the econometrician uses the predictor z;; to construct this estimate, which we
denote 77,. In a second step, we calculate the six moment conditions, two of which depend
on 77,1 E(Aci43), E(Acit+3), E(Crisis; 1), E(77177, 1), E(fritQ), and E(Ac; ;43Crisis; ¢). For
simplicity, we use ordinary least squares, such that the left-hand side variable is the realized

crisis indicator (2) and the right-hand side variable is z;;. We view this as a simple way to
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tackle estimation error (i.e., 77, is affine in #; ;). We calculate the model’s population moment
using a long sample of 107 observations, substituting it for m;; in the simulation. As the
model is exactly identified, we seek the parameters such that the observed moments equal the
model-implied moments (up to simulation precision).

We find that this approach delivers an excellent fit of the distribution of three-year consump-
tion growth, as can be seen in Figure 12. Consumption growth is left-skewed with a skewness
of —0.62 and leptokurtic with a kurtosis of 6.25. Correspondingly, realized 2-SD crises are
more frequent (3.7%) than the corresponding percentile for the normal distribution (2.3%). In
contrast, the frequency of 2-SD booms is slightly lower than the normal percentile (2.1%). The
model reproduces the skewness and, by design, the proportion of left-tail events observed in the
data.

Table VII presents the point estimates, along with the associated standard errors Newey
and West (1987) corrected using one lag in parentheses. Consumption growth parameters in
“normal times” belong to the usual range of values: the long-term consumption growth rate
is 2.1%, and consumption volatility is 2.8%. The subsequent rows show that the key disaster
risk parameters that we estimate from the data are close to the calibrated parameters reported
by Wachter (2013) and subsequent literature. Disaster risk is both persistent (p = 0.75) and
volatile, with a scale parameter v of about 0.24. These two parameters contribute to the
unconditional volatility of disaster risk, which is \/m = 7%.16

The mean disaster size is 5 + 6 = 9.9% with a 4.2% standard deviation (the minimum
disaster size is § = 20 = 5.7%). This is considerably smaller than in previous calibrations in the
literature. For instance, Barro and Jin (2011) estimates the mean size is more than twice higher
(21.5%). There are two reasons for the difference. First, the estimated disaster size corresponds
to one-year contractions, whereas the size estimates in the literature are typically based on
cumulated multiyear contractions (see Constantinides, 2008, Donaldson and Mehra, 2008, and
Julliard and Ghosh, 2012). The corresponding three-year size targeted in the estimation is
indeed larger (13.1%). Second, consumption tends to be more volatile in international data.
We rescale international consumption data such that the mean and standard deviation equal
the US moments, which eliminates this effect.

We complete the calibration by setting the dividend parameters and the preference pa-
rameters. Evidence from the Depression era suggests that macroeconomic crises have a much

larger effect on dividends than on consumption (Longstaff and Piazzesi, 2004). Then, concern-

S Wachter (2013) choose a more persistent p = 0.92 (using our notation), which is set to match the autocorre-
lation of the price-dividend ratio and is not estimated from macroeconomic data. The scale parameter is lower
than in our setup (v = 0.067). Altogether, these parameters imply a smaller volatility of disaster risk (3.2%).
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ing the levered consumption model, we follow Wachter (2013), who argues that a value of
¢ = 2.6 is conservative and captures well the increased risk of dividends relative to consump-
tion in both normal times and disaster periods. Concerning the co-integration model, we set
5 =1og(0.10), ¢ = 0.90,n = 0.30, and k = 4 to capture the high persistence of the log D/P ratio,
the correlation between disaster probability and the log D/P ratio, and the high level of short-
term shareholders remuneration.'” Lastly, we calibrate the parameters ¢ and v to fit the main
asset pricing moments. We find that reasonable values of relative risk aversion are sufficient to
generate a high equity premium that conforms with the data. Hereafter, we consider the pair

(6 =99%, v = 5) as our baseline calibration.

C. Asset Pricing Results

Tables VIII and IX show that this calibration leads to a relatively good fit of the main un-
conditional moments of asset prices. Panel A reports historical asset pricing moments and the
distribution of their model counterparts. In particular, we report several percentiles from 1,000
simulated paths of the economy of length equal to 1,000 years. (We choose 1,000 years to
approximate the statistical power of the panel regressions in Section II.) To avoid generating
a negative probability of disaster, we simulate monthly series and then convert them to an-
nual frequency.'® In our calibration, the median risk-free rate is about 2.0% with 1.1% median
volatility. In the levered consumption model, the median equity premium is 4.9%, and the
median return volatility is 21.9%. These moments are slightly lower in the co-integration model
(4.2% and 19.3% respectively). In the levered consumption model, the median D/P ratio is
2.5%, with 1.2% median volatility. These figures are slightly higher in the co-integration model
(4.6% and 2.8% respectively). Overall, these moments line up well with their empirical coun-
terparts. However, in the levered consumption model, the D/P ratio has a median first-order
autocorrelation of the D/P ratio of 0.67, which is lower than in the data (about 0.80). This is the
direct consequence of the persistence parameter p being smaller than in standard calibrations
directly targeting the D/P ratio persistence. Instead, the co-integration model is calibrated to
capture well the persistence of the D/P ratio and the correlation between the log D/P ratio and
the disaster probability 7 (about 44% vs 40.1%). Indeed, the co-integration model relaxes the

correlation between the log D/P ratio and 7 because the former is an affine function of both 7

"Belo et al. (2015) document that the volatility of aggregate dividends plus net repurchases is about 27% at
the one-year horizon and then decreases substantially, a pattern that is captured by the dynamics of Eq. (17).

18Simulations of 7, at a monthly frequency (ie., meen = (1 — pA)Tr + pAm + vy Aug for A = 1/12) have
a negligible likelihood (less than 0.1%) of realizations lower than zero, which we replace by a small positive
threshold.
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and the log dividend share of consumption s.'”

Variation in macroeconomic tail risk contributes to generating a high equity premium.
Agents who prefer an early resolution of uncertainty dislike not only bad news but also the
possibility of more bad news in the future. They thus require compensation for any uncertainty
associated with variation in the probability of a crisis. In particular, the equity premium and
return variance can be decomposed into three terms associated with normal times, variation in
the probability of a crisis, and severity of a crisis. Table X reports these values. Variation in
macroeconomic tail risk generates the bulk of return variance in both the levered consumption
model and the co-integration model (83% and 70% respectively). In the former case, it also
commands a large fraction of the equity premium (about 76%), whereas it decreases substan-
tially in the latter (about 24%). This is due to the fact that (i) we assume that normal risk
of s is not priced for the sake of exposition and (i) the co-integration model is calibrated in
such a way to match the empirical imperfect correlation between 7 and the D/P ratio, which
is instead mechanically one in the levered consumption model.

To further understand the role of risk in the equity premium, we report in Panel B of
Tables VIII and IX the same moments, in a restricted simulated sample without disasters.
There were indeed no realized disasters in the U.S. postwar economy and a common argument
is that the high U.S. equity premium reflects a peso problem. For our model, we see that the
equity premium is indeed slightly higher in this restricted sample (the median is about 1%
higher than in the unrestricted case for both model specifications). However, return volatility
and other moments are essentially unchanged. The only exception concerns the correlation
between 7 and the D/P ratio in the co-integration model, which is higher in the restricted case.
This happens because s is not hit by disasters anymore and, in turn, induces less variation
to the D/P ratio. As a consequence, in absence of disasters, s weakens to a lesser extent the
correlation between m and the D/P ratio.

Next, we investigate the extent of predictability implied by the model. Tables IV and V
showed that m; is a good predictor of excess returns, but not of consumption growth. We run
similar regressions for either cumulative excess returns or cumulative consumption growth rates,
using horizons between 1 and 5 years. Figure 13 reports the 5th, 50th, and 95th percentiles
of the predictive slope coefficients from the model simulations, together with their empirical
counterparts, reproduced from Tables IV and V. Estimates for the levered consumption model

and the co-integration model are in the upper and lower panels respectively and are very similar.

9This correlation depends on the log D/P ratio sensitivities with respect to each state variable. Of the two
sensitivities, only the one with respect to m depends on -y, because 7 is a priced state variable. As a result, the
correlation is positive and increases with risk aversion, and v = 5 reproduces the correlation we observe in the
data.
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In the left panels, we observe that disaster probability is a reliable predictor of excess returns.
The distribution of the slope coefficients supports the positive values across all horizons, meaning
that the model reproduces the equity return predictability we observe in the data. Indeed, the
point estimates from Table V display a similar pattern and belong to the interval produced by the
model simulations at each horizon. In the right panels of Figure 13, we observe weaker evidence
of consumption growth predictability, as in the data. Point estimates for the disaster probability
are negative but close to zero, which is not surprising given the consumption dynamics of
Eq. (10). The empirical counterparts from Table IV exhibit a similar pattern.

Figure 13 also plots the median predictive slopes from the model simulations when realized
disasters are turned off. In this case, the consumption growth predictability coefficients collapse
to zero; indeed, disaster probability cannot predict consumption growth at all in the absence of
realized disasters. In contrast, excess return slope coefficients are slightly larger in the absence
of realized disasters and thus compare well with the postwar data coefficients (Table V).

Finally, we also investigate the asset pricing predictions of a levered consumption model
with CRRA preferences, such that the representative agent is indifferent regarding the timing
of uncertainty resolution. In turn, the main implication of introducing CRRA preferences is
that the disaster probability 7 is no longer a priced state variable (i.e., the representative agent
stops fearing the variation of m: v, = 0). Nevertheless, the log equity premium still moves
with 7 because changes in 7 induce changes in the disaster component of consumption risk,
which increases with 7. Table A.VII in the Online Appendix reports the historical asset pricing
moments and the distribution of their model counterparts. We keep all parameter values from
the previous analysis of the levered consumption model. The model produces a risk-free rate
(7.5%) and an equity premium (1.5%) that are, respectively, above and below their empirical
counterparts. Changing the relative risk aversion coefficient can improve the fit of one moment,
but only at the cost of deteriorating the fit of the other. In addition, the risk-free rate becomes

about twice more volatile than in the data.

D. Model-Implied Option Prices

In this section, we investigate model-implied option prices. Equity index options provide valu-
able insights as their prices indicate how investors perceive the likelihood of rare events. In
particular, the prices of options for different strikes offer information about the market per-
ception of equity crashes. Backus et al. (2011) connect the risk-neutral distribution of equity
returns implied by options to the actual distribution of consumption growth, casting doubt on

the plausibility of disaster risk models. Indeed, they document that (i) options prices imply
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smaller disaster probabilities than have been estimated from macroeconomic data and (i) a
consumption-based model provides a poor description of implied volatility when calibrated on
macroeconomic data on disasters (e.g., Barro (2006), Nakamura et al. (2013)). While Backus
et al. (2011) makes use of a rare disaster model with a constant probability and CRRA prefer-
ences, more recently Seo and Wachter (2019) argues that a time-varying disaster model under
recursive preferences can reconcile these tensions. They show that the Wachter (2013) model
can in fact reproduce the implied volatility level and skew observed in the data. In what fol-
lows, we thus examine the option prices implied by our calibration, which is disciplined by our
estimates for m and a more conservative disaster size distribution.

Figure 14 illustrates our results. We depict prices as implied volatilities and plot them
against a measure of moneyness, with higher strike prices on the right side. The measure of
moneyness is computed as the proportionate difference between the strike and price: (strike —
price) / price. A value of zero corresponds to an at-the-money option (strike = price). We use
options with both a 3-month and a 1-year maturity, with deviations from return lognormality
(i.e., flat volatility smiles) that are more discernible at the shorter maturities.

The upper panels of Figure 14 compare the implied volatilities predicted by our model
with the empirical evidence from S&P 500 index options. Implied volatilities typically average
around 20% and decrease with moneyness, the so-called volatility skew, with a steeper slope at
short maturity. The levered consumption model (see Eq. (16)) leads to a very good fit of the
data at both 3-month and 1l-year maturity. Instead, the co-integration model (see Eq. (17))
predicts lower implied volatilities with a steeper slope than in the data for in-the-money put
options, in particular for the 3-month maturity. In both cases, the model helps filling the gap
documented by Backus et al. (2011) between actual option prices and those generated by a
CRRA consumption-based model with a constant probability of disasters. In particular, the
volatility skew produced by the levered consumption model compares well with the skew in Seo
and Wachter (2019). This points to the importance of a time-varying disaster probability and
highlights (i) the plausibility of disaster risk estimated from macroeconomic data and (i) the
sensitivity with respect to the dividend dynamics.?’

To further inspect the model mechanism, the lower panels of Figure 14 consider two alter-

native model specifications. Either we shut down time-variation in the disaster probability (and

29As an additional exercise, we compare the sample moments of an empirical measure of the volatility skew—
that is a measure of return non-gaussianity implied in option prices—with its model counterpart. The latter is
obtained by plugging in the estimates of 7~ over the same sample. Table A.VIII in the Online Appendix reports
the results. In accord with the visual inspection of Figure 14, the levered consumption model provides a good fit of
the mean and standard deviation of the volatility skew observed in actual data, whereas the co-integration model
overestimates both moments. Results are quite insensitive to using 7~ from either the current or the previous
year. Since 7w~ is estimated at yearly frequency, the sample is too short for a proper empirical assessment, but
these figures are quite reassuring about the model predictions concerning option prices.
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increase the relative risk aversion to 10 to keep a sizeable equity premium) or we shut down
the preference for the early resolution of uncertainty (by adopting CRRA preferences). In both
cases, we observe that the level of implied volatility drops substantially and the volatility skew
is more pronounced than in actual data. Therefore, we conclude that the joint assumption of
time-varying disaster risk and preference about the resolution of uncertainty, initially proposed
by Wachter (2013), is key to generate model-implied option prices that conform well with the

data.

E.  Summary of the Calibration Analysis

Overall, our model supports the idea that macroeconomic tail risk is a key driver of the equity
premium. In particular, the proposed calibration—where we embed our estimates of macroe-
conomic tail risk that make use of macroeconomic data only—indicates that the model can
generate a large and volatile equity premium. Moreover, model-implied options can generate a
realistic volatility skew, meaning that macroeconomic tail risk helps rationalizing how market
participants price extreme events. We acknowledge that other aspects of the model are overly
simplistic. In the levered consumption model, macroeconomic tail risk 7; is the only state
variable, which means that all equilibrium quantities are perfectly correlated, and the model
cannot explain the empirical wedge between risk and return. We emphasized in Section I11.B
that macroeconomic tail risk and the dividend-price ratio are positively but imperfectly corre-
lated. The co-integration model actually reproduces this feature of the data, and still generates
a sizeable equity premium and return predictability, but the fit of the volatility skew partially

deteriorates.?!

V. Conclusion

A major criticism of the rare disaster paradigm is its reliance on an elusive state variable, which
has been referred to as “dark matter for economists” (Campbell, 2017; Cochrane, 2017; Chen
et al., 2022). In this paper, we propose an approach to measure macroeconomic tail risk over
the long run. Our estimates capture the predictable variation in the lower tail of consumption
growth, making use of and summarizing the information content of a rich set of predictive
variables. The framework does not impose structural assumptions and does not require asset

pricing information, both of which are key to test the empirical validity of the rare disaster

21Gection IL.E also showed that many variables beyond option prices have forecasting power for future crises,
which we interpret as evidence of an imperfect correlation between macroeconomic tail risk and equity volatility.
While the co-integration model still produces a unit correlation with volatility, a richer model, for instance,
assuming conditional heteroskedasticity in the dynamics of s;, could break this perfect correlation.
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paradigm.

We find that the lower quantiles of consumption growth are predictable by lagged recessions
at home and abroad, wars and related disasters, and asset prices, among other variables. By
combining the information in our predictive variables, we obtain country crisis probabilities
that capture the rich economic history of the 42 countries present in our sample. Reflecting the
predictive ability of its components, the crisis probabilities increase in periods of economic and
political distress and covary with asset prices, as implied by rare disaster models.

We calibrate a rare disaster model using our estimates of macro risk dynamics. In doing so,
we are careful to avoid asset price information, a step that ensures our calibration has not been
reverse-engineered to fit asset pricing data. The model generates a high and volatile equity
premium for a representative agent whose coefficient of relative risk aversion is 5 and whose
elasticity of intertemporal substitution is 1. These results support prior calibrations of rare
disasters model set to match asset pricing moments.

Our approach is inspired by the long tradition in finance of estimating the equity premium
using predictive regressions. Similar forecasting models are typical in the context of forecasting
recessions and other crises. We show that this type of forecasting model can measure eco-
nomic “dark matter,” such as disaster risk. We leave to further research the study of other
similar objects, such as long-run growth (Bansal and Yaron, 2004), which our framework can
accommodate as well. Finally, we note that rare disaster models can rationalize other regu-
larities observed in the markets for bonds and currencies (Gabaix, 2012; Gourio, 2013; Farhi
and Gabaix, 2016), and offer the possibility of connecting macroeconomic aggregates with asset
prices in production economies (Gabaix, 2011; Gourio, 2012; Kilic and Wachter, 2018; Isoré
and Szczerbowicz, 2017). An empirical evaluation of these models would be a fruitful area for

further research.
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Table I: Predictive Variables

Variable Description Mean S.D. Min Max
Macroeconomic Predictors
Recession One-year consumption growth rate <0 0.281  0.450 0.000 1.000
Recession abroad Distance-weighted average of foreign 0.230 0.161 0.000 0.890
recessions
Consumption Consumption growth 0.019 0.063 —0.557 0.487
Consumption (world) GDP-weighted consumption growth 0.018 0.039 —0.213 0.116
War and Political Predictors
War Interstate war 0.039 0.195 0.000 1.000
Civil war Intrastate or non-state war 0.059 0.235 0.000 1.000
Political crisis Political crisis 0.013 0.115 0.000 1.000
War /political crisis abroad Distance-weighted average of foreign 0.096 0.117 0.000 0.761
war/political crises
Natural Disaster Predictors
Natural disaster Major earthquake, tsunami, volcano 0.069 0.254 0.000 1.000
eruption, and the Great Influenza
Famine Major famine 0.008 0.091 0.000 1.000
Financial Conditions Predictors
Banking crisis Banking crisis 0.089 0.284 0.000 1.000
Currency crisis Exchange rate depreciation > 15% 0.144 0.351 0.000 1.000
Sovereign default Sovereign default 0.093 0.291 0.000 1.000
Hyperinflation Annual inflation rate > 20% 0.099 0.298 0.000 1.000
Credit growth (world) GDP-weighted 3-year change 0.019 0.042 -0.132 0.084
in total bank loans to GDP
Asset Price Predictors
Dividend-price ratio (US)  S&P 500 dividend-price ratio 0.040 0.016 0.011  0.093
Stock volatility (US) S&P 500 realized volatility 0.199 0.073  0.050 0.507
Yield curve (US) 10-year—1-year Treasury spread 0.001 0.017 —0.0563 0.038

Notes. We report descriptive statistics for the predictive variables (see Section I.C and the Online
Appendix for detailed descriptions of each variable).
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Table II: Variance Decompositions for Macro Risk

(1) (2) (3) (4) (5)
Panel A: Predictor Categories
Macro 0.27 — 0.44 0.25 0.39
War and Political 0.34 0.44 — 0.46 0.38
Natural Disasters 0.01 0.01 0.02 0.01 0.01
Financial conditions 0.12 0.09 0.29 — 0.14
Asset Prices 0.22 0.36 0.21 0.22 —
Residual 0.04 0.09 0.04 0.05 0.09
N 4821 4821 4821 4821 4821
Countries 42 42 42 42 42
AUROC 0.79 0.77 0.78 0.79 0.77
o(7") x 100 2.66 3.04 2.81 3.06 3.04
p(7r,7t") 1.00 0.95 0.91 0.96 0.94
Panel B: Subsamples
Full sample Pre-1945 Post-1945 OECD Ex-OECD
Macro 0.27 0.13 0.11 0.21 0.22
War and Political 0.34 0.52 0.27 0.39 0.40
Natural Disasters 0.01 -0.00 0.01 0.00 0.00
Financial conditions 0.12 0.05 0.41 0.13 0.07
Asset Prices 0.22 0.11 0.04 0.17 0.12
Residual 0.04 0.20 0.15 0.09 0.19
N 4821 1844 2977 3214 1607
Countries 42 35 42 25 17
AUROC 0.79 0.78 0.77 0.81 0.78
o(7") x 100 2.66 6.12 1.58 3.46 2.90
p(7r, 7t") 1.00 0.80 0.59 0.96 0.86
Panel C: Horizons

H=3 H=1 H=2 H=14 H=5
Macro 0.27 0.38 0.21 0.31 0.17
War and Political 0.34 0.27 0.30 0.11 0.07
Natural Disasters 0.01 0.05 0.02 -0.00 -0.00
Financial conditions 0.12 0.08 0.08 0.16 0.24
Asset Prices 0.22 0.12 0.30 0.33 0.40
Residual 0.04 0.11 0.10 0.08 0.12
N 4821 4913 4867 4775 4729
Countries 42 42 42 42 42
AUROC 0.79 0.79 0.82 0.76 0.77
o(7") x 100 2.66 3.80 3.66 2.74 2.55
p(7, ') 1.00 0.89 0.94 0.90 0.82

Notes. This table presents variance decompositions of macro risk on the five predictor categories and a
residual (see Eq. (7)). The table also reports the AUROC statistics, the volatility of the corresponding
macro estimates, and their pairwise correlations with the baseline model estimates. Panel A compares
the results for the full sample with results for predictor subsets where each predictor category is excluded
in turn. Panel B shows subsample results comparing pre- and post-WW2 data, OECD and non-OECD
countries. Panel C gives results for estimates constructed using consumption risk cumulated from one

to five years.
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Table III: Out-of-Sample Crisis Predictability

Model In Sample Out of Sample
H 1 2 3 4 ) 1 2 3 4 )
Panel A: Expanding Window
Unpenalized 0.85*** 0.85*** (0.80*** 0.78*** 0.79*** 0.80*** 0.77*** 0.76*** 0.71*** 0.71***
LASSO 0.85*** 0.85*** 0.80*** 0.79*** 0.78*** 0.79*** 0.77** 0.76*** 0.71*** 0.72***
Ridge 0.85*** 0.85*** 0.80*** 0.79*** 0.79*** 0.81*** 0.78*** 0.76*** 0.71*** 0.73***
Elastic 0.85*** 0.85*** 0.80*** 0.79*** (0.78*** 0.79*** 0.77*** 0.76*** 0.71*** 0.72***
Probit 0.85*** 0.85*** 0.81*** 0.79*** (0.78*** 0.80*** 0.77*** 0.72*** 0.66*** 0.67"**
Panel B: Expanding Window (Real-time Crises)
Unpenalized 0.88*** 0.88*** 0.81*** 0.81*** 0.83*** 0.80*** 0.78*** 0.76*** 0.69*** 0.72***
LASSO 0.88*** (0.88*** (0.81*** 0.81*** 0.84*** 0.79*** 0.82*** 0.76*** 0.71*** 0.72***
Ridge 0.88*** 0.88*** 0.81*** 0.80*** (0.83*** 0.80*** 0.81*** 0.77*** 0.71*** 0.73***
Elastic 0.88*** 0.88*** 0.81*** 0.81*** (0.84*** 0.79*** 0.82*** 0.76*** 0.72*** 0.73***
Probit 0.87*** (0.88*** (0.82*** (.82*** (.84*** 0.70*** 0.67*** 0.63*** 0.59** 0.69***
Panel C: Sample Split

Unpenalized 0.85*** 0.85*** 0.80*** 0.78*** 0.77*** 0.81*** 0.79*** 0.74*** 0.70*** 0.71***
LASSO 0.84*** 0.84*** 0.80™** 0.77*** 0.78*** 0.80*** 0.80™** 0.75*** 0.73*** 0.71***
Ridge 0.83*** 0.83*** 0.80*** 0.79*** 0.77*** 0.80*** 0.80*** 0.75*** 0.75*** 0.71***
Elastic 0.84*** 0.82*** 0.81*** 0.77*** 0.77*** 0.81*** 0.79*** 0.75*** 0.73*** 0.72***
Probit 0.84*** 0.84*** 0.81*** 0.78*** 0.79*** 0.79*** 0.77*** 0.75*** 0.71*** 0.69***

Notes. This table reports Area under the Receiver Operating Characteristic (AUROC) statistics for the
prediction of future crises based on 7. Crises are defined as 2-SD cumulative declines in consumption
growth measured over H = 1,...,5 years. In each case, 7 is estimated on a training sample of a given
horizon and tested out of sample. The table reports AUROC in both samples. We evaluate estimates
constructed with quantile regressions model with no penalization and LASSO, Ridge, and Elastic net
penalized regression models and with the probit model. Panel A gives results where 7 is constructed
out-of-sample using an expanding window after a 50-year training period (1874-1921). The forecasts are
compared over the 1922-2020 period. Panel B gives results for a variant where crises are identified out
of sample. Panel C gives results for the full historical sample (1874-2020), for repeated estimations of
the model trained on 21 countries picked randomly and tested on the remaining 21 countries. We report
statistical significance based on bootstrapped AUROC confidence bands.

* okok

, **, and *** indicate statistical significance at 10%, 5%, and 1% levels, respectively.
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Table IV: Macro Risk Weakly Forecasts Consumption Growth

Full sample (1876-2020)

Prewar (1876-1945)

Postwar (1945-2020)
1 3 )

AC7(37

1 3 5
Consumption growth
H .
tlh =a; + b + Ui+ H

—0.32°* —0.51** —0.18
(0.07)  (0.20)  (0.32)
1,844 1,772 1,702
0.023  0.020 0.001

GDP growth

(H)

Ay yn = ai 0+ Uirm

Crisis

H 1 3 5
b —0.30*"*—0.38*"*—0.05
(0.05) (0.15) (0.24)
N 4,821 4,729 4,639
R? 0.023  0.010  0.000
b —0.26** —0.41** —0.26
(0.06) (0.16) (0.25)
N 4,814 4,720 4,628
R? 0.020 0.012  0.003
b 148 3.00*** 3.35%**
(0.20)  (0.55) (0.83)
N 4,821 4,729 4,639
R? 0.059 0.049 0.034

—0.28"—0.38*  0.08
(0.08) (0.21) (0.33)
1,842 1,770 1,700
0.021  0.012  0.000

Crises
(H)

itrh — @it bty + Wity H
1.53***  2.95%** 2.55**
(0.25) (0.70) (1.12)
1,844 1,772 1,702
0.051  0.036  0.012

—0.05  0.41* 0.8
(0.11)  (0.24)  (0.32)
2,977 2,957 2,937
0.000 0.010 0.012

0.03 —0.04 —0.24
(0.11)  (0.24) (0.33)
2,972 2,050 2,928
0.000 0.000  0.003

0.38  0.93 243"
(0.38)  (0.81) (1.08)
2977 2,957 2,937
0.005 0.010  0.048

Notes. This table presents slope coefficients, standard errors, and adjusted R? statistics for predictive
panel regressions of cumulative consumption growth on crisis probabilities. Observations are over the
sample of 42 countries, from 1874 to 2020. Results are reported for the full sample, as well as for
subsamples covering the pre- and post-WW2 periods. Standard errors in parentheses are bootstrapped
to account for cross-sectional correlation and time aggregation. The bootstrap simulates the estimated
& when it is used as a regressor to account for estimation error.

* ok

, **, and *** indicate statistical significance at 10%, 5%, and 1% levels, respectively.

Table V: Macro Risk Forecasts Excess Stock Returns

Full sample (1876-2020)

Prewar (1876-1945)
1 3 5

Postwar (1945-2020)
1 3 5

Zthl Tit+h — T£t+h =a; + bt + Ui pym
0.47 1.20 1.33
(0.45) (1.22) (2.04)
697 661 626
0.010 0.020 0.012
ZhH:1 Tit+h — TZf,Hh =a; + b + Uitn
0.56 1.32 1.08
(0.44) (1.23) (2.07)
697 661 626
0.014 0.023 0.007

H 1 3 5
b 0.75** 1.63*  2.66"
(0.35) (0.98) (1.53)
N 2,487 2,391 2295
R? 0.007 0.012  0.020
b 0.78** 1.54  2.48"
(0.35) (0.94) (1.44)
N 2,487 2,391 2295
R? 0.007 0.010  0.018

2327 374 4.62%F

(0.71) (1.50) (1.92)

1,790 1,730 1,669
0.020 0.028 0.043

1.88%** 2.84** 3.89**

(0.65) (1.37) (1.64)

1,790 1,730 1,669
0.015 0.018 0.033

Notes. This table presents slope coefficients, standard errors, and adjusted R? statistics for
predictive panel regressions of cumulative excess returns on crisis probabilities. Observations
are over the sample of 42 countries, from 1874 to 2020. Results are reported for the full
sample, as well as for subsamples covering the pre- and post-WW2 periods. Standard errors in
parentheses are bootstrapped to account for cross-sectional correlation and time aggregation.
The bootstrap simulates the estimated 7 when it is used as a regressor to account for estimation

error.

* ko

, **, and *** indicate statistical significance at 10%, 5%, and 1% levels, respectively.
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Table VI: Excess Return Predictability: Inspecting the Mechanism

Full sample (1876-2020) Prewar (1876-1945) Postwar (1945-2020)
H 1 3 5 1 3 5 1 3 5
Zthl Titth — rzf)H_h = a; + b Recession; ; + u; 1+
b 0.06***—0.05 —0.09 0.03 0.00 —0.02 0.10***—0.06 —0.08
(0.02) (0.04) (0.06) (0.02) (0.05) (0.06) (0.02) (0.05) (0.07)
N 2,487 2,391 2,295 697 661 626 1,790 1,730 1,669
R? 0.009 0.002 0.004 0.007 0.000 0.001 0.014 0.002 0.003
ZhH:1 Titth — rlf’Hh = a; + bft;; + ¢ Recession; ; + w4 1
b 0.51 1.76* 2.77* 0.38 1.21 1.33 1.89**  3.80** 4.70**
(0.39) (0.98) (1.46) (0.47)  (1.20) (2.07) (0.77)  (1.56) (1.91)
c 0.05***—0.07** —0.10* 0.02 -0.01 -0.02 0.07***-0.07 —0.10
(0.02) (0.03) (0.05) (0.02) (0.05) (0.06) (0.02) (0.05) (0.07)
N 2487 2,391 2295 697 661 626 1,790 1,730 1,669
R? 0.011 0.016 0.026 0.013 0.020 0.013 0.026 0.032 0.047
Zthl Titth — T£t+h = a; + bFinCrisis; ¢ + wi t+ 1
b 0.02 —0.21***—0.35*** 0.05 —0.22***—(0.28** 0.00 —0.21***—0.38***
(0.03) (0.06) (0.08) (0.04) (0.08) (0.11) (0.03) (0.08) (0.11)
N 2,487 2,391 2,295 697 661 626 1,790 1,730 1,669
R? 0.000 0.019 0.034 0.005 0.038 0.040 0.000 0.016 0.036
Zthl Tit+h — rlf)Hh = a; + b+ + ¢ FinCrisis; ¢ + sty 1
b 0.77*  1.74* 2.54* 0.42 1.05 1.17 3077 4.27F%% 4,47+
(0.38)  (0.92) (1.49) (0.46) (1.28) (2.07) (0.84) (1.52) (1.85)
c —0.01  —0.22***—0.34*** 0.04 —0.21** —0.27** —0.09** —0.26***—0.37***
(0.03) (0.06) (0.09) (0.04) (0.08) (0.11) (0.04) (0.08) (0.11)
N 2,487 2,391 2,295 697 661 626 1,790 1,730 1,669
R? 0.007 0.032 0.053 0.013 0.053 0.050 0.026 0.052 0.077

Notes. This table presents slope coefficients, standard errors, and adjusted R? statistics for predictive

panel regressions of cumulative excess returns on crisis probabilities, realized recessions, and financial
crises. Observations are over the sample of 42 countries, from 1874 to 2020. Results are reported
for the full sample, as well as for subsamples covering the pre- and post-WW2 periods. Standard
errors in parentheses are bootstrapped to account for cross-sectional correlation, time aggregation,
and generated predictor. The bootstrap simulates the estimated 7 when it is used as a regressor.

* ok

, **, and *** indicate statistical significance at 10%, 5%, and 1% levels, respectively.
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Table VII: Estimation of the Disaster Risk Model

Estimate Standard Error

Normal times:

Average growth in consumption p 0.021 0.017

Volatility of consumption growth o 0.028 0.005
Disaster probability:

Long-term disaster probability 7 0.036 0.036

Persistence p 0.754 0.013

Volatility parameter v 0.241 0.013
Disaster size:

Shape parameter (8 0.042 0.013

Shifting parameter 6 0.057 -

Notes. The table presents GMM estimates (one-lag Newey and West (1987) standard errors in
parentheses) of consumption dynamics in the time-varying disaster model. The log consumption
growth evolves according to

Acy = o+ oy + vy,

where ;1 and o are constants, ¢; is a standard normal random variable, v; = Jy1an,>0, and An,
follows a Poisson distribution with time-varying probability m:

T — T = p(m—1 — ) + V/T—1Us.

Finally, J; follows a shifted negative exponential distribution that takes a minimum value of —0
and parameter 3, such that its mean and variance are —(6 + 3) and (2.
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Table VIII: Asset Pricing Moments: Levered Consumption Model

Data Model
1871-2015 1946-2015 2.5% 5% 50% 95%  97.5%

Panel A: Unrestricted Model

Average risk-free rate 2.23 1.26 1.76 1.81 1.97 210 2.12
Standard deviation of risk-free rate 4.54 3.14 0.83  0.86 1.08 1.38 1.47
Average excess return 5.97 6.82 4.27 437  4.88 5.35 5.46
Standard deviation of excess return 18.5 16.5 19.0 194 219 243 25.1
Average dividend yield 4.15 3.33 236 238 251 274 2.81
Standard deviation of dividend yield 1.58 1.42 0.69 0.75 1.19 243 3.20
Autocorrelation of dividend yield 78.7 90.0 50.9 54.6  66.7 77.3 79.1
Panel B: Restricted Model (No Realized Disasters)
Average risk-free rate 2.23 1.26 177 1.82 1.97  2.09 2.12
Standard deviation of risk-free rate 4.54 3.14 0.82 0.87 1.08 1.39 1.45
Average excess return 5.97 6.82 5.40 5.50 5.96 6.49 6.60
Standard deviation of excess return 18.5 16.5 18.5 189 212 237 24.5
Average dividend yield 4.15 3.33 236 238 251 275 2.83
Standard deviation of dividend yield 1.58 1.42 0.69 0.75 1.18  2.66 3.58
Autocorrelation of dividend yield 78.7 90.0 493 528 664 77.0 79.2

Notes. Panel A reports unconditional moment statistics from S&P 500 real returns and three-month
U.S. Treasury real rates, as well as percentiles of the same moments from model simulations. Panel B
reports the same quantities from a restricted model in which disasters do not realize. Parameters are
from Table VII. Additional parameters are v = 5, = 99% and ¢ = 2.6.
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Table IX: Asset Pricing Moments: Co-Integration Model

Data Model
1871-2015 1946-2015 2.5% 5% 50% 95% 97.5%

Panel A: Unrestricted Model

Average risk-free rate 2.23 1.26 178 1.81 196 209 211
Standard deviation of risk-free rate 4.54 3.14 0.82 087 1.10 1.39 1.46
Average excess return 5.97 6.82 3.53 3.61 4.15 4.77 4.90
Standard deviation of excess return 18.5 16.5 172 176 193 214 219
Average dividend growth 3.60 6.06 1.38 143 165 1.88 1.93
Standard deviation of dividend growth 12.4 6.4 29.8 30.0 315 33.0 333
Average dividend yield 4.15 3.33 4.00 4.12 4.60 518 5.25
Standard deviation of dividend yield 1.58 1.42 2.16 225 279 3.78 4.38
Autocorrelation of dividend yield 78.7 90.0 68.7 728 80.8 8.4 859
Corr. div. yield and disaster probability 40.1 39.4 259 283 441 61.1 64.1
Panel B: Restricted Model (No Realized Disasters)
Average risk-free rate 2.23 1.26 1.76 1.80 197 210 2.12
Standard deviation of risk-free rate 4.54 3.14 0.84 088 1.09 139 144
Average excess return 5.97 6.82 440 450 512 583 5.9
Standard deviation of excess return 18.5 16.5 16.8 171 188 21.0 21.5
Average dividend growth 3.60 6.06 1.88 191 210 229 2.33
Standard deviation of dividend growth 124 6.4 282 284 295 30.5 30.7
Average dividend yield 4.15 3.33 448 459 516 584 599
Standard deviation of dividend yield 1.58 1.42 239 249 320 5.05 5.78
Autocorrelation of dividend yield 78.7 90.0 694 73.0 804 84.8 855
Corr. div. yield and disaster probability 40.1 39.4 32.8 372 540 70.1 728

Notes. Panel A reports unconditional moment statistics from S&P 500 real returns and three-month
U.S. Treasury real rates as well as percentiles of the same moments from model simulations of the co-
integration model. Panel B reports the same quantities from a restricted model in which disasters do not
realize. Parameters are from Table VII. Additional parameters are v = 5,5 = 99%, ¢ = 0.90,n = 0.30,
and kK = 4.
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Table X: Premium and Return Variance Decomposition

Levered Consumption Co-Integration

FEquity Premium:

Normal Risk 0.15 0.08

Time-varying Disaster Probability 0.76 0.24

Disaster Severity 0.09 0.68
Return Variance:

Normal Risk 0.11 0.24

Time-varying Disaster Probability 0.83 0.70

Disaster Severity 0.06 0.06

Notes. This table reports the relative contribution of the three components of the equity
premium and the return variance at the steady state for both the levered consumption model
and the cointegration model.
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Figure 1: U.S. Macroeconomic Risk

Notes. This figure shows the probability of a severe macroeconomic crisis, 7, in the United
States. A crisis is defined as a two-standard deviation drop in three-year consumption growth
below the average growth rate. According to this definition, the United States experienced
crises in 1918, 1919, 1930, and 1931.
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Figure 2: Timeline

Notes. This figure shows a heatmap of three-year consumption growth. Consumption growth in
each country is standardized to have a zero mean and unit standard deviation. Only realizations
less than —0.5 are shown. 2-SD macroeconomic crises are highlighted in grey. Small black dots
indicate data unavailability.
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Figure 3: U.S. Consumption Growth Quantiles
Notes. This figure shows the conditional distribution of three-year consumption growth in the

United States. The solid black line shows macro risk, 7, which is interpolated as the probability
of a 2-SD decline in consumption and is depicted in Figure 1.
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Figure 4: Quantile Regression Estimates

This figure shows quantile regression coefficient estimates for three-year consumption growth on
the set of predictive variables. Each plot reports quantile slope coefficient against the .01, .02,
.03, .04, .05, .075, .1, .15, .2, .3, .4, and .5 quantiles. The red dots report univariate regression
estimates, together with their 95% confidence bands. The blue lines report the multivariate
regression estimates. The dotted black lines report multivariate ridge estimates.
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Figure 5: Marginal effects for Univariate Quantile Regressions

Notes. This figure shows marginal effects calculated from the QR model based on univariate
regressions. The marginal effect is defined as the impact of a one standard deviation increase in
a predictive variable on the unconditional probability of a macroeconomic crisis. The horizontal
error bars depict 90% confidence intervals for the null of no predictability.
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Figure 7: Receiver Operating Characteristic (ROC) Curve

Notes. The ROC curve assess the accuracy of binary forecasts (in this case in-sample 7; esti-
mates). Each dot corresponds to a given threshold rule, with darker dots representing higher
thresholds. The x-axis indicates how often the model wrongly predict a macroeconomic crisis
in ¢t 4 1; the y-axis gives the fraction of predicted disaster among all crises that did happen.
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Figure 8: US Macroeconomic Risk by Predictor Categories

Notes. This figure shows macro risk estimates for four out of five predictive variables groups.
The predictive variables associated with each group are listed in Table I. Shaded areas high-
light important predictors in each category: recessions (Macro), wars (War and Political), and
banking crises (Financial Conditions).
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Notes. This figure reports the local currency average excess stock return and consumption
growth around a macroeconomic crisis, obtained as the regression coefficients in Eq. (9).
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Notes. This figure shows the distribution of three-year consumption growth in the data together
with the model-implied distribution. International consumption series are rescaled to have the
same mean and standard deviation as consumption growth in the United States.
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Figure 13: Model-Implied Predictability

Notes. This figure shows predictive slopes from the regression of either future cumulative excess
returns (left) or consumption growth (right) on either actual or model-implied macro risk as a
function of the horizon. Model-implied slopes are the median from the simulations of both the
baseline model (we also report the 5th and 95th percentiles) and the restricted model in which
disasters are not realized. Slopes with actual data correspond to point estimates from panel
regressions (Tables IV and V).
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Figure 14: Model-Implied Option Prices

Notes. This figure shows the model implied volatility for put options with either one-quarter
or one-year maturity as a function of relative moneyness, (strike - price) / price, in comparison
with the typical evidence from S&P 500 index options. Option prices are computed by Monte
Carlo simulations. The upper panels report the implied volatility for the levered consumption
model and the co-integration model. The lower panels report the implied volatility for a levered
consumption model with either a constant probability of disasters (and an increased relative
risk aversion v = 10) or CRRA preferences.
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Appendix A. Data Appendix

Geographic distances Our “Disaster abroad” variable is distance-weighted. We measure
the distance between two countries as the population-weighted average distance in kilometers
between large cities’ of each country pair (Mayer and Zignago, 2011).

GDP We primarily work with consumption and GDP expressed per capita, but we sometimes
need GDP levels to value-weight series. We thus obtain population data from the Maddison
database (Inklaar et al., 2018), with the exception of pre-1950 Icelandic population data, which
we downloaded from populstat.info (accessed on November 29, 2019). We interpolate the re-
maining small portion of the data that is missing (Shape-preserving piecewise cubic interpola-
tion).

Wars. The data for war and civil wars come from Sarkees and Wayman (2010), which extends
from 1816 to 2007. “Wars” correspond to the events listed as interstate wars, while “Civil wars”
correspond to the events classified as either intrastate or nonstate wars. We use Wikipedia pages
listing wars involving each country in our sample to extend the data from 2008 to 2015.!

Political Crises. We use data from the Center for Systemic Peace (CSP): Integrated Network
for Societal Conflict Research. The constraint on the executive variable is constructed by the
Polity IV project by coding the authority characteristics of governments across the globe from
1800 to 2016. The scale ranges from 1 (weak constraints on executive power) to 7 (strong
constraints on executive power). The variable measures the extent of institutional constraints
on executive power. We define political crises as a four or more decline in constraints on
executive, or a collapse or interruption in authority (coded separately as “-66” and “-77” in the
Polity IV data set).

Sovereign Defaults. We utilize external default dummies assembled by Carmen Reinhart
and Kenneth Rogoff (RR, see Reinhart and Rogoff (2009)). The data cover the period 1800—
2014. We use Wikipedia’s list of sovereign debt crises to complete our data up to 2015.2

Hyperinflation. Our hyperinflation dates primarily come from RR, who define inflation crises
as periods with annual inflation rate exceeding 20%. The data cover the period 1800-2010. We
extend the sample to 2015 using inflation data from the World Development Indicators as well
as Global Financial Data.

Currency crises. We use currency crises dates from RR, which are defined as annual depre-
ciation against the U.S. dollar (or the relevant anchor currency) of 15% or more. The data cover
the period 1800-2010; we use exchange rate data from WDI and the Federal Reserve Bank of
St. Louis to calculate crisis dates until 2015.

Financial Crises. We use banking crisis dates constructed by RR, which covers the period
1800-2010. Banking crises correspond to events characterized by substantial bank runs and
closure, merging, takeover, or large-scale government assistance of an important financial insti-
tution. We use Wikipedia’s list of banking crises to complete our data to 2015.3

'For example, https://en.wikipedia.org/wiki/List_of_wars_involving_Argentina (as of November 28,
2017). This yields a single new civil war: the Sinai Insurgency (Egypt, 2011-2015), and extended periods for two
other civil wars, namely, the Second Sri Lanka Tamil (Sri Lanka, 2006-2009) and unrest in Colombia (1989-2015).

2 Accessed on November 28, 2017, at https://en.wikipedia.org/wiki/List_of_sovereign_debt_crises. In
our sample of countries, we find one default in 2015 (Greece).

3Accessed on November 28, 2017, at https://en.wikipedia.org/wiki/List_of_banking_crises. In our
sample of countries, we find one default in 2015 (Greece). We find no evidence of sovereign defaults for Iceland
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Natural Disasters. We obtain data on international earthquakes, tsunamis, and volcano
eruptions from the National Centers for Environmental Information. We focus on major events,
the highest grade in event classifications. This corresponds to events that have caused at least
1,000 deaths, destroyed at least 1,000 houses or equivalent damages in monetary terms. When
the database does not report precise numbers, we use the highest descriptive score (4), which
corresponds to natural disasters of commensurable intensity. We also obtain the dates and
location of major famines from the website Our World in Data (accessed on November 11,
2019).

Financial data. The data come from Global Financial Data (GFD). We compute local cur-
rency excess returns by subtracting the continuously compounded 3-month short-term interest
rate from the total equity return (in logs). Returns are calculated from the end of the previous
year to the end of the current year. To eliminate the influence of outliers, we drop the 99.5th and
0.5th percentiles of stock excess returns. The former is GFD’s country Treasury-bill yields. Our
world variables are based on that U.S. series, which has the longest time coverage. Our baseline
global dividend-price ratio is the Standard & Poor’s 500 D/P ratio computed by GFD, which
starts in 1871. Our volatility index is a composite of multiple time series. From 1986 onward,
we use the CBOE VXO index of percentage implied volatility, on a hypothetical at the money
S&P100 option 30 days to expiration. Following Bloom (2009), we use actual returns volatili-
ties to extend the volatility series back in time. We estimate the annual standard deviation of
stock returns using the daily returns to the Standard and Poor’s S&P 500 from 1928 through
1985. The estimates from 1885 through 1927 use daily returns on the Dow Jones composite
portfolio, as in Schwert (1989). Finally, since daily stock return data are not available before
1885, we compute the volatility through Schwert (1989)’s generalization of the Officer (1973)
moving standard deviation estimator using monthly S&P 500 returns. The volatility indices are
normalized to have the same mean and variance as the VXO index when they overlap from 1986
onward. Finally, we use the one-year interest rates in the United States from Robert Shiller to
proxy for the short-term risk-free rate. The term spread subtracts the one-year interest rate to
the 10-year Treasury bond yield.

and Switzerland over our sample period. We extend the Spanish and Icelandic financial crises from 2008 to 2012.
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Table A.I: Predictor Variables:

Correlation Matrix

Recession

Recession abroad
Consumption
Consumption (world)
War

Civil war

Political crisis

Recession

1.00
0.32
-0.64
-0.19
0.09
-0.01
0.10

War /political crisis abroad 0.13

Natural disaster

Famine

Banking crisis

Currency crisis

Sovereign default
Hyperinflation

Credit growth (world)
Dividend-price ratio (US)
Stock volatility (US)
Yield curve (US)

-0.01
0.05
0.09
0.09
0.08
0.08

-0.09-0.27 0.09 0.32 -0.20-0.01-0.14-0.50-0.12-0.07 0.08 0.00-0.09 -0.08 1.00
0.20 0.39 -0.09-0.43 0.17 -0.05 0.11 0.29 0.03 0.05 -0.03 0.03 0.11 0.08 -0.27 1.00
0.10 0.24 -0.07-0.21-0.02 -0.01 -0.02 -0.03 0.04 -0.03 0.10 0.04 0.05 0.01 0.01 0.16 1.00

El

8
g £
S =« =
s & 9

+~ +

= : ¢
=
2 =] =
o 0 w0
O =} a g
Q @) ]
£ O O E
1.00
-0.27 1.00
-0.40 0.20 1.00

0.17 -0.11-0.19 1.00

-0.05 0.01 -0.00 0.04

0.19 -0.13-0.09 0.09
0.39 -0.13-0.38 0.35
0.01 0.01 -0.16 0.07
0.05 -0.03-0.02 0.13

War /political crisis abroad

Civil war
Political crisis

1.00

0.05 1.00
0.02 0.27 1.00
0.08 0.01 0.14
0.03 0.07 0.10

o =
o 0 =
@ g 5 &
« g2 g )
.2 5 S
e =]
— w 5 &
< Q =] <] )
= =1 bl 3] &
=] = =4 = 5]
+ E [=} (= >
< = & 2 3
Z = M O w

1.00

0.06 1.00

0.08 -0.08 0.01 -0.06 0.08 -0.02-0.05 0.04 -0.03 1.00

0.06 -0.06 -0.00 0.02 0.09 0.06 0.03 0.07 0.08 0.09 1.00
0.12 -0.05-0.07 0.07 0.11 0.13 0.11 0.02 0.23 0.02 0.23 1.00
0.09 -0.04-0.08 0.05 0.10 0.06 0.13 0.08 0.11 0.06 0.45 0.26 1.00

Hyperinflation

Credit growth (world)

Dividend-price ratio (US)

Stock volatility (US)

Yield curve (US)

0.01 0.18 -0.03 0.09 0.02 0.02 0.04 0.15 -0.03 0.03 0.04 0.05 0.09 -0.02-0.24-0.19 0.11 1.00

Notes. The average absolute correlation between variables equals 0.11

Table A.IIl: Predictor Variables: Pairwise Correlations Across Countries

Mean Min 25% 75% Max
Recession 0.09 -0.27 0.01 0.19 0.53
Recession abroad 0.74 0.21 0.64 0.90 0.99
Consumption 0.08 -0.54 -0.05 0.20 0.78
Consumption (world) 1.00 1.00 1.00 1.00 1.00
War 0.22 -0.13 -0.03 0.42 1.00
Civil war 0.03 -0.51 -0.07 0.09 1.00
Political crisis 0.12 -0.07 -0.03 -0.01 1.00
War /political crisis abroad 0.78 0.02 0.70 0.92 1.00
Natural disaster 0.46 -0.24 0.20 0.77 1.00
Famine 0.21 -0.05 -0.03 0.55 1.00
Banking crisis 0.13 -0.23 -0.06 0.26 0.89
Currency crisis 0.07 -0.25 -0.05 0.17 0.66
Sovereign default 0.12 -0.33 -0.09 0.30 0.82
Hyperinflation 0.10 -0.35 -0.04 0.21 1.00
Credit growth (world) 1.00 1.00 1.00 1.00 1.00
Dividend-price ratio (US) 1.00 1.00 1.00 1.00 1.00
Stock volatility (US) 1.00 1.00 1.00 1.00 1.00
Yield curve (US) 1.00 1.00 1.00 1.00 1.00
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Appendix B. Quantile regression approach

We search for the vector 5 that minimizes the quantile loss function

T—h N N

B = argmin § § pr,(Acipin — XiyB) + M\ § 1b;] + Ao § b?, (B1)

B X -
q=Q t=1 7=1 Jj=1

where pr, (z) = (174 — Iz<0) is the quantile loss function and A; and Ay are parameters. These
parameters penalize the number of parameters and thus allow us to include shrinkage in the
quantile estimation.

Setting A} = 0 and A2 = 0 yields the standard quantile regression (QR) estimator of B.
Setting A1 # 0 and Ay = 0 yields the quantile equivalent of the LASSO estimator (‘least
absolute shrinkage selection operator’) of Tibshirani (1996). As is well known, the LASSO
estimator imposes a sparsity assumption in that it uses a L; penalty, leading some coefficient
estimates to be exactly zero for large enough values of A;. Setting A\; = 0 and Ag # 0 yields
the ridge estimator that shrinks the estimates of b; towards zero. As the ridge estimator uses
a Lo penalty, the ridge estimates will almost never be zero exactly. As a result, uninformative
predictors can still inflate the forecast error variance. However, the ridge tends to dominate the
LASSO in settings with many correlated regressors. Finally, setting Ay # 0 and g # 0 yields
the elastic net estimator of Zou and Hastie (2005).

We estimate B using the .01, .02, .03, .04, .05, .075, .1, .15, .2, .3, .4 and .5 quantiles. These
quantiles always cover the 2-SD threshold in our sample. We use ten-fold cross-validation to
select the penalization parameters that minimize the out-of-sample quantile loss function.

In a second step, we smooth the conditional quantile estimates XMB using a log-linear
function. We fit the function QXM (1| Xit) =~ git(7) = log(ay ++b;47). This gives us an estimate
of macro risk, 7;; = gi_,tl(—k). we fit the function QXM (7| Xit) = git(7) = log(ars + biy7),
where g has a log-linear form. We obtain 7;; = 9i tl(—k). Finally, we interpolate 7;; as
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Table A.II1

: Marginal Effects: Excluding Predictor Categories

(1) (2) (3) (4) (5) (6)
Recession 0.006** —0.006 —0.000 0.010***  —0.003
Recession abroad 0.009*** 0.010*** 0.010*** 0.006** 0.012***
Consumption 0.008*** 0.006** 0.006**  —0.001 —0.006**
Consumption (world) —0.002 —0.004 —0.003 0.008***  0.007**
War 0.003 —0.000 0.008***  —0.002 0.001
Civil war 0.006** 0.013*** —0.002 0.009*** 0.009**
Political crisis 0.002 0.009*** 0.006** 0.003 0.003
War /political crisis abroad 0.010***  —0.002 0.002 —0.003 0.002
Natural disaster —0.003 0.007** 0.007** 0.002 —0.002
Famine 0.003 0.002 —0.004 0.010***  —0.004*
Banking crisis 0.007** 0.013*** 0.006** 0.010*** 0.001
Currency crisis 0.002 0.002 0.002 0.002 0.012%**
Sovereign default 0.001 0.003 0.004 —0.002 0.009***
Hyperinflation —0.002 —0.002 0.003 0.002 0.003
Credit growth (world) —0.001 —0.003 —0.002 0.008*** 0.005**
Dividend-price ratio (US) 0.009*** 0.003 —0.001 0.006** 0.006**
Stock volatility (US) 0.006** 0.003 0.011*** 0.003 0.002
Yield curve (US) —0.003 0.004 0.007** 0.005* 0.007**

Notes. This table shows the standardized marginal effects for the multivariate quantile regression. The
marginal effect is defined as the impact of a one standard deviation increase in a predictive variable on
the unconditional probability of a macroeconomic crisis.

* ok

, ** and *** indicate statistical significance at 10%, 5%, and 1% levels, respectively, based on boot-

strapped p-values.

Table A.IV: Marginal Effects: Subsamples

Full sample

Pre-1945 Post-1945 OECD Ex-OECD

Recession

Recession abroad
Consumption
Consumption (world)
War

Civil war

Political crisis

War /political crisis abroad
Natural disaster

Famine

Banking crisis

Currency crisis

Sovereign default
Hyperinflation

Credit growth (world)
Dividend-price ratio (US)
Stock volatility (US)
Yield curve (US)

0.006**
0.009***
0.008***
—0.002
0.003
0.006**
0.002
0.010***
—0.003
0.003
0.007**
0.002
0.001
—0.002
—0.001
0.009***
0.006**
—0.003

0.004 0.005* 0.007* 0.006
0.006 0.005** 0.009** 0.008**
0.013*** 0.006™* 0.007** 0.013***
0.002 0.006™* —0.000 —0.004
0.006 —0.002 0.001 0.005
0.004 0.007** 0.004 0.009**
—0.005 0.004** 0.001 —0.001
0.031*** —0.005* 0.012** 0.006
—0.006* —0.002 —0.002 —0.005
0.004 0.000 0.002 0.004
0.004 0.006** 0.007** 0.004
0.003 0.001 0.003 —0.003
—0.002 —0.001 0.004 0.001
—0.008* 0.002 —0.003 0.003
0.002 0.004 —0.000 —0.000
—0.002 0.007** 0.009** 0.009*
—0.000 0.001 0.004 0.005
0.006 —0.003 —0.001 —0.004

Notes. This table shows the standardized marginal effects for the multivariate quantile regression. The
marginal effect is defined as the impact of a one standard deviation increase in a predictive variable on
the unconditional probability of a macroeconomic crisis.

ko okk

, **, and *** indicate statistical significance at 10%, 5%, and 1% levels, respectively, based on boot-

strapped p-values.
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Table A.V: Marginal Effects: Horizons

H=3 H=1 H=2 H=4 H=5

Recession 0.006** 0.008** 0.007** 0.001 0.001
Recession abroad 0.009*** 0.005 0.008** 0.009*** 0.007***
Consumption 0.008*** 0.002 0.004 0.003 0.003
Consumption (world) —0.002 —0.001 0.000 —0.004 —0.002
War 0.003 0.003 0.003 0.002 0.003
Civil war 0.006** 0.001 0.003 0.006™* 0.006**
Political crisis 0.002 0.003 0.002 —0.001 —0.003
War /political crisis abroad 0.010*** 0.007** 0.011*** 0.003 —0.000
Natural disaster —0.003 —0.000 —0.001 —0.002 —0.002
Famine 0.003 0.006** 0.004 —0.000 —0.002
Banking crisis 0.007** 0.004 0.005* 0.005* 0.003
Currency crisis 0.002 0.004 0.001 0.004 0.003
Sovereign default 0.001 0.000 0.000 0.001 —0.002
Hyperinflation —0.002 0.000 —0.001 —0.003 0.000
Credit growth (world) —0.001 —0.002 —0.002 —0.005 —0.009**
Dividend-price ratio (US) 0.009*** 0.012*** 0.011%** 0.011%** 0.011***
Stock volatility (US) 0.006** 0.006** 0.008** 0.005** 0.004*
Yield curve (US) —0.003 —0.003 —0.004 —0.003 —0.001

Notes. This table shows the standardized marginal effects for the multivariate quantile regression. The
marginal effect is defined as the impact of a one standard deviation increase in a predictive variable on
the unconditional probability of a macroeconomic crisis.

*, ** and *** indicate statistical significance at 10%, 5%, and 1% levels, respectively, based on boot-
strapped p-values.
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Appendix C. Crisis events

Figure A.I shows the long-term growth rates and volatiles we use to identify crisis events.
Table A.VI lists the 177 crises in our sample.
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Figure A.I: Average Three-year Growth Rates And Volatility

Notes. This figure shows the long-term growth rates and standard deviations we use to rescale

consumption data.
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Table A.VI: List of Crises

Year Disasters

1874  Canada (—0.16) 1940  Austria (—0.21), Belgium (—0.72), Colombia
(—0.14), Denmark (—0.22), Egypt (—0.18), Fin-
land (—0.22), France (—0.65), Germany (—0.23),
Greece (—0.64), Japan (—0.23), Netherlands
(—0.63), Norway (—0.06), Portugal (—0.11), Rus-
sia (—0.77), Sweden (—0.17), Switzerland (—0.13),
United Kingdom (—0.16)

1876  Switzerland (—0.20) 1941  Austria (—0.21), Belgium (—0.40), Colombia
(=0.13), France (—0.75), Greece (—0.31), Italy
(—0.24), Netherlands (—0.62), Russia (—0.77)

1877  Switzerland (—0.17), Turkey (—0.40) 1942  Australia (—0.15), Austria (—0.42), Germany
(—0.21), Greece (—0.30), Italy (—0.18), Japan
(—0.34), Korea (—0.23), Netherlands (—0.53),
Norway (—0.06), Taiwan (—0.51)

1878  Norway (—0.08), Turkey (—0.34) 1943  Germany (—0.30), Italy (—0.24), Japan (—0.71),
Korea (—0.47), Taiwan (—0.86)
1879  Turkey (—0.30) 1944  Germany (—0.24), India (—0.14), Japan (—0.28),

Korea (—0.30), New Zealand (—0.18), Taiwan
(—0.54), Turkey (—0.27)

1886  Switzerland (—0.16) 1947  Denmark (—0.11)

1888  Switzerland (—0.15) 1948  India (—0.19)

1896  Argentina (—0.33) 1950  Iceland (—0.24), Korea (—0.46), Singapore

(—0.20)

1903  Brazil (—0.16) 1951  Egypt (—0.14)

1907  Brazil (—0.17) 1952  Egypt (—0.18)

1910  Mexico (—0.16) 1957  Singapore (—0.12)

1912  Canada (—0.12) 1958  China (—0.13

)

1913  Canada (—0.14), Chile (—0.34), Germany (—0.28), 1959  China (—0.21)
Turkey (—0.27)

1914  Chile (—0.29), Germany (—0.38), Portugal 1960  China (—0.12)
(—0.14), Turkey (—0.37), United Kingdom (—0.08)

1915  Australia (—0.22), Belgium (—0.37), Germany 1963  Sri Lanka (—0.10)
(—0.31), Portugal (—0.16), Sweden (—0.07),
Turkey (—0.56), United Kingdom (—0.16)

1916  Australia (—0.17), Austria (—0.30), Finland 1970  Sri Lanka (—0.17)
(—0.36), Germany (—0.27), Netherlands (—0.43),
Norway (—0.08), Portugal (—0.15), Russia
(—0.73), Turkey (—0.27), United Kingdom (—0.18)

1917  Finland (—0.18), Malaysia (—0.26), Russia 1973  Chile (—0.47)
(—0.68), Turkey (—0.31)

1918  Malaysia (—0.55), Russia (—0.72), United States 1974  Chile (—0.46)

(—0.11)
1919  Canada (—0.22), Russia (—0.43), United States 1976  Peru (—0.14)
(—0.15)
1920  Denmark (—0.22), Norway (—0.07) 1977  Peru (—0.19)
1921  New Zealand (—0.19) 1981  Uruguay (—0.26)
1928  Colombia (—0.16) 1982  Chile (—0.29), Uruguay (—0.31)

1929  Australia (—0.22), Brazil (—0.22), Finland 1983  Philippines (—0.08), Venezuela (—0.29)
(—0.17), Malaysia (—0.19), Mexico (—0.17)
1930  Australia (—0.19), Austria (—0.17), Canada 1984  Philippines (—0.05)
(—0.22), Chile (—0.47), Colombia (—0.20), Fin-
land (—0.20), Malaysia (—0.30), Mexico (—0.26),
New Zealand (—0.14), Peru (—0.15), United States
(—0.21)
1931  Australia (—0.16), Austria (—0.19), Canada 1986  Indonesia (—0.10)
(—0.20), Chile (—0.40), United States (—0.17),
Venezuela (—0.37)

1932 Austria (—0.20) 1987  Norway (—0.05), Peru (—0.25)

1934  Spain (—0.49) 1988  Peru (—0.35)

1935  Spain (—0.61) 1989  Peru (—0.22)

1936  Spain (—0.56) 2000  Argentina (—0.26), Uruguay (—0.23)

1938  Australia (—0.17), Belgium (—0.32), Denmark 2007  Iceland (—0.28)
(—0.23), Finland (—0.19), India (—0.11), United
Kingdom (—0.11)
1939  Australia (—0.20), Belgium (—0.72), Denmark 2008  Iceland (—0.29)
(—0.29), Egypt (—0.16), Finland (—0.26), France
(—0.49), India (—0.11), Japan (—0.22), United
Kingdom (—0.15)
A18P18 Argentina (—0.26), Norway (—0.06), United King-
dom (—0.11)

Notes. This table lists crises based on consumption data in our panel of 42 countries from 1874-2020. Disaster sizes are
indicated in parentheses.



Appendix D. Macro Risk Estimates

In the baseline model, we estimate 7 using quantile regression with a Ridge penalization. A crisis
is defined as a 2 standard-deviation drop in three-year consumption growth, and 0 otherwise.
We present alternative estimates below.

Figure A.Il shows estimates excluding asset price predictors.

Figure A.IIT shows sensitivity results for U.S. macro risk with respect to the forecasting horizon.
Figure A.IV shows sensitivity results for U.S. macro risk with respect to the crisis threshold.
Figure A.V shows US estimates for unpenalized regressions as well as LASSO and Elastic Net
penalizations.

Figure A.VI shows US estimates constructed using a probit regression model.

Figure A.VII shows an estimate for an alternative model where the countries’ exposures to
global variables are allowed to be heterogeneous.

Figure A.VIII shows US estimates constructed using the pre- and post-WW2 samples.

Figure A.IX shows US estimates training the model using OECD and non-OECD countries.
Figure A.X compares U.S. macro risk estimates and the cross-country average.

Figure A.XI shows estimates based on GDP data.

Figure A.XII shows real-time estimates constructed in Section I1.D.

Figure A.XIII compares our baseline U.S. macro risk estimate to an alternative estimate where
consumption growth is rescaled using real-time first and second moments.

Figure A.XIV compares the U.S. option-implied crisis probability in Barro and Liao (2021)
together with the volatility index. The volatility index is an element in our predictor set (see
Section 1.C), which we show here scaled to be comparable with Barro and Liao’s option-implied
probability.

Figure A.XV compares 7 to an alternative estimate constructed solely from the volatility index.
Figure A.XVI compares 7 to Manela and Moreira (2017)’s NVIX.
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Figure A.Il: Excluding Asset Price Predictors

Notes. This figure compares our baseline U.S. macro risk based with estimates excluding asset
price predictors, 7.
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Figure A.III: Horizon sensitivity

Notes. This figure compares U.S. macro risk against the probabilities of macroeconomic crises
one and five years ahead.
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Figure A.IV: Threshold Sensitivity

Notes. This figure compares our baseline U.S. macro risk estimate to alternative estimates
constructed using crisis thresholds of 1.5, and 2.5 standard deviations from average consumption
growth rates.
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Figure A.V: Penalized Regression Estimates

Notes. This figure compares U.S. macro risk against penalized regression estimates.
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Figure A.VI: Probit Estimates

Notes. This figure compares U.S. macro risk against probit estimates.
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Figure A.VII: Relaxing the Homogeneity Restriction

Notes. This figure compares our baseline U.S. macro risk estimate to an alternative model where
the countries’ exposures to global variables are allowed to be heterogeneous. The conditional
quantiles Qx,, (7|X;;) are thus given by:

QXi,t (T’Xi,t) = Xi[,/tBL =+ XtGBiG7 (Dl)

where we partitioned the predictor vector X;; into local Xi{“t and global components XtG (i.e.,
world consumption growth, global credit growth, and the three asset price predictors). The
figure shows estimates based on a Ridge penalization.
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Figure A.VIII: Subsamples: before/after World War 2

Notes. This figure compares our baseline U.S. macro risk estimate to alternative estimates
constructed from separate regressions for the pre- and post-WW2 samples. Marginal effect
estimates are reported in Table A.IV.

25% ‘
—
—— OECD
—Ex-OECD
20% - :

\i ‘ |

Ll ‘ ‘\ (1 | i ) |
W \“.\\4/. N Y ’ MY \|A\M\M¢WJNA

0% I I g I
1880 1900 1920 1940 1960 1980 2000 2020

Figure A.IX: Subsamples: OECD versus non-OECD countries

Notes. This figure compares our baseline U.S. macro risk estimate to alternative estimates
constructed from separate regressions for the OECD sample only and another excluding the
OECD sample. The corresponding estimates of marginal effect are reported in Table A.IV.
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Figure A.X: US Estimates vs. Cross-Country Average

Notes. This figure compares U.S. macro risk against the arithmetic average of individual country
estimates.
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Figure A.XI: Crisis definition: consumption vs. GDP crises

Notes. This figure compares our baseline U.S. macro risk based on consumption data to an
alternative estimate based on GDP data.
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Figure A.XII: Real time estimates

Notes. This figure compares U.S. macro risk against real-time estimates constructed in Section
I1.D.
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Figure A.XIII: Real-time Rescaling

Notes. This figure compares our baseline U.S. macro risk estimate to an alternative estimate
where consumption growth is rescaled using real-time first and second moments.
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Figure A.XIV: Option-Based Estimates and the Volatility Index

Notes. This figure shows the U.S. option-implied crisis probability in Barro and Liao (2021)
together with the volatility index.
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Figure A.XV: Baseline vs. Volatility Index

Notes. This figure compares our baseline U.S. macro risk estimate to an alternative estimate
constructed using the volatility index.
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Figure A.XVI: Macro Risk and News Implied Volatility

Notes. This figure compares our baseline U.S. macro risk estimate to the News implied volatility

index (NVIX) proposed by Manela and Moreira (2017). The NVIX series spans the 1889-2007
to 2016—-2003 period and was downloaded from Asaf Manela’s website in February 2022.
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Appendix E. Comparison with Berkman et al. (2011)

Berkman et al. (2011) uses international political crises such as wars and other violent acts to
proxy for macroeconomic tail risk. Specifically, they use the number of international crises in a
given month as their main proxy. Figure A.XVII shows the number of international crises used
in Berkman et al. (2011) together with & for the United States. The correlation between the
two series is positive (0.25), but there are also marked differences between the two measures
over several episodes. For instance, there are relatively few international political crises in the
interwar periods, whereas 7 rises to about 10% (a fivefold increase) in the wake of the 1929
crash. In contrast, 7 declines at the beginning of the Great Moderation in the 1980s, while
political risk spikes after the Soviet intervention in Afghanistan in 1979, a major crisis at the
time.

To better understand the two series, we compare the raw datasets. Berkman et al. (2011)
relies on a database of major international political crises from the International Crisis Behavior
project (ICB), which covers the 1918-2006 period. Our wars and political crises data comes
from Sarkees and Wayman (2010) and from the Center for Systemic Peace (CSP), which we
extended to 2019 using online sources (see Appendix A). Both datasets have strengths and
weaknesses. The ICB database is sampled monthly and crises are defined on a narrative-based
approach. As noted in Berkman et al. (2011), this data is best suited for event studies since the
timing of the crises are likely to be closely aligned with the news to which investors react. Our
yearly dataset has the advantage of starting earlier, which allows us to cover the First World
War and the late nineteenth-century crises in our analysis.

Figure A.XVIII shows the number of wars and political crises in the paper and in the ICB
dataset. Following Berkman et al. (2011), we calculate the number of political crises as the sum
of crises that start or are ongoing in a given month and plot the average number of international
crises per month. Once again, the two series are positively but fairly weakly correlated (the
correlation is 0.15). To a large extent, our wars and political crises data reflect the number of
countries involved in armed conflicts. Therefore, we see peaks in the number of crises around the
two world wars, as well as the Korean and Vietnam Wars. The ICB dataset primarily focuses on
perceived crises, and thus includes many crises that did not translate into armed conflicts. The
largest number of crises is actually in 1919, a year marked by substantial international tension
in the wake of the First World War. The number of recorded crises during the Second World
War is modest in comparison. Likewise, in the postwar period, the ICB data reflect crises such
as the Berlin Blockade in July 1948, the Berlin crisis in 1961, the Cuban Missile Crisis in 1962,
and many other crises, that did not always translate into major conflicts.

Berkman et al. (2011) shows that political crises have forecasting power for future crises.
We next compare the forecasting power of ICB crises with wars and political crises in our
dataset. To do so, we map the number of crises to a disaster probability using our quantile
regression approach. The AUROC is positive but relatively low (0.54), similar to the AUROC
for individual predictors such as options. Interestingly, the number of wars and political crises
in Figure A.XVIII delivers a higher AUROC of 0.70. This exercise confirms that the crises
in Berkman et al. (2011) are best suited for event studies than for constructing an objective
measure of disaster risk.
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Figure A.XVII: Comparison with Berkman et al. (2011)

Notes. This figure compares m for the United States with the number of wars and political
crises in the paper and in the ICB dataset used in Berkman et al. (2011).
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Figure A.XVIII: Wars and Political Crises Comparison

Notes. This figure shows the number of wars and political crises in the paper and in the ICB
dataset used in Berkman et al. (2011).
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Appendix F. The Levered Consumption Model
The dynamics of consumption belong to the affine class and are given by

Acy = p+ og + vy,
= (1= p)7 + pmp—1 + v/T—1u.
Therefore, the following expectation has exponential affine solution (Drechsler and Yaron, 2011):

I !
Et[eulAct+1+u2ﬂt+1] — 6go(u)+gl(u) [Act,m] 7 U= (u1’u2)/ c RZ,

where

2 _
go(w) = (p — % )ur +7(1 — p)ug + S0%ui,

g1(u) = [0, 30243 + pus + p(u1) — 1}/.

The representative agent has recursive utility of the form

_ _ 1-1/4 _
Vi = [ = 8)C VY 1 ar v T MOV,

Normalized utility obtains if we take the limit as ¥ — 1, divide by C}, rearrange, and then take
the logarithm:
lOg(Et [6(177)(Act+1+vct+1)])‘

vey =
t= 1o 5
Hypothesizing an affine form for vc,

ve = Vg + VeAc + Uy,

we can substitute to obtain

log(Et[e(l_'}/)(Act+1+U0+UcAct+l+U7r7Tt+1)])

vy + veAey + vpmy = 1
and then compute the expectation on the right-hand side:

1)
vo + VAt + vy = ﬁ((l —7)vo + go([(1 = ) (1 + ve), (1 =) (vr)])
+g1([(1 =N +ve), (1= y)oa]) [Ace, 7).
Finally, we solve for the coefficients:
Ve : ve=0,
Ur  Up :UW(SP+5<1 _7>v72rl/2/2+%((p(1 _7> - 1)7
vo 1 v = vl + b + v8(1 — p)T — dyo? /2.
To derive asset prices, we first solve for the stochastic discount factor:

e~ YActr1+(1=y)verta
E[e(—M(Acts1tver)]

= 66*7A0t+1+(1*7)vct+1*(1*’7)7)0*90([1*’7,(1*’}/)11#]/)791([177,(177)1)#}’)[Actth]"

M1 =96

Since the risk-free rate satisfies e™"#t = E;[M;11], we obtain
e_rf,i — 56(1_7)’00—1—90([_"/7(1_7)1}7"}/)—"_91([_Wa(l_v)vﬂ}l)[ActVﬂ—t]/

« e~ (1=M0=g0([1=7,(1=7)val) g1 ([1=7,(1=7)va] YA cr,mi)
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and therefore
rre = —logd+p— o + m(p(l =) = o(=)).
Recall that dividends can be expressed as Ad; = ¢pAc;. Stock returns are therefore given by

Py1+D Piy1/Dyy1+1 D1
a1 = log PGP = log FEDH 4 log it

= log(e~4+1Pee1 4 1) 4 dy — py + Adp iy
~ ko — k1(di+1 — pry1) +de — pr + Adiya
for some endogenous constants kg and k; to be derived later. We posit an affine form for the

logarithm of the D/P ratio:
dt — Pt = A() + ACACt + Aﬂﬂ't.

The Euler equation for the stock (i.e., the claim asset on Dy) is 1 = E;[M;y1e"t+1]. We now
plug in M;,1, the log-linearized 7441, and our affine guesses for d; — p; and dyy1 — pi41:

1=EF; [56*VACt+1+(1*'Y)UCt+1*(1*7)1)0790([177,(177)%}’)791([177,(177)%]’)[&““]/

« eFo—k1(Ao+AcAcii1+Armii1)+(AotAcAct+Axme)+PAct 1 ] )

Then we rearrange terms and solve the expectation as follows:
1 = Se—90([1=7.(1=7)vx]" ) =g1 (1—7,(1=7)vx]") [Ace, me] +ko—k1 Ao +(Ao+Ac Act+Ar e )
% Et[ef’YACt+1+(1*’Y)vnﬂ't+1*kl(AcACt+1+Arrﬂ‘t+1)+¢>ACt+1}
— se—90([1=,(1=)vx] ) —g1 (1=7,(1=7)vr]")[Act,me] +ko—k1 Ao+ (Ao+ AcAce+Are)

% e90([6—=7=k1Ac,(1=)vr—k1Ar]")+g1 ([p—7—k1Ac,(1=7)vr —k1 Ax]") [Acs,me]"

Finally, we solve for the coefficients of the D/P ratio and the log-linearization constants:

ko = —kilog(k1) — (1 — k1) log(1 — kq),
log k1 =log(1l — k1) — Ag — AE[Acy] — AzE[m).
The coefficients satisfy
A, A, =0,
Ar 0 Ar=gi([L =7, (L =)o) )[0,1) = g1([6 — v = k1 Ae, (1 = 7)vr — k1 A:])[0,1]',
Ay = Ag=—logd —ko+ kiAo — go([¢ — v — k1Ac, (1 = y)vr — k1 Ax]") + go([1 =, (1 = 7)va]').
Note that one must solve simultaneously for k1 and A, and then for kg and Ag. Hence the
equity premium is given by
log B [e"dt+1] — 1y
= log(Ey[e"*+ | E¢[M;41])
= log [erit“] + log E; [Mt‘{H] — log E; [erf{atﬂ Mt{H] — covy [rgtﬂ, mgrl]

— 0.~k = Dol (@) + () = oo ) - 1,

l/zﬂ't
where the superscripts C' and J denote (respectively) the normal and nonnormal components.
The return variance can be expressed as

-02 0

vard[ragi] = (6, —k1 A | o | (6 —k1Ax) + 6 (Sze(w)] o)

Finally, the risk-neutral return variance satisfies

_02 0 -

Va'r;,‘Q [rd,tJrl] = [¢7 _klAﬂ] 0 [¢7 _klAW]I + ¢2 (%‘P(U)‘ )7Tt

2
VTt uU=—7

(Drechsler and Yaron, 2011).
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Appendix G. The Co-Integration Model

The dynamics of consumption and dividends belong to the affine class and are given by

Acy =+ oer + vy,

Ady = Acy + Asy,
st = (1— )5+ psi—1 + 0z + 0y,
= (1 — p)T + pme_1 + vy/T_1us,

where ¢, z;, and u; and mutually independent standard normal random variables and

v = Jilan, >0,
Ut = KJtlAn, >0,

for K > 0. Therefore, the following expectation has exponential affine solution (Drechsler and
Yaron, 2011):

’ /
Et[6U1A0t+1+u27rt+1+u33t+1] — e90(w)+g1(w) [Ace,me,s1] 7 u = (uy, us, US)/ c R3,
where

go(u) = (1 — G )ur +7(1 = pus + 5(1 — P)us + 5 (0%u] + n’u3),
g1(u) = [0, 53 + puz + p(w1) + p(rus) — 2, pus) .

The representative agent has recursive utility of the form

_ _ 1-1/v _
Vi=[(1=0)C Y v T YO,

Normalized utility obtains if we take the limit as ¢ — 1, divide by C%, rearrange, and then take
the logarithm:

Vet = log(Ey[e1 =7 (Aetritves)]),

-
Hypothesizing an affine form for vey,

vey = vg + VAt + vamy + Vs S,

we can substitute to obtain

Vo + VeAC + Vpmy + Vg8 = . log(Et[6(1*7)(Ac”l+”°+”CAQ+1H””t““sst“)])

-7
and then compute the expectation on the right-hand side:
)
Vo + VeACE + Ur Ty + VS = ﬁ((l —y)vo + go([(1 =) (1 + ve), (1 — ) ve, (1 = y)vs])
+g1([(1 =N +ve), (1= 7)or, (1= )vs]) [Acy, i, 54]').
Finally, we solve for the coefficients:

Ve @ ve=0,

vs : vg =0,

Ur + Ur :Uﬂ59+5(1_V)Uiy2/2+%(§0(1_7) - 1),
vo : vp = vpd + pd + vd(1 —p)7‘r—5702/2.
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To derive asset prices, we first solve for the stochastic discount factor:

e~ YAci 1+ (1-y)ver
E, [e(lfv) (Actt1+vertr )]

= 56*’7A0t+1+(1*7)00t+1*(1*’7)110*go([lf’y,(lffy)vﬁ,(177)v5]’)7g1 ([lf’y,(lf'y)vﬂ,(lf'y)vs]’)[Actﬂrt,st]’.

Mig1=96

Since the risk-free rate satisfies e "/t = E;[My11], we obtain
e it = §e(I=1vo+g0([=7,(1=7)vm,(1=7)vs] ) +g1([=7,(1=7)vr,(1=7)vs] ) [Ace,me,s¢]

% e~ (I=vo=go([1=7,(1=7)vm,(1=7)vs]" ) =g1 ([1=7,(1=7)vm,(1=7)vs] ) [Act,me,s¢]'

and therefore
rre=—logd + p —yo? + m(p(l — ) — o(=7))-
Stock returns are therefore given by

_ Piy1+Dey1 Piy1/Dyy1+1 Dy
rapr1 = log =g = log = pop = +log 5~

= log(e_dt+1+pt“ =+ 1) + dt — P+ AdtJrl
~ ko — k1(dig1 — peg1) +di — pr + Adiyq

for some endogenous constants ky and k; to be derived later. We posit an affine form for the
logarithm of the D/P ratio:

dt — Pt = AO + ACACt + Aﬂ-ﬂ't + Asst.

The Euler equation for the stock (i.e., the claim asset on D;) is 1 = E;[M;41e"4t+1]. We now
plug in M; 1, the log-linearized 7441, and our affine guesses for d; — p; and dyy1 — piy1:

1= Et[5677Act+1+(177)vct+17(177)7)0790([1777(177)'0#7(177)'”5}/)791([1777(177)'07\'7(1*7)Us}/)[ACt7ﬂ't75t}l

% eko —k1(Ao+AcAciy1+Armip1+Assiy1)+H(Ao+AcAci+Armi+Asse)+Aci41+Asi11 ]

Then we rearrange terms and solve the expectation as follows:
1 = §e—90([1=7.(1=7)vr,(1=7)vs] ) =g1 (1=, (1=7)vm,(1=7)vs] ) [Act,me,5¢) +ho—k1 Ao+ (Aot AcAcs+ An i+ As st )
x K, [6—7A0t+1+(1—7)vw7rt+1+(1—7)U58t+1—k1(AcACt+1+A7r7Tt+1+AsSt+1)+A6z+1+ASt+1]
— s~ 90([1=7.(1=)vr,(1=7)vs]") g1 (1 =7, (1=y)vm,(1=7)vs] ) [Ace,me,5¢] +ko —k1 Ao +(Ao+Ac Act+ Anmi+(As —1)st)

X 690([1—’7—k1Ac,(1—’7)Uﬂ'—k1Aw71+(1—V)'Us_k1AS]/)+gl ([1=y=k1Ac,(1=y)vr—k1 Ar , 1+-(1=7)vs—k1 As]') [Act,mt,5¢] .

Finally, we solve for the coefficients of the D/P ratio and the log-linearization constants:

]€0 = —kl 10g(k1) — (1 — kl) log(l — ]{}1),
log k1 =log(1 — k1) — Aog — AE[Act] — AzE[m] — AsE[s¢].

The coefficients satisfy

A, A, =0,

Ar 0 Ar=gi([1 =7, (1 = 7)vr, (1= 7)vs])[0, 1,0/
—g1([1 =y — k1Ac, (1 — )vg — k1A, 1+ (1 — y)vs — k1 Ag)')[0,1,0],

As ¢ As=q([1 =~ (1 =7)va, (1 _'7)“8]/)[0707 1]/_ 1
—g1([1 =y — k1Ae, (1 = y)vr — k1 Az, 14+ (1 = )vs — k1 44]')[0,0,1],

Ao Ao = —logdé —ko+ kiAo — go([1 =7 — k1Ac, (1 = ¥)vr — k1Az, 14+ (1 — 7)vs _klAS]/)
+90([1 =7, (1 = 7)vm, (1 = 7)vs]).
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Hence the equity premium is given by

log Et[e”’t“] — T'f7t
= log(E¢[e" "+ |E¢[M¢41])

]
= log Et[eritﬂ] + log Et[Mt‘Ll] — log E; [erfi],tJrl MtJH] — covy [Tgt+1, thH]

o2 0 0
=[1, k1A, 1 — k1A 0 v*m 0| [y, (v — Dog, (v — Dvg)
0 0 7
+ me[p(1+ K£(1 = k14s)) — (1 + K£(1 = k14s) =) + (=) — 1],

where the superscripts C' and J denote (respectively) the normal and nonnormal components.
The return variance can be expressed as

o2 0 0
Vart[rd7t+1] :[1, —]ﬁAﬂ, 1-— k‘lAs] 0 m 02] [1, —klAw, 1-— klAS]/
0 0 n

+(1+rk(1- klAs))2(872290(“)|u:0)7”

Finally, the risk-neutral return variance satisfies

2

o 0 0
V&I‘?[T’d,t+1] :[1, —klAm 1-— klAS] 8 V2O7l't 02] [1, —klAm 1-— klAS]/
n

+ (14 K1~ k1 A)) 2 (e (u) W, ),

(Drechsler and Yaron, 2011).

Appendix H. The Levered Consumption Model with CRRA
Preferences

Under CRRA preferences of the represenative agent the stochastic discount factor simplifies to:
My = de YA+,

Since the risk-free rate satisfies e™"#t = E;[M;11], we obtain

e it = §5e90([=7:01)+91([=7.0])[Ace,me]’

and therefore
rre=—logd +yu— (1 +7)0” = mp(l — ).
Recall that dividends can be expressed as Ad; = ¢Ac;. Stock returns are therefore given by

Pt+1+Dt+1 Piy1/Diy1+1 + log Dt+1

rqt+1 = log = log P, /Dy
= log(e™ dt“*l’tﬂ +1) +dy — pi + Adypa
~ ko — ki(diy1 — pet1) +de — pe + Adyga
for some endogenous constants ky and ki to be derived later. We posit an affine form for the

logarithm of the D/P ratio:
dy —py = Ao + AcAcy + Apmy.

The Euler equation for the stock (i.e., the claim asset on Dy) is 1 = E;[Myqe"dt+1]. We now
plug in M; 1, the log-linearized 7441, and our affine guesses for d; — p; and dyy1 — piy1:

1=F, [56*“/A0t+1*90([1*%0]')*91([1*%0]/)[A0t77rt}'

0—k1(Ao+AcAci14+Armisr)+H(Ao+AcAci+Arme)+PpActy1 ] )
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Then we rearrange terms and solve the expectation as follows:
1 = §e—90([1=7.01)=g1([1=7.0]) [Act,me] +ko—k1 Ao+(Ao+AcAct+Are)
x Ky [e‘VACtH_kl(AcACt+1+Aw7rt+1)+¢Act+1]
— S~ 90([1=7,0")=g1 ([1=7,0]") [Act,mt] +ko—k1 Ao+(Ao+AcAcy+Are)

% e90([p—=r—Fk1Ac,—k1Ax])+g1([0—y—k1Ac,—k1Ax]")[Ace,mi]

Finally, we solve for the coefficients of the D/P ratio and the log-linearization constants:

]{20 = —k‘l log(k‘l) — (1 — k)l) log(l — k‘l),
log k1 =log(1l — k1) — Ao — AE[Act] — AzE[m).

The coeflicients satisfy

A, A, =0,
Ar o Ar=g1(1=7,00)[0,1) — g1([¢ — v — k14, —k14:])[0, 1],
Ao : A[) = — 10g5 — ]{20 + kile — go([qb -7 — klAC, —]{21Aﬂ-]/) + go([l -, 0],)
Note that one must solve simultaneously for k1 and A, and then for kg and Ag. Hence the
equity premium is given by
log By[e"dt+1] — 1y
= log (B[ Ey[Me441])
TJ T‘J
= log E¢[e’@+1] + log Et[Mt{H] — log Et[e d’t“Mt{H] - COVt[?“gtermgﬂ]
20
— 0[O 4 mlo(6) + () — (6 =) - 1

where the superscripts C' and J denote (respectively) the normal and nonnormal components.
The return variance can be expressed as

vary[ra,e41] = [¢, k1 Ax] [if me] (6, —k1Ax) + ¢* (L o(u)|,_o) .

Finally, the risk-neutral return variance satisfies

0

vary[ra 1] = [¢, —k1 Ax] [‘If ] (¢, —k14x) + ¢* (Zrip(u)|,__ )

(Drechsler and Yaron, 2011).
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Table A.VII: Asset Pricing Moments: The CRRA Case

Data Model
1871-2015 1946-2015 2.5% 5% 50% 95%  97.5%

Panel A: Unrestricted Model

Average risk-free rate 2.23 1.26 6.58 6.76 740 791 8.00
Standard deviation of risk-free rate 4.54 3.14 3.30 342 426  5.46 5.87
Average excess return 5.97 6.82 0.91 1.00 1.57 2.21 2.32
Standard deviation of excess return 18.5 16.5 10.4 10.6 11.5 12.7 12.9
Average dividend yield 4.15 3.33 4.67 4.68 472  4.76 4.76
Standard deviation of dividend yield 1.58 1.42 0.23 024 029 0.35 0.37
Autocorrelation of dividend yield 78.7 90.0 63.0 65.1 724 79.3 80.6
Panel B: Restricted Model (No Realized Disasters)
Average risk-free rate 2.23 1.26 6.58  6.71 738  7.90 8.00
Standard deviation of risk-free rate 4.54 3.14 3.27 339 4.27 549 5.77
Average excess return 5.97 6.82 1.93 2.07 2.70 3.41 3.59
Standard deviation of excess return 18.5 16.5 9.5 9.6 10.4 11.5 11.8
Average dividend yield 4.15 3.33 4.67 4.68 472 4.75 4.76
Standard deviation of dividend yield 1.58 1.42 0.23 023 029 0.35 0.37
Autocorrelation of dividend yield 78.7 90.0 63.2 646 726 794 81.1

Notes. Panel A reports unconditional moment statistics from S&P 500 real returns and three-month
U.S. Treasury real rates as well as percentiles of the same moments from model simulations of the CRRA
model. Panel B reports the same quantities from a restricted model in which disasters do not realize.
Parameters are from Table VII. Additional parameters are v = 5, = 99%, and ¢ = 2.6.
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Table A.VIII: Option-Implied Volatility Skew

Data Levered Consumption Co-Integration

L Ty 1 L T

Mean (%) 3.7 4.98 4.90 8.42 8.35
Standard Deviation (%) 0.83 0.87 0.91 1.51 1.54

Notes. This table reports the sample mean and standard deviation of the option-implied
volatility skew, defined as the difference in implied volatility of options with moneyness equal
to -0.05 and 0.05 respectively (where moneyness is (strike - price) / price). Data represents the
daily sample of S&P 500 index put options between 1/4/1996 and 12/29/2017. The model-
implied measures of the option-implied volatility skew are obtained by plugging in our yearly
estimates of 7, either from the current or the previous year, on the sample 1996-2017. The
levered consumption and co-integration models and their calibration are described in Section

IV.
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