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Abstract

The three essays in this dissertation explore the role of fluctuations in aggregate
volatility and global temperature as sources of systemic risk. The first essay proposes
a production-based asset pricing model and provides empirical evidence suggesting
that compensation for volatility risk is closely related to an unexplored characteristic
of a firm, namely, its reliance on skilled labor. I propose a model in which aggregate
growth has time-varying volatility, and linear adjustment costs in labor increase
with the skill of a worker. The model predicts that expected returns increase with a
firm’s reliance on skilled labor, as well as compensation for fluctuations in aggregate
uncertainty. Consequently, a rise in aggregate uncertainty predicts an increase in
expected returns as well as in cautiousness in hiring and firing. This impact is larger
for firms with a high share of skilled workers because their labor is more costly to
adjust. I empirically test the implications of the model using occupational estimates
to construct a measure of a firm’s reliance on skilled labor, and find a positive and
statistically significant cross-sectional relation between the reliance on skilled labor
and expected returns. Empirical estimates also show that an increase in aggregate
uncertainty leads to a rise in expected returns, and this impact is larger for firms
which rely heavily on skilled labor; thereby, a firm’s exposure to aggregate volatility
is positively related to its reliance on skilled labor.

In the second and third essay, co-authored with Ravi Bansal, we explore the

impact of global temperature on financial markets and the macroeconomy. In tho
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second essay we explore if temperature is an aggregate risk factor that adversely
affects economic growth. First, using data on global capital markets we find that
the risk-exposure of these returns to temperature shocks, i.e., their temperature
beta, is a highly significant variable in accounting for cross-sectional differences in
expected returns. Second, using a panel of countries we show that GDP growth
is negatively related to global temperature, suggesting that temperature can be a
source of aggregate risk. To interpret the empirical evidence, we present a quanti-
tative consumption-based long-run risks model that quantitatively accounts for the
observed cross-sectional differences in temperature betas, the compensation for tem-
perature risk, and the connection between aggregate growth and temperature risks.

The last essay proposes a general equilibrium model that simultaneously models
the world economy and global climate to understand the impact of climate change
on the economy. We use this model to evaluate the role of temperature in deter-
mining asset prices, and to compute utility-based welfare costs as well as dollar
costs of insuring against temperature fluctuations. We find that the temperature
related utility-costs are about 0.78% of consumption, and the total dollar costs of
completely insuring against temperature variation are 2.46% of world GDP. If we
allow for temperature-triggered natural disasters to impact growth, insuring against

temperature variation raise to 5.47% of world GDP.
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1

Labor Heterogeneity, Volatility and Expected
Equity Returns

Various studies emphasize the importance of variations in macroeconomic uncer-
tainty to understand fluctuations in asset prices, employment, and investment.! More
recently, Bansal et al., Bali and Zhou and Campbell et al. provide empirical evidence
that compensation for volatility risk is important to understand the cross-sectional
variation in equity returns. In spite of the persuasive literature documenting the im-
pact of aggregate macroeconomic uncertainty on asset prices, there is no empirical
or theoretical evidence explaining why the compensation for volatility risk is differ-
ent across stocks. This essay proposes a production-based asset pricing model and

provides empirical evidence suggesting that compensation for volatility risk is closely

I Most notable papers include Kandel and Stambaugh who explore an equilibrium asset pricing
model in which the mean and variance of consumption growth vary through time, Bansal and Yaron
who assert that long-run fluctuations in expected growth and long-run fluctuations in consumption
volatility are important to explain asset prices, and Bekaert et al. who explore the importance of
changes in the conditional variance of dividend growth and time-varying risk aversion in explaining
asset markets. Bansal et al., Bollerslev et al., Bollerslev et al., and Bansal et al. present empirical
evidence showing that fluctuations in economic uncertainty impact asset valuations. Finally, Bloom
et al. and Bloom show that an increase in aggregate uncertainty lowers hiring and investment rates,
and consumer durable expenditures.



related to an unexplored characteristic of a firm, namely, its reliance on skilled labor.

In this essay I present a production-based asset pricing model that builds on
Bentolila and Bertola, Caballero et al., Cooper and Willis and adds two crucial
ingredients. First, I introduce labor heterogeneity. Firms differ in their reliance on
skilled labor, and they face linear adjustment costs in labor which are increasing with
the skill of the worker. Second, the model has two sources of macroeconomic risk:
fluctuations in aggregate productivity and time-varying volatility of productivity
growth. The stochastic discount factor to compute the compensation for these risks
and asset prices in general comes from the the long-run risks model of Bansal and
Yaron. This model provides a laboratory to simultaneously study the impact of
aggregate uncertainty fluctuations on a firm’s labor demand and its cost of equity,
which have been previously explored separately.

The model predicts that expected returns increase with a firm’s reliance on skilled
labor, and compensation for fluctuations in aggregate uncertainty (i.e, volatility risk)
increases with the reliance of a firm on skilled labor. As a consequence, an increase
in aggregate uncertainty predicts a rise in expected returns, and this impact is larger
for firms that rely heavily on skilled labor relative to firms which rely mainly on
unskilled labor. The link between a firm’s reliance on skilled labor and its cost of
capital results from the following economic mechanism. An increase in aggregate
uncertainty slows a firm’s labor demand reaction to changes in economic conditions,
reducing its ability to smooth cash-flows. This effect will be larger at firms with a high
share of skilled workers because their labor is more costly to adjust. Consequently,
these firms are more exposed to fluctuations in aggregate uncertainty and investors
command a higher return for investing in this type of firms.

The empirical evidence in this essay starts by documenting a positive relation-
ship between a worker’s skill and labor adjustment costs using a unique employee-
employer matched data set which contains detailed information on several costs the

2



firm incurred filling the most recent vacant position.?

Motivated by this evidence,
I construct an empirical measure of a firm’s reliance on skilled labor as an index of
labor adjustment costs® using the Occupational Employment Statistics (OES) esti-
mates of occupational employment at the three-digit SIC classification along with
the U.S. Department of Labor’s classification of occupations based on skill-level. The
empirical evidence suggests that firms which have a high concentration of skilled la-
bor have higher expected returns on equity relative to those in which a larger share
of their labor is unskilled. This conclusion is robust to whether I include controls
for known characteristics that explain the cross-section of expected returns, such as
the book-to-market equity ratio, market equity, and past performance, as well as
predictors of expected returns which might be correlated with a firms’s reliance on
skilled labor, such us R&D intensity, profitability, operating costs, investment rate,
sensitivity of sales to macroeconomic growth, leverage, and labor intensity.

I also provide empirical evidence showing that the risk compensation for a a
firm’s reliance on skilled labor fluctuates with macroeconomic uncertainty. I find
strong empirical evidence suggesting that an increase in aggregate uncertainty leads
to a rise in expected returns, and the impact of uncertainty increases with a firm’s
reliance on skilled labor. Following Bloom, aggregate macroeconomic uncertainty is
approximated by implied volatility computed using the VXO index based on S&P 100
index options, and realized volatility computed as the monthly standard deviation
of the daily S&P 500 index. Using this two proxies for aggregate uncertainty, the
coefficient estimates suggest that a one standard deviation rise in a firm’s reliance

of skilled labor results in an increase in expected returns of between 2.1% and 3.4%

2 Parsons and more recently Hamermesh and Pfann survey evidence concluding that these quasi-
fixed costs are substantial. They amount to as much as one year of payroll cost for the average
worker and seem to increase rapidly with the skill of the worker.

3 Since labor adjustment costs are not measured or reported on a firm’s accounting records, Oi
and Rosen also follow this route.



in times of high uncertainty, while in times when aggregate uncertainty is at its
historical average the risk compensation for a firm’s reliance on skilled labor is less
than 1.0%.

Finally, I present evidence suggesting that the risk premium for reliance on skilled
labor contains information about systemic risk which is not contained in existing risk
factors. First, I show that the reliance on skilled workers premium is not spanned
by the market excess return, the size risk factor, and the book-to-market risk factor
Fama and French (1996). Then, I explore whether the reliance on skilled workers
premium is able to explain the cross-sectional variation in average excess equity
returns on 48 industry portfolios which are particularly challenging to explain for
both the CAPM and Fama and French three-factor model.* When the basic CAPM
is augmented with the risk premium for a firm’s reliance on skilled labor, the adjusted
R? increases to 40.2% from -1.2%, and it is twice the size of the R? obtained when
using the three Fama-French risk factors.

This essay makes the following contributions. First, it links the compensation
from fluctuations in aggregate uncertainty to an unexplored characteristic of a firm,
namely, the reliance of a firm on skilled workers. Second, it provides a production-
based asset pricing model that sheds light on the economic mechanism through which
a firm’s reliance on skilled labor and its cost of capital relate to each other; conse-
quently, it also provides proposes a link between labor and asset markets. Finally,
this paper contributes to the literature exploring empirically and theoretically the
interaction between frictions in the labor market and asset prices by linking an ob-
servable characteristic of a firm’s workforce to differences in labor adjustment costs

to explain differences in the compensation for volatility risk.®

4 See, for example, Fama and French.

5 Danthine and Donaldson proposes a general equilibrium model with labor-induced operating
leverage. Matsa, Chen et al., and Schmalz explore the impact that unionization has on capital
structure decisions and the cost of equity. Donangelo considers labor mobility, and Merz and
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1.1 Conceptual Framework

This section first presents empirical evidence supporting a positive relationship be-
tween a worker’s skill and the costs of replacing the worker. Then, I incorporate this
evidence into an asset pricing model with labor adjustment costs, hence, firms face
piecewise linear adjustment costs in labor which are increasing with the skill of a
worker. In the model, aggregate productivity growth has a time-varying volatility
which captures the idea that uncertainty about future productivity growth fluctu-
ates over time. The model predicts an increasing monotonic relationship between
expected equity returns and a firm’s reliance on skilled labor. It also suggests that
an increase in volatility predicts a rise in expected equity returns, and this effect
increases with a firm’s reliance on skilled labor. Consequently, these firms are more
exposed to fluctuations in aggregate uncertainty and investors command a higher
return for investing in firms with a high reliance on skilled labor relative to firms
with a high share of unskilled workers because labor adjustment costs are higher for

skilled workers.
1.1.1 Worker’s Skill and Labor Adjustment Costs

The costs of adjusting labor demand include separation costs (e.g., severance pay),
recruiting costs (e.g., advertising, search and agency fees, recruiter time), selection
and hiring costs (e.g., interview, orientation, formal and on-the-job training), and
costs due to productivity loss (e.g., vacancy cost, learning curve, peer and supervisor
disruption) Hinkin and Tracey (2000). Most of these costs are implicit and are
neither measured nor reported by firms Hamermesh and Pfann (1996). For example,
when new employees join a work crew and senior workers spend time training them

disruptions in production arise which translates into a loss of output and productivity,

Yashiv and Bazdrech et al. underscore the importance of labor adjustment costs to explain the risk
of equity.



however, these costs are not measured nor reported on the firm’s accounting records.

There are few studies which have attempted to quantify the extent of turnover
costs, much less the relationship between a worker’s skill level and such costs. Some
studies concerning single firms or industries have concluded that the costs of ad-
justing labor large and they amount to as much as one year of payroll cost for the
average worker, and these costs increase very rapidly with the skill of the worker
(e.g., Oi, Mincer, Merchants and Manufacturers Association (1980) survey, Pfann
and Verspagen, Button, Cascio).

This section presents empirical evidence supporting a positive relationship be-
tween a worker’s skill and the costs of replacing the worker. In the analysis I use
the firm-level data from the 1980 Employer Opportunity Pilot Project (EOPP), a
unique employee-employer matched data set, which contains information on about
5,200 firms from ten different states in the U.S. and different industries. The EOPP
data set contains detailed information on costs the firm incurred filling the most re-
cent vacant position, namely, the time the employer spent recruiting for the position,
the number of applicants interviewed for that position, the amount of time employees
and supervisory staff spent training the new hire the first month of employment, the
level of productivity during the second week of employment, as well as information
on the recent hire’s education, relevant job experience, and gender. The employer
also provides information about maximum hourly wage for the position filled by the
last new hire, as well as the productivity level of the last employee in that position.®

Table 1.1 presents summary statistics of the relevant variables as well as means
conditional on the education of the new employee. From the sample of firms, 69%
reported a newly hired. On average, these firms spent 18 days recruiting, interviewed

about 5 candidates, during the employee’s first month of tenure superiors and em-

6 The information is about the last position filed between January of 1978 and October of 1979.
The Data Appendix contains the specific questions for gathering labor adjustment costs.



ployees spent 37 hours away from normal work routines orienting and training her,
and during the second week of employment the employee was on average 15% less
productive than the person she replaced on that occupation.

To explore how these costs vary with the skill and expertise the employer requires

for the vacant position, I estimate the following model,
COSti = o+ B Sk‘llll + X;é + U, (11)

where cost; is a component of labor adjustment costs for position ¢, and skill corre-
sponds to a measure of skill, and u; is the error term. I use two alternative measures
of skill, the education of the newly hired and the top hourly wage for that position.
It is reasonable to assume that the education of the newly hired and the max hourly
wage for the position are both positively related to the level of skill and expertise the
employer needs to fill the vacant position. The vector x of control variables contains
age, gender and relevant experience of the recent new hire, as well as the size of
the firm computed as the number of full-time and part-time employees and dummy
variables to control fixed industry characteristics at the 2-digit SIC level.

First, I explore the relationship between the education of the newly hired and
labor adjustment costs. Table 1.2 presents the estimated coefficients from equation
(1.1) where each column considers as dependent variable one component of the fol-
lowing costs of filling a vacant position: the number of days an employer spent filling
the position, the number of applicants interviewed for the position, the hours spent
by employees and supervisors training the last new hire, and the last new hire pro-
ductivity gap defined as the productivity of the last employee in the position relative
to the productivity of the new employee during the second week of employment.
Education is a dummy variable which is equal to one if the new employee has a
high-school diploma or more years of education. The estimated coefficient on educa-

tion of the recent new hire is positive and statistically different from zero across all

7



components of labor adjustment costs. For example, if the newly hired has finished
high-school or more the expected number of days recruiting increases by about 7,
employers expect to interview two more persons, provide 6 hours more training, and
the new hire productivity to perform a job will be about 4% lower.

Table 1.3 presents the estimated coefficients of a regression of labor adjustment
costs on the (log) max wage per hour for that position. Again, the regressions include
controls for age, gender and relevant experience of the recent new hire, as well as
firm size and dummy variables for industry at the 2-digit SIC level. In line with the
previous evidence, results show that the time recruiting and the number of people
interviewed for that position, the hours of training of the new hire, as well as the
productivity gap increase with the level of the vacant position’s top wage. The
estimated coefficients imply that the time recruiting increases by 15 days when the
position’s top wage doubles. Similarly, the number of people interviewed increases
by two, the hours of training go up by 18, and the productivity gap is 4.8 percentage
points higher.

From the results presented in Tables 1.3 and 1.2 we can conclude that the level
of education of the newly hired and the top hourly wage for the vacant position are
positively related to costs of replacing a worker such us time recruiting, training,
and loss productivity. Consequently, the cost of replacing a worker increases with
the skill of the worker which is consistent with studies concerning single firms or
specific industries, and Dolfin who finds that higher costs are associated with lower

turnover rates.

1.1.2  Asset Pricing Model with Adjustment Costs

Dynamic Problem of the Firm

Consider an economy populated by competitive firms which produce a good using

labor as the only input. Firm i’s output at time ¢ is produced by the following



Cobb-Douglas production function,
Yir = Ay (hi,tnit)a (1.2)

where A, is stochastic aggregate productivity, h;, the input of hours per worker,
ng, represents the stock of workers measured in efficiency units. As in Kydland, a
firm relies on two type of workers, high-skilled n! and low-skilled n? workers. Let

A > 1 represent the relative productivity of high-skilled workers, then a firm’s stock

of workers measured in efficiency units is given by,
e 1 2
ng, = Ang, +ng, (1.3)

Firms are heterogeneous with respect to the mix of high-skilled and low-skilled work-
ers they use in their production process. In particular, each firm uses a fraction

1

i — T4
i T 2
n;, +niy

of high-skilled workers.
Adjustments to labor demand give rise to adjustment costs. In particular, a firm

adjusting labor of type j must incur in a cost x’ for every job it creates or destroys,
Cj(ng’t,nit_l) = Xang - n{—lH for j =1,2 (1.4)
The costs x? corresponds to the cost of separation, time recruiting, time training,
and costs due to productivity loss for every job created or destroyed.” Consistent
with the empirical evidence presented in Section 1.1.1, the cost of labor adjustment
is higher for high-skilled workers than for low-skilled workers, that is, x! > x2.
A firm’s dividends consist of output less the total compensation to workers and
costs of labor adjustment,

dig = yia = w(hie) nj, +n3y) = ) CY(n],nl,y) (1.5)

J

7 Using a more general cost function which distinguishes between costs of destroying and creating
a job does not have an impact on the main results.

9



where the total compensation to high-skilled and low-skilled workers is given by
w(hiz)An, and w(h)n;,, respectively. As in Caballero and Engel and Cooper and

Willis the compensation function w(h) is given by,
w(h) = wy + w h¢ (1.6)

where ( — 1 is the marginal wage elasticity to hours. In the case when ( = 1
Cooper and Willis note that the firm will optimally choose to adjust hours in face of
productivity shocks in order to avoid the adjustment costs that arise from changing
the number of workers. To obtain a joint response of hours and employment it must
be that ¢ # 1.

Aggregate productivity growth is stochastic and follows an auto-regressive process
with stochastic volatility,

Ay = WU+ pa—1 + 016 (17)

where €11 is an independent identically distributed standard normal process. On the
other hand, I assume that volatility o; follows a persistent Markov chain capturing
the idea that firms uncertainty about aggregate growth fluctuates over time.

The firm’s recursive problem is to choose employment and hours to maximize the

market value of the firm by solving,

Vi<si,t) = max d;; + [, (Mt,tJeri(Si,tJrl)) (1.8)

N4 e, ¢

where the state of the economy is given by s;; = (n;4-1, Ar, ar,0¢), vi(siy) is the
cum-dividend market value of firm ¢ at time ¢, and M, ., is the stochastic discount
factor. Notice that when a firm chooses employment n;,, the value of w; determines
the number of skilled and unskilled workers the firm utilizes, namely, n}’t = WiNiy
and 17, = (1 — w;)ng.

Firms take as given the stochastic discount factor which is derived from the

problem of a representative investor with Epstein and Zin and Weil type of recursive

10



preferences. As shown in Bansal and Yaron, this preference structure implies the

following stochastic discount factor,

Jo—
M, — 511:1711; Coir\ " (Z1 +1 oy
t,t+1 Ct t

where 0 < 8 < 1 is the subjective discount factor, ~ is the coefficient of risk aversion,

Ct+1

and ¢ is the intertemporal elasticity of substitution (IES), &

is the representa-
tive investor’s consumption growth, and Z; is the wealth-consumption ratio. Notice
that this type of preferences allow a distinction between the coefficient of risk aver-
sion v and the IES ¢, when v = i the stochastic discount factor collapses to the

case in which the representative investor’s preferences are CRRA. Finally, I assume

consumption growth is positively related to technology growth,
Acy = pu(l — @) + pay_1 + v (1.9)

where v, is an independent identically distributed standard normal process with
variance o,,.

Productivity growth a; and stochastic volatility o; are the driving force behind the
fluctuations of both aggregate productivity A; and consumption C}, and consequently
are the sources of systemic risk. The stochastic discount factor pertinent for the
problem at hand corresponds to the case when the investor has a preference for
early resolution of uncertainty, or more specifically to the case where the relative
risk aversion is greater than the inverse of the IES v > 1/¢). As shown in Bansal
and Yaron, under this assumption the investor dislikes negative shocks to expected
consumption growth and unexpected increases in aggregate volatility. Consequently,
shocks to volatility will carry a separate risk compensation.

The return on equity is defined as,

Vi(sz',tJrl)
vi(sit) — dig
11
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From the Bellman equation (1.11) characterizing the recursive problem of the firm,
it follows directly that R, ., satisfies the standard asset pricing restriction condition

1 =E; (Mit+1Rct41). The risk-free rate and the market price of risk are given by,

R =1/E; (My;11)
Optimal Employment Choice

The firm’s hiring and firing decisions, the return on equity, the value of the firm, all
are function of the state variables of the economy. Because of the complexity of the
model I solve the model using numerical methods for a set of parameters specified
in Table 1.4. In this section I present the properties of the policy functions which
will be useful to understand the exposure of firms to aggregate risk and I detail the
numerical solution method to compute these functions in Appendix A.

Taking advantage of the homogeneity of the production function and the firm’s

constraints, I normalize all variables by aggregate productivity. Let x; = % for
t

any variable x, then the stationary representation of the firm’s problem is given by,

e B A 1/(1—-a) .
V(nt—laatao-t) = }ﬂf}LX dz‘,t + E, (Mt,t+1 ( Zfl) V(nt7at+170t+1) (1.11)
N M4t t

In the presence of piecewise linear costs of adjusting labor the optimal decision of
the firm consists of two aspects: at what points action should be taken, and what the
action should be Dixit (1993); Stokey (2009). Specifically, the firm chooses an interval
(b*, B*) such that when the labor-productivity ratio 7; ; is inside this interval the firm
chooses inaction, that is the stock of workers remains unchanged n; = n;_;, whereas
when the labor-productivity ratio leaves the inaction region the firm chooses to hire
or fire workers. Panel (a) of Figure 1.1 displays the optimal choice of labor-aggregate
productivity ratio 7;; along with the optimal inaction region (b*(x¢, 01), B*(x, 0¢)).

While the labor-productivity ratio 7;,—; remains inside the inaction region the firm
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does nothing. If aggregate productivity increases sufficiently such that the labor-
productivity ratio falls below b*, the firm immediately hires workers so that the
labor-productivity ratio is equal to the lower barrier b*. In contrast, if productivity
falls sufficiently such that the labor-productivity ratio increases above B*, the firm
will fire workers such that the labor-productivity ratio achieves the upper barrier
point B*(x, 0y).

Panel (b) of Figure 1.1 displays the effects of variations in aggregate volatility
on the optimal inaction regions. An increase in aggregate uncertainty o; enlarges
the range of inaction because the possibility that a firm may find hiring or firing
unwarranted increases. In particular, b* decreases sharply as uncertainty increases
but has very little impact on B*. Consequently, the firm will wait until aggregate
economic conditions are sufficiently good to start hiring when uncertainty is high
compared to times when uncertainty is low. In this environment in which aggregate
uncertainty fluctuates, the presence of piecewise linear costs implies that inactivity in

employment adjustment increases as economic conditions become more uncertain.®

Asset Pricing Implications

I now turn to investigate the implications of the model concerning the cross-section
of equity returns. Recall that the cross-sectional variation in the model arises due to
differences in the extent to which firms rely on high-skilled workers (w;). Panel (a) of
Figure 1.3 displays the average equity return on a firm with a share of skilled workers
w in excess of the return on the firm with the lowest w, E (R, — R,), along different
values of w. As firms rely more on high-skilled workers, that is, as w increases, the
expected excess return on equity increases. Therefore, investors will require a higher

compensation for investing in firms in which a larger share of their workers is skilled

8 This result is consistent with the standard comparative static result presented in Stokey where
the optimal thresholds are computed comparing permanent differences in uncertainty.
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labor. Panel (b) of the same figure displays the change in expected equity returns
in excess of the return on the firm with the lowest w when uncertainty increases one
standard deviation, 0E (R, — Ry|o:) /0o. A rise in volatility predicts an increase in
the risk compensation for the reliance on skilled workers suggesting that the exposure
of firms to volatility fluctuations increases with their reliance on skilled labor.

To gauge the contribution of volatility fluctuations in explaining the cross-section
of equity returns, I solve the problem’s dynamic problem assuming that aggregate
growth volatility is constant. Figure 1.4 displays the expected equity return on a
firm with a share of skilled workers w in excess of the return on the firm with the
lowest w. The line with circular markers comes from the baseline model assuming
time-varying aggregate volatility while the line with cross markers corresponds to the
case in which aggregate volatility is constant. The simulation results suggest that
the compensation for volatility risk increases with the reliance on skilled workers.
Moreover, compensation for volatility risk is quantitatively more important for firms
with a high share of skilled workers, consequently, volatility risk compensation is
quantitatively more important than compensation for growth risk in explaining the
risk premia for firms with a high share of skilled labor.

The model suggests that the spread in expected returns is explained mainly by
risks emanating from changes in aggregate uncertainty. To better understand the
asset pricing implications of the model it is helpful to inspect the optimal inaction
regions for a firm with high share of unskilled workers (low-w) and one with a high
share of skilled workers (high-w). Figure 1.5 displays the effects on the optimal in-
action region of increasing levels of aggregate uncertainty level. First note that an
increase in aggregate uncertainty has a different impact on the optimal inaction re-
gions across firms, evidently an increase in aggregate uncertainty widens the inaction
region of a high w firm more markedly than that of a low w firm because the former
faces lower costs of adjusting labor. Consequently, a firm with a high share of skilled
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workers (high w firm) will adjust labor less frequently and only when economic con-
ditions are much brighter or in face of gloomier economic conditions in comparison
to a firm that relies on unskilled workers (low-w firm). Consequently, an increase
in aggregate uncertainty increases cautiousness relatively more in firms with a high
share of skilled workers and are expected to spend a longer time inside the inaction
region which translates into a longer period in which the firm’s cash-flows positively

correlate with economic conditions, thereby are more risky.
1.2 Empirical Evidence

This section empirically tests the implications of the model. Specifically, I explore
the relationship between a firm’s reliance on occupations with high levels of skill
and its expected equity returns. I present evidence based on regressions of stocks at
the firm and industry level, and I also present evidence based on sorts of returns as
suggested in Fama and French. I find a positive and statistically significant cross-
sectional relation between the reliance on skilled labor and equity returns. Consistent
with the model, the spread of average returns between firms with high and low share
of skilled workers increases with aggregate uncertainty. These results are robust
even after controlling for predictors of average equity returns known in the literature
which are unrelated to the costs of adjusting labor but that are possibly correlated
with the concentration of skilled labor in a firm. Furthermore, I present evidence
that the reliance on skilled labor premium is not spanned by known risk factors and

contains additional information about systemic risk.
1.2.1 Reliance on Skilled Labor as an Index of Labor Adjustment Costs

Most of labor adjustment costs are implicit and are not measured or reported on a
firm’s accounting records, however, the evidence presented in Section 1.1.1 suggests

that it is possible to use increasing skill-levels as a proxy for increasing adjustment
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costs. This approach was also taken for example in Oi and Rosen, and I also follow
this route.
To proxy the distribution of skilled workers I propose the reliance on skilled labor

index defined as,

o Li;
LSKILL; = ) T (1.12)

i=1 J

where L;; is the number of employees in industry j at occupation ¢, L; is the total
number of employees in industry j, and z; is the U.S. Department of Labor’s clas-
sification of occupations based on skill-level, that is, how much education, related
work experience and how much training an employee needs to perform the work at
a competent level. This program classifies occupations into five “job zones,” ranging
from job zone 1, z; = 1, which includes occupations that need little or no skills (e.g.,
counter and rental clerks, construction laborers, and waiters/waitresses) to job zone
5, z; = b, which consists of occupations that need extensive skill levels (e.g., lawyers,
aerospace engineers, surgeons, treasurers, and controllers). Consequently, the work-
ers’ skill index (1.12) attains values between 1 and 5. Low values of the index imply
that the industry’s majority of occupations need little or no skill to perform their job,
while high values of the index imply that a large share of the industry’s occupations
are filled with employees who need extensive skill levels to adequately perform their
job.

I compute this measure for each year and industry for the period 1988-2010. Fol-
lowing Hou and Robinson I define the industry membership using the three-digit SIC
code. To compute this measure I use the Occupational Employment Statistics (OES)
estimates of occupational employment at the three-digit SIC classification along with
the U.S. Department of Labor’s O*NET program classification of occupations based
on skil. The appendix contains a more detailed description of the data sources.

Table 1.5 presents summary statistics on the cross-sectional and time-series vari-
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ation in the reliance on skilled labor index for selected industries with the highest
and lowest values of the index for the period 1988-2010. The reliance on skilled labor
index shows important cross-sectional variation across industries. As an example,
the industries with the highest value of the index, engineering and architectural ser-
vices, colleges and universities, legal services, while the bottom three industries are
maintenance services to buildings, automobile parking, eating and drinking places.
On the other hand, the reliance on skilled labor index does not show much time-series
variation, which suggests that most of the variation in the workers’ skill index comes
from cross-sectional differences.” The list of industries in Table 1.5 also suggests that
defining a firm’s industry membership by its three-digit SIC groups together firms
that are in similar lines of business as argued in the work of Hou and Robinson. The

sample contains information for 312 industries.
1.2.2  Data sources for financial variables

For the empirical exercises, I use monthly stock returns from the Center for Research
in Security Prices (CRSP), and accounting information from the CRSP/COMPUSAT
Merged Annual Industrial Files. The sample of firms includes all NYSE-, AMEX,
and NASDAQ-listed securities which are identified by CRSP as ordinary common
shares (with share codes 10 and 11) for the period between January 1987 and June
2011. Following Fama and French, the sample excludes banks and financial firms
(Standard Industrial Classification codes between 6000 and 6999), and firms with
negative book equity in ¢ — 1.

I use a firm’s industry membership as defined by the three-digit SIC code to

9 Alternatively, the level of skill of an occupation z can also be approximated by the hourly wage
of an occupation. In fact, the job zones defined by the Department of Labor are closely correlated
with the hourly wage on each occupation. In particular, the correlation between the reliance on
skilled labor index (1.12) and the average hourly wage across industries is above 80% between 1999
and 2010. However, I will use the index computed using the job zones because the OES program
started collecting information on wages only after 1999, but it collects data on employment by
occupation and industry since 1988.
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match the firm with the corresponding reliance on skilled labor index (LSKILL).
The empirical exercises also use information about a firm’s (log) book-to-market
equity (InBM), (log) market equity (InME), R&D intensity (R&D) measured as R&D
expenditures as a share of the firm’s market equity, operating leverage (OL) measured
as the ratio of operating costs to total assets value, profitability (E/A+) measured
as positive earnings before interest divided by total assets, assets growth (ASSETG)
defined as the annual growth in asset value, sales beta (SALESB) measured as the
slope coefficient from a regression of a firm’s annual growth in sales on annual GDP
growth using quarterly data, labor intensity (LABINT) defined as the ratio of number
of employees to total assets value, and total leverage (LEV) measured as the ratio of
book liabilities (total assets minus book equity) to total market value of firm (market
equity plus total assets minus book equity).

I match CRSP monthly stock return data from July of year ¢ to June of t+ 1 with
accounting information from the fiscal year ending in year ¢ — 1 and with the reliance
on skilled labor LSKILL computed in May of year ¢{. The main sample contains
793,948 observations for 10,890 firms across 312 industries. Table 1.6 presents the

summary statistics of the variables used in the empirical exercises.
1.2.3 Reliance on Skilled Labor and FExpected Equity Returns

This section starts by exploring the spread in realized average returns of five portfolios
sorted on the reliance on skilled labor index (LSKILL). In the spirit of Fama and
French, in June of each year I sort firms according to their reliance on skilled labor
into five portfolios, and I compute monthly equally- and value-weighted returns on
these portfolios from July through June of the following year. For each portfolio I
compute monthly returns in excess of the risk free rate starting on July of 1988 to
the end of June of 2011.

Table 1.7 presents monthly excess returns on the five portfolios sorted on the re-
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liance on skilled labor along with the tests for monotonicity proposed in Patton and
Timmermann and Wolak. The average excess returns are increasing in the reliance
on skilled labor index, and the difference in returns between the top and bottom
quintiles for both the equally-weighted and value-weighted portfolios is positive, and
statistically significant for the equally-weighted portfolio. In particular, the spread is
0.497% (6.13% in annual terms) and 0.309% (3.77% in annual terms) for the equally-
weighted and value-weighted portfolios, respectively. The Patton and Timmermann
monotonicity relation tests, MR-test and MR —test, confirm that excess returns are
monotonically increasing across both equally-weighted and value-weighted portfolios.
The MR-test and MR test both reject the hypothesis that the excess returns for
equally-weighted and value-weighted portfolios are identical or weakly declining in
favor of a monotonically increasing pattern. Similarly, the Wolak test cannot reject
the null of an increasing relation between excess returns and the reliance on skilled
labor. These set of tests are consistent with the presence of a monotonically increas-
ing relationship between excess returns and the reliance on skilled labor for both
equally-weighted and value-weighted portfolios.

Firms in the sample differ from each other not only in their reliance on skilled
workers but also in other characteristics which might be correlated with the reliance
on skilled labor index and average equity returns, in particular, firm’s characteristics
known to explain patterns in average returns. Table 1.8 Columns (1)—(4) present
the estimated coefficients from a regression of firm-level monthly stock returns on
the workers’ preparation index controlling for known predictors of average returns,
namely,

Tijt+1 = O + ﬁlLSKILL]”t + X;j,t/y + Uijt4+1 (].].3)

where 7;; is the monthly stock return of firm 7 from industry j in excess of the risk-free

rate, LSKILL;; is the reliance on skilled labor index at industry j, and x;;; is a vector
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of firm characteristics which include the (log) book-to-market equity ratio InBM,
(log) market equity InME, the past month performance ro;, and dummy variables
to control for industry fixed-effects at the 1-digit SIC level and year fixed-effects. As
explained above, industry membership j is defined by the firm’s three-digit SIC level
and it is used to match each firm with its corresponding reliance on skilled labor
index (LSKILL). The table reports in parenthesis standard errors that are corrected
for cross-sectional correlation at the three-digit SIC industry level.

In all specifications the coefficient on the LSKILL is positive and statistically
significant. This result suggests that firms which have a high concentration of skilled
labor have higher expected returns than those in which a larger share of their em-
ployees require little or no skills. The results in columns (2) and (3) show that the
LSKILL has a significant predicting power even after controlling for book-to-market
and market capitalization. Also, in all specifications both the book-to-market and
market capitalization are statistically significant and have the expected signs.

The results presented so far can face two potential problems noted in Fama and
French. First, the results can be driven by small market capitalization because they
account for a large fraction of the stocks and they tend to have more extreme returns.
Second, the regression coefficients can be influenced by extreme values observed on
individual stocks. To deal with these concerns, I present two additional estimates to
check the robustness of the results. To asses if the predictive power of the workers’
skill index is not driven by small market capitalization firms I compute weighted
estimates in which firms are weighted according to their market capitalization, and
to minimize the impact of extreme returns I construct industry portfolios defining the
industry membership by its three-digit SIC code. Columns (5) and (6) of Table 1.8
present the results from these robustness checks. Either using industry portfolios,
or a capitalization weighted least-squares estimator, the coefficient on LSKILL is
positive and statistically significant.
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The evidence based on portfolio sorts and the cross-sectional regressions con-
firms the first implication of the model, there is a strong monotonic increasing pat-
tern between returns and the reliance on skilled labor. This conclusion is robust to
whether we include controls for known characteristics that explain the cross-section
of expected returns such us book-to-market equity ratio and market equity, and to
alternative empirical strategies.

It is still possible that the reliance on skilled labor LSKILL is capturing the impact
of omitted predictors of average equity returns already known in the literature which
are unrelated to the costs of adjusting labor. To address this concern, Table 1.9
presents the estimated coefficients of model (1.15) extending the baseline specification
to include additional control variables suspected to be correlated with the reliance
of a firm on skilled labor and average equity returns.

Columns (1)—(4) of Table 1.9 extend the baseline specification to include controls
for R&D intensity (R&D), operating leverage (OL), profitability (E/A+), and assets
growth (ASSETG). Chan et al., Li and Lin find a positive relation between R&D
intensity and expected stock returns. Lev (1974), and more recently Novy-Marx
show that firms with higher levels of operating leverage have higher average equity
returns. Similarly, Haugen and Baker and Cohen et al. find that firms with higher
levels of profitability have higher expected returns, and Fairfield et al., Titman et al.,
and Bazdrech et al. find that firms that invest more have lower equity returns. After
controlling for these variables, the estimated coefficient on LSKILL remains positive
and statistically different from zero. Moreover, the coefficients on the additional con-
trol variables have the expected sign and are statistically significant which suggests
that these variables capture the cross-sectional variation in average equity returns,
but the reliance on skilled labor LSKILL has additional information about the risk
of equity.

Columns (5)-(7) of Table 1.9 include controls for the cyclicality of revenues
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(SALESB), labor intensity (LABINT), and leverage (LEV). These additional vari-
ables rule out the possibility that the reliance on skilled labor LSKILL is capturing
differences in the response of firms to the cycle as well as differences in labor in-

10" Regardless of the additional control variables, the workers’

tensity and leverage.
skill index remains a highly significant predictor of expected returns. Moreover, it is
also important to notice that the estimated parameter across all specifications not
only remains statistically significant but its magnitude remains stable. The implied
increase in annual expected equity returns due to a one standard deviate increase in
the workers’ skill index varies between 1.1% and 1.9%.

The evidence presented in this section points towards one conclusion, firms which
have a high concentration of employment that requires high levels of skill have higher
expected returns than those in which a larger share of their employees require little

or no skills. The coefficient estimates suggest that a one standard deviation increase

in the workers’ preparation index increases annual equity returns by about 1.6%.
1.2.4 Aggregate Volatility and Reliance on Skilled Labor

The theoretical model has a second implication which is useful to identify the impact
of labor adjustment costs on the cost of equity: when economic conditions are more
uncertain, investors increase the required rate of return for firms which rely more on
skilled labor because these firms face higher costs of adjusting labor.

To quantify the impact of aggregate volatility on the premium implied by the
reliance on skilled labor index, I estimate equation (1.15) and I allow the coefficient

on LSKILL to vary with aggregate uncertainty, that is,

Tz’j,t+1 =+ (ﬁl + 520}5) X LSKILL]’t -+ X;j,tfy + 630} + uij,t+1 (114)

10 Pratt finds that firms that are labor intensive will have lower leverage because they face higher
costs of distress. In default, a proportion of the firm’s employees lose their jobs, and the human
capital investment embodied in these employees is lost.
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where o is a measure of aggregate volatility, r;; is the monthly stock return of firm
¢ from industry j in excess of the risk-free rate, LSKILL;, is the reliance on skilled
labor index at industry j, and x;;; is a vector which includes the set of firm’s char-
acteristics used in the previous section, and dummy variables to control for industry
fixed-effects at the 1-digit SIC level and year fixed-effects. I consider two proxies of
aggregate volatility, the implied volatility computed using the VXO index based on
S&P 100 index options, and the realized volatility computed as the monthly stan-
dard deviation of the daily S&P 500 index. As shown in Bloom and Bloom et al.,
these two measures of aggregate stock market volatility are strongly correlated with
other measures of productivity and demand uncertainty such as the cross-sectional
standard deviation of firms’ pretax profit growth, the standard deviation of Total
Factor Productivity growth within the manufacturing sector, and the dispersion over
GDP growth predictions of professional forecasters. Therefore, the VXO index and
the S&P 500 realized volatility are good proxies for aggregate uncertainty.

Table 1.10 presents the estimated coefficients of equation (1.14). To ease inter-
pretation, I standardize the two measures of aggregate uncertainty, the VXO index
and the S&P 500 realized volatility. For both measures of aggregate uncertainty, the
coefficient on the reliance on skilled labor index LSKILL is positive but only sta-
tistically significant in one specification. However, the coefficient on the interaction
between aggregate uncertainty and the reliance on skilled labor index is positive and
statistically different from zero for all specifications. The estimated coefficients imply
that the workers’ skill premium is higher in times of high uncertainty than in times
of low uncertainty. For example, if the VXO index increases one standard deviation
above its historical mean, a one standard deviation increase in the workers’ skill in-
dex results in an annual premium of about 5.5%, while in times where uncertainty
is at its average level the premium is about 1.2%. Similarly, if the realized volatility

of the S&P 500 increases by one standard deviation above its historical mean, the
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premium arising from the workers’ preparation index is about 2.9%, more than twice
in normal times when it is about 1.2%.

Alternatively, I explore the impact of aggregate volatility on the time-series pre-
mium generated by the reliance on skilled labor. I use two measures of this risk
premium, the spread in returns between the top and bottom quintiles of portfo-
lios sorted on the reliance on skilled labor index, and the risk premium generated
by the reliance on skilled labor index from Fama and MacBeth estimates.!’ Table
1.11 reports the estimated coefficients of a time-series regression of the risk premium

generated by the reliance on skilled labor on aggregate uncertainty, namely,
TPii1 = @ + 10y + X6 + Uy (1.16)

where x; includes the 3-month Treasury bill rate (y™), and the premium between
the 10-year Treasury bond and a 3-month Treasury bill (ytl 0 _ y2™) to control for
other variables linked to the business cycle. The coefficient accompanying the two
measures of aggregate uncertainty, the VOX index and S&P 500 realized volatility, is
positive and statistically different from zero. Both measures of aggregate uncertainty
are strong predictors of the premium generated by the workers’ skill index even after
controlling for other variables related to the business cycle. Moreover, aggregate
uncertainty is the only statically relevant predictor of the workers’ skill premium.
All in all, the evidence based on cross-sectional regressions and portfolio sorts

conclude that when economic conditions are more uncertain, investors increase the

required rate of return for firms which rely relatively more on employees with high-

11 Following Fama and MacBeth, I estimate the following cross-sectional regression for each month
in the sample,

Rij,t+1 = o + ﬁtJLSKILLJ‘)t + ng,ﬂt + Uij 41 fort=1,..,T (115)

and obtain a time-series of the risk premium implied by the reliance on skilled labor index {3 1}7_;.
As in the previous cross-sectional regressions, I control for the book-to-market ratio, market capi-
talization, R&D intensity, the past month performance and dummy variables to control for industry
fixed-effects at the 1-digit SIC level.
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skilled workers. This result is consistent with the theoretical model, firms that rely
more heavily on high-skilled workers are more exposed to volatility fluctuations be-

cause their labor is more costly to adjust.
1.2.5 Reliance on Skilled Labor Premium as a Risk Factor

The results presented in the previous section suggest that the reliance on skilled
labor risk premium must contain information about systemic risk, in particular,
information about aggregate volatility risk. To corroborate this conclusion, I first
explore the relationship of the reliance on skilled labor risk premium and existing
risk factors. Then, I explore whether the reliance on skilled labor risk premium is
able to explain the cross-sectional variation in average excess equity returns on 48
industry portfolios from Kenneth French’s data library. Fama and French show that
industry portfolios are particularly challenging to explain for both the CAPM and
their three-factor model.

First, I run a regression of the spread in returns between the top and bottom
quintiles of portfolios sorted on the reliance on skilled labor index (rp;) on the mar-
ket excess return (MKT), the size risk factor (SMB), and the book to market risk
factor (HML) to check if the reliance on skilled labor premium remains significant
after taking into account the well known Fama-French risk factors. The estimated

coefficients and Newey-West standard errors are,

(0.230)  (0.062) (0.082) (0.093)

The results indicate that the intercept remains positive and statistically significant
and cannot be explained by the three Fama-French risk factors suggesting that the
reliance on skilled labor risk premium contains independent information about the
cross-section of average equity returns. Similar conclusions arise if I only control for

the market excess return (MKT), and if I use the risk premium generated by the
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workers’ skill index from Fama and MacBeth estimates.

If the reliance on skilled labor premium is not spanned by known risk factors, it
is still a question wether it contains information about systemic risk. Therefore, I
explore whether the reliance on skilled labor premium is able to explain the cross-
sectional variation in average excess equity returns on 48 industry portfolios. Based
on the previous results one would expect that it has information beyond that of
the market excess return, the size risk factor, and the book to market risk factor.

Consider the following specification for any portfolio p’s return,

I
E(rps) = Ao+ Zﬁp,i)\i (1.17)
i=0

where 7;; is the equity return in excess of the risk-free rate, 3,; is the asset p’s
exposure to risk factor ¢, and \; is the corresponding market price of risk. Following
the standard cross-sectional regression techniques, I first run a time-series regression
of each portfolio equity excess returns on the risk factors and obtain 3,;. Then, I run
a cross-sectional regression with the estimated betas. Figure presents the fitted and
observed excess returns for three different models. The upper panel is the standard
CAPM which uses the market excess return as risk factor, the panel in the middle
uses the market excess return, the size risk factor, and the book to market risk factor,
and the lower panel uses the market excess return and the workers’ skill premium
as risk factors. The adjusted R2s suggest that the workers’ skill premium contains
important information about the spread in excess returns. When the basic CAPM is
augmented with the workers’ risk premium the adjusted R? increases to 40.2% from
-1.2%. Moreover, the adjusted R? is twice the size of the Fama-French three factor

model.
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1.3 Conclusion

This essay shows that investors demand higher expected returns for holding stocks
of firms with a high reliance on skilled labor relative to stocks of firms with a low
reliance on skilled labor. Firms with a high reliance on skilled labor are more risky
because they are more exposed to fluctuations in aggregate uncertainty.

First, I present a production-based asset pricing model with two important ingre-
dients. First, firms face adjustment costs in labor are increasing with the skill of the
worker. Second, aggregate productivity growth has time-varying volatility and the
stochastic discount factor to compute asset prices comes from the the long-run risks
model of Bansal and Yaron. The model shows that a rise in aggregate uncertainty
rises the cost of capital as well as cautiousness in hiring and firing. This effect will be
larger at firms with a high share of skilled workers because their labor is more costly
to adjust. As a result, firms with a high reliance on skilled labor are more exposed
to fluctuations in aggregate uncertainty and investors command a higher return for
investing in this type of firms.

Consistent with the implications of the model, I present empirical evidence sug-
gesting that firms which have a high concentration of employment that require high
levels of skill have higher expected returns on equity than those in which a larger
share of their occupations need little or no skills. Moreover, the risk premium for a
firm’s reliance on skilled labor is larger in times of high uncertainty than in times of
low uncertainty. These conclusions are robust to whether I include controls for known
characteristics that explain the cross-section of expected returns, and to alternative

empirical strategies.
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1.4 Tables and Figures

Table 1.1: Labor Adjustment Costs Summary Statistics

Overall By education

Variable No. obs. Mean Std. Dev. <12 yrs. >12 yrs.
% firms with a newly hired 5269 0.69 0.46 — —
Newly hired employee

Age 3612 27.34 10.00 25.56 27.63

Relevant experience (months) 3437 45.53 67.76 36.19 49.57
Time recruiting for position (days) 2487 18.07 37.30 12.05 22.24
No. of persons interviewed for position 3606 4.63 8.85 3.27 5.50
Hrs. spent training by employees 3514 13.33 22.46 10.17 15.95
Hrs. spent training by superiors 3537 19.62 25.54 17.87 22.80
Hrs. spent training by employees
and superiors 3473 32.82 37.06 27.98 38.61
Productivity gap 3568 15.69 18.82 12.72 17.83
Max wage for position US$/hour 2558 5.57 2.63 4.69 5.89

Notes: Table 1.1 presents summary statistics for the firm-level data from the 1980 Employer Op-
portunity Pilot Project (EOPP). The data corresponds to firms that had a recent new hire at the

time of the interview.
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Table 1.2: Labor Adjustment Costs and Education Level

Dependent Variable

Days recruiting No. interviewed Hrs. training Productivity gap

Education (1=HS or more) 7.029%4* 1.4971*** 5.940*** 4.001%**
(1.372) (0.371) (1.598) (1.185)
Age 0.162 -0.016 -0.018 -0.056
(0.098) (0.022) (0.073) (0.051)
Experience -0.002 0.001 -0.055%** -0.010
(0.015) (0.003) (0.014) (0.008)
Sex (1=male) 1.156 -1.083** -0.811 -1.899%*
(2.179) (0.418) (1.430) (1.068)
Size 0.355 0.164 0.634* 0.028
(0.381) (0.113) (0.359) (0.141)
N 2336 3338 3238 3318

Notes: Table 1.2 presents the estimated coefficients from a regression of several components of labor
adjustment costs on the level of education, age, gender and relevant experience of the recent new
hire, and the size of the establishment. The regressions also include unreported dummy variables
to control fixed industry characteristics at the 3-digit SIC level. Education is a dummy variable
equal to 1 when the newly hired has a high-school diploma or more education, experience is relevant
job experience in months, sex is a dummy variable that equals to 1 if the newly hired is male, size
is the number of workers in hundreds, and the last new hire productivity gap is the productivity
of the last employee in the position minus the productivity of the new employee. Standard errors
clustered at the 3-digit SIC are reported in parenthesis. The 1%, 5%, and 10% significance levels
are denoted with *** ** and * respectively.
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Table 1.3: Labor Adjustment Costs and Wages

Dependent Variable
Days recruiting No. interviewed Hrs. training Productivity gap

In Wage 14.635%+* 1.968%%* 17.849%%* 4.768%%*
(3.388) (0.640) (3.810) (1.738)
Age 0.087 -0.003 -0.012 -0.077
(0.106) (0.030) (0.079) (0.075)
Experience -0.017 -0.003 -0.072%%* -0.010
(0.016) (0.003) (0.015) (0.010)
Sex [1=male] -3.038 ~1.794%% -3.232% -3.511%*
(2.936) (0.487) (1.669) (1.361)
Size 0.336 0.158 0.430 -0.020
(0.387) (0.118) (0.364) (0.160)
N 1669 2360 2292 2343

Notes: Table 1.3 presents the estimated coefficients from a regression of several components of labor
adjustment costs on the top hourly wage for that position, the age, gender and relevant experience
of the recent new hire, and the size of the establishment. The regressions also include unreported
dummy variables to control fixed industry characteristics at the 2-digit SIC level. Experience is
relevant job experience in months, sex is a dummy variable that equals to 1 if the newly hired
is male, size is the number of workers in hundreds, and the last new hire productivity gap is the
productivity of the last employee in the position minus the productivity of the new employee.
Standard errors clustered at the 3-digit SIC are reported in parenthesis. The 1%, 5%, and 10%
significance levels are denoted with *** ** and *, respectively.
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Table 1.4: Calibration

Parameter Definition Value Source

« Labor share 0.4 Labor share in the data
A Relative efficiency of skilled workers 2

¢ Worker’s compensation parameter 2.88 Cooper and Willis
I Aggregate technology consumption 0.0015 Bansal et al.

p Technology growth persistence 0.975 Bansal et al.

X Linear cost of adjusting skilled labor 6-months wage  Parsons

X2 Linear cost of adjusting unskilled labor 1/4-month wage Cooper and Willis
15} Subjective discount factor 0.9989 Bansal et al.

0% Risk aversion 10 Bansal et al.

P Intertemporal elasticity of substitution 2 Bansal et al.
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Table 1.5: Reliance on Skilled Labor for Selected Industries

Reliance on Skilled Labor Index

Industry 1998-2010 1988-1999 2000-2010
Highest Reliance on Skilled Labor

Engineering and architectural services 3.568 3.564 3.571
Colleges and universities 3.551 3.402 3.638
Legal services 3.550 3.581 3.532
Research and testing services 3.380 3.400 3.368
Guided missiles, space vehicles parts 3.368 3.302 3.418
Offices of health practitioners 3.364 3.383 3.319
Hospitals 3.362 3.365 3.360
Offices and clinics of medical doctors 3.341 3.300 3.365
Computer and data processing services 3.269 3.470 3.152
Accounting, auditing and bookkeeping 3.267 3.350 3.233
Lowest Reliance on Skilled Labor

Crop services 1.794 1.712 1.815
Meat products 1.782 1.721 1.827
Laundry, cleaning and garment services 1.749 1.692 1.783
Logging 1.741 1.759 1.708
Grocery stores 1.734 1.801 1.684
Hotels and motels 1.710 1.737 1.694
Manufacturing women’s outerwear 1.635 1.547 1.702
Manufacturing men’s suits and coats 1.571 1.444 1.665
Gasoline service stations 1.540 1.810 1.338
Eating and drinking places 1.486 1.384 1.562
Automobile parking 1.485 1.468 1.499
Services to buildings 1.355 1.368 1.347
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Table 1.6: Summary Statistics for Financial Variables

Variable Mean Std. Dev.
Reliance on skilled labor (LSKILL) 2.668 0.448
log Book-to-Market equity (InBM) -0.717 0.967
log Market equity (InME) 5.311 2.124
R&D intensity (R&D) 0.045 0.129
Operating leverage (OPLEV) 1.085 0.918
Earnings(+)/Assets (E/A+) 0.078 0.081
Investment rate (ASSETG) 0142 0 .395
Sales Beta (SALESB) 2.088 3.759
Labor Intensity (LABINT) 0.010 0.034
Leverage (LEV) 0.346 0.225

Notes: Table 1.6 presents summary the sample mean and standard deviation of the variables used
in the empirical section. The reliance on skilled labor index (LSKILL) is computed using the
definition in (1.12), R&D intensity (R&D) is easured as R&D expenditures as a share of the firm’s
market equity, operating leverage (OL) is measured as the ratio of operating costs to total assets
value, profitability (E/A+) is measured as positive earnings before interest divided by total assets,
assets growth (ASSETG) is defined as the annual growth in asset value, sales beta (SALESB) is
measured as the slope coefficient from a regression of a firm’s annual growth in sales on annual
GDP growth using quarterly data, labor intensity (LABINT) is defined as the ratio of number of
employees to total assets value, and total leverage (LEV) is measured as the ratio of book liabilities
(total assets minus book equity) to total market value of firm (market equity plus total assets minus
book equity). The sample covers the period 1987-2011
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Table 1.7: Monthly Excess Returns on Portfolios Sorted on the Reliance on Skilled
Labor Index

Panel A: Equally-Weighted Portfolios

Reliance on Skilled Labor Quintile
1 (Low) 2 3 4 5 (High)
Excess returns 0.547 0.751 0.832 0.933 1.044

Test of Monotonicity for Excess Returns (p-values)

High minus Low t-test MR-test MR -test Wolak test
0.497 0.078 0.010 0.010 0.957

Panel B: Value-Weighted Portfolios

Reliance on Skilled Labor Quintile
1 (Low) 2 3 4 5 (High)
Excess returns 0.452 0.548 0.567 0.524 0.761

Test of Monotonicity for Excess Returns (p-values)

High minus Low t-test MR-test MR -test Wolak test
0.309 0.138 0.068 0.067 0.942

Notes: Table 1.7 presents monthly excess returns on five portfolios sorted on the reliance on skilled
labor index along with the tests for monotonicity proposed in Patton and Timmermann and Wolak.
For both equally-weighted and value-weighted portfolios, the lower panel reports the difference in
returns between the top and bottom quintiles along with the associated p—value of the ¢-statistic for
this spread computed using Newey-West standard errors. The table also reports the p—values from
the Patton and Timmermann monotonicity relation tests, MR-test and MR —test, and from the
Wolak test. The MR-test and MR®!test null hypothesis is that the excess returns across portfolios
are identical or weakly declining against the alternative hypothesis of a strictly increasing pattern.
The Wolak test’s null hypothesis is that a weakly monotonic relation exists between returns and the
sorting variable, while the alternative hypothesis contains the case of no such monotonic relation.
Excess returns are monthly and expressed in percentage terms. The sample covers July 1988 to
June 2011.
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Table 1.8: Monthly Equity Returns and Reliance on Skilled Labor Index

Dependent Variable: Monthly Excess Returns

Explanatory Variable (1) (2) (3) (4) (5) (6)
LSKILL 0.448***  0.629%**  0.445%**  0.592%**  (.356%** 0.257*
(0.067)  (0.080)  (0.070)  (0.074)  (0.074)  (0.139)
InBM 0.486%** 0.391%**  0.377*** 0.203
(0.043) (0.041)  (0.045)  (0.127)
InME -0.198%*F*  _0.139%**  _0.069*** 0.038
(0.025)  (0.025)  (0.023)  (0.056)
701 -0.012%**  _0.013***  -0.012%**  -0.013*** -0.005 0.057%%*
(0.002)  (0.002)  (0.002)  (0.002)  (0.003)  (0.009)
NxT 695,367 695367 695367 695367 694,547  45.703
N 10,890 10,890 10,890 10,890 10,890 312

Notes: Columns (1)—(4) of Table 1.8 present the estimated coefficients from a regression of firm-level
monthly stock returns on the workers’ skill index, namely,

Tija+1 = @+ B1LSKILL; ¢ + X}; 7 + tij 41

where 7;; is the monthly stock return of firm ¢ from industry j in excess of the risk-free rate, and
LSKILL; is the reliance on skilled labor index at industry j. Industry membership j is defined by the
firm’s 3-digit SIC code and it is used to match the firm with its corresponding workers’ skill index.
The vector x includes controls for the (log) book-to-market equity ratio (InBM), (log) market
equity (InME), past one-month equity excess return (rg;). Column (5) presents the estimated
value-weighted coefficients from a regression of firm-level monthly stock returns on the workers’
preparation index where the weights are given by market capitalization. Column (6) presents the
estimated coeflicients from a regression of industry-level monthly stock returns on the workers’ skill
index where industry membership is defined by the firm’s 3-digit SIC code. All regressions control
for industry fixed-effects at the 1-digit SIC level, and year fixed-effects. Stock returns are monthly
and expressed in percentage terms. The sample covers Jan-1987 to June-2011. Standard errors
clustered at the 3-digit SIC are reported in parenthesis. The 1%, 5%, and 10% significance levels
are denoted with *** ** and *, respectively.
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Table 1.9: Robustness to Additional Controls

Dependent Variable: Firm Equity Returns

Explanatory Variable (1) (2) (3) (4) (5) (6) (7)
LSKILL 0.304***  (0.335%F*  (0.380%*F*F  0.419%FF  0.328FF*F  (.320%**  (.279***
(0.090)  (0.090)  (0.090)  (0.082)  (0.079)  (0.080)  (0.085)
InBM 0.383%#%  (.412%FF  (.427HFFF  0.258%FF (. 155%FK  0.161%FF  0.141%FF
(0.034)  (0.036)  (0.038)  (0.039)  (0.045)  (0.046)  (0.050)
InME -0.118***  _0.091***  -0.133***  -0.120*** -0.157*** -0.153*** -0.150%***
(0.024)  (0.024)  (0.026)  (0.020)  (0.018)  (0.018)  (0.019)
R&D 2.234%*F - 2.216%*F  2.306%*F  1.983%HF  2211%FF  2.144%FF  2.901%H*
(0.493)  (0.532)  (0.561)  (0.558)  (0.637)  (0.631)  (0.461)
OPLEV 0.300%**  0.275%** 0.180** 0.086** 0.096** 0.080**
(0.071)  (0.073)  (0.089)  (0.040)  (0.040)  (0.039)
E/A+ 2.332%F%* 1 .864***  1.456%**  1.433*FF  1.439%F*
(0.455)  (0.464)  (0.441)  (0.446)  (0.464)
ASSETG -1.031%**  0.85T***  -0.85T***  -0.850%**
(0.099)  (0.075)  (0.079)  (0.081)
SALESB 0.018** 0.018%* 0.018**
(0.008)  (0.008)  (0.008)
LABINT -0.670**  -0.656**
(0.322)  (0.316)
LEV 0.098
(0.187)
701 -0.014***  -0.013***  -0.013*** -0.012*** -0.010*** -0.010*** -0.011%***
(0.002)  (0.002)  (0.002)  (0.002)  (0.003)  (0.003)  (0.003)
NxT 695367 687,192 684,161 628,367 525501 519,692 510,664

Notes: Table 1.9 presents the estimated coefficients from a regression of firm-level monthly stock returns on the
workers’ skill index, namely,

Tijt4+1 = O+ ﬁlLSKILLJ"t + X;j7t7 + Uijt+1

where r;; is the monthly stock return of firm 4 from industry j in excess of the risk-free rate, and LSKILL; is the
reliance on skilled labor index at industry j. Industry membership j is defined by the firm’s 3-digit SIC level and
it is used to match the firm with its corresponding workers’ skill index. The vector x includes controls for the
(log) book-to-market equity ratio (InBM), (log) market equity (InME), past one-month excess returns rg1, R&D
intensity (R&D), profitability (E/A+), assets growth (ASSETG), sales beta (SALESB), labor intensity (LABINT),
and leverage (LEV). All regressions control for industry fixed-effects at the 1-digit SIC level and year fixed-effects.
Stock returns are monthly and expressed in percentage terms. The sample covers Jan-1987 to June-2011. Standard
errors clustered at the 3-digit SIC are reported in parenthesis. The 1%, 5%, and 10% significance levels are denoted
with *** ** and * respectively.
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Table 1.10: Reliance on Skilled Labor Premium and Aggregate Volatility: Panel

Data Evidence

Dependent Variable: Firm Equity Returns

Explanatory Variable (1) (2) (3) (4) (5) (6)
LSKILL x VXO index 0.745%%* 0.661*+* 0.442%*
(0.241) (0.212) (0.172)
LSKILL x S&P500 RVOL 0.429%+* 0.386%** 0.271%%*
(0.164) (0.141) (0.099)
LSKILL 0.088 0.084 0.220** 0.203** 0.102 0.063
(0.131)  (0.119)  (0.102)  (0.098)  (0.092)  (0.095)
InBM 0.572%%%  0.568%**  (0.456**F*F  (0.453%F*F  (.322%FF*F  (.316%**
(0.039)  (0.038)  (0.048)  (0.048)  (0.050)  (0.051)
InME -0.061**  -0.049*  -0.068***  -0.053**  -0.100*** -0.087***
(0.024)  (0.026)  (0.021)  (0.022)  (0.019)  (0.019)
R&D 2.045%*% - 3,029%FF  2.542%*% 2 601***  3.434%**  3.485***
(0.494)  (0.497)  (0.554)  (0.558)  (0.422)  (0.422)
OPLEV 0.163* 0.165* 0.066* 0.068*
(0.088)  (0.088)  (0.038)  (0.038)
E/A+ 2.506%**  2.551***F  2.336%**F  2.237***
(0.448)  (0.421)  (0.398)  (0.388)
INVR S1A80*F**  J1.182%**  _1.012%**  _1.015***
(0.093)  (0.092)  (0.069)  (0.070)
SALESB 0.018** 0.022%**
(0.007)  (0.007)
LABINT -1.241%%%  _1.543%**
(0.463)  (0.587)
LEV 0.255 0.230
0.171)  (0.174)

Notes: Table 1.10 presents the estimated coefficients from a regression of firm-level monthly stock returns on the
workers’ skill index WSKILL; ; and its interaction with aggregate volatility o, namely,

Tijt+1 = @ + (B1 + B20¢) x LSKILL, ; + X;'j,ﬂ + B30t + Uijt41

where r;; is the monthly stock return of firm ¢ from industry j in excess of the risk-free rate. Industry membership j
is defined by the firm’s 3-digit SIC level and it is used to match the firm with its corresponding workers’ skill index.
Aggregate volatility is approximated as the implied volatility computed using the VXO index based on S&P 100
index options (VXO index), and the realized volatility computed as the monthly standard deviation of the daily S&P
500 index (S&P500 RVOL). Both measures are standardized. The sample covers Jan-1987 to June-2011. Standard
errors clustered at the 3-digit SIC are reported in parenthesis. The 1%, 5%, and 10% significance levels are denoted
with *** ** and * respectively.
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Table 1.11: Reliance on Skilled Labor Premium and Aggregate Volatility: Time
Series Evidence

Dependent Variable: Workers’ Skill Premium

Explanatory Variable (1) (2) (3) (4) (5) (6) (7) (8)
VXO index 0.506**  0.546**  0.624* 0.707**
(0.226) (0.223) (0.324) (0.318)
S&P500 RVOL 0.278% 0.308**  0.356*  0.422%**
(0.158)  (0.155) (0.213)  (0.209)
YIELD3M 0.067 0.154 0.034 0.115
(0.096) (0.150) (0.097) (0.151)
TERMSPRD -0.105 -0.074 -0.160 -0.142
(0.202) (0.330) (0.206) (0.331)
Constant 0.509** 0.441 0.523 0.069 0.434* 0.582 0.427 0.225
(0.230)  (0.666) (0.347) (1.041) (0.226) (0.700) (0.337) (1.067)
T 275 275 275 275 275 275 275 275

Notes: Table 1.11 presents the estimated coefficients a regression of the time-series risk premia generated by the
reliance on skilled labor rp on aggregate uncertainty, namely,

TPi+1 = @ + Brot + X8 + utt1 (1.18)

where x includes the dividend yield (dpt), the 3-month Treasury bill rate (y?m), and the premium between the

10-year Treasury bond and a 3-month Treasury bill (yzoy — ™). In Columns (1)—(2) and (5)—(6) the reliance on
skilled labor premium is obtained from Fama and MacBeth estimates of equation (1.15) where I control for the
book-to-market ratio, market capitalization, R&D intensity, past performance and dummy variables to control for
industry fixed-effects at the 1-digit SIC level. In Columns (3)—(4) and (7)—(8) the reliance on skilled labor premium
is computed as the spread of returns between the top and bottom quintiles of portfolios sorted on the reliance on
skilled labor index. The estimates consider as a measure of aggregate uncertainty the implied volatility computed
using the VXO index based on S&P 100 index options (VXO index) and the realized volatility computed as the
monthly standard deviation of the daily S&P 500 index (S&P500 RVOL). The sample covers July 1988 to June 2011.
Newey-West standard errors are reported in parenthesis. The 1%, 5%, and 10% significance levels are denoted with

kX OHFE and *, respectively.
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Notes: Panel (a) of Figure 1.1 displays the optimal choice of labor-aggregate productivity ratio
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t
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FiGURE 1.1: Optimal Employment Choice
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F1GURE 1.2: Impact of Uncertainty on the Optimal Inaction Region
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Notes: Panel (a) of Figure 1.3 displays the average equity returns on a firm with a share of skilled
workers w in excess of the return on the firm with the lowest w, E(R,, — R,), for different values of
w. Panel (b) of Figure 1.3 displays the change in expected equity returns in excess of the return on
the firm with the lowest w when uncertainty increases one standard deviation, 0E(R,, — R,|0¢)/00.

FIGURE 1.3: Model’s Implications for The Cross-section of Expected Equity Returns
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FIGURE 1.4: Expected Equity Returns Under Alternative Investor’s Preferences
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F1GURE 1.5: Optimal Inaction Region Across Firms
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2

Temperature, Aggregate Risk, and Expected
Returns

Given the prospect of rising global temperature, understanding the potential impact
of temperature on the macro-economy and financial markets is of considerable im-
portance. In this article we show that temperature is a source of economic risk in
global equity markets; we provide evidence that temperature raises expected equity
returns and, consequently, rises the cost of borrowing in the aggregate economy. Our
evidence comes in two forms. First, using data on global capital markets we find
that the risk-exposure of these returns to temperature shocks, i.e., their temperature
beta, is a highly significant variable in accounting for cross-sectional differences in
expected returns. Second, using a panel of countries we show that GDP growth
is negatively related to global temperature, suggesting that temperature can be a
source of aggregate risk. To interpret the empirical evidence, we present a quanti-
tative consumption-based long-run risks model that quantitatively accounts for the
observed cross-sectional differences in temperature betas, the compensation for tem-
perature risk, and the connection between aggregate growth and temperature risks.

Over the last 80 years, average annual temperature has risen by 0.80°C. The
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IPCC, the leading inter-governmental agency studying climate change, predicts that
over the next 100 years there could be a rise between 2°C and 5°C in global mean
temperatures. Based on integrating a wide-range of micro-channels, their analysis
and that of others (e.g., Stern (2007), Nordhaus (2008)) concludes that temperature
will adversely affect global GDP. The typical integrative micro-channels that are
highlighted are temperature’s adverse effects on labor productivity, labor supply,
crime, human capital, and political stability, among others.! This paper presents
evidence that there is an aggregate channel, a cost of capital channel, through which
temperature can affect the global economy.

To evaluate the role of temperature as an aggregate risk, we use data on global
capital markets and measure the temperature beta by regressing the real return on
equity for each country on the change in temperature. Using data from capital
markets in 38 countries, we show that the covariance between country equity returns
and global temperature contains information about the cross-country risk premium;
countries closer to the equator carry a higher temperature risk premium and countries
farther away from the equator have a smaller temperature related risk-premium. In
fact, temperature risks can explain 51% of the cross-sectional variation in expected
returns across countries. Our evidence does not preclude other risk channels; rather,
it highlights that temperature risks are important.

We also provide evidence that there is a parallel between a country’s distance
to the Equator and the economy’s dependence on climate-sensitive sectors. In par-
ticular, countries closer to the Equator rely more heavily on agriculture; a quarter

of the GDP in countries closest to the Equator comes from agriculture, while in

! Tmpacts on labor productivity are discussed in Huntington (1915), Crocker and Horst (1981),
Meese et al. (1982); Curriero et al. (2002), Gallup and Sachs (2001) provide evidence on negative
impacts on human capital through health; Jacob et al. (2007) provide evidence on crime and social
unrest. More recently, Dell et al. (2009b) document higher temperatures have a negative impact on
agriculture, innovation, and political stability, and Zivin and Neidell (2010) find large reductions
in U.S. labor supply in industries with high exposure to climate.
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high-latitude countries agriculture represents less than 5%. Furthermore, we show
that the covariance between the market return and the return on a portfolio of in-
dustries highly exposed to temperature is higher in countries closer to the Equator,
suggesting that in countries closer to the Equator industries with a high exposure
to temperature are more prevalent. Therefore, the exposure to temperature highly
depends on a country’s industry structure.

We further show that global temperature and shocks to global temperature have
a negative impact on economic growth. Using a panel of 147 countries we show that
a one standard deviation shock to temperature lowers GDP growth by 0.24%. More-
over, our findings show that the impact of temperature shocks is larger in countries
that are closer to the Equator; a one standard deviation temperature shock reduces
GDP growth by 0.43% in countries closer to the Equator, while it has an effect close
to zero in countries farther away from the Equator. Similarly, an increase in global
temperature of about 0.2°C reduces GDP growth by 0.18%. Our results indicate
that temperature not only has a contemporaneous short-lived impact on economic
growth, but its negative impacts tend to persist over time. Furthermore, we find that
that temperature has also a negative impact on world consumption and GDP growth.
The findings in Dell et al. (2009b) are consistent with our empirical evidence.

Our evidence suggests that the differences in temperature-betas mirror exposures
to aggregate growth rate risk. Regressing real GDP growth on a trailing average of
lagged world GDP growth for a sample of 147 countries, we find that countries closer
to the Equator have a larger exposure to risks from long-run aggregate growth than
countries further from the Equator. Since temperature negatively impacts long-run
aggregate growth, countries with a higher exposure to aggregate growth also have a
higher exposure to temperature, and higher compensation from temperature risks.
Similarly, Bansal et al. (2005a), using U.S. characteristic sorted portfolios, show

that asset’s dividends with higher exposure to aggregate consumption have a higher
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consumption beta, which explains differences in the cross-section of risk premia.

Our modelling approach to understand temperature related risks builds on the
long-run risks (LRR) model of Bansal and Yaron (2004), who show that the model
can jointly account for the observed consumption dynamics, the risk-free rate, the
equity premium, and volatility puzzles among others.? The key ingredients in the
model are the recursive preferences of Epstein and Zin (1989) and Weil (1990) with
a preference for early resolution of uncertainty, and a persistent expected growth
component in consumption along with time-varying consumption volatility. In this
paper we present a long-run risks temperature (LRR-T) model in which temperature
negatively impacts expected growth. Our LRR-T allows us to study the impact of
temperature on wealth, price-dividend ratios, and expected returns in an internally
consistent manner. For our quantitative analysis, we model temperature and con-
sumption as a bivariate process, which we calibrate to capture the negative impact
of temperature on expected growth rates, as documented in our empirical results.
The model has an important implication, a higher exposure to long-run aggregate
growth translates into a higher (more negative) temperature beta as well as a larger
risk premium, and a higher compensation for temperature risks; all of which are
consistent with the cross-country evidence.

The rest of the paper is organized as follows. Section 2.1 documents the key
empirical regularities. Section 3.2 presents the LRR-T model, and discusses its the-

oretical and quantitative implications for asset markets. Conclusions follow.

2 Subsequent work has shown that the model can also explain observed credit spreads, the term
structure of interest rates, option prices, and cross-section of expected returns across assets. For
the term structure of interest rates see Piazzesi and Schneider (2007), for credit spreads see Bhamra
et al. (2009), for cross-sectional differences in expected returns see Bansal et al. (2005a) and Hansen
et al. (2008), and for option prices see Drechsler and Yaron (2009).
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2.1 Temperature Risk, Expected Equity Returns, and Economic Growth

2.1.1 Data and Summary Statistics

We use time series data on global temperature covering the period 1929-2009 ob-
tained from the Intergovernmental Panel on Climate Change Data Distribution Cen-
tre and comes from the Climate Research Unit (IPCC (2007b)). Land temperature
is constructed using surface air temperature from over 3,000 monthly station records
which have been corrected for non-climatic influences (e.g., changes in instrumenta-
tion, changes in the environment around the station, particularly urban growth).3
Annual temperature data corresponds to the average of monthly observations.

We compute the market equity return for a sample of 38 countries using the
Standard & Poor’s (S&P) equity index and the Morgan Stanley Capital International
(MSCI) equity index, both expressed in U.S. dollars. We also consider the MSCI All
Country World Index which measures equity returns across developed and emerging
markets, 45 countries in total, to compute the world market equity return. The
sample coverage of these indices vary by country. For each country in our sample
we consider the index with the longest sample, and for countries to be included we
select those that have at least 20 years of data. We use the three-month T-bill rate to
compute the risk-free rate. Real returns for all countries are obtained adjusting for
U.S. inflation computed using the personal consumption expenditures (PCE) deflator
from the National Income and Product Accounts (NIPA) tables.

We also consider data on U.S. portfolios sorted by industry. We construct port-
folios using the Standard Industrial Classification (SIC) at the two digit level for

NYSE/AMEX/NASDAQ firms from CRSP for the period 1930-2009. For each port-

3 To compute large-scale spatial means, each station is associated to a grid point of a 5° x 5°
latitude- longitude grid, and monthly temperature anomalies are computed by averaging station
anomaly values for all months. Finally, global temperature data are computed as the area-weighted
average of the corresponding grid boxes and the marine data, in coastlines and islands, for each
month.
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folio, we use annual equally weighted returns that we convert to real using the PCE
deflator from the NIPA tables.

We also use macroeconomic data on real GDP per capita for a sample of 147
countries covering the period form 1950 to 2007 from Heston et al. (2009) (Penn
World Tables). Data on world real GDP come from the World Bank Development
Indicators and cover the period 1960-2008. We compute the distance to the Equator
for each country in our sample as the absolute value of the latitude in degrees divided
by 90 to place it between 0 and 1. We obtain each country’s latitude in degrees from
Hall and Jones (1999).% In our empirical results we report estimations grouping
countries according to their distance to the Equator. The table in Appendix B.2
lists the 147 countries included in our sample grouped according to their distance
to the Equator. Countries for which data on market equity returns are available
are marked with an asterisk. We partition the sample of countries in four groups
based on distance to the Equator. The first group is comprised by countries that are
closer to the Equator, and countries in group 4 are those that are farthest from the
Equator.

Table 3.1 presents summary statistics for temperature dynamics, annual world
GDP and consumption per capita growth. The average global temperature is 14°C,
its volatility reaches 0.21 and its autoregressive coefficient equals 0.87. The aver-
age real GDP growth equals 1.91% while the average world consumption growth is
about 1.84%. GDP growth volatility is around 1.4% and its autoregressive coefficient
equals 0.44 while consumption growth volatility is nearly 1% and its autoregressive
coefficient equals 0.41. The last two rows of Table 3.1 present summary statistics
for the world market real equity return from 1988 to 2009 and the risk-free rate for

the 1950-2008 period. The world market return is 6.83% on average, and the market

4 The latitude of each country corresponds to the center of the county or province within a country
that contains the largest number of people.
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return volatility equals 19.65%. The real risk-free rate averages 1.45% per annum,
and its volatility is 2.03%, one-tenth of that of equity.

Table 2.2 presents descriptive statistics for the market equity return on a sample
of 38 developed and emerging countries as well as the world market equity return.
The sample varies by country, but all countries have at least twenty years of data.
Partitioning the sample of countries in four groups based on their distance to the
Equator, real equity return in countries closest to the Equator (Group 1) averages
24.96%, and the average volatility in these countries is about 70.01%. On the other
hand, in countries furthest from the Equator (Group 4) the average equity return is
about 12.54%, and the average volatility of equity returns is around 32.56%. There-
fore, countries closest to the Equator have, on average, a higher return on equity
than countries furthest from the Equator, about 12%. Similarly, countries closest to
the Equator have returns about 2.5 times more volatile than countries furthest away

from the Equator.
2.1.2 Temperature and Risk Premia

In this section we start by computing the contemporaneous covariance between the
return on equity and innovations to temperature, i.e., the temperature beta. In
particular, we examine how the exposure to temperature innovations of real mar-
ket returns varies with the distance to the Equator in our sample of 38 countries.
Then, we explore whether temperature risk explains the cross-sectional variation
in expected returns on different portfolios of stocks across countries. Consider the

following specification for any asset i’s return,
E(Riy) = Ao+ BiwAuw (2.1)

where R;; is the arithmetic return, f;,, is the asset i’s exposure to temperature in-

novations, and ), is the market price of temperature risks. Following the standard
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cross-sectional regression techniques, we compute asset i’s corresponding tempera-
ture beta by running a time-series regression of the asset real arithmetic return, R, ,,

on global temperature change, Awy,
Riy = Bio + BiwAw: + iy (2.2)

where Aw; represent innovations to temperature, and ;1 is an error term. Then, we
compute the market price of risk, A, using the cross-sectional risk premia restriction
stated in equation (2.1), that is, performing a cross-sectional regression of the average
return on a constant and the estimated temperature beta for each portfolio.

Figure 2.1 presents a scatter plot of the estimated temperature betas against the
distance to the Equator for 38 countries. From the scatter plot we see that, on av-
erage, the temperature beta is more negative in countries closer to the Equator, and
becomes more positive as we move away from the Equator. Indeed, the projection
coefficient of the distance to the Equator on the temperature beta is positive and sta-
tistically different from zero. Alternatively, we compute the temperature beta using
the pooled sample of countries by estimating a fixed-effects model of the real market
return on the change in temperature, and the change in temperature interacted with

the distance to the Equator, namely,
Rit=¢q + (ﬂo + [ x gi)Awt + €t (2~3)

where ¢; is country ¢’s distance to the Equator, ¢; is a fixed-effect, and ¢; ; is a random
disturbance for country 7 at time ¢. Under this specification, the temperature beta
for country ¢ is equal to By + 1 x ¢;. The first column of Table 2.3 shows that
the coefficient accompanying temperature change [, is negative and statistically
significant, and the coefficient on the interaction term f; is positive and statistically
different from zero. The estimated coefficients imply that the temperature beta is
negative in countries at the Equator but decreases in absolute value for countries that
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are farther from the Equator. Similar results emerge when we group the countries in
our sample in four group categories according to their distance to the Equator, and
interact the temperature change with a group dummy. The second column of Table

2.4 presents the estimated coefficients from the following fixed-effect model,

4
Rm =G + <60 + 2 6] X I(EZ € g])> Awt + ei,t (24)
j=2
where I(-) is an indicator function, g; for j = 1,...,4 are intervals which sort coun-

tries according to their distance to the Equator, countries with ¢; € g, are those
closest to the Equator while countries with ¢; € g, are those furthest from the Equa-
tor. The estimated coefficients imply that countries closest to the Equator (group 1)
have a temperature beta of about -28.28, while countries furthest from the Equator
(group 4) have a temperature beta equal to 37.53. The difference between the tem-
perature betas at low and high latitudes is positive and statistically different from
ZETo.

The results from Table 2.4 also show that countries with high mean returns on
equity have more negative betas. This negative relationship implies that the market
price of temperature risk is negative; therefore, the risk compensation from temper-
ature risks is larger in countries with more negative betas (closer to the Equator).
Table 2.5 presents the results from a cross-sectional regression of the average market
return on the estimated temperature beta 3, for our sample of 38 countries. The
estimated market price of temperature risks A, is negative, statistically significant,
and equal to -0.083% per annum. The contribution of temperature risks to risk pre-
mia equals to \,[3,. Since the estimated beta is more negative for countries closer
to the Equator, the risk premium arising from temperature-related risks is larger in
these countries than those farther from the Equator. The cross-sectional adjusted-

R? is 0.51 suggesting that temperature risks can explain a substantial part of the
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cross-sectional variation in equity returns.

To verify the robustness of our findings we perform our previous estimations using
a time-series of simulated temperature. More precisely, we simulate 1,000 samples
of time series observations of global temperature assuming that it follows a first-
order autoregressive process. Thereafter, for each simulated time-series, we regress
the observed market real return on the simulated change in global temperature using
the fixed-effects model (2.4). Panel A of Table 2.6 presents median of the temperature
beta for each of the four groups. In contrast to the empirical evidence presented, the
median value of the temperature beta does not correlate with the distance to the
Equator. More importantly, the cross-sectional regression presented in Panel B shows
a median market price of temperature risks close to zero; therefore, the simulated
series is unable to explain the cross-sectional differences in expected returns. In
contrast, the data shows that temperature risks are important at explaining the

differences in equity returns.
2.1.8 Distance to the Fquator and Temperature Sensitive Sectors

The empirical evidence presented in Section 2.1.2 suggests that countries closer to
the Equator have a higher exposure to temperature. In this section we explore if
there is a parallel between a country’s distance to the Equator and the economy’s
dependence on climate-sensitive sectors. First, we investigate the correlation between
distance to the Equator with the share of agriculture in GDP, as well as the exposure
of the market return to a portfolio of industries highly exposed to temperature and
its variation across different latitudes.

As shown in Figure 2.2, countries furthest to the Equator are also countries in
which, on average, agriculture represents a smaller share of GDP. Across the 38
countries in our sample, the correlation between distance to the Equator and the

average share of agriculture in GDP between 1960 and 2007 is positive and equal to
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0.55. On average, a quarter of the GDP in countries closest to the Equator (Group
1) comes from agriculture, while in high-latitude countries (Group 4) agriculture
represents only 3% of GDP. Moreover, the correlation of country’s temperature beta
and the share in agriculture is negative and equals -0.46, implying that countries
with lower dependence on agriculture will observe smaller betas, therefore, lower
temperature-related risks.

The distance to the Equator is also negatively correlated with the exposure of
the market return to a portfolio of temperature-sensitive industries. To compute
the covariance between country market returns and returns on temperature-sensitive
industries, we construct a portfolio of the four industries most exposed to tem-
perature using returns on industry sorted U.S. portfolios. Figure 2.3 presents the
estimated temperature beta (3, using nine U.S. portfolios sorted by industry. The
four industries with the largest betas (more negative) are construction, manufactur-
ing, transportation and utilities, and agriculture. In these industries, workers are
highly exposed to temperature because either work is primarily performed outdoors,
or facilities are not climate controlled.’

To estimate the exposure of each country’s market return to the return on this

temperature-sensitive portfolio, we estimate the following regression,
ERiy = Bip + BinER[ + &4 (2.5)

where ER;, is country i’s market return in excess of the risk-free rate, ER is the
return on the temperature-sensitive portfolio in excess of the market return, 3;, is
country 7’s exposure to the temperature-sensitive portfolio. Figure 2.4 shows that
the estimated exposure to the temperature-sensitive portfolio f3; ;, and the distance to

the Equator are negatively related. The correlation coefficient between the exposure

5 The National Institute of Occupational Safety also considers these industries as highly exposed
to climate.
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to the temperature-sensitive portfolio and the distance to the Equator is -0.46 and
statistically different from zero.

In sum, the evidence presented up to this point suggests that countries closer to
the Equator are also countries that rely more heavily on climate-sensitive sectors.
Agriculture represents a higher portion of the economy in countries closer to the
Equator which makes them vulnerable to fluctuations in temperature. In particular,
countries in the low latitudes already start with very high temperatures, therefore,
increases in temperature bring temperature to levels that are detrimental for agricul-
ture (IPCC (2007b)). Similarly, the covariance between the market return and the
return on a portfolio of industries highly exposed to temperature is higher in coun-
tries closer to the Equator, suggesting that in countries at low latitudes industries
with a high exposure to temperature are more prevalent. Therefore, the exposure to

temperature highly depends on a country’s industry structure.
2.1.4 Temperature and Growth

In this section we explore the impact of temperature on output growth, both at
country levels as well as the world. In particular, we ask if differences in the exposure
of output growth to temperature mirrors differences in temperature betas across
countries. We also examine the impact temperature on world long-run aggregate
growth as well as the exposure of country’s economic growth to long-run aggregate
growth.

Examining the unconditional correlation between world consumption as well as
world GDP growth and the change in global temperature at different horizons, we
find a negative and significant correlation at long horizons. Table 2.7 presents the
correlation coefficients between growth rates and temperature changes at different
horizons using overlapping data covering the period from 1960 to 2008. For both,

consumption and GDP growth, the correlation coefficient increases in absolute terms
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from a near-zero correlation at the one-year horizon to a strong negative correlation
at the ten-year horizon. At a l-year horizon the correlation between GDP growth
and changes in temperature is close to zero (0.02), while the correlation coefficient
between ten-year growth in GDP and ten-year changes in temperature equals -0.63,
and it is statistically different from zero. We can give two alternative interpretations
to the negative correlation between growth rates and temperature; either a surge
in economic growth lowers temperature variations or higher temperature variations
lead to lower economic growth. The former interpretation seems implausible, so we
interpret this evidence as a negative impact of temperature fluctuations on aggregate
world consumption and GDP growth.

To quantify the impact of temperature on economic growth, we explore the effect
of global temperature as well as temperature shocks on GDP growth in a sample of
147 countries between 1950 and 2007. In particular, we consider a dynamic fixed

effects model of the form,
Ayir = G + pAY; 11 + w1 + Bol + €y (2.6)

where ¢; is a fixed-effect, and ¢;; is a random disturbance for country ¢ at time ¢.
The dependent variable is real GDP growth per capita; the right-hand side variables
include lagged global temperature, w;_1, and temperature shocks, (;, both standard-
ized. This last explanatory variable is constructed as the residual from a first-order
autoregressive model of temperature; therefore, it is interpreted as a temperature
shock.6

The first column of Table 2.8 presents the estimation results from a regression
of growth on standardized temperature, standardized temperature shocks, and a lag

of the dependent variable. The results show that GDP growth is adversely affected

6 We select a first-order AR model for temperature dynamics using Schwarz information criteria.
We also considered the residual using up to four lags and included lagged world GDP growth and
the conclusions remained unchanged.
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by higher levels of temperature as well as temperature shocks. Both coefficients,
on lagged temperature and on temperature shocks, are negative and statistically
significant. Our estimates suggest that a one standard deviation shock to temper-
ature lowers GDP growth by 0.24%. Moreover, an increase in global temperature
of about 0.2°C, one standard deviation, reduces GDP growth by 0.18%. These re-
sults indicate that temperature not only has a contemporaneous short-lived impact
on economic growth, but its negative impacts tend to persist over time. The second
column of Table 2.8 presents the results of running a similar regression as in (2.6) but
using as dependent variable world GDP growth. Similar to the panel data evidence,
temperature negatively impacts world economic growth. The coefficient on lagged
temperature is negative and statistically significant, while temperature shocks have
a negative impact on world GDP growth its impact is not statistically significant.
Now we explore if countries closer to the Equator, with more negative temperature
betas, have a higher exposure to temperature shocks. The regression presented in
the first column of Table 2.9 extends our baseline growth model (2.6) by adding
the interaction between temperature shocks and the distance to the Equator as an

explanatory variable, namely,
Ayir =G+ pAYi1—1 + w1 + (Bo + P1 X ;)G + €ix (2.7)

where /; is country ¢’s distance to the Equator; thus,the exposure to temperature
shocks is given by the term 3y + (1 x ¢;. The results show that the coefficients
on lagged temperature and temperature shocks remain negative and statistically
significant, and the coefficient on the interacted variable is positive and statistically
significant. Therefore, temperature shocks have a larger negative impact on countries
closer to the Equator than countries farther away from the Equator. To further
quantify the impact of temperature shocks we group the countries in our sample by
their distance to the equator in four groups, and interact temperature shocks with the
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group dummies. Table 2.8 shows that a one standard deviation shock to temperature
reduces GDP growth by 0.4% in countries closest to the Equator (Group 1), while it
has an effect close to zero in countries farther away from the Equator (Group 4). The
impact of temperature shocks is statistically different between countries at lowest and
highest latitudes. Figure 2.5 plots the response to a one-standard deviation shock
to temperature of GDP growth in Ghana, a country close to the Equator ¢; = 0.07,
and Norway, a country at high latitudes ¢; = 0.67. GDP growth in Ghana shows
a decline for up to four years. Conversely, a temperature shock has no impact on
Norway’s GDP growth. In sum, as we move close to the Equator, not only GDP
growth is more negatively impacted by temperature variations, but also temperature
betas are more negative resulting in a higher compensation from temperature risks.
The empirical evidence suggests that the exposure of output growth to temperature
mirrors differences in temperature risk compensation across countries.

Using a cross-country panel data and temperature in each country, Dell et al.
(2009a) also come to the conclusion that temperature lowers growth rates, par-
ticularly in emerging economies. Empirical evidence shows that there are several
candidate channels through which temperature has an impact on economic activ-
ity. Higher temperatures have a negative impact on labor productivity (Huntington
(1915), Crocker and Horst (1981), Meese et al. (1982)), human capital through health
(Curriero et al. (2002), Gallup and Sachs (2001)), crime and social unrest (Jacob
et al. (2007)). More recently, Dell et al. (2009b) document that higher temperatures
have a negative impact on agriculture, innovation, and political stability, and Zivin
and Neidell (2010) find large reductions in U.S. labor supply in industries with high
exposure to climate — all of which can potentially lower economic growth.

Finally, we examine if differences in temperature-betas mirror exposures to ag-
gregate growth rate risk. Following Bansal et al. (2005a), we explore if countries

closer to the Equator have a higher exposure to long-run aggregate growth. Table
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2.10 presents the results from regressing the GDP growth rate on a trailing aver-
age of lagged world GDP growth, and this variable interacted with the distance of
a country to the Equator. Irrespective of the number of periods we use to obtain
the average, the sign on world GDP growth is positive and statistically significant.
Moreover, the interacted variable is negative and statistically significant, implying
that countries closer to the Equator have a higher exposure to long-run aggregate
growth than countries further form the Equator. The evidence presented suggests
that countries with higher exposure to aggregate growth have also more negative
temperature betas, therefore, a larger risk compensation from temperature risks. In
a similar exercise Bansal et al. (2005a), using U.S. characteristic sorted portfolios,
show that asset’s dividends with higher exposure to aggregate consumption have
a higher consumption beta, which explains differences in the cross-section of risk

premia.
2.2 Long-Run Risks Temperature Model

In this section we lay out a long-run risks model in which temperature has a neg-
ative impact on expected growth, as documented in our empirical results. In this
general equilibrium model, we explore the connection between aggregate growth and

temperature risks.
2.2.1 Preferences

In this economy, markets are complete and the representative agent has Epstein and
Zin (1989) and Weil (1990) type of recursive preferences. The agent maximizes her

lifetime utility,

V- [(1 ~8)C,7 + 6(&[%1?])%”; (2.8)
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where C} is consumption at time ¢, 0 < § < 1 describes the agent’s time preferences,

1—

v is the coefficient of risk aversion, 6 = 1—1, and v is the intertemporal elasticity of
¥

substitution (IES). In this model setup the sign of  is determined by the magnitudes

of the TES and the coefficient of risk aversion. When the risk aversion parameter

equals the reciprocal of the IES, v = i and # = 1, then the model collapses to the
case of power utility where the agent is indifferent about the timing of the resolution
of uncertainty in the economy. As discussed in Bansal and Yaron (2004), when ¢ > 1,
~v > 1 and the risk aversion exceeds the reciprocal of the IES the agent prefers early
resolution of uncertainty about the consumption path, which is the case adopted in
the LRR model.

As shown in Epstein and Zin (1989), this preference structure implies the follow-

ing (log) Intertemporal Marginal Rate of Substitution (IMRS),
6
My = Olnd — EACt+1 + (9 - 1)7’C,t+1 (29)

where Ac;1y = In(Ciy1/Cy) is the growth rate of log consumption, 7,41 = In(Re)
is the continuous return on all invested wealth. This return is different from the
return on the market portfolio since wealth not only includes stock market wealth
but also human wealth, real estate, and other non-financial wealth. Furthermore,
the standard asset pricing restriction for any asset with continuous return equal to
Tj+1 equals,

Et[eXp<mt+1 + rj7t+1)] =1 (210)
which also holds for the return on the consumption claim 7.
2.2.2  Consumption Growth and Temperature Dynamics

As is standard in the LLR model, we assume that conditional expected consumption

growth contains a small but persistent component x;. Temperature, labelled as wy,
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affects the aggregate consumption dynamics via adversely affecting long-run expected

growth. Therefore, the state of the economy is described by,

Acii1 = fle+xp+ 0y (2.11)
Tip1 = P+ TwocCryr + 0Perin (2.12)
Wit = o + pu(We — fiw) + 0cGren (2.13)

Adi1 = pg+ ¢xp + TON1 + QuoUps1 (2.14)

where all shocks, 7,41, €41, (41, and u;y 1, are assumed to be independent standard
Normal random variables. As in Bansal and Yaron (2004), pu. is the unconditional
mean of consumption growth, 7,,; captures short-run risks, while z; is a small but
persistent component that captures long-run risks in consumption growth. In our
setup, 7, < 0 implies a negative impact of temperature shocks on long-run expected
growth. The parameter p governs the persistence of x;, and ¢. determines the
magnitude of the standard deviation of the persistent component of consumption
growth relative to the high-frequency innovation 7,,,. Persistence in temperature is
determined by p,, and the volatility of temperature innovations is governed by o¢.
Dividends have a levered exposure to the persistent component in consumption, x;,
which is captured by the parameter ¢. In addition, we allow the consumption shock
Mi+1 to influence the dividend process, and thus serve as an additional source of risk

premia. The magnitude of this influence is governed by the parameter 7.7

2.2.8  Temperature, Risk Prices, and Risk Premia

To characterize the market price of risk as well as the risk premia we first need to
characterize the IMRS, given in equation (2.9). We start by solving for the un-

observable return on wealth 7.;.; (the return on the consumption claim), which

7 Tt is straightforward to allow expected growth to have an impact on temperature, but it will
have no effect on the model implications since temperature is not a state variable. We do not follow
this route since aggregate growth does not seem to have an impact on temperature on the data.
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we approximate using the log-linearization of returns as proposed in Bansal et al.
(2007a).

The log-linear approximation for the continuous return on the wealth portfolio is
given by,

Tegt1 = Ko + K1Zeap1 + Acip1 — Zeg, (2.15)

where z.; = log(P;/C}) is log price to consumption ratio (i.e., the valuation ratio
corresponding to a claim that pays consumption), and kg and ; are log linearization
constants which depend on the mean of the price-consumption ration. Using the
standard asset pricing restriction (2.10) and the dynamics of consumption, we can

show that the solution for the price-consumption ratio is affine in the state variables,

P A + Ay, (2.16)
where A, must satisfy,
11
A, = v (2.17)
1—rip

The elasticity of the price-consumption ratio with respect to expected growth, x,
depends on the preference configuration. As discussed in Bansal and Yaron (2004),
higher expected growth raises asset valuations and the price to consumption ratio
only when the IES is larger than one. Therefore, a positive temperature innovation
will lower the price to consumption ratio and asset valuations by A, times 7,0¢(+1
, i.e., the impact of temperature shock on expected growth, only when the IES is
larger than one.

Given the solution for the return on wealth, the IMRS (2.9) can be expressed as

an affine function of the state variables and innovations of the economy;,

Myp1 = Mo + MyZy — A0 — AeT€i11 — A0 Cpn (2.18)

8 The expression for A is presented in Appendix B along with further details about the solution.
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where the loadings on expected growth m, as well as my depend on the model and
preference parameters, and are provided in Appendix B.

There are three sources of risk in this economy and the magnitude of the risk
compensation for each source of risk depends on their respective market prices of
risk, A\. As in the standard LRR framework, A,, and A, are the market prices for
the short-run, and long-run risks. In our setup, temperature innovations are also
priced, A¢. Each of these market prices of risk depend on the underlying preference

and model parameters, namely,

Ay = Y
Ae = (1=0)r1 A

)\C = (1—0)/{1Ax7'w

In the case of CRRA preferences, where the risk aversion coefficient equals the

inverse of the IES v = -, long-run risks, and temperature risks related to long-run

1
w bl
growth carry a zero risk compensation. In this case, only short-run risks are priced.
When agents are not indifferent about the timing of the resolution of uncertainty in
the economy, long-run, and temperature risks are also priced.

Given the expression for the IMRS (2.18), the risk premium on any asset with

continuous return 7, is given by,

1
Et (Tj,t+1 —Trt + 5‘/15(7"]"“_1)) = ﬁjm)\nO'2 + Bj’x)\eO'Q + ng)\((fg (2].9)

where 7, is the risk-free rate, 3;,, and 3;, are the betas of the asset return with
respect to the short-run risk 7;, and the long-run risk e; innovations, respectively. In
our framework, the exposure of assets to temperature is determined by the beta of
temperature innovations, ;. Then, the risk compensation from each source of risk
is determined by the product of the exposure of the asset to that risk, £, and the

market price of that risk, A.
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Analogous to the market prices of risk, all asset betas are endogenous to the
model and depend on preferences and model dynamics. In particular, the betas for
the asset that pays consumption as dividend depend on the elasticity of the price-
consumption ratio with respect to expected growth, A,.° The risk compensation for
temperature innovation risks will be positive only when agents have a preference for
early resolution of uncertainty and the IES is larger than one. Figure 3.2 depicts the
temperature beta, 3., along with the risk compensation of temperature innovations
for different values of the IES and a risk aversion parameter equal to 5. As noted
above, the market price of risk is zero when agents have CRRA preferences, i.e.,
P = }/ Moreover, the temperature beta is zero since long-run risks have no impact
on asset valuations, A, equals zero. For values of the IES between the CRRA case,
P = %y’ and 1, temperature shocks contribute negatively to the risk premia. In this
case, the market price of temperature risk ) is negative, but the beta of temperature
innovations [, is positive since long-run growth decreases the value of assets, i.e.,
A, is negative. For values of the IES larger than one, the beta of temperature
innovations is negative because temperature innovations negatively impacts long-run
growth, thereby, asset prices.!”

Another important feature of equation (2.19) is that a higher exposure to the
persistent component in consumption, x;, rises the risk compensation to temperature
shocks. In particular, consider the dividend paying asset with levered exposure to
long-run expected growth (2.14). Figure 2.7 plots the contribution of temperature
shocks to the risk premia for different values of the dividend exposure to long-run

growth assuming that agents have preferences for early resolution of uncertainty. A

higher exposure to temperature risks increases the temperature beta (in absolute

9 The exact expressions for the beta’s are provided in Appendix B.

10 Note that when the IES is lower than the CRRA case, the risk premium on temperature inno-
vations is positive, however, this region generates implausible asset prices.
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value) leading to an increase in the risk compensation from this source of risk.
2.2.4  Calibration

Table 2.11 presents our baseline parametrization chosen to match the bivariate dy-
namics of world economic growth and global temperature as well as global equity
market returns. We assume that the decision interval of the agent is monthly and
our baseline parametrization for preferences is very similar to that used in Bansal
et al. (2007a). The subjective discount factor ¢ equals 0.999, the risk aversion pa-
rameter v and the intertemporal elasticity of substitution ¢ are equal to 5 and 2,
respectively. Under this configuration, the agent has a preference for early resolution
of uncertainty as in the long-run risk literature. In order to match the dynamics of
global temperature, we set the autoregressive coefficient of temperature p,, equal to
0.99 and the volatility of temperature equal to 0.025. We set the impact of temper-
ature on expected growth 7, equal to —0.005. These choices allow us to match the
impact of temperature innovations and temperature on growth rates as well as the
unconditional correlation at short and long-horizons between consumption growth
and changes in temperature. We capture the persistence, volatility, and autocorre-
lations of consumption growth by calibrating the persistence of expected growth p,
as well as ¢, and o.

In order to explore the impact of the exposure to long-run growth on asset prices
and, in particular, on the compensation of temperature risks in the LRR-T model,

we consider a range of values for ¢, the exposure of dividends to long-run growth,
Adip1 = [ig + iy + TioMs1 + ©i 0141 (2.20)

In particular, we generate 40 portfolios varying ¢; uniformly between 0.25 and 7.25.
Accordingly, we assume that the growth rate in each economy has a different exposure

to long-run aggregate growth, as suggested by the empirical evidence. In particular,
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we consider that growth in country ¢ is described by Ac;iv1 = pic + Bixy + 0Ny
We vary the exposure of consumption growth to aggregate growth between 1 and
2.5. Altogether, we choose these parameters to match the temperature beta and the
equity risk premium observed across countries. For all cases, we set m; and ¢;,, equal
to 8.5 and 2.0, respectively.

To make the model implied data comparable to the observed annual data, we
appropriately aggregate the simulated monthly observations and construct annual
growth rates and annual asset returns. We report model implied statistics based
on 1,000 simulated samples with 50 x 12 monthly observations to match the length
of the observed data, and we also report population values that correspond to the
statistics constructed from 12 x 20, 000 monthly simulated data aggregated to annual

horizon.
2.2.5 Model Quantitative Implications

Our calibration of the model is chosen to match the bivariate dynamics of con-
sumption and temperature quite well. Table 2.12 presents the model implications
for the world consumption growth and global temperature dynamics. In particular,
our calibration is able to account for first-order and higher order autocorrelations
of consumption growth. The first-order autocorrelation of consumption is around
0.41, which is very close to the data. The temperature dynamics implied by the
model is similar to that observed in the data. The median first-order autocorrela-
tion is 0.88, and its volatility 0.14. Our calibration also captures the unconditional
correlation between consumption growth and temperature. At a 1-year horizon the
correlation coefficient is around -0.03, while at a ten-year horizon the correlation
coefficient equals -0.13, somewhat lower than the data. More importantly, our cali-
bration can mirror the estimated coefficients from the regression of economic growth

on temperature and temperature innovations. Table 2.13 reports the coefficients
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from this regression using using model simulated data. We report both, percentiles
of the Monte Carlo distribution as well as population values of the corresponding co-
efficients. As in the data, lagged temperature has a larger impact than temperature
shocks. An increase in temperature of 0.2°C translates into a reduction in economic
growth of 0.28% in the next period. The negative impact of temperature as well
as the negative correlation between growth rates and temperature at long horizons
arises from the fact that temperature shocks impact negatively the expected growth
rate of consumption, z;. If temperature has an impact only on short-run growth,
then the coefficient on lagged temperature becomes close to zero, preventing the
model from accounting for this feature of the data.

The model also generates moments of the risk-free rate and market return as
well as an equity premium consistent with the world market data. The median risk-
free rate is 1.56% with a volatility of 0.83%. On the other hand, the return on the
equity claim is higher and more volatile. The median market return is 5.75%, with a
volatility equal to 18.67%. In our framework, where agents are not indifferent about
the timing of uncertainty resolution, temperature risks are priced and contribute to
the equity risk premium. Using the market return beta and the market price of
temperature risks, we find that temperature risks account for 28 basis points of the
total equity premium of 4.04% (see Table 2.12).

Table 2.14 presents the temperature beta computed as the slope coefficient from
projecting the annual change in temperature onto the annual real return on the lev-
ered asset for different levels of exposure to long-run growth. In line with the the
cross-country evidence, a higher exposure to the persistent component in consump-
tion also yields a higher (more negative) temperature beta, i.e., larger exposure to
temperature risks. In particular, in an economy with a high exposure to aggregate
growth —¢ = 7.25- the model-implied temperature beta equals -1.07, it decreases to
-0.48 in the medium exposure configuration —¢ = 3.3-, and it is about -0.07 in a case
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of low exposure to temperature —¢ = 0.9. From the estimated temperature beta for
40 simulated portfolios with varying levels of exposure to aggregate growth we find
that the correlation between ¢ and the temperature beta is -0.99. That is, a higher
exposure to long-run growth translates into a higher exposure to temperature risks.

Under our model calibration, where agents are not indifferent about the timing
of uncertainty, not only the temperature betas increase with the economy’s exposure
to long-run growth but also the risk compensation for temperature risks. Table 2.14
presents the risk premium on the levered asset, computed using the expression (2.19),
for parametrizations reflecting different levels of exposure to long-run growth. In an
economy with a high exposure of the levered asset to long-run growth —¢ = 7.25- the
risk premium is about 15.1% of which temperature risks explain 1.71%. A medium
exposure to long-run growth —¢ = 3.3- translates into a risk premium of 7.29% of
which temperature risks explain 58 basis points. A low exposure to the persistent
component in consumption —¢ = 0.90- translates into a risk premium of 3.62% and
temperature risks contribute about 5 basis points. As implied by the cross-country
evidence, a higher exposure to long-run growth is accompanied with a higher equity
premium and a larger compensation for temperature risks.

Table 2.15 presents the results from a cross-sectional regression of the average
annual real return on the levered asset on the estimated temperature beta for 40
simulated portfolios with varying levels of exposure to long-run growth ranging from
the high exposure case to the low exposure case. The market price of risk is negative
and very close to that estimated in the data. The recursive preferences of Epstein
and Zin (1989) and Weil (1990) with a preference for early resolution of uncertainty
along with the presence of long-run risks are key to replicate the patterns observed
in the data. If preferences were described by a CRRA utility function or the long-run
risks were absent, temperature risks would not be priced and the market price of risk
as well as the temperature beta would be zero. Moreover, without a preference for
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early resolution of uncertainty temperature would make a negative contribution to

risk premium.

2.3  Conclusions

In this paper we argue that temperature is a source of aggregate economic risk that
adversely affects global growth. Using data from global capital markets we show that
the covariance between country equity returns and temperature contains information
about the cross-country risk premium; countries closer to the equator carry a higher
temperature risk premium and countries farther away from the equator have a smaller
temperature risk premium. Temperature risks can explain up to 51% of the cross-
sectional variation in mean returns across countries. Our evidence also suggests that
the differences in temperature-betas mirror exposures to aggregate growth rate risk.

We further show that global temperature has also a negative impact economic
growth which parallels the compensation of temperature risks. Grouping countries by
their distance to the Equator, we find that the impact of temperature shocks is larger
in countries that are closer to the Equator; a one standard deviation temperature
shock reduces GDP growth by 0.4% in countries closer to the Equator, while it has
an effect close to zero in countries farther away from the Equator. Consistent with
this empirical evidence, we show that there is a parallel between a country’s distance
to the Equator and the economy’s dependence on climate-sensitive sectors; industries
with a high exposure to temperature are more prevalent in countries closer to the
Equator. Therefore, the exposure to temperature highly depends on a country’s
industry structure.

We present a Long-Run Risks based model that quantitatively accounts for cross-
sectional differences in temperature betas, its link to expected returns, and the con-
nection between aggregate growth and temperature risks. In line with the empirical

evidence presented, the differences in temperature-betas mirror exposures to ag-
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gregate growth rate risk, which we is negatively impacted by temperature shocks.
Therefore, a larger exposure to risk from aggregate growth translates into a higher ex-
posure to temperature; hence, larger temperature betas, and a higher compensation

from temperature risks.
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2.4 Tables and Figures

Table 2.1: Summary Statistics

Mean Std. Dev. AC(1)
Global Temperature 14.02  (0.05) 0.21  (0.03) 0.87  (0.05)
World GDP Growth 1.91  (0.28) 1.35  (0.14) 0.44  (0.13)
World Consumption Growth 1.84  (0.20) 0.92  (0.10) 0.41 (0.13)
World Market Return 6.83  (2.19) 19.65 (2.59) -0.22  (0.22)
Risk-Free Rate 1.85  (0.50) 2.18  (0.32) 0.69  (0.06)

Notes: Table 3.1 presents descriptive statistics for the world GDP and consumption growth, global
temperature, the world stock market return, and the risk-free rate. The macroeconomic data are
real, in per-capita terms, and sampled on an annual frequency. Global temperature is expressed in
degrees Celsius (°C) covering the period 1930 to 2008. GDP data cover the period from 1960 to
2008, and consumption data cover the period from 1960 to 2006. The world market return data
cover the period from 1988 to 2009, and the data on the real risk-free rate cover 1950 to 20009.
Means and volatilities of growth rates and the market return are expressed in percentage terms.
Newey-West standard errors are reported in parenthesis.
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Figure 2.1 presents a scatter plot for the estimated temperature beta against the distance to the
Equator for a sample of 38 countries. The value of the temperature beta is obtained by regressing
the market real return for each country on the change in global temperature. The distance
from the equator is computed as the absolute value of the latitude in degrees divided by 90 to
place it between 0 and 1. The data is annual and the sample varies by country as shown in Table 2.2.

FiGURE 2.1: Temperature Beta and Distance to the Equator
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Table 2.2: Market Return Across the World

Country Mean  Std. Dev. Sample

Argentina 42.23 114.26 1976 — 2009
Australia 9.86 26.82 1971 — 2009
Austria 10.70 38.17 1971 — 2009
Belgium 11.64 28.91 1971 — 2009
Brazil 23.76 58.83 1976 — 2009
Canada 8.44 22.32 1971 — 2009
Chile 28.42 50.16 1976 — 2009
Denmark 12.91 28.83 1971 — 2009
Finland 16.24 50.03 1988 — 2009
France 10.57 28.12 1971 — 2009
Germany 10.61 29.69 1971 — 2009
Greece 16.19 42.46 1988 — 2009
Hong Kong 19.28 45.57 1971 — 2009
India 16.50 38.23 1976 — 2009
Indonesia 29.73 74.07 1988 — 2009
Ireland 6.59 29.49 1988 — 2009
Italy 8.09 35.65 1971 — 2009
Japan 10.45 33.41 1971 — 2009
Jordan 10.18 30.97 1979 — 2009
Korea 18.37 47.61 1976 — 2009
Malaysia 10.04 34.15 1985 — 2009
Mexico 22.12 47.87 1976 — 2009
Netherlands 11.28 21.23 1971 — 2009
New Zealand 7.17 30.00 1988 — 2009
Nigeria 17.01 52.65 1985 — 2009
Norway 14.96 44.48 1971 — 2009
Pakistan 20.30 54.86 1985 — 2009
Philippines 29.49 83.55 1985 — 2009
Portugal 6.56 29.25 1988 — 2009
Singapore 15.75 46.74 1971 — 2009
Spain 11.04 32.09 1971 — 2009
Sweden 14.60 29.90 1971 — 2009
Switzerland 10.62 24.29 1971 — 2009
Taiwan 17.31 47.35 1985 — 2009
Thailand 17.47 50.04 1976 — 2009
Turkey 48.72 136.85 1988 — 2009
United Kingdom 10.46 27.63 1971 — 2009
United States 7.16 18.35 1971 — 2009
World 6.83 19.65 1988 — 2009

Notes: Table 2.2 presents descriptive statistics for 38 countries and the world equity market return. The first two
columns report summary statistics for value weighted equity returns. The third column reports the sample coverage
which varies by country, but each country has at least 20 years of data. The market return data are annual, real,
and expressed in percentage terms.
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Table 2.3: Temperature, Returns, and Distance to the Equator

Dep. Var.: Market Return (R; ;)

Coefl. (1) (2)
Bo -55.1 -28.3
(26.5) (22.6)
51 135.0
(55.0)
B 7.00
(41.8)
B3 27.8
(35.5)
Ba 65.8
(26.7)
Obs. 1250 1250
Countries 38 38
R? 0.04 0.04

Notes: The first column of Table 2.3 presents the results from a regression of the real equity return
(R;) on the change of global temperature (Aw;) for an unbalanced panel of 38 countries and a
fixed-effects model,

Riy =<+ (Bo+ B xl)Aws + €54

where /; is country i’s distance to the Equator, which is computed as the absolute value of the
latitude in degrees divided by 90 to place it between 0 and 1, ¢; is a fixed-effect, and €;; is a
random disturbance for country ¢ at time ¢. Under this specification, the temperature beta for
country ¢ equals By + 51 x ;.

The second column presents the estimated coefficients from the following fixed-effect model,

4
Rit=¢+ (50 + Z B x I(¢; € gj)) Awy + €54

=2

where I(-) is an indicator function, g, for j = 1,...,4 are intervals which sort countries according to
their distance to the Equator, countries with ¢; € g, are those closest to the Equator while countries
with ¢; € g4 are those furthest from the Equator. Standard errors corrected for autocorrelation and
heteroskedasticity are presented in parenthesis. The data on the market real return for each country
are annual, real, and in expressed percentage terms. The sample coverage varies by country but
each country has at least 20 years of data.
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Table 2.4: Country Portfolio Returns and Temperature Beta

Country l R Buw

Group 1 0.10 19.74 -28.28
Group 2 0.30 16.56 -21.28
Group 3 0.45 15.11 -0.45
Group 4 0.62 1244 37.53

Notes: Table 2.4 presents descriptive statistics and the temperature-related betas for four country
distance-sorted portfolios. Group 1 corresponds to countries closest to the Equator, and Group 4
corresponds to countries furthest from the Equator. The table reports the average distance to the
Equator ¢, the average temperature w, the average real equity return R, and the temperature beta
B for the countries in each group. ¢; is computed as the absolute value of the latitude in degrees
divided by 90 to place it between 0 and 1. The average temperature is expressed in degrees Celsius
and is computed as the average temperature within each group’s countries. The temperature betas
By are computed from the fixed-effects model presented in Table 2.3. The data is annual, and
market equity returns are real and expressed in percentage terms.

Table 2.5: Market Price of Temperature Risk

Beta Ao A adj — R?
Country-by-country 15.3 -0.083 0.51
(0.01) (0.01)

Notes: Table 2.5 presents the results from a cross-sectional regression where the average real return
is regressed on the estimated temperature beta. The table presents the coefficients from a regression
of the average real market return from 38 countries on the estimated temperature beta,

Ri = Mo+ ApBiw + €5

where the temperature beta (,, ; for country 7 is computed regressing country i’s real market return
on the change of global temperature.
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Table 2.6: Global Portfolios Exposure to Simulated Temperature

Panel A: Temperature Beta

Data Null 50%

Group 1 -28.28 0.0 2.17
Group 2 -21.28 0.0 1.75
Group 3 -045 0.0 2.75
Group 4 3753 0.0 1.09

Panel B: Cross-Sectional Regression

Data Null 10% 50%  90%

Aw -0.083 0.0 -0.065 -0.000 0.064
t—stat -6.310 0.0 -4.050 -0.018 4.011
adj — R* 0.510 0.0 -0.022 0.091 0.400

Panel A of Table 2.6 presents the exposure of real returns on the market portfolio of 38 countries
to simulated global temperature. The table reports the estimated temperature beta (Data) and
the simulated temperature beta (50%) for each country group. The simulated temperature betas
are computed from the fixed-effects model similar to that in Table 2.3, where global temperature is
modelled as a first-order autoregressive process. Panel B of Table 2.6 presents the estimated (Data)
and simulated market price of temperature risk. The simulated market price of risk is computed
from a regression of the average real market return from 38 countries on the simulated temperature
beta. The data is annual, and market equity returns are real and expressed in percentage terms.

Table 2.7:  Correlation Between Temperature and Growth Rates

World
Horizon GDP Consumption
1-year 0.02 (0.14) 0.12  (0.15)
o-years -0.13 (0.17) -0.15  (0.14)
10-years -0.63 (0.14) -0.65 (0.14)

Notes: Table 2.7 presents the correlation coefficient between world consumption, world GDP growth
and the change in temperature at different horizons. The correlation coefficient between growth

rates and temperature change at the j—th horizon equals S22Wi+i—VeWeei =W whore 4 denotes
U(yt+j_yt)‘7(“’t+j_71)t)

temperature, and y; the log of consumption or GDP per capita. World GDP and consumption
data are annual, and cover the period from 1960 to 2008 and from 1960 to 2006, respectively.
Newey-West Standard errors are presented in parenthesis.
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Table 2.8: Temperature Impact on Growth Rates

Dep. Var.: GDP growth

Coeff. (1) (2)
p 0.08 0.40
(0.04) (0.12)
p -0.18 -0.25
(0.09) (0.18)
5o -0.24 -0.04
(0.10) (0.24)
Observations 7104 47
Countries 147+World World
R-squared 0.07 0.22

Notes: Table 2.8 presents the results from a regression of GDP growth (Ay; ;) on standardized
temperature (w;), standardized temperature innovations ({;), and a lag of the dependent variable,

Ay = G+ pAY; -1 + aowi—1 + Bole + €

where ¢; is a fixed-effect, and ¢; + is a random disturbance of country ¢ at time ¢. The first column
presents the results from a regression using a panel of 147 countries and the world aggregate data
using a fixed-effects model. The second column of the table presents the results from a regression
of world GDP growth on temperature and temperature shocks. Growth rates are expressed in
percentage terms. Temperature is standardized, thus the coefficient reflects the impact of one
standard deviation of temperature on growth rates. Temperature innovations are the residual
from regressing temperature on its own lag. The first column reports standard errors corrected
for autocorrelation and heteroskedasticity in parenthesis. The second column reports Newey-West
standard errors in parenthesis.
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Table 2.9: Temperature, GDP Growth, and Distance to the Equator

Dep. Var.: GDP growth

Coeff. (1) (2)
P 0.08 0.08
(0.04) (0.04)
Qg -0.18 -0.18
(0.09) (0.09)
aq -0.43 -0.43
(0.16) (0.13)
(%) 0.73
(0.44)
as 0.27
(0.25)
(6% 0.57
(0.27)
(0% 0.17
(0.17)
Obs. 7057 7057
Countries 147 147
R? 0.06 0.06

Notes: Table 2.9 presents the results from a regression of GDP growth (Ay; ;) on standardized
temperature (w;), standardized temperature innovations (¢;), and a lag of the dependent variable
for a panel of 147 countries and a fixed-effects model. Column (1) reports the estimated coefficients
from the following fixed-effect model,

Ayt =G+ pAY; -1 + cpwi—1 + (Bo + f1 x €)Ce + it

where /; is country i’s distance to the Equator, which is computed as the absolute value of the
latitude in degrees divided by 90 to place it between 0 and 1, ; is a fixed-effect, and ¢;; is a
random disturbance of country ¢ at time ¢. Column (2) presents the results from the estimated
coefficients from the following fixed-effect model

4
Ay =G + pAy; -1 + cpwi—1 + (50 + Z B x I(4; € 9j)> Gt + i

j=2

where I(-) is an indicator function, g; for j = 1,...,4 are intervals which sort countries according
to their distance to the Equator, countries with ¢; € g, are those closest to the Equator while
countries with ¢; € g4 are those furthest from the Equator. The sample covers the period from 1950
to 2007. GDP is real and in per capita terms and expressed in percentage terms. Temperature
is standardized; thus the coeflicient reflects the impact of one standard deviation of temperature
on growth rates. Temperature shocks are the residual from regressing temperature on its own lag.
Standard errors corrected for autocorrelation and heteroskedasticity are presented in parenthesis.
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Table 2.10: Real GDP Growth Exposure to Long-Run World GDP Growth

Dep. Var.: GDP growth (Ay; ;)

Coefl. K =14 K=6 K =28
Yo 0.79 0.98 1.09
(0.17) (0.23) (0.26)
" -0.93 -1.17 -0.89
(0.44) (0.57) (0.62)
Obs. 6104 5882 5660
Countries 147 147 147
R? 0.06 0.06 0.06

Notes: Table 2.10 presents the results from a regression of real GDP growth (Ay; ;) on a measure
of long-run world GDP growth (z;), and long-run world GDP growth interacted with the distance
to the Equator, namely,

Ayir =G+ (Yo +71 X di) 21 +€ip

where d; is country i’s distance to the Equator, which is computed as the absolute value of the
latitude in degrees divided by 90 to place it between 0 and 1; x; is long-run world GDP growth,
which is computed as the trailing K-period moving average of world GDP growth, x; = Zfil Ayl
g; is a fixed-effect, and ¢; ; is a random disturbance of country ¢ at time ¢. Each column presents
the regression results for different values of K. The results come from a regression using a panel of
147 countries and a fixed-effects model. Growth rates are expressed in percentage terms. The data
is annual and covers the period from 1950 to 2007. Standard errors corrected for autocorrelation
and heteroskedasticity are presented in parenthesis.
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Table 2.11: Baseline Configuration of Model Parameters
Preferences 0 ~y Y
0.999 ) 2.0
Consumption 1 p e o Tw
0.0015 0.975 0.038 0.008 -0.005
Dividends Ihd 0] T Oy
0.0015 2.75 4.5 2.0
Temperature Lo Pw o¢

14.0 0.99 0.025

Notes: Table 2.11 reports configuration of investors’s preferences and time-series parameters that

describe the dynamics of consumption, dividend growth rates, and temperature.

The model is

calibrated on a monthly basis. The state of the economy is described by,

Actiq
Ti4+1

W41
Adyyq

He + Tt + ONg1

PTt + TwO(Cip1 + 0Pl

tw + Puw(We — fy) + TaZ + 0cCit1
Wd + Ty + TONey1 + PuoUL41

where 141, €141, (t+1, and usy1 are independent Gaussian standard innovations.
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Table 2.12: Model Implied Dynamics of Growth Rates and Returns

Preferences 0 ~y Y
0.999 5 2.0

Consumption 1 p e o Tw
0.0015 0.975 0.038 0.008 -0.005

Dividends Ihd o) T Ou
0.0015 2.75 4.5 2.0

Temperature Lo Pw o¢
14.0 0.99 0.025

Notes: Table 2.12 reports moments of aggregate consumption (c;), temperature (w;), the return
on the aggregate stock market (R;), and the risk-free rate (Ry). Model based statistics, computed
from 1,000 simulated samples each with 12 x 50 monthly aggregated data to annual observations,
are presented in the first three columns. The last column presents population statistics based on
12 x 20,000 monthly data aggregated to annual observations. Means and volatilities of returns and
growth rates are expressed in percentage terms.

Table 2.13: Model Implied Impact of Temperature on Growth

Dep. Var.: Consumption Growth (Ac;)

Coeft. Median 5% 95% Population

) 0.36  0.09 0.58 0.43
o -0.28  -1.04 0.40 -0.26
oy -0.22  -0.90 0.37 -0.23

Notes: Table 2.13 reports the results from a regression of annual consumption growth (Ac) on
lagged standardized temperature (w;_1), standardized temperature innovations (¢;), and a lag of
the dependent variable,

Acy = ¢+ pAcy_1 + cowi—1 + a1 + &4

The reported statistics are computed from 1,000 simulated samples each with 12 x 50 monthly
aggregated data to annual observations. The last column contains population statistics based on
12 x 20,000 monthly data aggregated to annual observations. The growth rate is expressed in per-
centage terms, and temperature as well as temperature innovations are standardized. Temperature
innovations are the residual from regressing temperature on its own lag.
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Table 2.14: Exposure to Long-Run Risks and Equity Risk Premium

LR Growth Temperature Equity Risk Temp. Risk

Exposure (¢;) Beta Premium Premium
0.25 0.02 1.33 -0.03
0.90 -0.07 3.62 0.05
1.90 -0.24 4.50 0.18
2.65 -0.39 2.13 0.27
3.30 -0.48 7.29 0.58
3.80 -0.56 7.94 0.68
4.78 -0.70 10.59 1.06
6.08 -0.89 13.31 1.45
7.25 -1.08 15.10 1.71

Notes: Table 2.14 presents temperature beta, the risk premium on the levered asset, and the
compensation from temperature risks for different values of ¢;. The dividends in each portfolio has
an exposure to long-run growth determined by ¢;, namely,

Adi 11 = fid + GiTe + T0Ni 141 + PiwOWi 41
The risk compensation from temperature risks is calculated as the product of the temperature beta
and the market price of temperature risks. The risk premium equals the compensation from short-

run, long-run and temperature risks. The risk compensation is annual and expressed in percentage
terms.

Table 2.15: Model Implied Market Price of Temperature Risk

Coeft. Median 5% 95% Population

Aw -0.11  -0.19 -0.06 -0.13
Ao 0.04 -0.04 0.14 0.03

Notes: Table 2.15 the market price of risk implied by the model using 40 simulated portfolios with
varying levels of exposure to aggregate long-run growth. The table presents the results from a
cross-sectional regression where the average real return is regressed on the estimated temperature
beta for a sample of 40 simulated portfolios ranging from low to high exposure, namely,

Ri = Ao + /\wﬁi,w + €;.
Model based temperature betas as well as the market price of risk are computed from 1,000 simulated

samples each with 12 x50 monthly aggregated data to annual observations. The last column contains
population statistics based on 12 x 20,000 monthly data aggregated to annual observations.
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Figure 2.2 presents a scatter plot for the share of agriculture in GDP against the distance to the
Equator for a sample of 38 countries. The share of agriculture in GDP is computed for the period
1960-2007. The distance from the equator is computed as the absolute value of the latitude in
degrees divided by 90 to place it between 0 and 1.

FIGURE 2.2: Distance to the Equator and Agriculture share in GDP
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Figure 2.3 presents the temperature beta for nine U.S. industry portfolios. The industry groups
are constructed using the two digit SIC codes. The temperature beta is obtained by regressing the
market real return for each portfolio on the change in global temperature. The data on returns are
annual, real, and expressed in percentage terms.

Ficure 2.3: U.S. Industry Portfolios” Temperature Beta
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Figure 2.4 presents a scatter plot for the exposure to the return on the temperature sensitive port-
folio against the distance to the Equator for 38 countries. The portfolio of temperature sensitive
industries is composed of Construction, Manufacturing, Transportation and Utilities, and Agricul-
ture. The exposure of equity market returns to the temperature sensitive portfolio is estimated
running a regression of the return on a country portfolio in excess of the risk-free rate (ER; ;) on

the return on the temperature-sensitive portfolio in excess of the market portfolio (ERH), namely,

ER; = Bio+ BinER + iy

where §; j, is country 4’s exposure to the temperature-sensitive portfolio.

FIGURE 2.4:
Portfolio
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Ghana: Response to a one S.D. shock to temperature
T T T T T T T

Figure 2.5 presents the response of GDP growth to a temperature shock in Ghana (¢ = 0.07 close
to the Equator) and Norway (¢ = 0.67 far from the Equator). The impulse-response functions are
computed using the dynamic model of GDP growth presented in Table 2.9.

FIGURE 2.5: Response of Growth to Temperature Shocks
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Figure 3.2 plots the temperature beta, and the contribution of temperature innovations to the risk
premia at different values of the IES and setting the risk aversion parameter equal to 5. The CRRA
case refers to the situation when the risk aversion parameter (y) equals the inverse of the IES (¢).
The the compensation to temperature innovations, B¢A¢, is expressed in annual percentage terms.

FiGURE 2.6: Temperature Risk at Different Values of the IES
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Figure 2.7 the contribution of temperature innovations to the risk premia at different values of
dividend’s exposure to long-run growth, ¢. The compensation to temperature innovations, ¢ mAc¢,
is expressed in annual percentage terms.

FiGURE 2.7: Temperature Risk and Dividend’s Exposure to Long-Run Growth
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3

Welfare Costs of Long-Run Temperature Shifts

3.1 Introduction

The accumulation of COy and other Green House Gasses (GHG) in the atmosphere
have led to a persistent rise in temperature over the last decades. If no policies to
control emissions of COy are put in place, the Fourth Assessment Report of the In-
ternational Panel on Climate Change (IPCC (2007a)) warns that temperature might
increase over the coming century as from 1.8 to 4.0°C. More recently, the IPCC
(2012) projects that by the end of the 21st century there will be an increase in
weather-related disasters, namely, the length and intensity of temperature extremes,
the frequency of heavy precipitation and rainfalls associated with tropical cyclones,
and local flooding. This paper evaluates the welfare implications of implementing cli-
mate policies to limit temperature risks and the economic impact of natural disasters
using a long-run risks based general equilibrium model.

To understand the impact of climate change on the economy we propose a general
equilibrium model that simultaneously models the world economy and global climate.

Our model builds on Long-Run Risk (LRR) model of Bansal and Yaron (2004) which
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has been shown to jointly account for the observed consumption dynamics, the risk-
free rate, the equity premium, and volatility puzzles among others. Our Long-Run
Risks and Climate Integrated (LRR-C) model incorporates global temperature into
the LRR model. We assume that global temperature and natural disasters link
climate change and the economy. In particular, we assume that natural disasters have
a negative impact on the economy by reducing growth of consumption. Also, the
expected number of disasters at any point in time increases with global temperature.
As in the LRR model we assume that the representative agent is characterized by
recursive preferences of Epstein and Zin (1989) and Weil (1990) with a preference for
early resolution of uncertainty. These characteristics of our framework distinguish
the LRR-C model from current benchmark Integrated Assessment Models (IAM)
such us Nordhaus and Boyer (2003) DICE model.

For our quantitative analysis we use the standard calibration for preferences laid
out in Bansal and Yaron (2004). All of our model specifications match the joint con-
sumption and temperature dynamics. Each of the models also matches the risk-free
rate and the equity premium, as well as the volatility of returns, and the correlations
between temperature and asset returns. Our target is also to match the premium
on the consumption claim — Lustig et al. (2009) use flexible estimation methods to
show that the premium on the consumption claim is 2.25%, and each of the models
matches this feature as well.

For each of the variants of the model, we evaluate the welfare costs of temperature
stabilization. As in Lucas (1987), we evaluate what is the amount of consumption
that agents will be willing to pay to insulate consumption from temperature ef-
fects. Second, we evaluate the dollar costs of hedging temperature risk; we consider
two consumption claims, one with and another without temperature exposure, and
compute the difference in the price of these claims to ask how much should society

be willing to pay to insure against temperature risks as current consumption state
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prices. Our dollar costs and the Lucas-style utility costs computations show that
temperature fluctuations have a very significant economic impact. We find that the
dollar costs are important, for the category 1 model the costs are 2.46% of World
GDP and for the category 2 model the costs are 5.47% of World GDP. The costs are
driven by the fact that the risk-premium on the zero-temperature exposed consump-
tion claim is smaller than the one with temperature exposure. The long-run nature
of temperature risks as well as the preference for early resolution for uncertainty are
very important for these magnitudes. Similarly, the utility costs are significant, they
are about 1%. These, as with the dollar costs, depend on the long-run nature of
temperature risks.

Our estimates are similar in magnitude to those reported in Pindyck (2012). In
his paper, using a general equilibrium model which incorporates uncertainty about
the climate sensitivity, Pindyck (2012) also finds that society is willing to pay less
than 2% of consumption now and forever to avoid an increase in temperature of 2
or 3°C. In contrast, our estimates are in between those reported in Stern (2006) and
Nordhaus (2010). Stern (2006) argues that the overall costs associated with climate
change are very large, they are equivalent to losing at least 5% of GDP each year,
now and forever, and can be as high as 20% of GDP. Stern (2006) result would
support the implementation of stringent CO, emissions abatement policies. On the
other hand, Nordhaus (2010) finds that the welfare benefits of implementing any
climate policy are below 0.4%. This result would support inaction if implementing
policies to reduce CO, emissions are as high as 2% of GDP.

The rest of the paper is organized as follows. In the next section we setup the
long-run risks model, we present the solution to the model and discuss its theoretical
implications for asset markets. In Section 3 we present our measures to assess the
costs of temperature fluctuations. Section 4 describes the calibration of the economy

and preference parameters, the model implications and results. Conclusion follows.
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3.2 Long-Run Risks Temperature Model

Our Long-Run Risks and Climate Integrated (LRR-C) model provides two potential
channels through which temperature affects the aggregate economy and financial
markets. First, temperature fluctuations negatively impact long-run growth. Second,
an increase in temperature raises the likelihood of natural disasters. In this section
we present LRR-C model which introduces the impact of temperature on aggregate
growth in the LRR model of Bansal and Yaron (2004), and discuss the connection

between aggregate growth and temperature risks.
3.2.1 Preferences

As in the baseline LRR model, we represent the agent’s preferences using Epstein
and Zin (1989) and Weil (1990) type of recursive representation. An agent maximizes

her lifetime utility,

%)

Vi = [(1 - 5)0;% + 5<Et[vt{&-_17]>é]17? (3.1)

where C} is consumption at time ¢, 0 < § < 1 reflects the agent’s time preference, ~y

is the coefficient of risk aversion, 6 = 11:1, and 1 is the intertemporal elasticity of
P

substitution (IES). Utility maximization is subject to the budget constraint,
Wigr = Wi = C)Regsr (3.2)

where W, is the wealth of the agent, and R.; is the return on all invested wealth.
As shown in Epstein and Zin (1989), this preference structure implies the follow-

ing (log) Intertemporal Marginal Rate of Substitution (IMRS),

0
M1 = 0lnd — EACtH + (0 — 1)resa (3.3)
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where Ac;11 = In(Ciy1/Cy) is consumption growth, and r.;41 = In(R.;) is the con-
tinuous return of an asset that pays a unit of consumption as dividend (i.e., return
on wealth). This return is different to the return on the market portfolio since wealth
not only includes stock market wealth but also human wealth, real estate, and other
non-financial wealth. The sign of 0 is determined by the magnitudes of the IES and
the coefficient of risk aversion. When the risk aversion parameter equals the recipro-
cal of the IES, v = i, then the model collapses to the case of power utility where the
agent is indifferent about the timing of the resolution of uncertainty in the economy.
As discussed in Bansal and Yaron (2004), when ¢ > 1, v > 1 and the risk aversion
exceeds the reciprocal of the IES the agent prefers early resolution of uncertainty
about the consumption path, which is the case adopted in the LRR model. Finally,
for future reference, the notation for the multi-period stochastic discount factor to
discount payoffs at date t + j is denoted as

k=j

Miy1445 = exp (Z mt+k) (3.4)

k=1

3.2.2  Consumption Growth Dynamics

As in Bansal and Yaron (2004), we assume that conditional expected consumption
growth contains a small but persistent component x;, and economic uncertainty
is modelled as time-varying volatility o; allowing a time-varying risk. We assume
temperature, w;, affects aggregate consumption dynamics by adversely affecting long-
run expected growth and by increasing the likelihood of natural disasters, D;,1.

Therefore, growth and temperature dynamics are described by,

Aciy1 = p+ e+ 01 + @eDigr (3.5)
Tip1 = P+ 0ppeCip1 + Tw0 1 + PaDigr (3.6)
W1 = o + Pol(Wr — fl) + Toy + ¢ (3.7)
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where p is the unconditional mean of consumption growth, 7,,; is a standard Gaus-
sian innovation that captures short-run risks. The expected growth rate shocks e;, 1,
and temperature shocks (;,1 are also independent standard Normal innovations. The
parameter 7, < 0 captures the impact of temperature shocks on long-run expected
growth; therefore, if 7,, < 0 implies a negative impact of temperature shocks on
long-run expected growth. To capture the feature that growth raises temperature,
we allow expected growth rate shocks to affect temperature with 7, = 0. The param-
eter p governs the persistence of z;, and ¢, determines the magnitude of the standard
deviation of the persistent component of consumption growth relative to the high-
frequency innovation 7;,,. Mean and persistence in temperature are determined by
Iy and py,, respectively.

In our model, disasters D;,, follow a compensated compound Poisson process

and are induced by temperature

Nit1

Dy = Z fz‘,t+1 — Atlhes (3-8)

i=1
where Ny is Poisson random variable with intensity A\ and a jump size & ;1.
Therefore, the number of disasters at any point in time is V;,;. We assume that the
jump size is constant and equal to p., and that the intensity of the Poisson process

is increasing in temperature,
>\t = EO + 51(wt - ,uw) (39)

where (o, 1 > 0, w; denotes temperature, and p,, its unconditional mean. This im-
plies that the expected number of disasters, conditional on information at ¢, increases
as temperature rises from its long-run mean, Fy(N;y1) = A;. Our analysis entertains
only negative jumps Dy, in consumption growth, that is ¢, = —1. Disasters can
potentially affect long-term expected growth, this is governed by ¢,. However, mo-

tivated by empirical considerations, in our calibrations we will set ¢, = 0 — that is,
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natural disasters will not affect long-run expected growth and therefore their impact
on consumption growth will be completely transient and very short-lived. Neverthe-
less our model solutions can easily accommodate natural disasters with impacts on
long-run expected growth. Our setup for negative jumps (natural disasters) is similar
to that laid out in Eraker and Shaliastovich (2008) for LRR motivated models.

Finally, as shown in Bansal and Yaron (2004), to allow for time-varying risk
premia we allow for varying consumption volatility. This volatility follows a simple
process,

ol =0 +v(o} — o) + o1 (3.10)

where v, is an independent standard Normal innovation, v determines the per-
sistence of the variance of consumption growth, o, is the standard deviation of
the variance process, and o? is its unconditional mean. Time-varying volatility,
as shown in Bansal and Yaron (2004) contributes to the risk premia but more im-
portantly it allows for time-variation in the risk premia. In our setup, even if we
abstract from time-varying volatility we still have a time-varying risk premia due
to the time-varying nature of the conditional volatility of disasters, which depends
on temperature. Nevertheless, we leave the varying consumption-volatility channel
open to ensure that the quantitative implications of the model for risk premia and

price-volatility match the data closely.
3.2.3  Temperature, Wealth and Risk Prices

Using the standard asset pricing restriction for any continuous return, the continuous

return on the wealth portfolio must satisfy,
Et[eXp(mt+1 + Tc’t+1>:| =1 (311)

To solve for the return on wealth (the return on the consumption asset), we

use the log-linear approximation for the continuous return on the wealth portfolio,
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namely,

Tetr1 = Ko + K1Zegp1 + Acip1 — Zet, (3.12)

where z.; = log(P;/C}) is log price to consumption ratio (i.e., the valuation ratio
corresponding to a claim that pays consumption) and &’s are log linearization con-
stants.! In the Appendix we show that the solution for the price-consumption ratio

is affine in the state variables
Zer = Ao+ Az + A(,UtQ + A, wy (3.13)

where A,, A,, and A, must satisfy,

<1 — i) + K)lAwTI

A .14
v 1—kKip (3.14)
2
%9 [(1 - i) + (Hlec‘;Oe)2:|
A, = — (3.15)
0] @[(1 = )+ O Aupa] — 1]
Ay = (3.16)

‘9(1 - /ﬁpw)

where ®(7) = exp(Tp.) — T, and the expression for Ay is presented in the Appendix
along with further details about the solution.

The impacts of expected growth and consumption volatility on the price to con-
sumption ratio are determined by the preference configuration. Higher expected
growth raises asset valuations and the price to consumption ratio only when the TES

is larger than one. Similarly, a rise in consumption volatility lowers the price to

I These constants are equal,

Zec

ko = In(l+e*)— T
e*e
Kl = —
! 1+ e%’

where z. = E(z¢4).
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consumption ratio when the IES is larger than one. Temperature impact on asset
valuations is determined by A,,, which is different to zero only if natural disasters
have an impact on the economy (i.e. . # 0 and/or ¢, # 0). Figure 3.1 plots A,
for various values of the IES. If the IES is less than one then temperature will raise
asset valuations, while TES larger than one is needed for temperature to lower the
aggregate wealth to consumption ratio.

Replacing the solution for the return on wealth on the expression for the IMRS
(3.3), the innovation to the pricing kernel conditional on the time ¢ information at

time ¢ + 1 equals,
Miy1 — Et(mt+1) = —)\natntﬂ — Ae01€i41 — A0yl — )\CUCQH —ApDiyq (3-17)
where A, Ae, Ay, A¢, and Ap are the market prices of risks, which are equal to:

Ap =7

Ae = (1 =0)k1Azpe

A = (1—-0)r1A,

Ao = (1=0)ki(Asmw + Ay)

)\D = (1 - 9)5114:1:901 + YPe

As in the standard LRR framework, \,, A, and A, are the market prices for the
short-run, long-run, and volatility risks. In our framework, innovations on tempera-
ture and natural disasters are also priced, A; and Ap. If the risk aversion coefficient
equals the inverse of the IES, as in the case of CRRA preferences, then # = 1 and
long-run risks, volatility risks, and temperature risks carry a zero risk compensation.
That is, only short-run risks are priced in equilibrium. Note that when natural dis-
asters do not affect long-run growth, i.e., ¢, = 0, they are compensated exactly in

the same manner as short-run risks.
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Combining the expressions for the he return on aggregate wealth and the IMRS,

the risk premium, is determined by —covi(m¢i1, 7me11), and equals,

1
Ey(regsr — 75+ EVt(T’c,tH)) = ByMo7 + Badeoi + Loy + 54)\403

+BpApAeu (3.18)

where 7y is the risk-free rate, 3,, 3, and 3, are the betas of the asset return with re-
spect to the short-run risk, long-run risk, and volatility risk innovations, respectively.
The exposure to temperature is determined by the beta of temperature innovations,
B¢, and the beta of natural disasters Bp. As the market prices of risk, all asset betas
are endogenous to the model and depend on preference and model dynamics param-
eters. The risk compensation from each source of risk is determined by the asset’s /3
for that risk times the market price of that risk, \.2

The risk compensation for temperature shocks, 8¢\, is positive only when agents
have a preference for early resolution of uncertainty and the IES is larger than one.
Figure 3.2 depicts the risk compensation from temperature innovations for differ-
ent values of the IES and a risk aversion parameter equal to 10. As noted above,
the market price of risk is zero when agents have CRRA preferences, i.e., 1) = %
Moreover, the temperature beta is zero since long-run risks have no impact on asset
valuations, A, equals zero. For values of the IES between the CRRA case, ¢ = %,
and 1, temperature shocks contribute negatively to the risk premia. In this case,
the market price of temperature risk A is negative, but the beta of temperature
innovations f3. . is positive since long-run growth decreases the value of assets, i.e.,
A, is negative. For values of the IES larger than one, the beta of temperature in-
novations is negative because temperature innovations negatively impacts long-run

growth, thereby, asset prices.

2 The expressions for the beta’s are presented in the Appendix.
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The risk-free rate can be derived using the solution to the IMRS. In the Appendix
we show that the risk-free rate is affine in the state variables. In particular, the
loading on the expected growth rate x; is positive and equal to the inverse of the
IES, while the loading in volatility as well as temperature is negative under our
baseline assumptions. Therefore, in our model an increase in temperature will lower
the risk-free rate. Following Bansal and Yaron (2004), we also derive the implications
of the model about the equity premium. A detailed derivation can be found in the

Appendix.

3.3 Economic Costs of Temperature Variation

3.3.1 Dollar Costs of Temperature Variation

To asses the economic costs of temperature we compute the difference in the market
price of an asset that pays consumption as dividend and an asset that pays con-
sumption after insuring it from all effects of temperature. The insured consumption
claim Cf, t = 1--- 0, corresponds to the case where 7,, = 0, . = 0, and @, = 0; the
resulting consumption process is insured in all states and dates against temperature
fluctuations. Thus, the difference in the price of C* and C' is the premium, in dollar
terms, that the society might be willing to pay to insure against the effects of temper-
ature at current consumption state prices. The equilibrium prices are determined by
the consumption dynamics Cy, t = 1--- o0, which include the temperature dynamics
as described in equation (3.5).

More precisely, the market price of a consumption claim is given by,

a0
P, =) Ei[My1o4iCiij] (3.19)

=1

where M is the stochastic discount factor based on our model. Similarly, the price

of an asset that pays consumption exempt from the effects of temperature in the
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economy is given by,
e}
Pr =) E[MyyioCF ] (3.20)
j=1
Given the value of consumption at date zero (start date), we can recover the prices
of these two assets using the difference in the wealth-consumption ratio times the
consumption at date zero. Therefore, we compute the dollar costs of temperature

fluctuations as,

0 0
Dollar Costs = Z Et[Mt_;,_l_,t_;,_jC:Jrj] — Z Et[Mt+1—>t+th+j] (321)
j=1

j=1

To compute the dollar costs we calculate the price-consumption ratio in both
cases, with and without temperature risks, inside the model, and multiply its differ-
ence by the level of world consumption for the year 2009, i.e., we assume that initial

aggregate consumption equals that of 2009.3
3.3.2  Welfare Costs of Temperature Variation

In the spirit of Lucas (1987), we explore the welfare gains of eliminating the effects of
temperature variation on consumption. Let C' = {C}}{2, be the stream of consump-
tion in an economy with temperature effects, and C* = {C}}2, be the consumption
stream in an economy without temperature effects (i.e, we set 7, = 0, ¢. = 0, and
v, = 0). We define the welfare costs of temperature variation as the percentage
increase in consumption A > 0 that one must give to the agent (in every date and
state) to make the agent indifferent between the stream of consumption which con-
tains temperature risks, and the stream of consumption without temperature effects.

Therefore, this compensating variation A must satisfy,

E[Uo((l n A)C)] . E[UO(C*)] (3.22)

3 The solution for the price-consumption ratio without temperature effects is presented in the
Appendix.
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Our derivation of the costs of economic uncertainty is based on exploiting the
close connection between lifetime utility and the wealth-consumption ratio. Under
Epstein-Zin preferences the lifetime utility of the agent normalized by current con-
sumption is entirely determined by the wealth-consumption ratio, and the intertem-
poral elasticity of substitution. Note that under Epstein-Zin preferences we have a

convenient expression that links current utility U; and the consumption-wealth ratio,

_
U _q_gyea ™ (3.23)
Ct t

Let Z.; = % be the price-consumption ratio, and note that wealth equals W, =
Cy + P, which implies that 1 + Z,;, = %t, then, the normalized lifetime utility equals

to,

% - (1- 5)%(1 + Zc’t)% (3.24)
t

Using this connection between asset prices and the life-time utility, the com-
pensating consumption change for eliminating the negative effects of temperature

variation on consumption, i.e., A, satisfies,

EU1+@W%]

1+A= (3.25)

Bl(1+ 25|

The magnitude of welfare costs of temperature variation are determined by compar-
ing the wealth-consumption ratio in an economy with and without temperature risks

on consumption, Z. and Z} respectively.

3.4 Model Implications
3.4.1 Data Sources

We calibrate the model to capture world temperature dynamics, world growth, and

world risk premium. The data on global temperature covering the period 1929-2009
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are obtained from the Intergovernmental Panel on Climate Change Data Distribution
Centre and comes from the Climate Research Unit (IPCC (2007b)). Land temper-
ature is constructed using surface air temperature from over 3,000 monthly station
records which have been corrected for non-climatic influences (e.g., changes in in-
strumentation, changes in the environment around the station, particularly urban
growth). 4 Annual temperature data corresponds to the average of monthly obser-
vations. Stock market data come from Morgan Stanley Capital International (MSCI)
equity index. We consider the MSCI All Country World Index which measures equity
returns across developed and emerging markets, 45 countries in total, to compute
the world market equity return. We use the three-month T-bill rate to compute the
risk-free rate. Real returns for all countries are obtained adjusting for U.S. inflation
computed using the personal consumption expenditures (PCE) deflator from the Na-
tional Income and Product Accounts (NIPA) tables. Data on world real GDP and
real consumption come from the World Bank Development Indicators and cover the
period 1960-2007.

Table 3.1 presents summary statistics for temperature dynamics, annual world
GDP, consumption per capita growth, the world market real equity return, and the
risk-free rate. The average global temperature is 14°, its volatility reaches 0.21 and
its autoregressive coefficient equals 0.87. The average real GDP growth equals 1.91%
while the average world consumption growth is about 1.84%. GDP growth volatil-
ity is around 1.4% and its autoregressive coefficient equals 0.44 while consumption
growth volatility is nearly 1% and its autoregressive coefficient equals 0.41. The
world market return is 6.83%, and the market return volatility equals 19.65%. The

real risk-free rate averages 1.45% per annum, and its volatility is 2.03%, one-tenth

4 To compute large-scale spatial means, each station is associated to a grid point of a 5° x 5°
latitude- longitude grid, and monthly temperature anomalies are computed by averaging station
anomaly values for all months. Finally, global temperature data are computed as the area-weighted
average of the corresponding grid boxes and the marine data, in coastlines and islands, for each
month.

103



of that of equity.
3.4.2 Calibration

As is standard in the literature, we assume that the decision interval of the agent
is monthly. Table 3.2 presents the parameter configuration we use to calibrate the
model, which we choose in order to match the joint dynamics of consumption growth
and global temperature, the level of the risk-free rate, and the risk premium. Our
baseline parametrization for preferences and the dynamics of consumption is very
similar to that used in the long-run risks literature (e.g., Bansal et al. (2007b)).
The subjective discount factor § equals 0.999, the risk aversion parameter v and the
intertemporal elasticity of substitution ¢ are equal to 10 and 1.5, respectively. Under
this configuration, the agent has a preference for early resolution of uncertainty as
in the long-run risk literature (e.g., Bansal and Yaron (2004)). As in Bansal et al.
(2007b), we capture the persistence, volatility, and auto-correlations of consumption
growth by calibrating the persistence of expected growth p, as well as ¢, and o.

In the paper we entertain alternative models classified by the impact that temper-
ature has on the economy. Category 1 model: only temperature innovations have an
impact on the long-run component of growth, therefore we abstract from the effects
of natural disasters, i.e., ¢. = 0 and ¢, = 0; Category 2 model: not only innovations
in temperature impact expected growth, but also disasters have an impact on the
high-frequency component of growth, ¢, = —1 and ¢, = 0.

To calibrate the the impact of temperature innovations on expected growth 7,
we aim to match the response world consumption growth to a temperature shock.
Figure 3.3 depicts the impulse-response function obtained from a bi-variate VAR
model of consumption growth and global temperature. In particular, it shows that a
one standard deviation shock to temperature, about 0.2°C, reduces growth by 0.3%

and its impact persists for up to twenty years. We choose a value of 7, equal to
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—0.0018 which implies a negative response of consumption growth to temperature as
observed in the data. In the model, a temperature shock reduces temperature up to
0.2%, and has a non-negligible impact for up to twenty years, as in the data. More
importantly, the response of consumption lies within the 95% confidence intervals
of the empirical VAR model (see Figure 3.4). This calibration is also consistent
with the empirical evidence in Bansal and Ochoa (2011) where we show that global
temperature and shocks to global temperature have a negative impact on economic
growth. Using a panel of 147 countries we show that a one standard deviation shock
to temperature, about 0.2°C, lowers GDP growth by 0.24%. Moreover, our results
indicate that temperature not only has a contemporaneous short-lived impact on
economic growth, but its negative impacts tend to persist over time. Dell et al.
(2009b) also show that an increase in temperature reduces GDP growth. Namely,
a 1°C degree increase in temperature reduces growth by 1.1 percentage points for
countries poor countries.

We set the compensated compound Poisson shock such that the probability of
a natural disaster in a year is 1%, in other words, we assume the likelihood of one
disaster every hundred years. We calibrate the sensitivity of the Poisson shock to
temperature such that a 1°C increase in temperature doubles the probability of a
natural disaster in a year. Therefore mean intensity of natural disasters f, is set
equal to 0.01/12 and its sensitivity to temperature ¢; is equal to 0.01/12. We set
the size of the Poisson jump pu. such that the cost of a natural disasters equals 1.0%
permanent reduction in consumption. As in Pindyck (2012) and Weitzman (2009),
our calibration intends to explore the potential impact of tail events.

To make the model-implied data comparable to the observed annual data, we
appropriately aggregate the simulated monthly observations and construct annual
growth rates and annual asset returns. The model implications are obtained from

population values that correspond to the statistics constructed from 12 x 20,000
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monthly simulated data aggregated to annual horizon.
3.4.8 Asset Pricing Implications

Our calibration of the model captures the bivariate dynamics of consumption and
temperature. Table 3.3 presents the model implications for the consumption growth
and temperature dynamics. In all of our specifications the first-order autocorrelation
of consumption is around 0.43, which is very close to the data. Similarly, the model
calibration matches the autocorrelation of temperature. As seen in Figures 3.3 and
3.4 the model also captures the negative and long-lasting response of consumption
growth to temperature. The negative correlation between growth rates and temper-
ature arises from the fact that temperature shocks impact negatively the expected
growth rate of consumption, x;. Even in the presence of natural disasters, shutting
down this channel prevents the model from accounting for this feature of the data.
In our framework, where agents are not indifferent about the timing of uncertainty
resolution, temperature risks are priced and contribute to the risk premium on the
consumption claim as well as to the equity risk premium. Using the expression
for the consumption risk premium, equation (3.18), we find that in the category 1
model the risk compensation for temperature accounts for about 1.1 basis points of
the total risk premium on the consumption claim of 2.04%. Including the possibility
of natural disasters, in the category 2 model, the temperature impact on long-run
growth accounts for 1.1 basis points of the risk premium while natural disasters
account for only 0.1 basis points, therefore temperature accounts for 1.2 basis points
of the risk premium. Therefore, the risk premium on the consumption claim in
category 2 model is slightly larger than category 1, but the difference is very small.
The figures on the risk premium for the consumption asset are very close to the
results of Lustig et al. (2009), who find that the consumption risk premium is 2.2%

per year, and the discount rate on the consumption claim is 3.49% per year.
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The model also matches the moments of the risk-free rate, and the market return
(see Table 3.3). The risk-free rate, in category 1 and category 2 models is about
1.1%, and the volatility of the risk-free is about 1.14%; for both models the levels
and volatility match the data well. On the other hand, the return on the equity
claim is higher and more volatile. For category 2 the expected market return is
7.07%, with a volatility equal to 18.90%, giving rise to an equity premium of about
6%); the premium is slightly higher in the category 2 model. Moreover, the magnitude
and volatility of equity returns are six times higher than the magnitude and volatility
of the return on consumption. As in the LRR model of Bansal and Yaron (2004) the
risks associated with the long-run growth are critical for explaining the risk premium
in the economy, as it not only accounts for a significant portion of the premium but

also magnifies the contribution of the volatility risk.
3.4.4 Dollar Costs of Temperature Variation

The second panel of Table 3.4 presents the price-consumption ratio and the return
on a asset that delivers the consumption stream, C*, as its dividends. In all cases, as
expected, the asset which removes the effects of temperature variation has a higher
price-consumption ratio as it is insured against temperature related risks. The first
panel of the table presents the difference in the price of an asset paying consumption
with and without the effects of temperature in US$ dollars of 2009, which represent
the losses in US$ dollars from temperature variation as priced by financial markets.”
The dollar losses from temperature in our models range from 1.43 USS$ trillion to
3.18 US$ trillion dollars, which imply a loss from 2.46% to 5.47% of GDP.

The key driver of these dollar costs is the change in the riskiness of the con-

sumption claim. For example, in the category 2 model, the expected return on the

5 We use World consumption for the year 2009 to compute the price of these assets as explained
in section 3.3.
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consumption claim with temperature risk included is 3.29%, while the expected re-
turn of the consumption claim without temperature risks is 3.23%; the difference is
about 0.06%. This leads to a price-consumption ratio that is higher in the case with-
out temperature risk relative to the one with it. For example, in the category 2 model
the difference in the annualized price-consumption ratio is 75.05 —74.98 = 0.07. This
magnitude multiplied by 2008 World aggregate consumption translates to about 3.18
USS$ trillion dollars.

3.4.5 Welfare Costs of Temperature Variation

In the spirit of Lucas (1987) costs of business cycles, we start by asking how much
individuals would be willing to give up, in terms of percentage annual consumption,
to live in a world exempt from the effects of temperature. The first row of Table 3.5
presents the welfare costs of temperature variation for the two alternative models
we entertain. In the category 1 model, when only innovations to temperature have
an impact on expected growth, welfare costs are equal to 0.78%. Incorporating
temperature-triggered natural disasters raises the the welfare costs marginally to
0.81%. Natural disasters have only a small impact relative to temperature shocks
because the size of the disasters are quite small and more importantly, they are
transient and do not affect long-run growth. When ¢, is positive, natural disasters
lower long-run growth and in this case their impact on welfare can be quite significant.
However, for the most part, evidence indicates that natural disasters have only a short
run impact on growth (see e.g Rasmussen (2004)), and for this reason we set ¢, = 0

To interpret these magnitudes for our two models it is useful to recall that welfare
costs computations of eliminating business cycles reported in Lucas (1987) and much
of the literature (see Barlevy (2004) for a review) are quite small, well less than 1%
of GDP; hence our magnitudes of welfare-costs for temperature stabilization are in

the upper bound to those typically reported for business cycles. Furthermore, in
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line with our findings, Pindyck (2012) shows that, in a model in which agents have
uncertainty about temperature dynamics and its impact on growth, welfare costs are
below 2% for parameter values consistent with scientific studies assembled by the

International Panel on Climate Change (IPCC).
3.4.6  Interpreting Temperature Related Costs

Two key ingredients in the Bansal and Yaron (2004) LRR model explain the sizeable
dollar and welfare costs associated with temperature fluctuations; (i) the recursive
preferences of Epstein and Zin (1989) and Weil (1990) with a preference for early
resolution of uncertainty, and (ii) a standard long-frequency fluctuation for consump-
tion growth with a persistent expected growth component. Table 3.6 presents the
simulations of our specifications first assuming that preferences are described by a
CRRA utility function, i.e. v = % but otherwise maintain the LRR specification
(CRRA-LRR) for growth rates. We also simulate the model keeping the original
assumption of recursive preferences of Epstein and Zin (1989) and Weil (1990) with
a preference for early resolution of uncertainty but letting consumption be iid, thus
temperature innovations and natural disasters impact its high frequency component
(EZW-hf). In all exercises we keep the relevant parameter values same as our cali-
bration, and in the EZW-hf we calibrate the standard deviation of the high frequency
innovation such that it equals the monthly consumption volatility for our category 1
model.

In the CRRA-LRR model, two important results stand out. First, welfare costs of
temperature variation are less than one-fifth of those that arise in our model. Second,
temperature increases lead to an increase in the value of the consumption asset, which
implies that more risk in the economy due to temperature makes the consumption
claim more valuable; this is entirely due to the fact that the IES is less than one and

that reductions in expected growth lowers the risk-free rate and the discount factor
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in the economy. Moreover, the model generates a risk-free rate of about 16% with
a volatility of the same magnitude, and the equity premium is about 1.3%, all of
which are far from their data counterparts; hence, this model specification cannot
pass the market-test. In the last two columns we present the results for our two
specifications for the EZW-hf case. Under this scenario, even though temperature
leads to a reduction in asset prices, the welfare costs of temperature innovations are
less than 0.1%, that is, ten times lower than our estimates. More importantly, the
model implies a too small equity risk-premium, and a risk-free rate that is somewhat
higher than the data. The model also significantly undershoots on the volatility of
the price-dividend ratio (not reported in table) and the volatility of the risk-free rate.
The welfare costs in this case are quite small compared to our category 1 or category 2
models. This lower cost magnitudes reflect the fact that the model does not have the
long-run risks needed to match financial markets risks. In all, this evidence implies
that the same features, long-run risks and recursive-preferences, that capture the
risk-free rate and the equity premium puzzles also imply that temperature-related

economic costs are significant.
3.5 Conclusions

This paper makes a contribution towards understanding the impact of temperature
fluctuations on the economy and financial markets. We present a temperature re-
lated long-run risks equilibrium model, which simultaneously matches the observed
temperature and growth dynamics, and key dimensions of the financial markets data.
We use this model to evaluate the role of temperature in determining asset prices,
and to compute the utility-based welfare costs as well as the dollar costs of insur-
ing against temperature fluctuations. Our model implies that if temperature were
to rise it would lower long-run growth, raise risk-premiums, and adversely affect

asset prices — the magnitude of these negative effects increases with temperature,
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suggesting that global warming presents a significant risk. We find that the tem-
perature related utility-costs are about 0.78% of consumption, and the total dollar
costs of completely insuring against temperature variation are about 2.46% of World
GDP. We show that the same features, long-run risks and recursive-preferences, that
account for the risk-free rate and the equity premium puzzles (among others) also
imply that temperature-related costs are important and that temperature-risks carry
a positive risk premium. In future work an important ingredient, as appropriately
emphasized by Weitzman (2009), is to incorporate temperature-related model uncer-

tainty in the analysis.
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3.6 Tables and Figures

Table 3.1: Summary Statistics

Mean Std. Dev. AC(1)
Global Temperature 14.02  (0.05 0.21  (0.03 0.87 (0.05
World GDP Growth 1.91  (0.28 1.35  (0.14 0.44 (013

World Market Return 6.83 19.65

(0.05) (0.03) (0.05)
(0.28) (0.14) (0.13)
World Consumption Growth 1.84  (0.20) 0.92  (0.10) 0.41 (0.13)
(2.19) (2.59) (0.22)
Risk-Free Rate 1.85  (0.50) 2.18  (0.32) (0.06)

0.69

Notes: Table 3.1 presents descriptive statistics for the world GDP and consumption growth, global
temperature, the world stock market return, and the risk-free rate. The macroeconomic data are
real, in per-capita terms, and sampled on an annual frequency. Global temperature is expressed in
degrees Celsius (°C) covering the period 1930 to 2008. GDP data cover the period from 1960 to
2008, and consumption data cover the period from 1960 to 2006. The world market return data
cover the period from 1988 to 2009, and the data on the real risk-free rate cover 1950 to 2009.
Means and volatilities of growth rates and the market return are expressed in percentage terms.
Newey-West standard errors are reported in parenthesis.
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Table 3.2: Configuration of Model Parameters

Preferences 0 ~ ()
0.999 10 1.5
Consumption L p Ve o v ow
0.0015 0.975 0.036  0.0006 0.999 0.0000028
Dividends Lbd 0] T Dy
0.0015 2.5 1.75 5.96
Temperature L Pw Ta o¢
14.6 0.985 0.0 0.025
Category 1 Tw e Oz
-0.0018 0 0
Category 2 Tw Pe P o 3! He
00018 -1.0 0  1/(1200) 1/(1200)  0.01

Notes: Table 3.2 reports configuration of investors’ preferences and time-series parameters that
describe the dynamics of consumption, dividend growth rates, and temperature. The model is
calibrated on a monthly basis. The state of the economy is described by,

Acir1 = p+x+ o1 + 0eDisa
Tir1 = Py + TwocCip1 + oppeeipr + @z Diga
o2 = o*+v(of -+ oy
Wig1 = flw + pw(We = pw) + oy + 0cGrp
Adir1 = pa+ ¢x + TON41 + PuotUr1 + Gpe Dy
where Dy = Z;V:“{l &jt+1 — Afie is a compensated compound Poisson process with intensity

At = Lo + 01 (wy — py). The size of the jump ;41 is constant and equals g..
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Table 3.3: Model Implied Dynamics of Growth Rates and Returns

Moment Data Category 1 Category 2
Mean S.E.
E[Ac] 1.84  (0.20) 1.83 1.83
o(Ac) 0.92  (0.10) 2.40 2.40
AC1(A¢) 041 (0.13) 0.43 0.42
Elw,] 14.02 (0.05)  14.59 14.59
o (wy) 021  (0.03) 0.14 0.14
ACT(wy) 0.87  (0.05) 0.89 0.89
E|R.] 3.49 3.29 3.29
o(R.) - 3.72 3.73
E[R,] 6.83  (2.19) 7.05 7.05
o(R) 19.65  (2.59) 18.87 18.87
E[Ry] 1.85  (0.50) 1.14 1.14
o(Ry) 2.18  (0.32) 1.04 1.04

Notes: Table 3.3 reports moments of aggregate consumption (c¢;), temperature (w;) growth rates,
the return on the consumption claim (R.), the return on the market dividend claim (R,,), and the
risk-free rate (Ry). Data statistics along with standard deviations (in parentheses) are reported
in the first column. The data are real, sampled on an annual frequency, and are expressed in
percentage terms. The next two columns present model based statistics based on 12 x 20,000
monthly data aggregated to annual observations.
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Table 3.4: Model-Based Dollar Costs of Global Warming

Model
Category 1 Category 2

Loss in World Consumption

Trillions of US$ 1.43 3.18

% of World GDP 2.46% 5.47%
Consumption claim

E[P*/C*] 75.015 75.048

E[Rqx] 3.2342 3.2336

E[P/C] 74.983 74.978

E|R.] 3.2895 3.2889

Notes: Table 3.4 reports the cost in dollar terms of a reduction in consumption due to temperature
risks. The cost of a reduction in consumption is computed as the difference between the price of a
consumption-paying asset with and without the effects of temperature. The price-consumption ratio
and return of the consumption claim with temperature risks are denoted P/C and R., respectively.
The price-consumption ratio and return of the consumption claim without temperature risks in the
same economy are denoted P*/C* and R.x, respectively. All reported figures are computed based

on 12 x 20,000 monthly data aggregated to annual horizon. Returns are expressed in percentage
terms.

Table 3.5: Model-Based Welfare Costs of Global Warming

Model
Category 1 Category 2

Welfare Costs of Stabilization 0.78 0.81

Temperature Growth Shock 0.79

Natural Disasters 0.02
Economy with temperature risks

Risk-premium on consumption claim 2.040 2.041

Price-consumption ratio 74.984 74.978
Economy w/o temperature risks

Risk-premium on consumption claim 2.032 2.032

Price-consumption ratio 75.182 75.182

Notes: Table 3.5 reports welfare costs of setting temperature effects to zero and the return as well
as the price-consumption ratio of a consumption claim in an economy with and without the risks
of temperature. The welfare costs of stabilization represents the fraction of consumption that the
representative agent would be willing to give up to avoid the negative effects of global warming. All
reported figures are computed based on 12 x 20,000 monthly data aggregated to annual horizon.
Returns are expressed in percentage terms.
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Table 3.6: Role of LRR and Recursive Preferences

CRRA-LRR EZW-hf
Category 1 Category 2 Category 1 Category 2
Welfare Costs 0.04% 0.04% 0.001% 0.07%
E[Ry] 16.756 16.751 1.802 1.801
o|Ry] 16.079 16.078 0.000 0.000
E[R. — Ry| 0.676 0.676 0.787 0.787
E[R,, — Ry] 1.302 1.303 1.412 1.415

Table 3.6 presents model based welfare costs, the risk-free rate and risk premia assuming (i) CRRA-
LRR, that preferences are described by a CRRA utility function, i.e. v = i but otherwise maintain
the LRR specification, and (ii) EZW-hf recursive preferences of Epstein and Zin (1989) and Weil
(1990) with a preference for early resolution of uncertainty and letting consumption be #id, thus
temperature innovations and natural disasters impact its high frequency component. R, is the
return on the consumption claim, Ry the risk-free rate, and R,, is the return on the market
dividend claim. All reported figures are computed based on 12 x 20,000 monthly data aggregated
to annual horizon.
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Notes: Figure 3.1 plots the elasticity of the price-consumption ratio to temperature, A,,, at
different values of the IES and setting the risk aversion parameter equal to 10. The CRRA case
refers to the situation when the risk aversion parameter () equals the inverse of the IES (v).

FIGURE 3.1: Temperature Impact on Asset Prices for IES
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CRRA case y=1/y

-0.01

-0.02

-0.03

_004 1 1 1 1 1 1 1 1 1
0
IES y

Notes: Figure 3.2 plots the temperature beta, and the contribution of temperature innovations to
the risk premia at different values of the IES and setting the risk aversion parameter equal to 10.
The CRRA case refers to the situation when the risk aversion parameter () equals the inverse
of the IES (¢). The the compensation to temperature innovations, S¢A¢, is expressed in annual
percentage terms.

FiGURE 3.2: Temperature Risk at Different Values of the IES
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World Consumption Growth Response to a Global Temperature Shock

Consumption Growth % (deviation from mean)

Notes: Figure 3.3 presents the impulse-response function from a bivariate VAR of world consump-
tion growth and global temperature. The figure depicts the response of consumption growth to a
one standard deviation shock to temperature (solid line) along with 95% confidence bands (dashed
lines). The data on world consumption is real and covers the period 1960-2007.

FiGure 3.3: Global Growth and Temperature
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Notes: Figure 3.4 presents the response of consumption growth to a one standard deviation shock
to temperature implies by a bivariate VAR model. The VAR is estimated using 12 x 20,000
monthly data aggregated to annual observations on consumption growth and temperature.

FIGURE 3.4: Model Implications for Growth and Temperature

120



Appendix A

Appendix to Chapter 1

A.1 Solving the Stochastic Discount Factor

To solve for the stochastic discount factor note that the return on wealth satisfies

the standard asset pricing restriction condition,
1 =E (Mt,t+1Rc,t+1) (A1)

which can be written as,

0 (Coa\' T ( Zin =
= 1-1/4 J—
o (v (G (2 s

The state variables, a; and o4, in the model follow a Markov chain; therefore

the wealth-consumption ratio is a time-invariant function of the state variables Z; =
Z(ay,04). Replacing consumption growth using equation (1.9) and making explicit

the dependence of the wealth consumption ratio on the state variables we have that
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Z(ay, 04) must solves the following system of equations,

L =Eas (6/ exp (1= 7) (st + dlar — 1) + mes1)) (%) )
(A.3)

To solve for the wealth-consumption ratio, I solve the following system of equa-

tions,
(Z(ar,00) = 1775 = B1% exp (1= 7) (e + $lar — ) + (1= 7)%0/2)
A=y
* Bay o (Z(at+17 Ut+1)1’1/1")

A.2  Solving the Dynamic Problem of the Firm

Equation (1.11) presents the recursive problem of the firm which is,

v(s) = max Ai(nfhy)® — w(he,ng) — Z CI(nd, n{_l)lnzqﬁn{_l + E¢ (My441v(St41))
J

ng,nt

(A.4)
where I suppressed any firm specific subscript to save notation.
To obtain the stationary representation of the firm’s problem, let
- T
ng = ———
Ai/(l—a)
and let
' nj7nj ) A, \ V-
e e W (A5)
At/( —a) A
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then, the stationary representation of the recursive problem is given by,

D(ny_1, ag, 0¢) = max (M + 1 — w)ngh?)® — (wo + wihf?) (0w + 1 — w)n,

e

A —-1/(1—a) A —-1/(1—a)
—C' | wny, <—t> wngy | —C* [ (1 —w)ny, (—t> (1 —w)ng_y
At—l At—l

A 1/(1-a) )
+ E¢ | Myt <T> U(N, Qi1s Otg1)
t

where the optimal hours satisfy,

e = (ozAt((Aw +1- w)ﬂt)“‘1> e (A.6)

w1 C

~ . v(ng_1,A¢,a¢,0¢)
and 7(ny_1,as, 0y) is equal to =
t

I solve the stationary representation of the model using value function iteration.
To accelerate convergence, I use the multi-grid algorithm of Chow and Tsitsiklis and
policy function iteration as described in Rust. The final number of grids for optimal
employment-productivity ratio n; is 800, and I use nine states to approximate the

dynamics of ay.
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Appendix B

Appendix to Chapter 2

B.1 Analytical Solution of Asset Prices

We assume that the state of the economy is described by the following system,

Act+1 = e+ Ty + 0Ny (Bl)
Tys1 = PTy+ TGl + 0Pe€ii (B.2)
Wiyl = o T pw(wt - Mw) + Ty + O'CCtJrl (B3>

where 7,41, €11, and (;41 are independent standard Normal innovations.
B.1.1 Solution for the Consumption Claim

To obtain the pricing kernel we first solve for the return on the consumption claim,

Tet+1- The price of a consumption claim asset must satisfy,

Ey(exp(mys1 + Tegq1)) = 1

Combining the expressions for the pricing kernel (2.9) and the log-linear approx-
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imation of the return on the consumption claim asset (3.12) we have,

1
Eilexp(mis1+7es41)] = Ey [exp (0 Ind + 46 (1 - E) Acii1 + Ok + Or1 200401 — ch,t)]

(B.4)
Assuming that the solution for the price-consumption ratio is affine in the state

variable, z.; = Ay + Az, and replacing Ac;; we have that,

1 1
M1+ Terr1 = O0Ind+6 (1 — E) fe + 0o — 0Ao(1 — K1) + 6 l(l — E) —A.(1- lilp)] Ty

1
+0 (1 - E) o1 + Ok1Agpeoerin + 0k AyTy0c G

Using this expression we evaluate the expectation (C.6) and take logs of both

sides to obtain the following equation:

1 0
0 = Ind+ (1 — E) fe + ko — Ao(1 — K1) + §(HlAsz)202

¥ {(1 - %) (- /ﬁp)] vty [(1 - %)2 ¥ (RIAMV] o2

This equation must hold for all values the state variables take, therefore, the
terms multiplying the state variables as well as the constant term should equal to

zero. Hence, we have that A, must satisfy,

1-1
A, = ¢ (B.5)
1 —rkip

and Ay satisfies,

2
Ay = <1Il5 + (1 — %) Me + Ko + g [(1 — i) + (Iilespe)Ql o2+ g(ﬁlAmTw)Qgg) /(1—%1)
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To obtain solutions for Ag, and A, we also need to solve for the linearization

constants k1 and kg, which are given by,

ko = In(1+e*)— kK2 (B.6)
e*e
= B.7
i 1+ ez (B7)
where z. = E(z.:) = Ap. As can be seen from these expressions, the log-liner

coeflicients depend on Ay which also depends on these coefficients. Therefore, these
must be solved jointly with the loadings Ay, and A,, since they are endogenous to

the model. Manipulating equations (C.10) and (C.11) we have:

ko = —krilnk; — (1 — k1) In(l — k) (B.8)

Rg — (]_ — I{1>A0 = —In K1 (Bg)

therefore, using (C.13) we can eliminate xo and Ay from (C.10). Given a starting
value for k; we solve for A,, which we use to iterate on x; until it converges. Finally,
using the solution for xk; we can recover ko and A, from equations (C.12) and (C.13),
respectively.

Having solved for the wealth-consumption ratio, we can re-write the log-linear

approximation of the return on the consumption claim as follows,
1
Tetr1 = He + Ko — Ao(1 — K1) + axt + 0Nes1 + K1 Agpeoer + AyTypki0cGer (B.10)

Using the solution to the return on wealth r.;41, the IMRS can be restated in
terms of the state variables and the various shocks.

B.1.2  Solution for the Pricing Kernel and the Risk-Free Rate

The solution to the price-consumption ratio z.; allows us to express the pricing kernel

can be expressed as a function of the state variables and the model parameters,

Myp1 = Mo + Myl — AgONis1 — Ae0C141 — ApOuUpy1 — AcO¢Cryn (B.11)
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with,

mo = O0Ind—ypu+ (0 —1)[ko— Ao(l — Kq)]

and

Ap = 7
Ae = (1=0)k1Ape

A = (1—=0)k1 ATy

To derive the risk-free rate at time ¢, we use the Euler equation which mandates
that r¢, must satisfy,

Elexp(mysr +rp)] =1

implying that exp(—rs:) = Ei[exp(m41)]. The expectation can be evaluated using
the expression for the IMRS and we can obtain the following expression for the

risk-free rate ry;:

T =T¢ + Af}xxt (B.12)
with,
L2 o 2 Lio o
ry = —mp— 5()\” + A\)o” — 5/\404 (B.13)
App = —my (B.14)

Using the expression for the return on the consumption claim and the pricing

kernel, the risk premium on the consumption claim equals,

Ey(rets1 —Tpe) + §Vart(Tc,t+1) = —covi(Miy1,Tep41)

BemAnOt + BeeAeO; + Bec Ao}

127



where the §’s are equal to,

Bc,n =1
ﬂc,e = Kk A:B Pe
BC,C = AJ:Tw R1

B.1.3  Solution for the Dividend Paying Asset

The market return is the return on an asset that pays a dividend which grows at

rate Ad,;,; described by the following process,
Ady 1 = pg + ¢xp + TON1 + PuOUL1 (B.15)
and the market return must satisty,

Ei(exp(mit1 + Tmr1)) = 1

We conjecture that the price-dividend ratio is affine in the state variables, z,,; =
Ao m+ Ayzmae, and to solve for the loadings on each state variables we follow the same
procedure used to solve for the wealth-consumption ratio. Therefore, we substitute

the market return by its log-linear approximation,

T+l = Kom + KlmZmt41 + Ddip1 — Zmy

)

which after some algebraic manipulation equals to,

Tmi+1 = Kom — Aom(l — Kim) + fa + [K1mAemp — Az + Ol + Tomsr + K1 mAs mPeoerin

+/{1,mA:c,mTwUCCt+1 + PultUt41

Replacing this expression and the expression for m;,; into the Euler equation,

we find that the loadings on the state variables must satisfy,

o-3
A = ——2— (B.16)
7 1- R1mpP
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and Ay, must satisfy,

1
AO,m = |mp + /i(),m + Md + i(ml,mAz,mTw — )\020'? /(1 — lil,m>

As in the case for the consumption claim, we need to solve for the approximating
constants, Ko, and Ki,. As in the case for the consumption claim, we use the
same algorithm to solve for si,,, and the states loadings on the solution of the
price-dividend ratio Ag,,, and A, .

Using the expression for the return on the dividend paying claim and the pricing

kernel, the risk premium on the this asset equals,
Ey(rm 41 — 7“f,t) + §Vart(7’m,t+1) = —covi(Miy1, Tmi41)
B 0t + BmeAeOi + B g A

where the 5’s are equal to,

By = ™
ﬁm,e = /fl,mAx,mgpe

5m,§ = /fl,mAx,mTw
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B.2 Countries Grouped by Distance to the Equator

Group 1 Niger India™ New Zealand™
Angola Nigeria* Israel Portugal*
Barbados Panama Jamaica Romania
Belize Papua n.guinea Jordan* Spain*
Benin Peru Kuwait Switzerland*
Bolivia Philippines* Lesotho Syria
Burkina Faso Rwanda Madagascar Tunisia
Burundi Senegal Mauritius Turkey™*
Cameroon Seychelles Mozambique United States*
Cape Verde Islands Sierra Leone Nepal Uruguay
Central African Rep. Singapore* Oman Group 4
Chad Solomon is. Pakistan* Belgium*
Colombia Somalia Paraguay Denmark*
Comoros Sri Lanka Puerto Rico Finland*
Congo St. Kitts Qatar Iceland
Costa Rica St. Lucia Saudi Arabia Ireland*
Djibouti St. Vincent South Africa Luxembourg
Dominica Sudan Swaziland Netherlands*
Ecuador Suriname Taiwan* Norway*

El Salvador Tanzania Tonga Poland
Ethiopia Thailand* United Arab Em. Sweden*
Fiji Togo Vietnam U.K.*
Gabon Trinidad& Tobago Group 3

Gambia Uganda Algeria

Ghana Vanuatu Argentina*

Grenada Venezuela Austria*

Guatemala Western Samoa Bulgaria

Guinea Zaire Canada*

Guinea-Bissau Zambia Chile *

Guyana Zimbabwe Cyprus

Honduras Group 2 France*

Indonesia* Australia* Germany*

Ivory Coast Bahamas Greece*

Kenya Bahrain Hungary

Laos Bangladesh Iran

Liberia Bhutan Iraq

Malawi Botswana Ttaly*

Malaysia* Brazil* Japan*®

Mali China Korea*

Mauritania Dominican rep. Lebanon

Mexico* Egypt Malta

Namibia Haiti Mongolia

Nicaragua Hong Kong* Morocco

* denotes countries with asset market data.
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Appendix C

Appendix to Chapter 3

C.1 Model solution

We assume that the state of the economy is described by the following system,

Aciyr = pe + 30 + 01 + @D (C.1)
Tip1 = PTy+ OpPelir1 + TwOcGry1 + PeDigt (C.2)
Wir1 = fw T pw<wt - ﬂw) + T.Ty + UCCt+1 (C3>
or, = o’ +v(o} — )+ o (C4)

where 7,41, (41, €41 and vy are independent standard Normal innovations, and

D, is a compensated Poisson process,

Neya1

Dy = Z fi,tﬂ — Afhe (0-5)
i=1

where N, is a Poisson random variable with intensity A\; and jump size & ;11 is

constant and equal to p. € R,. We assume \; = £y + {1 (wy — fiy)-
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C.1.1 Solution for the Consumption Claim
To obtain the pricing kernel we first solve for the return on the consumption claim,
Tet+1- Lhe price of a consumption claim asset must satisfy,

Ey(exp(mys1 + Teps1)) =1

Combining the expressions for the pricing kernel (3.3) and the log-linear approx-

imation of the return on the consumption claim asset (3.12) we have,

1
Eilexp(mis1+7et41)] = Et lexp (0 Iné + 6 (1 — E) Aciiy + 0k + 0k120441 — QZc,t)]

(C.6)
Assuming that the solution for the price-consumption ratio is affine in the state

variables z.; = Ag + A,z + Ay0? + Aywy, and replacing Acy, 1 we have that,
1
mey1 + Tet+l = Olnd + 0 <1 — E) n+ 9:‘%0 + 9140(1 — /11) + 95102(1 — V)AO-

1
+0r1Ap(1 — py) by + 0 l(l — E) + K1 ATy — Ag(1 — mlp)] Ty

+0A, (kv — 1)o? + Ay (k1pw — 1wy

1
+0 <1 - E) o1 + 0k1 450,001 + Ok1 A Puoier i

1
+0k1 (ApTw + Aw) 0¢Cir + le (1 - E) Pe + eﬁle%c] Dy

In order to compute the expectation Ei[exp(msi1 + re441)] note that we can
re-write the compound Poisson process as Dy 1 = Nyiipte — A\ifte, where N q is a

Poisson random variable with intensity, conditional on information at time ¢, equal
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to Ay = £y + ¢1w;. Therefore, for a scalar 7,

Et[eXp(TDtH)] = Et[eXp(T,ucNt+1 - T)\tﬂc)]
= exp[A(e™ — 1) = TAupuc]

= exp[A(®(7) = 1)] = exp[lo(P(7) — 1) + Lo(P(7) — 1)(wy — piw)]

where we define ®(7) = exp(7u.) — Tpe. Note that to go from the first to the second
line we use the definition of the moment generating function of a Poisson process,
Eilexp(TNiy1)] = exp[ A (€™ —1)], and the last expressions results from replacing the
definition of A;. Using these last results, evaluating the expectation (C.6) and taking

logs of both sides results in the following equation:
1
0 = Ind+ (1 — E) n+ ko + Ag(l — /ﬂ]l) + /43102(1 — I/)AU + HlAw(l — pw)uw

+2 (1, o

0
Q(EO - él/"tw)[@((l - /7)900 + ‘gﬁlA;tgoz) - 1] + é(ﬁlAsz + /il‘Aw)Qo-2

+ <1 — —) + K1 ApTe — Ap(1 — /ﬁp)] x

|
+ {AU kv —1) + 9 [(1 — %)2 + (/ﬁAxgoe)2] } o}

+ |:Aw(/€1pw -1+ %El [P((1 —)pe + Or1Arps) — 1]] wy

This equation must hold for all values the state variables take, therefore, the

terms multiplying the state variables as well as the constant term should equal to
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zero. Hence, we have that A,, A,, A, must satisfy,

(1 — i) + lilAwa

A, — (C.7)
501 (1—3 Ty (K1 Azpe)?

oo e

Aw _ El [q)((l - ’7)90': + QHIAQCQDJ:) - 1] (Cg)

0(1 — K1pw)

and A satisfies,

1 0
Ay = (ln5 + (1 — E) pA4 ko + r103(1— 1) Ag + k1 Aw(1 — po) e + 5(/@'1140)203

by — Elﬂw)[q)((l —Y)@e + OKk1 Az 00) —

—i-( 0

1 0
] + 5(/1114937'10 + HlAw)2O'?)/(1 — K1)

To obtain solutions for Ag, A,, A, and A, we also need to solve for the lineariza-

tion constants k1 and kg. The log-linearization constants are given by,

ko = In(1+e*)—kKiz (C.10)
e*e

= C.11

i 1+ e ( )

where z. = F(z2.;) = Ag + A,0? + A,w. As can be seen from these expressions, the
log-liner coefficients depend on the values of Ay, A,, A, and A, which also depend
on these coefficients. Therefore, these must be solved jointly with the loadings Ay,
A., A, and A,, since they are endogenous to the model. Manipulating equations

(C.10) and (C.11) we have:

ko = —krilnk; — (1 —ky)In(l — k) (C.12)

ko— (1—k1)Ag = —Inky+ (1 —kK1)As0? + (1 — k) Ayw (C.13)
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therefore, using (C.13) we can eliminate o and Ay from (C.10) leading to the fol-
lowing expression that x; must satisfy,

1
Ink; = Ind+ (1 — E) pA (1= k1) Az0? + (1 — k1) Ayw + k102 (1 — V) A,

(Lo — L1 [P((1 = 7)pe + Ok Apps) — 1]
0

0
+r1 A (1 = py) e + 5(/@1140)203 +
0
2 a4 ro? (C14)

Given a starting value for k; we solve for A,, A, and A,,, which we use to iterate
on 1 in (C.14) until it converges. Finally, using the solution for x; and A, and A,
we can recover kg and Ay from equations (C.12) and (C.13), respectively.

Having solved for the wealth-consumption ratio, we can re-write the log-linear
approximation of the return on the consumption claim as follows,

1
Teri1 = f+ ko — Ao(1— K1) + r1Ag(1 — v)0? + k1 Aw(1 — pu) e + Emt + Ay (kv — 1)o?

+ Ay (K1pw — D)wi + 01 + K1Azpeirr + K1Az00001 + (AeTw + Aw)k10¢Ciin

+(k1Azps + ©c) Dyt

Using the solution to the return on wealth r.;4q, the IMRS can be restated in

terms of the state variables and the various shocks.
C.1.2  Solution for the Pricing Kernel and the Risk-Free Rate

The solution to the price-consumption ratio z.; allows us to express the pricing kernel

can be expressed as a function of the state variables and the model parameters,

2
Myl = Mo+Mgli+ M0y +MyWs — ApTiTi41— AeTt€1 41— ATuVi11— Ac0cCry1 —ApDig1

(C.15)
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with,

My

Mg

and

0Ind —yp+ (6 — 1)[ko — Ao(1 — k1)] + (0 — 1)k1Au(1 — pu) e
+(0 — 1Ay (1 — v)o?
1

(4
(0 — 1)r1Ay(R1v — 1)

(0 — 1)k1 Ay (K1pw — 1)

Ap =7

Ae = (1=0)r1Asp.

A = (1-0)k1A,

Ao = (1=0)ri(Asmw + Ay)

)\D = (1 - 9)5114:1:901 + Y

To derive the risk-free rate at time ¢, we use the Euler equation which mandates

that 7y, must satisfy,

Eilexp(mii +rpe)] =1

which implies that exp(—rs;) = Ei[exp(mys1)]. The expectation can be evaluated

using the expression for the IMRS and is equal to,

1
Eilexp(mi1)] = exp [mo + 5()\12,012, + A20g) + (b — Liw) (P(=Ap) — 1) + mgay

—|—<m0 + %(Ag + Ag))af + (mw L O (®(—Ap) — 1))wt]
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which yields the following expression for the risk-free rate ry;:

rre=Tp+ Apax + Apo0r + Appwy (C.16)
with,
1
T :-mm—?ﬁﬁ+A%@—wwwmw@paw—m
Af,a: = —Mg
Lo 2
Af’o = —Ms— 5()\77 + )‘e)
Afﬂu = My — 61(@(—)\D) — 1)

Using the expression for the return on the consumption claim and the pricing

kernel, the risk premium on the consumption claim equals,

1
Ei(reis1 — T’f,t) + §Vart(7“m,t+1) = —covi(Mes1, Tmt+1)

= ByA0; + Badeo] + Budooy + Buco? + BpApAul

where the §’s are equal to,

Bn =1
ﬁx = K A:L" Pe
Bv = HlAO'

Bw = (Asz"i_Aw)/il

BD = (SOC—*—K/IAIESDI)
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C.1.3 Solution for the Consumption Paying Asset exempt from Global Warming
Effects

Consider an asset that pays a unit of consumption exempt from the effects of tem-

perature in the economy, therefore, the dividend of this asset grows as follows,
Acjyy = A+ + o (C.17)
Ty = Tegr — Tw0cCra1 — PaDi (C.18)

where Acf, | is consumption growth and z}, | expected growth abstracting from global

warming effects. The log-linear approximation of the return on this asset equals,
Texp41 = Ky + K1 Zex 141 + AC L — Zex g, (C.19)

where 2.+, is the (log) price-dividend ratio for this particular asset which has ¢}, as

dividend. The return on this asset must satisfy,
Eilexp(mis1 + rexp1)] = 1 (C.20)

To solve for the return we conjecture that the solution to the price-dividend ratio
is zexy = A§ + Ajxy + Abo} + Abw, + AfocG + ApD;. Replacing our conjecture
into the Euler equation as well as the expression for the pricing kernel (C.15) and
evaluating the expectations, we obtain the following expressions for the loadings on

the price-consumption ratio zgx ;:

(1-%) + w1z

" C.21
1—kp ( )
o+ A[(kFA* 0, — A2 + (1= \,)2

ar = Mot alsiARe — AP+ (L AP (C.22)

1—-~rKjv

g = Mt 0= A7) = Ap) ~ 1] (C.23)

1 - ’%pr

while A¥ = —7, and A}, = —p,.
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C.1.4 Solution for the Dividend Paying Asset

The market return is the return on an asset that pays a dividend which grows at

rate Ad;,1 described by the following process,
Adpr = pta + ¢ + TO11 + Qe Div1 + Puoiung (C.24)
and the market return must satisfy,
Ei(exp(mgq + Tm,t+1)) =1

We conjecture that the price-dividend ratio is affine in the state variables, z,,; =
Aom + Agmxe + Aa,mat2 + Ay, mwy, and to solve for the loadings on each state vari-
ables we follow the same procedure used to solve for the wealth-consumption ratio.

Therefore, we substitute the market return by its log-linear approximation,
Tmi+1 = Kom + KlmZmt41 + ADdip1 — Zmy
which after some algebraic manipulation equals to,
T+l = Kom — Ao (1 — K1m) + pta + K1 mAem (1 — V)02 + K1 mAwm (L = pu)
[K1,mAzmp — Azm + O + ElmAwmTe| Tt + A (K1 ml — 1)Ut2 + Apm (K1 mpw — 1)we
+ 0041 + K1 m Az mPeOiir1 + K1m A mOuUii1
HE1mAemTw + K1mAsm]0cCiar + (00 + K1mAzrm@z)Div1 + ©uoitisr

Replacing this expression and the expression for my;,; into the Euler equation,

we find that the loadings on the state variables must satisfy,

<¢ - i) + Kl,mAw,me

A .2
z,m [— (C.25)
A= 0 —1) (kv —1)A, + % [(F1 Az m@e — Xe)? + (T — M) + ¢2] (C.26)
' 1 — Kimv
((9 - 1)("{'1pw - 1)Aw + gl [(I)[(b@c + "il,mAz,mSOx - )\D] - 1]

' 9(1 - Hl,mpw)
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and Ay, must satisfy,

)

AO m = [mo + Koym + Kl,mAw,m(l - pw),uw + Aa,m’il,moj(l - V) + [

1 1
+§(Ag7m/<017m — )% + §(F&1,m14w7 m + KimAemTw — )\4)202

+(£0 - glﬂw)<q)(¢90c + K/l,mAx,mSOx - >‘D) - 1)]/(1 - /fl,m)

As in the case for the consumption claim, we need to solve for the approximating
constants, Ko ,, and k;,,. Using the expressions for the linearization constants kj ,,

and kg, and the condition for Ay,, we have,

ln lil,m = My + (1 - ’il,m)AAa,mo-2 + (]- - Kl,m)Aw,me + /{l,mAw,m(l - pw)ﬂw

2
v

1
+Ag’mli17m(1 — V>0'2 + Hd + §<Ag7ml€17m - >\U>20'

1
+§(’il,mAw,m + Hl,mAfE,mTw - )‘C>202

+(€0 - El#w) [(I)[Qb(pc + ’il,mA:L‘,mQOx - )\D] - 1]

As in the case for the consumption claim, we use the same algorithm to solve for
K1m, and the states loadings on the solution of the price-dividend ratio Ag;, Az m,

Ay and Ay .
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