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Global Warming: When to Bite the Bullet
Abstract

A stopping-rule model is developed to determine the optimal timing of an
investment or policy to slow global warming. Under a policy of “business-as-
usual” temperature is assumed to be drifting upward according to a process
of Brownian motion given by dC =m, dt + s, dz, where C is mean global
temperature at instant t, m; is the mean drift rate, s; the standard deviation
in drift, and dz is the increment of a standard Wiener process. Investments
or policies to slow global warming are called “bullets,” and are denoted by
the ordered triple (K,m2,s2), where K is the present-value cost of making an
investment (biting the bullet) which promises to change the drift in
temperature to dC = m, dt + s, dz, m; > mp and s; 2 s3. The damage from

global warming is assumed to be given by the convex function D = e’ €-Co

where D is damage in billions of dollars, B and y are positive parameters, and
Co is a reference temperature. Using Ité’s Lemma one can show that

dD = a,D dt + 6,D dz before biting the bullet and dD = a,D dt + 6,D dz after

biting the bullet, where oy = myy + (;9)2/2 and 6; = v, i = 1,2. Thus,
damage before and after biting the bullet evolves according to geometric
Brownian motion. Value functions are derived which measure the expected
discounted damage from a policy of business-as-usual and biting the bullet.
The value-matching and smooth-pasting conditions permit the identification
of a critical temperature or “trigger”, C*, which, if reached, causes the
global economy to exercise its option and optimally bite the bullet. The
value function while optimally waiting contains a term that measures the
option value of a particular bullet, (K,m2,s2). By varying the cost, K, mean
drift, my, and standard deviation, s, one can calculate how option value
changes with different bullets. The model is calibrated based on time-series
data for temperature “anomalies,” and estimates of the damage from and the
costs of slowing global warming. From a broader perspective, stopping-rule
models appear to be well-suited to evaluating environmental policies and
determining the optimal timing and value of investments or regulations to
protect the environment.



Global Warming: When to Bite the Bullet

I. Introduction

The accumulation of greenhouse gases (carbon dioxide, methane,
nitrous oxides, and chloroflurocarbons) and the prospect of global climate
change has spawned a broad research program to identify, model and
determine the impact of increases in mean global temperature. There are
several volumes which summarize what we have learned and what we still
don’t know about global warming [See the Panel on Policy Implications of
Greenhouse Warming (1992), Cline (1992) or Nordhaus (1994)]. While
there are many physical, biological and social dimensions to global warming,
rational public pblicy requires information in at least four areas: (1) evidence
that global warming has occurred or is likely to occur in the future, (2)
predictions on the magnitude and timing of global warming, (3) estimates of
the damage from global warming and (4) estimates of the cost of taking
actions to reduce global warming or to mitigate its damage.

By its very nature, global warming is a stochastic process. While
anthropogenic activities, such as the burning of fossil fuels, the cutting of

forests or the release of chloroflurocarbons, may influence the evolution of

mean global temperature, other factors, such as volcanic activity, the




frequency of El Nifio, and changes in solar luminosity, make:it difficult to
identify “the strength of the greenhouse signal.” This natural variability in
the earth’s climate in turn makes the formulation and timing of appropriate
public policies difficult and controversial.

In the next section a model of global warming is developed which
focuses on the issue of timing. The model assumes that if sovereign
countries follow a “business-as-usual policy,” and nothing is done to reduce
the emission of greenhouse gases, that temperature will drift upward,
subject to a random walk. Increases in the mean global temperature are
associated with damages which increase at an increasing rate. There exists,
however, a “bullet” (or policy) which, if bitten, will reduce the mean drift
rate in temperature and possibly its variance. There is a cost to biting the
bullet, and the gquestion becomes, “when to bite the bullet?” Readers
familiar with the literature on option value will recognize this as an optimal
stopping (starting) problem. By casting public policy in this framework one
can identify a critical temperature that triggers a biting of the bullet. It is
also possible to estimate the value of having a particular bullet to bite.

In the third section the literature on global warming is reviewed in an
attempt to estimate or calibrate the optimal stopping model. The fourth
section provides base-case results and sensitivity analysis of the model. The

fifth and final section offers some conclusions and caveats.




II. The Model
Let C = C(t) denote the mean global temperature, at instant t, in
degrees Celsius. Under business-as-usual it is assumed that global economic

activity will cause C to evolve according to

dC=m1 dt+Sle (1)

where m; > O is the mean drift in temperature, s; > O is the standard
deviation about the drift, and dz is the increment of a standard Wiener
process [see Dixit and Pindyck (1994)]. Equation (1) says that the change in
temperature follows a process of Brownian motion. In the next section
evidence is presented that is consistent with this assumption.

The increase in mean global temperature is assumed to inflict, on net,
damage on the global economy. Increases in the atmospheric concentration
of greenhouse gases may result in protracted periods of drought, more
severe storms, higher sea levels and more frequent coastal flooding. The
relatively rapid modification of certain ecosystems may preclude adaption on
the part of many plant and animal species, thus accelerating the rate of

extinction. These damages are difficult to assess and are perhaps the most

speculative element of global warming research. Most studies presume a




Damage, with or without the policy, is a function of C, and its evolution
can be determined using It6’s Lemma. Under business-as-usual, damage will

evolve according to

dD = alD dt + O'ID dz ' (4)

where o) = m;y + (s19)2/2 and o) = s;y. If the bullet is bit, It6’s Lemma will

imply

dD = a2D dt + 0'2D dz (5)

with o = may + (s27)2/2 and 62 = s2y. Equations (4) and (5) reveal that the
damage from global warming follows a process of geometric Brownian
motion. Future damage is log-normally distributed. If the bullet is not bit,

the expected damage at instant t is E{D(t)} = Do e®1' with a variance of
2
Var{D(t)} = D3 e®™1! (% ' - 1).

The fact that damage is log-normally distributed facilitates the
calculation of discounted expected damages, which will converge to finite
values provided 6 > a; > ap. (This condition will be satisfied for estimates of

m), mg, S, Sz, and y presented in the next section.) Suppose, at instant t,

that the mean global temperature is C(t) > Co with an instantaneous damage




of D(t) given by equation (2). Suppose further that no action has been taken
to slow global warming and we wish to calculate the discounted expected

damage if the bullet is never bit. This may be calculated as

T = Ey I D) e2 Y dr=D(1) f el (-0 360 g
t

b - a)e-07]"
= D(t) -[t e 1 dt = D(t) [W]t
_ D)
- 6 - (11) (©)

Similar mathematics will reveal that the sum of discounted expected

damages plus the cost of biting the bullet (at t) is given by

D(t)

1t2=(8__a2)'+K (7)

Assuming that no action has been taken to slow global warming, a
rational environmental policy requires a continuous comparison of the
expected cost of doing nothing with the expected cost of biting the bullet.
On the continuation region, where it is optimal to do nothing, the value

function, V; (D), must satisfy the Hamilton-Jacoby-Bellman (H-J-B) equation

given by




§V,=D+a, DV, +(1/2) 61 D*V,”~ (8)

equation. The homogeneous portion has the well-known solution
V) = EDe1+ D2, where £ and n are unknown constants, and with 8 > a;,

£) <0 and g2 > 1 are the roots of the characteristic equation

e=(1/2 - 0,/ £ af (0y/0% - 1/2)° + 28/ 9)

Given the definition of option value (to be discussed shortly), it turns out
that £ = 0, and the solution to the homogeneous portion may be written as
simply V] =nD¢, withe =g > 1.

A particular solution to equation (8) is the expression for n; given in
equation (6). A general solution to the H-J-B equation is obtained by adding
the solution of the homogeneous portion to the particular solution yielding

V,=nD+ (10)

_D
®-ay)




If, at time t, a decision is made to bite the bullet, the value function,
assuming the bullet is irreversible and 8 > o) > ag, is simply given by =g,

which for completeness we rewrite as

D(t)

V2=(8—_(12)+

K (11)

Then, on the continuation region it must be the case that V; < Vy; that is,
the cost of doing nothing is less than the cost of biting the bullet. Of
interest is the first time that the global economy would be indifferent
between business-as-usual and biting the bullet; that is, the first time that V;

= Va. This is the value-matching condition requiring

D D

E —-—
D ey T Goy

K (12)

In addition to the value-matching condition there is a “higher
contact” or smooth-pasting condition requiring dV;/dD = dV,/dD at the
instant of indifference. [See Dixit and Pindyck (1994, pp 130-132) for a

discussion.] This condition requires

e,nDE"l_'_ 1 1

G0y~ G-oy | (13)




One can use equations (12) and (13) to solve for n and D’, the critical
damage level at which to bite. Given the damage function we can also solve
for C*, the critical temperature at which to bite. Equations (12), (13) and

(2) can be used to show that

(1-¢) D"

. E@-0)8-09) K

e~ Do —ay (15)
. e®-0))@-ax)K
= “[ €= Dla;, — o) B ]”‘”00 (16)

The last equation says we should bite the bullet if and when the mean
global temperature reaches C*. It must be remembered that C(t) is evolving
according to equation (1) and that from the perspective of t = O (with Cop)
the “first-passage time” is a random variable. Given that C(t) is evolving
according to Brownian motion, the expected first-passage time can be
calculated as simply t* = (C* - Cg)/m;. If one can estimate or assign values to

the parameters f, vy, mj, S;, mg, sz, 8§, and K, one can calculate a;, o1, 02, O2,

e, M, D, C", and t°.




IOI. Estimation and Calibration
Temperature Anomalies and Brownilan Motion

One of the important areas of global climate research has been the
construction of “temperature anomalies” which might be used to
statistically test for the existence of the greenhouse effect and to estimate
its magnitude. There are now several series of anomalies, available on
diskette (see Boden et al. 1994). One of the more widely used is the “El
Nifio/Southern Oscillation - Subtracted” (or ENSO) series, constructed by
Jones, Wigley and Briffa, covering the period 1868-1991. This series
(contained in Boden et al. 1994) attempts to adjust for the temporary drop
in mean global temperature during years when an El Nifio occurred.

A temperature anomaly is the estimated deviation of temperature (at
some instant of time, in some location) from a reference temperature. The
construction of mean global temperature anomalies was a formidable task
[see Jones and Wigley (1990)]. Let C; be the mean global temperature in
year t and R a constant reference temperature, both in degrees Celsius (°C).
The anomaly in year t is defined as A = Ct - R. By taking a first-order

difference one can calculate

Dy = Ay — A =Cyy — Cy ' (18)
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and it is possible to calculate the mean annual rate of change in temperature
and its variance for the period 1868-1991, or for selected subintervals. The .
ENSO series was used to calculate Dy,1, and to estimate m; and s; for the
periods 1868-1991, 1868-1949, and 1950-1991. The results are reported
in Table 1.

For the period 1868-1991 the average annual change in temperature
was 0.00435484 °C with a standard deviation of 0.09768243 °C. If one
calculates the same statistics for the period 1868-1949 one obtains a sample
mean of 0.00170732 °C with a standard deviation of 0.09490482 °C. The
statistics for the period 1950-1991 are 0.00952381 °C and 0.10387498 °C,
respectively. While the average annual rate of increase went from about
0.0017 °C for the period 1868-1940, to 0.0095 °C for the period 1950-1991
(over a fivefold increase), neither rate is significantly different from zero.
The anomalies themselves are significant to only two decimals, and given
their variability, one cannot reject the null hypothesis that the 1868-1949
and 1950-1991 rates are equal. Neither the ENSO, nor other anomaly
series allow one to confidently forecast the rate of increase in mean global
temperature into the next century. Estimates of the likely increase in mean

global temperature will have to come from another area of research.
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The ENSO anomalies appear consistent with the assumption of

Brownian motion, adopted in the model of Section II. The discrete-time

_——— eV e dbm mmacm 42mem (1) dnlenn A Facenns

where €, is an i.i.d. standard normal variate. Subtracting R, the constant
ENSO reference temperature, from both sides of (19) leads to the
regression A¢,; = m; + pA¢ + Hiy1. Subtracting A; from both sides will

facilitate the test for a unit root and yields the “unrestricted” regression

Dyyp =my + (p - DAy + pyy (20)

Given the descriptive statistics in Table 1 and the model of Section II,
it seems reasonable to test the joint null hypothesis H,: m; =0, p = 1. The
appropriate F - test is discussed in Pindyck and Rubinfeld (1991, p. 461) or

Hamilton (1994, p. 207) and takes the form

o (T~ KRSSg - RSSy)
- qRSSU

(21)

where T is the number of observations, k is the number ol parameters
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estimated in the unrestricted regression, RSSg is the residual sum of
squares in the restricted regression, RSSy is the residual sum of squares in
the unrestricted regression, and q is the number of restrictions. For the
ENSO data T = 123, k = q = 2, RSSgr = 1.176, and RSSy = 1.118, resulting in
F = 3.139. The critical F - value, based on the Dickey - Fuller test of H, at
a=0.05is F* = 4.70 > F = 3.139, and thus one fails to reject a random walk
(Brownian motion) in anomalies and temperature.

Figure 1 shows the time path for temperature when starting the ENSO
anomalies from an initial condition of C1gg7 = 14.46 °C. (This initial value
was arbitrarily chosen. Given the cumulative change of 0.54 °C, it leads to a
temperature in 1991 of 15 °C.} Also shown in Figure 1 are three Brownian
sample paths generated when m; = 0.00435484 and s; = 0.09768243; ie,
the values for average annual increase and standard deviation for the period
1868-1991. The four paths tend to diverge as they approach 1991, one
sample path ends at 14.27 °C, while the other two finish above the anomaly-
based path, ending at 15.69 °C and 15.83 °C. The 66 percent forecast

confidence interval (plus or minus one standard deviation) is given by

Cis67 + t = Cyge7 + 0.00435484 t + 0.09768243 VT (22)
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[see Dixit and Pindyck (1994, p. 67)]. Note that the interval grows with the
square root of time. The 66 percent confidence interval for mean global

temperature in 1991 would be 16.09 to 13.91 °C if C1g67 = 14.46 °C.

Predicting Future Increases in Mean Global Temperature

The historical record implied by the ENSO temperature anomalies
does not permit estimation of the likely rate of increase in mean global
temperature over the next century. This rate will depend on the emissions
of all the greenhouse gases, but perhaps most importantly on the burning of
fossil fuels. Policy makers have relied on the simulation results from general
circulation models (GCMs) to project the magnitude and timing of
temperature change. These are large dynamic models, containing upwards
of several hundred thousand equations. There are about a half-dozen such
models, and they commonly simulate the equilibrium climatic conditions
associated with an increase in greenhouse gas concentrations equivalent to a
doubling of CO5 above preindustrial levels. The preindustrial atmospheric
concentration of CO2 has been estimated at 280 parts per million (ppm).

After reviewing several studies, the Panel on Policy Implications of
Greenhouse Warming (1992, p.21) concluded that a doubling of COy would,
in equilibrium, raise mean global temperature from 1 to 5 °C. Based on an

analysis of the results of several GCMs, the Intergovernmental Panel on
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Climate Change, or IPCC (1990), concluded that a doubling of CO2 would

induce a “best-guess” increase in mean global temperature of 2.5 °C, with
Lilrglr haninAde hajnag 1 R ta 4 & 00 _
energy used in developed and less developed countries. Cline (1992, Table
2.1) summarizes the results of three studies indicating that a CO5 doubling,
and its associated increase in temperature, might occur in the next century
between the years 2050 and 2075. The IPCC (1990) forecasts an “effective
doubling” of CO3 equivalents, including other greenhouse gases, by the year
2025, even though the atmospheric concentration of CO, will be less than
560 ppm.

Table 2.1 from Cline (1992) also implies a range of from 2.9 to 10.0 °C
as the possible increase in temperature by the end of the next century. This
translates to an average annual rate of 0.029 to 0.1 °C, with perhaps a best
guess of 0.05 °C per year. Recall that the ENSO anomalies for the period
1950-1991 implied an annual rate of increase of slightly less than 0.01 °C.

Thus, the GCMs are calling for a best guess annual rate that is five times

higher than what has been “experienced” in the past 40 years.
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Damage from a Doubling in CO2 Equivalents

Increases of 2.5 or 3 °C have in turn been used when considering the
possible damage from global warming. Increased temperature and climate
change may (1) cause a reduction in the output from agricultural and forest
sectors, (2) increase coastal flooding (from a rise in sea level), (3) result in
more severe and/or more frequent storms (with an increase in property
damage and loss of human life), (4) increase the rate of extinction of plant
and nonhuman animal species, and (5) induce an overall loss in “amenity
value.” This list is not exhaustive. [See the draft of Chapter 6 of the IPCC
(1994)]]

Many of the components of the damage from climate change are
difficult to assess because they are nonmarket in nature. Based on a review
of existing studies, Cline (1992, p.6) speculates that the damage in the U.S.
from an increase of 2.5 °C might be $60 billion per year. Nordhaus (1991b,
Table 3) considers annual reductions of from one-quarter to two percent of
world output as a result of a 3 °C increase in mean global temperature. In
1989, with a world output estimated at $20,000 billion, this would imply an

annual loss of $50 to $400 billion.
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The Cost of Slowing Global Warming

Both Nordhaus (1991a) and Cline (1992, Chapter 5) proﬁde estimates
of the cost of reducing CO2 emissions, by some percentage, from a baseline
emission level. For example, Nordhaus (1991a) estimates the cost of
abatement for percentage reductions from the 1985 CO; - equivalent
emission level (estimated to equal 8.0 billion metric tons, carbon weight).

A comparison of the cost of reducing greenhouse gas emissions is
given in Table 2. The numbers from Nordhaus (1991a) are in billions of
1989 dollars and come directly from his Table 9 (p. 63). Cline (1992), in
Table 5, p. 229, gives estimates of abatement cost as a percentage of global
GNP. Using the percentages that were adjusted for engineering and forestry
options for the year 2050, and using a 1989 world GNP of 20,000 billion
dollars (to make the dollar estimates comparable to Nordhaus), one obtains
the implied costs given in Table 2.

Cline (1992, p. 232) concludes that a 20 percent reduction in GHG
emissions might be achieved at zero cost. Initial energy-saving investments
and substitutions might reduce emissions and energy bills by simply
improving the efficiency of energy use. Changes in the way utilities price
electricity may also reduce emissions at little or no cost to customers.

Nordhaus, while not finding “a free lunch,” sees initiai reductions as

being relatively low cost. For reductions at or above 30 percent, the
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estimates are reasonably close and both imply a convex total cost curve.

After analyzing the benefits from damage reduction, Nordhaus
(1991b), concluded that the optimal reduction in GHG emissions was 11
percent. This was the percentage reduction that equated marginal damage
with marginal abatement cost. At that percentage reduction, abatement
costs were estimated at $3 billion per year and the total benefit was
estimated at $6 billion per year.

Cline (1992) does not solve for the optimal reduction in greenhouse
gas emissions, but if he did it would presumably exceed 20 percent
(obtainable at zero cost). Depending on the actual increase in temperature
and associated damage, Cline recommends a two-stage policy approach,
where “milder” remedies are taken immediately and other policies are set
into place which would create stronger economic incentives to reduce

emissions further, if justified by updated damage and abatement costs.

Base-Case Parameters

The inability of temperature anomaly data to provide evidence and
estimates of the likely trend in mean global temperature, coupled with the
speculative nature of damage and abatement costs, makes the estimation
and/or calibration of the model developed in Section II problematic. It is

still interesting, and hopefully useful, to explore the nﬁmerical implications
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of variations to a “base-case” parameter set. The base-case set assumes the
following parameter values: B =1, y = 1.90126082, m; = 0.01, s; =s2 = 0.1,
my = 0.005, & = 0.05, and K = $60 billion. The values for y, m;, s;, my, and
s, imply a; = 0.03708657, o1 = 62 = 0.19012608, ap = 0.02758027, as per
the formulas given in Section II.

The values for B and y were actually determined from two points on a
damage function of the form given in equation (2). These parameter values
are based on the assumption that there is, already, $1 billion in annual
damage at C = Co = 15 °C, and that there will be $300 billicn in annual
damage at C = 18 °C. This damage function is plotted in Figure 2.

The value m; = 0.01 is slightly larger than the mean annual rate of
increase for the period 1950-1991, but, as noted before, is considerably less
than the annual rate of increase of 0.05 °C per year which emerges from
some of the GCMs. It is assumed that the bullet is a project or set of policies
that would cut the drift rate to my = 0.005 while leaving the standard
deviation unchanged at 0.10.

The discount rate is initially set a § = 0.05. In the model of Section II,
the expected discounted damage of not biting the bullet will become
infinite if 3 < a;. This implies that for low rates of discount or high rates of

drift in damage it is optimal to bite the bullet immediately.
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The value of K is a present-value cost of biting the bullzt. It is not
possible to associate a particular annual abatement cost with a reduction
from m; to mg. If it is initially assumed that the annual cost of the bullet is
I = $3 billion, then K = $3/8 = $60 billion.

Collectively, the base-case parameter set becomes: Co = 15, m; = 0.01,
s1 =s2 = 0.10, mp = 0.005, § = 0.05, B =1, y = 1.90126082, I = $3 billion
and K = I/ = $60 billion. The implied values for a,, oz, 61, 2 are
a; = 0.03708657, o) = 62 = 0.19012608, oy = 0.02758027. : Sensitivity
analysis will be conducted to determine the change in the critical
temperature that causes the bullet to be bit, and to determine the value of
the option of biting a bullet with a different present-value cost or

effectiveness (ie, a change in K, ms or s5).

IV. Numerical Results

The critical values D, C°, the expected first-passage tiine from Co to C*
(denoted t°), and the option value, OV, for the base-case and seven
alternative parameter sets are given in Table 3. In the base case, annual
damages must reach $10.19 billion, occurring at C* = 16.22 °C, before the
base-case bullet (60, 0.005, 0.1) is bitten. With m; = 0.01, it will take an
expected t* = 122 years to reach the trigger temperature. The option value

of the base-case bullet is $16.23 billion.
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The base-case t° may strike some as an unusually long expected first-
passage time. With Brownian motion in temperature, the expected first-
passage time is calculated as t” = (C* - Co)/m;. An increase in m; will,
ceteris paribus, reduce C* and shorten first-passage time. One must be
careful, however, to always check the convergence conditior. § > a;, since
increasing m; will increase a;. For example, if m; 2 0.016792, a; > 6 =
0.05, when all other parameters are at their base-case settings. (We will
return to this issue at the end of this section.)

If the discount rate is decreased to 8 = 0.04, D° decreases to $5.78
billion, associated with a C* of 15.92 °C. An increase to § = 0.06 raises the
requisite D* to $14.45 billion and C* to 16.40 °C.. Changes in the discount
rate drastically affect option value. At 8§ = 0.04, OV = $228.00 billion. If §
increases to 0.06 the option value of the base-case bullet plummets to a
paltry $3.47 billion. Given expected first-passage times of 90 years or
longer, the significance of the discount rate in altering option value is not
surprising.

The base-case damage at 18 °C was assumed to be $300 billion per
year. If this is revised upward to $400 billion, the optimal D* and C" fall to
$8.82 billion and 16.09 °C, respectively. The option value of the base-case
bullet increases to $30.02 billion. Thus, a shift of the damage function,

upward and to the left in Figure 2, causes the damage and temperature

22




triggers to fall and while raising the option value of a particular bullet.

Suppose the annual cost of the bullet increased to $50 billion per year
so that K = $50 billion/8 = $1,000 billion. With such an expensive bullet,
damage would have to reach $169.86 billion, associated with a C* = 17.70 °C,
to induce action. Expected first-passage time is a lengthy t* = 270 years.
The option value of such an expensive bullet, when the current temperature
is C = 15 °C [and D(C=15) = $1 billion] is only $8.78 billion.

The remaining cases consider the following three bullets: (60,0,0.10),
(60,0.005,0), and (60,0,0). In the first case the bullet can reduce the mean
drift in temperature to my = 0, although the variance remains at sg = 0.10.
This is a very effective bullet, although given that o = may + (s27)2/2, the
actual change in the drift rate of damage only goes from the base-case
oz = 0.02758027 to o = 0.01807396 with my = 0. This bullet is exercised
when annual damage reaches D* = 7.26 billion (at C* = 16.04 °C) and has an
option value of $24.55 billion.

For the bullet (60,0.005,0) the mean drift rate in temperature is left
unchanged at my = 0.005, but the variance is reduced to zero. This has the
effect of reducing oz to 0.0095063 and o5 to zero. This bullet has an option
value of $28.91 billion, exercised at C* = 15.97 °C.

The last bullet is a combination of the previous two, and is the most

effective in the sense that mg = s, = 0. This reduces the post-bite drift and
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variance of damages to zero. This bullet would be exercised at C* = 15.93 °C
and has an option value of $32.08 billion.

It should be emphasized that the base-case drift rate of m; = 0.01,
while reflective of the annual increase from 1950 through 1991, is five
times less than the rate of increase in temperature implied By an average of
the general circulation models simulating a doubling of atmospheric CO;,. If
m; = 0.05; indeed, for the other base-case parameters, if m; > 0.016792,
the expected present value of damages is undefined, with the implication
that the base-case bullet should be bitten immediately. Putting it another
way, if m; = 0.05, and the other base-case parameters are the same, then
a) = 0.113137. The economy’s real rate of discount would have to exceed a;

for it to rationally postpone a biting of the base-case bullet.

V. Conclusions and Caveats

This paper has applied the relatively recent advancements in stopping
rule theory to the timing of an investment or policy to slow global warming.
The investments to slow or stop global warming were referred to as
“bullets”™ and were defined by the ordered triple (K, m,, sg). where K was
the present-value cost of biting the bullet, my was the expected rate of drift

in temperature and s3 its standard deviation, after the bullet is bitten. The
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drift and standard deviation under “business-as-usual” were denoted by m;
and s;, respectively, and both pre- and post-bullet temperature processes
were assumed to follow Brownian motion; an assumption which is consistent
with the ENSO temperature anomalies.

If the damage from a mean global temperature of C 2 Co = 15 °C can be
described by the convex function D = e’ (©-Co where D is annual damage in
billions of dollars and P and y are positive parameters, then the drift in
damage before and after biting the bullet will follow a process of geometric
Brownian motion. It is then possible to identify value functions which define
expected discounted damage before and after biting the bull:t, and via the
“value-matching” and “smooth-pasting” conditions, determine a critical
damage (D*) or temperature (C*) which, if reached, “triggers” a biting of the
bullet. The model also permits one to calculate the option value of a
particular bullet; that is, the value of being able to optimally adopt a
particular (K, ms, s3).

The model was calibrated after an analysis of the ENSO temperature
anomalies from Jones et al. (1994) and a review of the previously published
estimates of the economic damage from, and the cost of policies that might
slow, global warming. Damage estimates and the likely abatement costs for
reducing greenhouse gas emissions below a baseline emission rate came

from Cline (1992) and Nordhaus (1991a, 1991b, and 1994).
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There is much that we still don't know about global warming, and the
numerical results of this paper are best taken with a grain of salt. The base-
case bullet, with a present-value cost of K = $60 billion and a promise to
reduce the drift rate to mo = 0.005, with a standard deviation of s = 0.10,
would not be bitten until damage reached $10.19 billion at C* = 16.22. With
Co = 15°C and m; = 0.01, this would not be expected to occur until 122
years from now.

This base-case result may strike readers familiar with the literature on
global warming as an unrealistically long time to wait, given that most
studies predict a doubling of atmospheric carbon and a 2.5 or 3 °C
temperature increase as early as the middle of the next century. These
results are predicated on rates of fossil fuel consumption and circulation
models that imply an m; = 0.05, more than five times larger than the base-
case mj = 0.01. If one maintains the other base-case parameters, but
increases the pre-bullet drift rate to m; = 0.016792, then the drift rate in
damage (a;) exceeds the discount rate, 8 = 0.05. If this happens, the
integral of expected discounted damage will not converge, and it is optimal
to bite the bullet immediately. If mean drift really will be m; = 0.05, and the
other base-case parameters are applied, a; = 0.113137 and the real rate of

discount must exceed a; to justify a postponement of bullet-biting time.
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An important feature of stopping rule models are the option values
imbedded in the underlying value functions. In the model of this paper one
can explore the value of alternative bullets, under the presumption that they
will be optimally exercised. This feature would appear to have widespread
applicability in the evaluation of environmental or other regulatory policies
under uncertainty.

Returning to the plausibility of the numerical results of this paper, one
should keep in mind that the predictions of mean global temperature in the
next century are based on large scale simulation models which have not
been validated in a classical econometric sense and which may be deficient
in the omission of SO; emissions which tend to cool the earth’s climate (see
The Economist, April 1st, 1995). The next two decades should provide us
with important observations on mean global temperature, observations that
may permit physical and social scientists to validate or reject and revise the
first generation of general circulation and economic models used to explore

the magnitude, likelihood, and cost of global climate change.
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Table 1. Average Annual Rate of Increase and Standard Deviation for
Mean Global Temperature as Implied by the Jones et al. (1994) ENSO
- Subtracted Anomalies, 1868-1991, 1868-1949, 1950-1991.

18?8-1 991 .

2Dt = 0.54, n =124 m; = 0.00435484 51 = 0.09768243
1868-1949

2Dty = 0.14, n = 82 m; = 0.00170732 51 = 0.09490482
19?0-1991 )

2D¢41 = 0.40, n =42 m; = 0.00952381 S1 = 0.10387498

where Di,1 = Ayl - At = Cyyp - Ct, since Ay = C¢ - R = the teraperature anomaly
in year t, C; = mean global temperature in year t, R = a constant reference
temperature.
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Table 2. The Cost of Reducing GHG Emissions as Presented in
Nordhaus (1991 a) and Modified from Cline (1992)

Percentage Reduction Nordhaus Modified from Cline
From Baseline Emission ($ Billions, 1989) ($ Billions, 1989)

20 16.3 0.0

30 49.5 40.0

40 107.9 140.0

50 190.8 260.0

60 308.7 380.0

70 474.8 500.0

80 706.8 320.0
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