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PREFACE

Computer-based mathematical models are often used to characterize the links
between policies and outcomes in environmental and other policy contexts. Because the
current or future values of some of the input parameters (boundary conditions) are uncertain,
it is useful to explore the sensitivity of model outputs to alternative input—parameter values.

This Note describes a method for developing scenarios of input parameters that
represent selected regions of a subjective probability distribution for the parameter values.
The method is applied to develop scenarios of future global atmospheric releases of
chlorofluorocarbons (CFCs) and other potential stratospheric ozone depleters, and estimates
of future ozone depletion corresponding to each scenario are reported. The scenarios were
developed as a baseline against which to compare the effects of proposed policies, and
consequently do not reflect regulations imposed by national governments to comply with the
Montreal Protocol on Substances that Deplete the Ozone Layer.

This document was originally published in Risk Analysis 10: 93—102, March 1990. It
is based in large part on an earlier RAND Note: F. Camm and J. K. Hammitt, An Analytic
Method for Constructing Scenarios from a Subjective Joint Probability Distribution,
N-2442-EPA, May 1986. Estimates of stratospheric ozone depletion corresponding to the
scenarios were originally published in J. K. Hammitt, F. Camm, P. S. Connell, W. E. Mooz,
K. Wolf, D. J. Wuebbles, and A. Bamezai, “Future Emission Scenarios for Chemicals That
May Deplete Stratospheric Ozone,” Nature 330: 711-716, 24/31 December 1987 (also
published as R—3628-JMO/RC, The RAND Corporation, March 1988).

The RAND Corporation has published a series of documents to assist in the analysis
of policies related to potential stratospheric ozone depletion. Other publications in this series
include:

° A. R. Palmer, W. E. Mooz, T. H. Quinn, and K. A. Wolf, Economic
Implications of Regulating Chlorofluorocarbon Emissions from Nonaerosol
Applications, R-2524-EPA, June 1980.

e W. E. Mooz and T. H. Quinn, Flexible Urethane Foams and
Chloroftuorocarbon Emissions, N-1472-EPA, June 1980.

. A. R. Palmer, W. E. Mooz, T. H. Quinn, and K. A. Wolf, Economic
Implications of Regulating Nonaerosol Chlorofluorocarbon Emissions: An
Executive Briefing, R-2575-EPA, July 1980. ‘
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Production, N-1483-EPA, August 1980.
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e W. E. Mooz, S. H. Dole, D. L. Jaquette, W. H. Krase, P. F. Morrison, S. L.
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Chlorofluorocarbon Emissions, R-2879-EPA, March 1982.

e E. M. Sloss and T. P. Rose, Possible Health Effects of Increased Exposure to
Ultraviolet Radiation, N-2330-EPA, July 1985.
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Subjective-Probability-Based Scenarios for Uncertain Input
Parameters: Stratospheric Ozone Depletion
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1. INTRODUCTION

Received January 26, 1989; revised July 4, 1989

Risk analysis often depends on complex, computer-based models to describe links between policies
(e.g., required emission-control equipment) and consequences (e.g., probabilities of adverse health
effects). Appropriate specification of many model aspects is uncertain, including details of the
model structure; transport, reaction-rate, and other parameters; and application-specific inputs such
as pollutant-release rates. Because these uncertainties preclude calculation of the precise conse-
quences of a policy, it is important to characterize the plausible range of effects. In principle, a
probability distribution function for the effects can be constructed using Monte Carlo analysis, but
the combinatorics of multiple uncertainties and the often high cost of model runs quickly exhaust
available resources. This paper presents and applies a method to choose sets of input conditions
(scenarios) that efficiently represent knowledge about the joint probability distribution of inputs.
A simple score function approximately relating inputs to a policy-relevant output—in this case,
globally averaged stratospheric ozone depletion—is developed. The probability density function
for the score-function value is analytically derived from a subjective joint probability density for
the inputs. Scenarios are defined by selected quantiles of the score function. Using this method,
scenarios can be systematically selected in terms of the approximate probability distribution func-
tion for the output of concern, and probability intervals for the joint effect of the inputs can be
readily constructed.

KEY WORDS: Sensitivity analysis; scenarios; modeling; ozone depletion; uncertainty.

Large computer-based simulation models are often
required to characterize these processes with sufficient
fidelity. Complex models of pollutant transport and fate,

Risk analysis attempts to incorporate available
knowledge about the biological, chemical, physical, and
economic processes that link public policies to environ-
mental release of pollutants (or other factors) and ulti-
mately to human health and ecosystem consequences. In
evaluating the health risk associated with environmental
release of an industrial pollutant, for example, risk analysis
must consider: the quantities released; transport, chem-
ical, and physical transformations; human-exposure
pathways; exposed populations; physiological and met-
abolic processes; and dose-response relationships.

! The RAND Corporation, 1700 Main Street, Santa Monica, California
90406-2138.

for example, are used in assessing risks related to global
warming,® stratospheric ozone depletion,® acid depo-
sition,® regional air quality,® toxic power-plant emis-
sions,® pesticide runoff and other nonpoint pollution
sources,® and others.

Formal sensitivity analysis is an important compo-
nent of risk analysis. The projected consequences of an
emission-control or other policy necessarily depend on
a large number of assumptions about parameter values
and model structure. Even the most elaborate computer
models rely on mathematical idealizations of the real
processes. Consequently, risk analysis cannot describe
the precise consequences of a policy; it should seek in-

Reprinted from Risk Analysis, Curtis Travis (ed.), Vol. 10, No. 1, pp. 93-102, © 1990 by Plenum Publishing Corporation.

Reprinted by permission.



* stead to characterize the distribution of plausible con-
sequences and their likelihoods.

Thorough sensitivity analysis is impeded by the
““curse of dimensionality.”” The space of all possible
parameter values and model structures is typically of
high dimension.? Analysts must choose which regions
to examine with available resources. The time and ex-
pense required to run complex models may further limit
the number of runs that can be undertaken. Conse-
quently, methods to choose alternative scenarios (sets of
input parameters) that maximize the information per model
run are of value.?

Subjective (Bayesian) probability offers a useful
framework for sensitivity analysis.”-® Subjective prob-
ability methods have been used to characterize uncer-
tainties associated with acid deposition®:9 and the effects
of air pollution on crop growth.() Other methods of
representing uncertainty (e.g., fuzzy set theory,® cer-
tainty factors,!® and belief functions!4!5) have been
developed, but because these do not use the probability
calculus they can produce inconsistencies. 617

This paper presents an analytic method for devel-
oping scenarios to represent the space of possible model-
input values in a manner that reflects policy-relevant
model outputs. These scenarios can be combined with
varying assumptions about model parameters and struc-
ture to more efficiently characterize the distribution of
outcomes associated with model and input uncertainty.

The method is illustrated by constructing a set of
scenarios to describe future emissions of the seven an-
thropogenic substances that appear most likely to deplete
stratospheric ozone (Table I). Subjective marginal dis-
tribution functions for production of each potential ozone
depleter (POD) reflect detailed analysis of the products
in which it is used; correlations between PODs are in-
corporated by relating each to overall economic growth.
Because policy interest centers on the overall extent of
ozone depletion, rather than on individual compounds’
contributions to it, production growth rates for the seven
PODs are combined into a ““score function,’” which serves
as a proxy for the PODs’ joint effect on ozone. The
(approximate) probability distribution for this function

? The common distinction between model and parameter uncertainty
is not fundamental. Uncertainty about whether model structure A(.)
or h'(.) is correct can be trivially reduced to parameter uncertainty
about \ by defining a new model H(.,\) = Mi(.) + (1 — MA'(L).

3 To fix teminology, consider a numerical model y = h(x,a), where
y is a vector of outputs (e.g., health endpoints), x is a “‘scenario”
or vector of application-specific inputs (e.g., site characteristics), and
a is a vector of model parameters (e.g., reaction-rate constants). The
model must be ““run’” once to calculate the output associated with a
single choice of parameter values and scenario.

can be analytically derived from the subjective joint
probability distribution for the PODs. Scenarios are use-
fully defined by quantiles of the score function; for ex-
ample, a scenario defined by the 95 percentile specifies
a set of POD emission rates such that the assessed prob-
ability that POD emissions will contribute a greater ex-
tent to ozone depletion is 5%.

Section 2 describes the structure of the overall pol-
icy analysis and the role of scenarios. Section 3 outlines
the score function, and Section 4 describes how it is
calculated. Section 5 describes the joint probability dis-
tribution for POD production rates, and Section 6 details
the resulting production and emission scenarios. Pro-
jected paths of ozone depletion corresponding to the
scenarios are presented in Section 7, and Section 8 com-
ments on the value of the method.

2. POLICY ANALYSIS FOR STRATOSPHERIC
OZONE DEPLETION

A risk analysis for stratospheric ozone depletion can
be structured as the tree illustrated in Fig. 1. POD emis-
sions are jointly determined by government regulations
and market interactions of supply and demand for prod-
ucts that emit PODs during manufacture, use, or at dis-
posal (e.g., refrigeration systems, insulating foam). After
release, PODs and other trace gases (e.g., CO,, N,O,
CH,) diffuse and react in a complex fashion that may be
influenced by global temperatures, solar radiation, and
other factors, leading to a reduction in stratospheric ozone
concentrations.*® Ozone depletion in turn leads to in-
creased ultraviolet flux, with numerous potential con-
sequences for human health and ecosystems.?)

Atmospheric diffusion and chemical reactions are
simulated by complex computer models that produce time
profiles of estimated ozone concentrations at different
altitudes and, in some cases, latitudes. Current models
typically run several hours on modern supercomputers
to process a single scenario (time profile of POD emis-
sions). Consequently, substantial resources are required
to analyze the implications of uncertainty about POD
emission rates using Monte Carlo or Latin hypercube
sampling methods. 2%-22)

3. SCENARIOS BASED ON A PROXY FOR
STRATOSPHERIC OZONE DEPLETION

POD-production scenarios for the period 1985-2040
are constructed that approximately correspond to speci-
fied fractiles of a probability distribution for model-cal-



Table I. Potential Ozone Depleters

Estimated global

Atmospheric 1985 emissions Relative
lifetime (1000 metric depletion Score-function

Chemical (years)® tons) efficiency® factor®
CFC-11 (CCLF) 76.5 238 1.00 1.0
CFC-12 (CCLF,) 138.8 412 1.00 1.0
Carbon

tetrachloride (CCly) 67.1 66 1.06 0.064
CFC-113 (CFC1,CF,Cl) 91.7 138 0.78 1.0
Methyl

chloroform (CH,CCl,) 8.3 474 0.10 0.1
Halon 1301 (CF;Br) 100.9 3 11.4 10.0
Halon 1211 (CF,CIBr) 12.5 3 2.70 10.0

¢ Atmospheric lifetime = (steady-state atmospheric burden)/(constant emission rate).?®
b Relative depletion efficiency = (O, depletion per unit mass of species)/(O; depletion per unit mass

of CFC-11).29

¢ Score-function factor = ¢; defined in Eq. (2).
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Fig. 1. Schematic view of potential causes and effects of
stratospheric-ozone depletion.

culated ozone depletion, conditional on a policy of no
new restrictions on POD use or emissions.* The distri-
bution of ozone depletion associated with these scenarios

* The scenarios do account for uncertainty about future changes in
other government regulations (e.g., those governing hazardous-waste
disposal) and for existing regulations {e.g., the 1977 U.S. restrictions
on CFC use in aerosol products).

combined with analysis of model uncertainty represents
a ““base case”” to which the projected consequences of
the Montreal Protocol on Substances that Deplete the
Ozone Layer® and other policies can be compared.
The scenarios are derived from an underlying sub-
jective probability distribution for global POD produc-
tion, based on detailed analysis of the markets for POD-
using products.+29 Because the PODs’ atmospheric
lifetimes are measured in decades (Table I), annual var-
iation in emissions is unimportant: POD production is
parameterized using average growth rates over long pe-
riods. The main independent sources of uncertainty are
represented by component random variates which com-
bine to form average growth rates. Correlations among
growth rates are incorporated by making each dependent
on a common component variate. The overall period is
subdivided (1985-2000, 2000-2040) so probability dis-
tributions may more faithfully represent available infor-
mation about the factors that may influence POD use.

3.1. The Score Function

The score function is a weighted sum of production
growth rates

s = Ek Wi 1) (1)

where 7, is the annual growth rate in production of the
k™ POD. The weights are intended to reflect the chem-
icals’ relative ozone-depletion efficiencies. The i*" chem-
ical’s weight is defined as

wi= (@ 6)2 (B &) @)



where p; is the annual global production of the com-
pound, and c; is a factor reflecting relative depletion
efficiencies and the extent and timing of emissions. Global
1985 production levels and emission patterns are based
on detailed study of chemical applications.@*2" Relative
depletion efficiencies are estimated using an atmospheric
model.®)

Because depletion efficiencies are somewhat sen-
sitive to assumptions about other trace-gas emissions,
only order-of-magnitude factors are used for ¢;. For CFC-
11, 12, and 113, most production is emitted relatively
promptly and depletion efficiencies per unit mass are
comparable (Table I). The factor for carbon tetrachloride
reflects the estimated small share emitted (most carbon
tetrachloride produced is consumed in producing CFC-
11 and 12). The methyl chloroform factor reflects the
compound’s much lower depletion efficiency; like the
CFCs, emissions are typically prompt. A factor of 10
was used for both Halons, since available estimates@®
suggested their depletion efficiency might be an order
of magnitude or more greater than that of the three CFCs.
More recent calculations® suggest a depletion effi-
ciency of 11.4 for Halon 1301 but only 2.7 for Halon
1211 (Table I).

An infinite set of POD-production growth rates is
consistent with any specified score-function value. To
select a particular set, it seems appropriate to use a sim-
ple convention that treats sources of uncertainty equally
to prevent manipulation of the approach aimed at em-
phasizing one compound over another. Accordingly, POD
production rates are chosen using a common quantile for
each of the component distributions (e.g., a low-deple-
tion scenario uses low production levels for each POD).
The choice of a particular set of production values may
influence the calculated ozone depletion if nonlinearities
in the model are significant enough that the score func-
tion does not correlate well with (some monotonic func-
tion of) calculated ozone depletion.

4. CALCULATING THE SCORE FUNCTION

The marginal POD density functions and score
function are defined so they can be approximately related
by analytic equations. The subjective probability distri-
butions for all component variates are normal. This im-
plies approximate lognormal distributions of future POD
production.® Normal distributions appear adequate to

SLety, = yo (1 + r)t, where y, is production in year i and r is the
growth rate. Then logy, = logyo + tlog (1 + #) =logyo + ¢ r
for small 7. If the distribution of  is normal, that of y, is approxi-
mately lognormal.

represent uncertainty about future POD production in all
but a few instances, and these can be accommodated
without serious difficulty.®4

4.1. Aggregating Chemical Use

Subjective distributions for POD use before 2000
are divided by world region and, for CFC-11 and 12,
by product application. These are aggregated to derive
the distributions for world use of each chemical. Global
distributions for each POD are in turn aggregated to de-
rive the distribution for the score function.

Consider the aggregation of growth rates for dif-
ferent uses of a chemical or for total use in different
world regions. For example, subjective probability dis-
tributions for CFC-12 use in aerosols, foam blowing,
refrigeration, air conditioning, and other applications have
been developed.®® Let x; be the quantity of CFC-12
used in the /™ application. The total quantity of CFC-
12, x, is simply Z; and the rate of change in x can be
related to the rate of change of the {x;} at any instant by

(Loo)(delde) = X; [(ee) (Lxy) (de/dr)] - (3)

Defining r as the annual growth rate of CFC-12, r; as
the growth rate of the i application, and g; as the share
of CFC-12 used in the i application (a, = x; / Zx,),
Eq. (3) can be reexpressed as

r=2ilar) 4

Correlation among POD growth rates is incorporated by
defining each in terms of the growth rate of general
economic activity (Gross Domestic Product or GDP) and
of the intensity of use of each chemical relative to GDP.
For small growth rates, r;, == g + u;, where g is the
growth rate for GDP and u; is the growth rate for the
intensity of use of the i POD.S Hence, Eq. (4) can be
rewritten as

r=g +2i (@; u;) )

The derivation of Eq. (5) incorporates two linear
approximations. First, it approximates the growth rate
of a variable by the sum of the growth rates of the two
factors affecting it. Given the small growth rates of in-
terest, this is adequate. Second, while Eq. (4) is exact
at any instant, it is not exact over a discrete time interval
unless all u; are equal and hence all a; remain constant
over the period. The {a;} used correspond to the begin-
ning of the period; this defines a Laspeyres index® to

 The exact relationshipis (1 + ) = 1 + g1 +u) =1+ g +
u; + gu,. Forsmall g and u;, gu; = Oandr, = g + u,.



approximate aggregated growth rates. The index is ad-
equate so long as the {a;} do not shift too much over the
period of interest.”

POD use is aggregated across regions using a sim-
ilar formula. If 7; is the growth rate in the ;" region and
b; is the share of global use there, the global growth rate

rzEj ®; 1) (6)

The {b;} are fairly stable as long as uses in different
regions do not grow at markedly different rates.

A similar approximation is used in defining the score
function

§ = Zk (Wi 1) (7)
=g+ Wi uy)

where w, is the weight for the & POD (Eq. 2) and u,
is the growth rate for its intensity of use.

4.2. Scenarios for Individual Compounds

The normality of g, u,, and s is the key to deriving
POD-use rates consistent with a scenario defined by any
value of the score function. The mean () and variance
(04%) of s can be defined in terms of the means () and
variances (o,%) of its components and the covariance
among components (oy¢?):

K = W + Ek W pue) ®)
02 = 02+ 2 (WEo) + 2 Dioe W We aiP)

The value of the score function at the g, quantile of its
distribution is

$(q) = ws + 0, 2(g,) ®)

where z(g,) is the value of the z-statistic corresponding
to the g,™ quantile of the standard normal distribution.
Analogously, the g™ quantiles of the growth rates of
GDP and POD intensity can be defined as

g(Qc) = “‘g + o'g Z(qc) (10)
U; (qc) = M + 0; z(qc)

POD production rates are determined by the value z(g,)
such that if g and all the u; are fixed at their g, quan-
tiles, s will take the value at its g, quantile. For a given

7 Alternatives include using weights corresponding to the end of the
period (a2 Paasche index) or an intermediate set of weights. As long
as the weights do not shift much over the period, any of these will
produce similar results. This is an example of the general problem
of defining index numbers, @9

value of s, substitute (10) into (7) and (8) into (9) and
set (7) equal to (9). Rearranging yields

2(q.) = 2(9,) / B (11)

where

o, + Ei (w; a;)
T (02 + 2 (W) + 2 Dise (Wi we 0Z)]2

Equation (11) allows one to easily transform quan-
tiles of the score-function distribution into the corre-
sponding quantiles of the distributions underlying the
POD growth rates. Each scenario is based on a value of
q,, which yields z(g;), from which z(g.) can be calculated
using Eq. (11). In all cases, B > 1 so that the quantiles
for the component distributions are closer to their me-
dians than the corresponding quantiles for the distribu-
tion of the score function.® That is, the quantiles of the
component variates that correspond to a specified sub-
jective probability interval for the score function will
span an interval associated with a lower level of subjec-
tive probability. In this application, the quantiles of the
component distributions corresponding to a 90% subjec-
tive probability interval for the score function span a
65% subjective probability interval for each component
variate.

B

5. PROBABILITY-DISTRIBUTION
PARAMETERS

The correlation structure among POD growth rates
at a single time, and for single PODs over time, may be
complex. Both substitution and complementarities are
observed among specific PODs in certain applications.
For example, either CFC-11 or 12 can be used as a
refrigerant in some applications, and each can be used
to produce similar foam products. In household refrig-
erators, the compounds are complementary: CFC-12 is
used as the refrigerant and CFC-11 is used in the foam
insulation. Similarly, methyl chloroform and CFC-113
are substitutes in some solvent applications, but their use
may be positively correlated because both are subject to
the same waste-disposal regulations. Fully specifying these
relationships would entail a level of detail not warranted

8 To verify this, square the expression that defines B in Eq. (11) and
subtract the denominator from the numerator. This yields an expres-
sion 23,[w; 0,0.] + 22.,,[ww; (0.0, — o,2)]. The first term must
be positive. To sign the second, note that the correlation coefficient
0,%/(0;0;) cannot exceed unity, so the second term is also positive.
Therefore, the numerator must excced the denominator and B must
exceed 1.



by current knowledge; the specification captures only
their mutual correlation with general economic activity.
Between periods, scenarios are linked assuming a strong
intertemporal correlation (e.g. high-growth scenarios in
each period are linked together).

The economic growth component g is common to
all of the PODs, and creates a positive covariance among
individual growth rates. Before 2000, economic-growth
and POD-intensity distributions are specified for three
world regions; after 2000, the world is treated as a whole.
Growth rates are positively correlated across regions.
POD intensity variates u, are assumed uncorrelated, al-
though specific correlations (e.g., due to complementary
or substitute applications) could be incorporated using
additional variates common to the affected PODs.

5.1. Subjective Probability Distribution for the Pre-
2000 Period

The subjective probability distribution for the 1985-
2000 period is based on explicit 80% subjective proba-
bility intervals for POD use and production through the
end of the century, taking account of uncertainty about
general economic activity, demand for specific products
relative to it, and POD use per unit product.®¥ Proba-
bility intervals are presented for world use of each POD
divided among three regions, and further disaggregated
by major application for CFC-11 and 12. Mean POD
growth rates and uncertainty ranges are based on analysis
of trends, industry forecasts, manufacturing processes,
and competing products for each application or chemi-
cal. Projected general economic growth®® is subtracted
from POD-production rates to obtain intensity growth
rates.

The distribution for growth rates of regional econ-
omies, applications of single chemicals within a region,
and chemical use in each region, are aggregated to pro-
duce the distributions for Gross Global Product (GGP)
and chemical intensity growth using the methods of Sec-
tion 4. Both GDP and chemical intensity growth rates
are assumed to be positively correlated across regions (p
= (.75); resulting parameters are reported in Table II.

CFC-113 and Halon use are expected to grow more
rapidly than that of other PODs; CFC-12 use is expected
to decline relative to the world economy, although not
in absolute quantity. This distinction reflects a typical
pattern of chemical use: relatively recently marketed
““specialty’” chemicals, produced in limited quantities,
grow rapidly as they are adopted in applications to which
they are well suited. Older chemicals, produced in larger
quantities, may not grow as quickly because they have

Table 11. Parameters of the Subjective Normal Probability
Distribution for Gross Global Product and Chemical Use Relative to

GGP°

Chemical use 1985-2000 20002040
Relative to GGP Mean sD Mean SD
CFC-11 0.02 0.98 0 0.67
CFC-12 -1.00 1.05 0 0.72
Carbon tetrachloride —-0.49 1.02 0 0.70
CFC-113 3.27 1.67 0 1.15
Methy! chloroform -0.32 1.10 0 0.75
Halon 1301 1.08 2.29 —-0.45 1.57
Halon 1211 0.96 2.33 —-0.05 1.60
Gross global product 3.28 1.15 240 - 0.96

a Average growth rates in percent per annum. Chemical growth rates
are sum of growth rates of GGP and chemical use relative to GGP.
Correlations among rates are zero.

already been adopted in the applications to which they
are best suited. Standard deviations are similar for all of
the PODs except CFC-113 and the Halons. CFC-113 use
is comparatively uncertain because of possible regula-
tions affecting waste-solvent disposal and substantial
substitutability with other solvents. Halon use is espe-
cially uncertain because these compounds are relatively
new and additional applications may be devised.

5.2. Subjective Probability Distribution for the
Post-2000 Period

Detailed analysis of particular chemical applica-
tions and markets is much less appropriate in the post-
2000 period. The kinds of events that may affect POD
use in the next century have been analyzed,® but that
analysis shows smaller variation in growth rates in the
next century than in this one, and does not allow for
variation in overall economic growth. The distributions
presented here are based on similar concepts but reflect
a broader range of uncertainty.

Parameters for GGP growth are based on projected
population and labor-productivity growth rates (Nor-
dhaus and Yohe, personal communication; cf. Ref. 31).
These components are likely to be inversely correlated
over the period because population increases are most
likely to be in the poorer nations that have lower levels
of human and physical capital.®® To reflect this effect,
a correlation coefficient of —0.25 is assumed.

As a base case, POD use is assumed to maintain a
constant share of the economy. For most compounds,
this implies a mean intensity growth rate of zero (Table



II). For Halon 1301, recovery and recycling from fire-
extinguishing systems may become an important source
as buildings that have been fitted with these systems in
the 1980s and 1990s are remodeled or destroyed. Even
if demand for new systems grows with GGP, intensity
of new material use may fall. Penetration of Halon 1211
in the portable fire-extinguishing market may slow as
this application becomes saturated, leading to a slightly
negative mean intensity growth rate.

Variances are based on those for the pre-2000 pe-
riod, for which the events affecting POD use are easier
to envision. Comparison between periods relies on the
concept that variation in mean growth rates is due to
variation in a large number of component events, many
of which are related weakly, if at all. Over a short period
the number of relevant events, such as changes in reg-
ulation, technology, and product development, is likely
to be small, so a single change could have a substantial
effect on the growth rate. Over a longer period these
events are likely to partially offset one another, sug-
gesting that the range of average growth rates should be
smaller for longer periods, assuming the number and
character of changes likely to occur in any fixed-length
time interval are comparable. This reflects the decrease
in variance of the mean of a set of identically distributed
random variates as their number increases (unless they
are perfectly correlated). Following this reasoning, the
pre-2000 variance for each chemical is multiplied by 15/
40 to adjust for the difference in length of the two pe-
riods, and inflated by a somewhat arbitrary factor of 1.25
to reflect greater uncertainty about the distant, as op-
posed to the nearer, future.

6. JOINT PRODUCTION AND EMISSION
SCENARIOS

Scenarios are constructed for any quantile of the
score function by applying the appropriate POD-produc-
tion growth rates to base production levels. The desired
growth rates correspond to the fractile of the marginal
GGP and POD-intensity distributions calculated using
Eq. (11), where B is a function of the component stan-
dard deviations (Table II) and score-function weights
(Table III). To account for shifts in the weights as rel-
ative production levels change, a new set (and thus a
different quantile of the marginal component distribu-
tions) is used for the post-2000 period (Table IIT). These
are based on 50™ percentile scenario production rates in

Table III. Score-Function Weights (w,)

Approximate

Chemical Pre-2000 Post-2000 difference
CFC-11 0.259 0.240 -0.02
CFC-12 0.368 0.301 -0.07
Carbon tetrachloride 0.054 0.047 -0.01
CFC-113 0.110 0.138 0.03
Methyl chloroform 0.048 0.041 -0.01
Halon 1301 0.080 0.116 0.04
Halon 1211 0.080 0.116 0.04

Table IV, z-Statistics and B for Distributions of the Score Function
and Components

Quantile

of the z-Statistics
score Score Pre-2000 Post-2000
function function components components
0.05 —~1.645 —-0.973 -0.919
0.25 —-0.675 -0.399 -0.377
0.50 0.0 0.0 0.0
0.75 0.675 0.399 0.377
0.95 1.645 0.973 0.919
B 1.69 1.79

2000. After 2000, the weights do not shift as rapidly
because median growth rates are more nearly equal.’

Substituting these weights in Eq. (11) yields B val-
ues of 1.69 before 2000 and 1.79 afterward. These pro-
duce the z-statistics for individual scenarios shown in
Table IV. The values emphasize the extent to which
viewing PODs jointly rather than individually narrows
the range of growth rates represented in the scenarios;
the z-statistics for component distributions are smaller
by a factor of 3 than that for the score function. The 5*
percentile scenario uses components consistent with the
17" and 18" percentiles of their marginal distributions;
the 25" percentile scenario uses the 34" and 35™ per-
centiles. (Similar adjustments apply to higher percentile
scenarios.)

Production and emission levels for each scenario at
selected years are reported in Table V. The ranges for
each compound are significantly narrower than if joint

° The largest difference over the 2000-2040 period is about 0.04, for
Halon 1301. Weights corresponding to the median growth scenario
in 2040 are CFC-11, 0.262; CFC-12, 0.330; carbon tetrachloride,
0.051; CFC-113, 0.151; methy! chloroform, 0.045; Halon 1301,
0.073; Halon 1211, 0.089.



Table V. Production and (Emissions) for Joint Distribution Scenarios in Selected Years (Thousand Metric Tons/Year)

Chemical

and Quantile of the score function

year 0.05 0.25 0.50 0.75 0.95
CFC-11

1985 342 (238) 342 (238) 342 (238) 342 (238) 342 (238)

2000 426 (309) 499 (358) 556 (396) 619 (438) 723 (507)

2040 618 (525) 1017 (819) 1435 (1122) 2022 (1543) 3294 (2445)
CFC-12

1985 444 (412) 444 (412) 444 (412) 444 (412) 444 (412)

2000 471 (467) 555 (541) 622 (599) 696 (662) 817 (765)

2040 672 (662) 1125 (1092) 1606 (1544) 2287 (2178) 3787 (3559)
Carbon tetrachloride

1985 1029 (66) 1029 (66) 1029 (66) 1029 (66) 1029 (66)

2000 1183 (76) 1391 (90) 1554 (100) 1736 (112) 2032 (131)

2040 1702 (110) 2827 (182) 4014 (259) 5686 (366) 9339 (601)
CFC-113

1985 163 (138) 163 (138) 163 (138) 163 (138) 163 (138)

2000 300 (253) 367 (310) 423 (357) 485 (410) 591 (499)

2040 367 (310) 700 (591) 1091 922) 1695 (1432) 3172 (2680)
Methyl chloroform

1985 545 (474) 545 (474) 545 (474) 545 (474) 545 (474)

2000 636 (554) 752 (654) 844 (734) 946 (823) 1113 (969)

2040 898 (781) 1517 (1320) 2179 (1896) 3123 (2717) 5215 (4537)
Halon 1301

1985 10.7 (3.0 10.7 (3.0) 10.7 (3.0 10.7 (3.0) 10.7 (3.0)

2000 13.6 (5.6) 16.7 (6.5) 19.4 (7.1) 22.4 (7.9) 27.7 9.2)

2040 9.9 (8.5) 24.2 (14.7) 43.2 (22.0) 75.4 (33.6) 163 (62.9)
Halon 1211

1985 10.7 3.0 10.7 3.0) 10.7 (3.0) 10.7 (3.0 10.7 (3.0)

2000 13.6 (5.6) 16.7 (6.5) 19.4 (7.1) 22.4 (7.9) 27.7 9.2)

2040 17.5 (16.1) 34.1 (24.6) 55.1 (33.9) 89.6 (47.9) 182 (81.3)

variation were not recognized; for example, the 5 and
95" percentile production values for CFC-11 in 2040
would be 466 and 4330 thousand metric tons if the corre-
sponding quantiles of its marginal distribution were used.

Emission rates are derived from production using
deterministic algorithms to account for variation in the
timing of emissions by application.?%(0 Briefly, POD
applications are divided into categories that reflect pat-
terns of emission at manufacture, during product use,
and at disposal. For example, CFC-11 and 12 applica-
tions are divided into hermetically and nonhermetically
sealed refrigeration, closed- and open-cell plastic foams,
aerosol propellants, and others. Within each category,
specified fractions of production are allocated for emis-
sion in each year of product life (up to 40 years) or lost
to landfilling or incineration. The emission pattern for

10 Similar algorithms for CFC-11 and 12 are described in Ref. 33.

each POD is assumed to remain fixed. Uncertainty about
emission patterns could be incorporated by defining the
score function in terms of emissions and introducing ad-
ditional component variates.

7. MODEL-CALCULATED OZONE DEPLETION

Figure 2 illustrates projected ozone depletion corre-
sponding to the joint emission scenarios, calculated using
the Lawrence Livermore National Laboratory one-di-
mensional model of transport, photochemical kinetics,
and radiative processes in the troposphere and strato-
sphere.® The model is representative of those used for
calculating future ozone changes and is described else-
where.>1® It includes 165 photolytic and thermal re-
actions of 52 chemical species. Parameter values and
assumed trends in other relevant trace gases are based
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Fig. 2. Calculated one-dimensional total column ozone change for
POD emission scenarios defined by score-function quantiles.

on current best estimates. The calculated change in total
column ozone represents an annual global average of the
seasonally and latitudinally varying changes that are ex-
pected to result from POD emissions.

The range of calculated ozone loss corresponding
to the 5 and 95 percentile scenarios spans an order of
magnitude (1.8% to 17.3%) by 2040. This range rep-
resents an approximate subjective 90% probability in-
terval for the calculated joint effect of the seven PODs
on stratospheric ozone, assuming no change in govern-
ment regulations after 1985. It represents that part of
uncertainty about future ozone depletion that is associ-
ated with current uncertainty about future POD emis-
sions. A probability interval for the extent of ozone
depletion must also account for uncertainties about the
atmospheric model and other inputs (e.g., other trace
gases).

8. CONCLUSIONS

The method presented here provides a means of
developing scenarios of (possibly correlated) model in-
puts associated with any desired region of the output
distribution. It entails mapping from a joint probability
distribution on the domain of possible input values to a
policy-relevant scalar, and systematically selecting scen-
arios of input values consistent with any quantile of that
scalar. The output distribution can be characterized by
running a small number of scenarios representing appro-
priate regions of it (e.g., an upper 95% probability limit).
In contrast, Monte Carlo or other simulation methods

would require many more model runs to characterize the
shape of the distribution and would not allow focusing
on predetermined regions.

The usefulness of the approach hinges on the ability
to develop a score function that is reasonably well cor-
related with some monotonic function of the output var-
iable of interest, and for which it is possible to find
values of the model inputs consistent with any specified
score-function value. The first of these requirements may
be difficult to test, and the second will generally require
analytic restrictions and simplifications (e.g., normal
probability distributions and linear approximations).
Simulation methods allow greater flexibility, but at greater
computational expense.

A third alternative is the development and Monte
Carlo analysis of a response-surface approximation of
the model.(?%-21-39) Because values on the response sur-
face are easily evaluated, a much larger number of scen-
arios can be run than with the actual model; the usefulness
of this approach again depends on how closely the re-
sponse surface matches the model output. Like a re-
sponse surface, the score function is an easily computed
function of the model inputs, which correlates with the
model output; unlike a response surface, its value need
not be measured in the same units as the model output,
but it must be invertible.

Each of these methods substitutes some degree of
analytic simplification for computational expense. In a
particular application, whether the approximations needed
to develop a score function induce more serious errors
than the simplifications and limited model runs required
to implement a Monte Carlo simulation at acceptable
cost is an empirical question deserving attention.
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