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SUMMARY

Nations face a long future of discussions and decision-making as they try to manage human|mpacts
on the planet’'s atmosphere. We are adding steadily to an airborne inventory of gases, including carbon
dioxide, methane, nitrous oxide and chlorofluorocarbons, which can influence the radiative balgnce of
the Earth. Because several of these gases have residence times of decades to centuries, anyjeconomic
and environmental consequences are for practical purposes irreversible on those time scaleg] On the
other hand, the commitment of resources to emissions control also has an irreversible aspec§ invest-
ment foregone leaves a permanent legacy of reduced human welfare.
Achieving agreement about whether and how to control these emissions would be difficult ghough
even if the consequences were fully known. Unfortunately, choices must be made in the face|pf great
uncertainty, about both likely climate effects and the costs of control. Of course, if these uncerfainties
were due to be reduced in a short time, during which the greenhouse gas inventory would gro only a
little, then the prudent course would be to wait, so decisions could be made with more cofnplete
information. But if the uncertainty is likely to persist for a long time, in terms of the interim green-
house gas buildup, then decisions to wait bring an ever increasing risk of future damage.
Neither of the extreme positions, to take urgent action now or do nothing awaiting firm evigence,
is a constructive response to the climate threat. Responsible treatment of this issue leads to g difficult
position somewhere in between. The implications for analysts who would carry out policy assepsment
are more clear. First, uncertainty is the essence of the issue. Calculations which assume|fhat key
uncertain relations can be treateif known with certainty, or which place heavy weight on one{a

few simple scenarios, can easily misrepresent both the nature of the problem and the implicagions of
alternative courses of action. A second implication of this survey is that groups analyzing thejgreen-
house issue must take care not to freeze models of the various processes at current levels gf knowl-
edge, or to incorporate simplified representations and carry them forward over time without cgntinu-
ing review and reconsideration of their adequacy.
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UNCERTAINTY IN CLIMATE has not before explored the complexities of this

CHANGE POLICY ANALYSIS global system and the limits of our knowledge of
it. On the one hand is the temptation to say: “If

we know so little that we cannot rule out dire
consequences, then we should drastically reduce
global emissiongaow. The risks are too great to
bear.” Taking this view avoids the stress of diffi-
cult decisions under incomplete information.
Unfortunately it is unrealistic: it gives too little
attention to the economic costs and political dif-

1. THE ROLE OF UNCERTAINTY IN ficulties that will attend any attempt to Suddenly

POLICY ANALYSIS and massively limit greenhouse gas emissions.
At the other extreme is a conclusion that,

Nations face a long future of discussions “If the estimated effects are so uncertain, then
and decision-making as they try to manage  the phenomenon may not be real. We should not
human impacts on the planet’s atmosphere. Weontemplate costly action until we have clearer
are adding steadily to an airborne inventory of evidence that something actually is happening.”
gases, including carbon dioxide, methane, Again the need to puzzle over difficult decisions
nitrous oxide and chlorofluorocarbons, which s relieved. But this view first ignores the fact
can influence the radiative balance of the Earththat uncertain estimates have an upper as well as
Because several of these gases have residence lower limit. It is not just that we are uncertain
times of decades to centuries, any economic arahd therefore may have nothing to worry about
environmental consequences are for practical because the effects may be small: the existence
purposes irreversible on those time scales. Onof uncertainty means that the effects could be
the other hand, the commitment of resources tasubstantiallyworsethan expected. This view
emissions control also has an irreversible aspeetso ignores the irreversibility of effects, result-
investment foregone leaves a permanent legacing from the long residence times of key green-
of reduced human welfare. house gases in the atmosphere.

Achieving agreement about whether and We do not attempt to resolve the difficult
how to control these emissions would be difficuiolicy choices that lie between these extreme
enough even if the consequences were fully  positions, but pursue a more modest goal. Policy
known. Unfortunately, choices must be made ianalysis and informed discussion must start with
the face of great uncertainty, about both likely an understanding of the key uncertainties that
climate effects and the costs of control. Of characterize climate and the influence of human
course, if these uncertainties were due to be interaction. Thus as an aid to policy debate we
reduced in a short time, during which the greensummarize the various uncertainties that are
house gas inventory would grow only a little, relevant to policy, including the economics of
then the prudent course would be to wait, so  emissions, the science of climate, and the eco-
decisions could be made with more complete logical and social consequences of climate
information. But if the uncertainty is likely to  change. We also attempt to convey an idea of
persist for a long time, in terms of the interim  when the most important uncertainties might be
greenhouse gas buildup, then decisions to waitresolved, and which of them may prove irreduc-
bring an ever-increasing risk of future damage.ible. The presentation is addressed to a general

In this paper we discuss the various unceraudience, since progress on these issues requires
tainties in analysis of greenhouse policy, and atommunication among people with diverse
the outset we offer a caution for the reader whabackgrounds.

by
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MIT Joint Program on the
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1.1 What We Wish to Know cost considering the consequences they are

_ ) expected to avoid?
The determinants of global climate and

their uncertainties have long been a focus of
scientific investigation, without any concern
about human influences. The imposition of a

Answers to such questions rest on a specification
of the climate impacts of interest and the policy
responses that are contemplated. Further, mak-
strong policy interest serves not only to add  ing the needed connection between actions and
salience to the analysis of uncertainty butto  consequences requires analysis of a complex
channel it in particular directions. As a matter chain of processes. The chain runs from the time
of course, scientists analyze and report the pattern of emissions and their transformation
uncertainties in key relationships, in order to  into atmospheric gas concentrations, to the way
reveal the state of theoretical knowledge, the the climate system reacts to the resulting change
adequacy of the data, and the characteristics ofn the net flows of radiant energy. It then turns
the models used. Methods have evolved for to the patterns (and costs) of human adaptation
performing this task, and their design usually isto climate change, and to the determination of
driven more by the traditions of scientific inves-the impacts on ecosystems and economic wel-
tigation than by the needs of decision-makers. fare. Finally, it returns to assessment of the

When the purpose is policy discussion, economic costs to abate greenhouse gas emis-
analysis is motivated by the significance of sions in the first place.
uncertainty for some contemplated action. Thus, In a hypothetical world of perfect knowl-
uncertainty is highlighted to the extent that its edge, or even low uncertainty, satisfying answers
resolution would influence the choice of policy, (which we denote here by “X”) to the policy-
its stringency, or its timing. Or, in some cases relevant questions above could, for example,
the degree and character of the uncertainty itsdtiok something like the following:
may be important to policy choice. It may
matter, for example, how well the uncertainties
are believed to be understood, which leads to
concern with the track record of the analysts who
prepare the estimates.

Concern about global climate change
focuses research and analysis on helping the
policy-making process. We need to make in-
formed decisions about what actions, if any,
should be taken to either avoid possible human-
induced change, or adapt to it, and when to take
them. For example,

If no control measures are taken, global
greenhouse emissions will increase by
X1% above current levels by 2100. The
resulting changes in radiative forcing will
cause arise in global average temperature
of X, °C over this period.

The associated changes in temperature and
precipitation in the grain-growing areas of
the United States will yield ag%o loss in

the U.S. grain harvest.

Sea level will rise by Xcm over the 21st
century, accompanied by increased storms,
and the U.S. costs of coastal protection and
residual storm damage will be $Xxillion

What are the consequences if nations
decide to do nothing about greenhouse
gases? Will anthropogenic emissions
change climate in ways that will have

significant effects on natural ecosystems,
or on national economies?

Will particular policies (carbon taxes,
stabilization agreements among groups of
nations, etc.) avoid these climate out-
comes? Are these measures worth their

per year. Deciduous forests will be under
stress, resulting in g% decline in species
of trees native to North America. The
migration patterns and food sources of
several species of birds will be shifted,
resulting in potential threats to named
species.
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Figure 1. Schematic of the Greenhouse Issue

An international agreement to reduce 1.2 The Climate Process
developed-country emissions by 20%, and

limit those in developing countries to a The system at issue is shown in cartoon-
50% increase over current levels, will like form in Figure 1. This figure leaves out
reduce the damages above b The  Many important features of climate dynamics but
cost to the U.S. will be $xbillion per it does provide a useful orientation to a discus-
year, with the main impact falling on sion of uncertainty in policy analysis. The
identified industries and states. climate system is represented as two “source and

sink” processes: one for the gases and aerosols
Unfortunately for those who must deal with this(suspended particles, such as in smog) that affect
issue, the present state of understanding and the radiative balance of the globe, and another
modeling of economic development, climate, for the Earth’s balances of heat, moisture, and
and ecology is such that we not only lack preciseomentum (involving radiation, winds, and
answers like those represented hyt&XXg ocean currents).
above, but for some important phenomena the On the left is a chemical reactor represent-
uncertainty ranges are so wide that the useful- ing the Earth’s atmosphere. Even in its natural
ness of the results for policy deliberations is  state the atmosphere contains all but one set of
guestionable. the greenhouse gases (GHGs) and aerosols of
interest, the exception being the chlorofluorocar-
bons (CFCs). The Earth (biosphere and oceans)
inhales and exhales these gases from season to



trum. Also, by a calculation described later, the
Climate as we know it, is determined by complex bg- augmented greenhouse effect often is described
ances involving the fluxes (rates of flow) of energ§, very approximately in terms of the forcing
momentum, and moisture. The term flux is typical§j associated with a specified change in the most

used in cl!mate discussions to refer tq the movemdnt important anthropogenic greenhouse gas;.CO
of a specified amount of energy (radiation, conveg-

tive heat), momentum, or moisture through a giv@n The system in Figure 1 operates in the
area in a given amount of time. context of an input of solar radiation that is

constant for purposes of greenhouse analysis at
340 W/n?t. Over geologic time the solar input
season, and in response to global-scale perturlheas varied, because of small changes in the
tions (like the El Nifio wind and ocean interac- Earth’s orbit and in the total output of the sun.
tion in the equatorial Pacific, and volcanic But on time scales of tens to hundreds of thou-
eruptions), which operate on decadal time scalesnds of years these variations are extremely
With the exception of these decadal phenomenainall in relation to the changes in radiative
however, analysis of the record in Greenland afarcing associated with human emissions of
Antarctic ice cores (discussed later) shows thatgreenhouse gases (IPCC, 1990). Further, for the
concentrations of GHGs and aerosols have begrast nine millennia, with roughly constant GHGs
roughly constant for the last 9,000 years or so. and aerosols in the atmosphere, the Earth has
Anthropogenic sources were negligible over apparently been in approximate equilibrium with
almost all of this period, and the natural sourcethe sun. “Heat in” has roughly equaled “heat
were roughly balanced by the natural sinks.  out,” and the global mean temperature has been
Then, in the modern period of rapid growtimear constant, varying up and down from its
in population and industrial activity, human average value by less than 2 °C.
emissions of GHGs have grown large enough to ~ With the additional heat radiated back
influence the atmosphere. Net sinks may in- toward the surface by the atmosphere because of
crease as well, as the biosphere, atmosphere atthropogenic GHGs (counteracted to some
ocean responds to increased GHG levels, but ategree by anthropogenic or volcanic aerosols
the average in recent times the new sources arerhich cool by reflecting sunlight back to space)
increasing more rapidly than the sinks, so atmathis balance may be disturbed. The additional
spheric concentrations of GHGs are rising. downward flow of heat has to go somewhere,
The result is the anthropogenic greenhousend on time scales of decades to centuries there
effect, illustrated in Figure 1 by an increase in are two choices. One direction is ultimately
the heat flux from the atmosphere to the Earth.back to space. With the additional heat, the
In the present-day context it is an augmentatiorsurface of the Earth (land, ice, and the top 100 to
of a downward flux of radiative heat already 150 meters of the ocean, which is well mixed by
occurring as a result of natural greenhouse gasses)ds) warms up, a process indicated by the
importantly including water vapor and ozone asghermometer in Figure 1, and as the temperature
well as carbon dioxide, methane, and nitrous rises the flow of energy from the surface into the
oxide. This effect might be measured in tons oatmosphere increases (by radiation and convec-
coal per year, kilowatts, or any other measure dfon). As the atmosphere heats up, the flow of
heat flux, but conventionally it is stated in wattsradiant heat back to space will rise until the in-
per square meter (WAnof the Earth’s surface. out balance is restored. So, in a crude sense, for
This radiant heat flux is referred to as green- any stable level of GHG concentrations there is a
house “forcing.” It should be carefully distin- corresponding global temperature, so long as the
guished from the radiative heat flux from the system has reached equilibrium.
sun; most of the sun’s radiation is visible to the This result holds only in some imagined
human eye while the atmosphere’s emission isliong-run equilibrium, however, which in reality
the invisible infrared part of the radiation spec- would take millennia to establish. On time



horizons of decades to several centuries any
temperature change will be moderated by the
other major current-day sink for heat, the deep | useful to imagine that it is like a radiant room heatdr.
ocean. Polar ocean currents carry surface watff Turned on, it draws energy: say, 5 amps at 120 vogs,
to great depths (3 to 5 kilometers) where they y
may remain circulating slowly and globally for
centuries to a millennium before returning agai
to the surface. Thus, in a time of increasing
greenhouse forcing, the surface temperature
response is slowed because the ocean (whose
capacity for absorbing heat is about 1000 timed
that of the atmosphere) must be warmed up as
well before equilibrium is achieved. current environmental problem. Many of the

With a rise in temperature, other changes global-scale physical, chemical and biological
occur as well. At a higher temperature, the at- processes inherent in Figure 1 are only partially
mosphere will hold greater moisture, and a understood. Even if the climate science were
source of water vapor is available from increase¢kll established, forecasting changes on a global
evaporation from the oceans. As symbolized bgcale would be difficult because of insufficient
the rain gauge in Figure 1, the water balance otomputer power, inadequate observations to
the Earth changes, by means of changes in predefine the current state of the system, and the
cipitation, evaporation, transpiration by plants, possibility that there may be inherent limits to
and runoff. Further, these changes in energy atite predictability of some aspects of climate. In
moisture flows occur in complex patterns, be- addition, the physics and chemistry of the atmo-
cause of the Earth’s rotation, the seasons, and $ipbere, the chemistry and biology of the land
location of land masses. The changes in tem- biosphere, and the physics, chemistry and biol-
perature and water balance create new fluxes afgy of the ocean all interact with one another in
heat and moisture around the surface of globe.ways that are difficult to capture in mathematical
These modify the balance of the mass and mo-models, even with the most advanced computers.
mentum transfers from one place to another by Moreover, climate processes are not the
changes in patterns of winds and ocean currentsly sources of uncertainty. Social processes
indicated in the figure by the windmill. that produce greenhouse gases can be predicted

Looking at the system as a whole, the  over decades or centuries only within very wide
climate change attributable to human-related bands of uncertainty, and despite recent advances
GHG or aerosol emissions is conveniently we lack much of the data and analysis needed to

flow of outgoing radiant heat (plus some convectie
heat for this device) rises to 600 watts. At that poft
the element temperature stops rising, and the hedter
is in thermodynamic equilibrium with the incoming
source (the electricity) and the outgoing sink (the s@ir-
rounding room).

pictured as being determined by these two illuminate the effects of climate change on
“source and sink” processes. As discussed  natural ecosystems.
below, each is complex in its own right, with It would help, of course, if early stages of

many uncertainties. Moreover, to add complexany climate change could be observed, and at-
ity, a change in climate also changes the rates tfbuted unequivocally to rising greenhouse gas
climate processes, like the ocean heat sink, andoncentrations from present and past human ac-
also the sources and sinks of the GHGs and tivity. Scientific components of the analysis
aerosols, both natural and anthropogenic. could thus be verified, and policymakers and the
Such complexity and uncertainty is not  public could calibrate their confidence in predic-
unigue to the climate issue, of course: many tions of change. Here again, however, the cli-
areas of public policy require decisions under mate system frustrates attempts to understand its
uncertainty about the stakes and the likely behavior. Climate can be usefully thought of as
effectiveness of alternative policies. But climatéhe average weather over several years, and ev-
change is more challenging than any other eryone is familiar with the fact that weather is



highly variable or “noisy” from day to day, and comparing the behavior of different models of
year to year. The global averages over longer the atmosphere, or for studying alternative for-
periods (say, decades) are surprisingly variablemulations of processes within the same model.
as well, and evidence of changed global tem- This was the only calculation that was widely
perature caused by past emissions could easilyavailable in the early to mid-1980s. Hence,
be drowned in the noise of the system. when climate change emerged as a public issue,
There are many complex reasons why thethe “doubled C@’ work took on a policy sig-
system has such great natural variability, but nificance beyond its current scientific value, con-
some are easy to see. Volcanoes throw sulfur sidering our improving knowledge of the system.
gases into the upper atmosphere, and the result-  Nonetheless, the doubled-g@€alculation
ing aerosols (sulfate particles) reflect sunlight does provide a convenient context for review of
and lower global temperature over a period of the most important atmospheric processes that
several years. The oceans, whose influence isdetermine climate, and the limits to our capacity
indicated in Figure 1, are a dynamic, circulatingo forecast them. It also is true that much of the
system, with an ever-changing effect both on thgublished research on economic and ecological
temperature of the atmosphere and even on itsimpacts uses climate scenarios based on this cal-
chemical composition. If the attempt to observeulation. In Section 2 we review these impacts
climate change in data of recent decades is di- studies and their uncertainties. Along the way,
rected at regional instead of global measures, ave take the opportunity to illustrate the short-
to possible changes in the frequency of severe comings of the doubled-CQesults as a guide to
storms or droughts, the difficulty of sorting out policy.
human-caused greenhouse change is only in- Section 3 turns to the more realistic task of
creased, because on these smaller geographicestimating the time path of possible climate
and time scales the underlying processes are change. These so-called “transient” calculations
more noisy still. first must take account of the dynamics of the
sources and sinks of the gases. The uncertainty
1.3 A Piecemeal Exploration of Uncertainty in the pattern of human sources derives from the
difficulty of forecasting future population and
Because the system is so complex, we prdhe progress of per-capita growth, and uncer-
ceed piecemeal in introducing the system com-ainty about the energy intensity of that growth
ponents and their uncertainties, beginning with @nd associated patterns of land use. Also in-
common simplification of the issue of climate Vvolved are forecasts of the costs of low-carbon
change and then expanding the canvas to a ma@eergy supply technologies that may come into
realistic picture of the full system. The simpli- use in the next century but are now only dimly
fied calculation is the so-called “doubled-£€0O perceived. These human emissions are then
experiment in which estimates are made of theadded to a set of time-dependent natural cycles,
“equilibrium” climate conditions that particular most importantly for C@and methane, which
models yield if given an atmospheric &€€on- lead to ambient GHG and aerosol concentrations.
centration twice the present or the pre-industridFinally, consideration must be given to the domi-
(e.g., 1700 AD) level. nant influence of the deep ocean circulation, and
Doubled-CQ calculations predate both theuncertainties in its behavior, as it sequesters both
heightened concern with potential climate heat and C@over time.
change and the growth of understanding of the Where possible, we try in Sections 2 and 3
crucial importance to climate of the deep ocearto identify the key uncertainties and their magni-
circulation and the land biosphere. As a result,tudes, and to discuss the likelihood that current
they do not provide a very realistic picture of research, modeling, and observations will reduce
climate change in response to human GHG emibe uncertainties within a period relevant for cur-
sions. They emerged as a standard calculationffent policy choices, say ten years.



Section 4 then introduces the most troublesimulation under the new radiative forcing
some and poorly understood aspect of forecastsontinues until the Earth reaches a new equilib-
of human influences on climate. There may berium, a process usually requiring the calculation
irreducible limits to our ability to predict cli- of several decades of climate adjustment. The
mate, or the effect of GHG emissions, becausedifference in global average or mean temperature
at some levels of detail the system may be between the two runs is then referred to as the
unpredictable due to a phenomenon called “climate sensitivity” as estimated by that particu-
“chaos.” The characteristics of the system thatlar model.
may lead to this result are summarized, along In fact, the long-lived anthropogenic
with aspects of paleoclimate that suggest pos- greenhouse gases are not limited to,QiDt
sible chaotic behavior in the past. include methane (C}), the chlorofluorocarbons
We close, in Section 5, with a brief discus{CFCs), and nitrous oxide ¢8). In some
sion of the implications of these uncertainties f@xperiments a mix of these gases may be in-
those who take on the task of informing cluded, in quantities that yield an “equivalent”
policymakers and the public about the serious- CO, doubling, but generally the calculation is
ness of the climate issue and the consequencesiwiplified by assuming that GQs the only
the various responses at our disposal. long-lived GHG involved. Further, the most
important short-lived greenhouse substances are
water vapor and clouds, and their levels are

2. AFOCUSON THE ATMOSPHERE: determined internally in the climate model. The
CLIMATE SENSITIVITY important intermediate-lived greenhouse gas,
ozone (Q), is usually ignored.
2.1 Doubled-CQ Calculations Constructing an analysis in this way is

obviously unrealistic, but it conveniently avoids
a number of troublesome aspects of the climate
system, which we take up in Section 3. The
sequestration of heat by the deep circulation of
the ocean can be ignored, because the ocean is
assumed to be in equilibrium with the atmo-
slghere. Uncertainties about the process of
sequestration of C£n the deep ocean and the
land biosphere also can be ignored because the

The nature of the doubled-G®@alculation
is shown in Figure 2, which is a truncated ver-
sion of Figure 1. A steady level of increased
greenhouse forcing, usually expressed as a
change in radiative heat flux (in Wénis either
computed (from the increase in €l@vels) or
assumed. The deep ocean, shown in Figure 1,
assumed to be at a temperature in equilibrium
with the atmosphere, so there is no ocean heat
sink in Figure 2.

The procedure begins
with a baseline solution, de-
fined either by current or pre-
industrial levels of C@in the
atmosphere. Once the model i
“tuned” to mimic current
climate as closely as possible,
it is run again with the same
input variables, the one change
being a doubling of C&in an
early period (an additional
greenhouse forcing of about
4 W/mé in relation to pre-
industrial levels). The model

Figure 2. The Doubled CO, Experiment



with greenhouse gas emissions. If the number is
The determination of uncertainty in climate modfl small (say 1 °C) and the change is hypothesized
predictions is difficult due to inadequate informatiop to take place over a century or more, its absolute
about past cl.im'ates, WhICh could be useq to test he magnitude and pace are within ranges experi_
model's predictive capability. Therefore, differences oo in recent millennia as a result of natural
between various models are often used in discussigns = .. . .
of uncertainty. We caution, however, that a compafji- variation, as evidenced by 'C?'Cores and other
son across models is, at best, a very rough indicgor records. On the other hand, if the calculated

of uncertainty. For example, many of the radiatigh sensitivity is significantly higher, say 3 to 4 °C,
codes in climate models have a common ancesfy, then concern arises about the size and potential
quite apart from the physical laws built in, and littl rapidity of change, and what the effects might be
work has been done to prepare and report levelqof .
scientific uncertainty within particular codes. Thi on eCOSYStemS_’ _and on agriculture and other
importance of this caveat is even greater for modfls €conomic activities. If a change at the upper end
of most of the feedbacks. of this range is hypothesized to occur within a
couple of centuries, the pace is faster than
anything experienced in the past 9,000 years
(though not faster than documented changes in
previous epochs). Also, the temperature would
approach levels that ice-core records indicate
have not been seen in over 100,000 years, at
least in the polar regions where these ice cores
gre taken.

atmospheric C@concentration is simply
doubled, and kept at that level throughout the
calculation. Finally, worries that aspects of the
climate system may be chaotic (discussed in
Section 4) are put aside by formulating the
guestion in terms of a comparison of one equili
rium state (expressed as a statistical mean) to 2 2 Sensitivity With No Feedbacks

another.

The main indicator of change drawn from As greenhouse gases radiate heat back
this experiment is the difference in global meantoward the surface, their net effect can be ap-
temperature, in equilibrium, between the proximately but conveniently divided into two
baseline calculation and that with doubled-CO parts: a “direct radiative effect” leading to small
usually stated in °C. Itis at best a very crude initial changes in temperature, and a number of
measure of climate response, even for global “feedback processes” that are stimulated by
temperature. It is even weaker for regional  changes in temperature. Just considering the
temperature, because the distribution over the warming that would result from the radiative
globe of past changes have varied greatly by effect alone, the uncertainty is significant but
latitude and longitude, and current models showmall in comparison with the uncertainties
different regional average patterns of tempera-associated with the feedbacks.
ture change (and season-to-season, and day-to-  An approximate idea of the uncertainty in
night patterns of change as well) even when th¢his direct effect can be seen in the variation
global averages are similar. For precipitation, among the results using the radiation computer
soil moisture, and other critical variables of  codes imbedded in the various climate models.
interest for estimating impacts of climate chang€hey vary over a 34% range in their estimate of
the geographic variation in model predictions isthe increased radiative forcing of doubled-CO
greater still, as discussed below. (Cess, et al., 1993) with a central value of the no-

What information does the “climate sensi-feedback equilibrium adjustment of about 1.2 °C.
tivity” convey, then? Clearly, it leaves outa  The variation comes from several sources. The
great deal of importance; in particular it conveysodes incorporate different simplifications of
no information about the pace of any change. actual radiative processes, even for,C&nd
Nonetheless it is commonly taken as a prelimi- explicit consideration of the other greenhouse
nary, rough indicator of the “danger” associatedsubstances, particularly water vapor and clouds,



adds additional complexity which the models
cannot handle exactly. In climate science, the “gain” number is a conve
Further research on these processes, and§ nient way to express the quantitative effects of thi
improvemen[s in the models, m|ght lower this feedbacks. The relation between the feedbacks a
uncertainty somewhat. But despite its uncer- the gain is not, however, a simple proportionalit

. . . . Feedbacks are conveniently quantified by a n¢
tainty, the direct radiation effect alone is, and e lnEEl T I R [ i S e

will probably remain, a minor component of back numbers (positive for positive feedbacks
overall uncertainty about climate sensitivity. negative for negative ones) for each of the ind
vidual feedbacks. The gain, G, is then the inverge

2.3 Feedback Processes in the Atmosphere of1-F(i.e.,, G=1/(1-F)). IfFis positive, G
exceeds unity (amplification), and G becomes infi

The final temperature change including nitely large as F approaches unity. If F is negativs
feedbacks is obtained by multiplying the no- G is less than unity (damping). Current estimateg
. o for F vary between 0.2 and 0.8.
feedback estimate by a number called the “gai
In particular, the above no-feedback estimate o

1.2°C can be amplified (gain exceeds unity) ortion 2 5. we return to these ranges to discuss
less likely, dampened (gain less than unity) by 1,4y they should be interpreted, but first it is

three main physical processes in the atmosphefigey| to review briefly the underlying mecha-
component of the climate system: planetary pisms.

reflectivity or albedo feedback, water vapor
feedback, and cloud feedback. It is difficult to 2.3.1 Surface Albedo
isolate the effects of these phenomena individu- The albedo or “whiteness” of the planet is
ally, not just because each is uncertain in its owthe fraction of incident solar radiation that is
right, but more importantly because they interagéflected back to space at the same wavelengths
with one another. at which it came, and thus is not absorbed by the
When their total effect on the gain is surface or the greenhouse gases. Albedo is
considered, however, the uncertainty in climateinfluenced by a number of atmospheric phenom-
sensitivity rises from around 30% for radiation ena, such as clouds, aerosols (considered be-
effects alone to a factor of at least three. For low), and the reflectivity of the Earth’s ice, land,
example, in recent summaries of the state of and ocean surface. The primary surface-albedo
climate analysis prepared by the Intergovern- mechanism affecting climate sensitivity is a
mental Panel on Climate Change (IPCC, 1990;change in the area of polar icecaps, glaciers,
IPCC, 1992), a range of 1.5 to 4.5 °C is said to snow, and sea ice. (Vegetation change, dis-
summarize current knowledge. Note this rangecussed in Section 3, also affects albedo.) With a
is for uncertainties introduced largely by atmo- warmer climate, the Earth may have less snow
spheric processes, and does not yet properly and ice cover, resulting in a less “white” surface
include the influence of uncertainties in the  that absorbs more solar radiation, intensifying
interaction of the atmosphere with the ocean, the warming.
covered in Section 2.4. Although the ice-snow feedback is the best
Note also that a problem arises in interpretmderstood of these surface albedo processes,
ing ranges such as those above, which are comhere remain important uncertainties. The
monly used to express uncertainty. Usually thesurface effect is not independent of what may be
range is meant to convey “reasonable” bounds happening to clouds, and there remain important
on some quantity. Without additional informa- differences among scientists in the modeling of
tion about the nature of the uncertainty and thesea ice. The feedback is generally agreed to be
analysis methods used, however, the statemenpoéitive, however, thus increasing the gain and
a range does not tell how likely it is that the ~ magnifying the 1.2 °C expected from the direct
“true” value may lie outside its limits. In Sec- radiation effect alone. Further, most studies find
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it to be a smaller feedback than that for water cloud feedback ranges from strongly positive to

vapor (IPCC, 1992). slightly negative (IPCC, 1992). When estimated
to be strongly positive, the cloud feedback
2.3.2 Water Vapor combined with the positive water vapor and ice-

As noted earlier, at_higher temperature thespnow feedbacks, yields a large positive net

Because water VapOI‘ |S a potent greenhouse g%ﬁanges near the top Of the 1.5t0 4.5 °C range
it is widely but not universally agreed that this commonly cited.

change in concentration is a positive feedback as Unfortunately, of the three feedbacks

well. The uncertainty is in its magnitude. The ghove, the cloud uncertainties are likely to be the
effect of increased water vapor is stronger if it ignost difficult to resolve. The available observa-
added in higher latitudes, and at higher altitudeggns, while including extensive satellite obser-
where radiation plays a larger role in heat transyations, are still inadequate to answer key

fer relative to convection. The total feedback questions, and the physical processes are not
effect is therefore influenced by atmospheric only complex but they occur on a scale (e.g., the
processes (e.g., large-scale winds, thunder-  sjze of a thunderstorm or less) which is much
storms) by which heat and moisture generated ajler than the spatial resolution currently

the tropics are redistributed to cooler mid- possible in models of global atmospheric circula-
latitudes and the polar regions, and from the  {jgn. Clearly, cloud dynamics is a high priority
surface to higher altitudes. These processes algp research and analysis to support policy

are affected by the substantial heat being carridhoice, but it is unlikely that the uncertainty in

toward the poles by surface currents in the cloud feedback will be completely removed
ocean, such as the Gulf Stream. About one-thi{gthin the next decade.

of the heat transport from equator to pole is
carried by ocean currents that warm high-latitude  2.3.4 Coupling the Atmospheric
oceans, leading to increased water vapor concen- Feedbacks

trations in the high-latitude atmosphere. To consider the effects of these different
atmospheric processes on climate system re-
2.3.3 Clouds sponse, a family of computer models has been

Cloud feedback is the greatest currently developed over the past two decades. The ones
known source of uncertainty in the calculation ahost commonly used to calculate climate sensi-
climate sensitivity. Anyone familiar with the tivity are the so-called general circulation mod-
way the temperature is maintained on a cloudyels or GCMs, which are three-dimensional (3-D)
night, but drops on a clear night, or who has simulations of the atmosphere. Equations to
experienced the drop in temperature when represent the various processes and their interac-
passing clouds block sunlight in the daytime, istion typically are formulated in terms of altitude,
familiar with their radiative properties. The latitude and longitude where the effective resolu-
difficulty is that clouds have both these warmingion is 0.1 to 2 km in the vertical and 4 to 10
and cooling effects, and it is debatable which isdegrees (200 to 1000 km) in the horizontal,
the stronger, even for cloud distributions under depending on the model. The variety of atmo-
current climate. Analysis of how the cloud effedpheric phenomena involved in the above feed-
will evolve over time is even more complex,  backs are coupled together in these models to
involving questions of how cloud dynamics determine climate sensitivity.
might change with global and regional tempera- These models are similar to one another in
tures, levels of atmospheric moisture, and quarthat they all contain the processes discussed
tities of atmospheric aerosols. above, along with much additional detail that can

In the various models used to calculate be left aside in this discussion of main sources of
climate sensitivity, the incremental effect of  uncertainty. They differ, however, in the way



they represent the key processes, in the metho
used to incorporate phenomena.that occur at Most coupled ocean-atmosphere climate models cjn-
scales less than those resolved in the model, al not reproduce current climate conditions. Heat aj§jd
S
e

in mathematical details of their construction anq moisture end up in the wrong location, and analy:
solution. Below we consider uncertainty in the | override the physics of the models with a set of ¢
rection factors, known as flux adjustments. The
corrections, computed in the baseline simulation

der current forcing, are then kept the same in the siru-

estimates of climate sensitivity drawn from thes
models, but first we need to show how they ca

handle the substantial influence of the ocean. lation with doubled-C@ A common argument is
that the correction appears in both parts of the calu-
2.4 The Role of the Ocean lation, with and without increased G@nd its influ-

ence can be assumed to cancel out when the differ-
To correctly calculate climate sensitivity, ence is taken between the two simulations. In fagt,

the atmosphere modeled above, with its feed- however, there is little reason to believe that a c@r-
backs, must be linked to a representation of rection based on current conditions is appropriate fpr
ocean influences. As noted earlier, in doubled- ]
CO;, experiments the ocean is assumed to be iff by our ignorance of this matter. Even more wor
equilibrium with the atmosphere so that the ma}] some is the fact that the very need for the flux corrde-
jor role of the ocean in the transition toward tion suggests fundamental flaws in the physical Up-
equilibrium is conveniently ignored. But this stz e Cplsserision erino sl ons
e . . atmosphere processes in current climate models.
equilibrium assumption applies to annual, glob3
averages of the relevant processes, which still
leaves important regional and seasonal effects to
be accounted for. In amounts varying by regiorn the magnitude of these corrections as re-
and season, the atmosphere exchanges heat aidwed by Gates, et al. (1993). Figure 3 shows
moisture with the ocean. It also imparts momenata for four current climate models: those of the
tum, as winds help create many of the familiar U.S. Geophysical Fluid Dynamics Laboratory
surface ocean currents. These ocean-atmosph@e€DL), the U.S. National Center for Atmo-
fluxes help determine the regional distribution adpheric Research (NCAR), the German Max
climate and they even influence global averageBJanck Institute (MPI) and the U.K. Meteoro-
like global mean temperature, due to complex itogical Office (UKMO). The dotted and dash-
teractions among the various climate processeslotted lines (identical in each panel) show two
The estimation of these fluxes at the independent assessments based on observations
atmosphere-ocean boundary and the associateaf the actual net flux of heat downward at the
surface currents in the ocean, are yet another ocean surface (in W/plotted by latitude.
source of uncertainty in the results from equilibClearly shown is the heat flux into the ocean
rium doubled-C@Q calculations. The nature of from the warm tropical atmosphere (a positive
the problem can be seen in the baseline solutidiiyx as defined here) and a heat flux from the
which is run with a C@level equal to that in the ocean to the cooler atmosphere at higher lati-
current atmosphere. Most coupled ocean- tudes (a negative number).
atmosphere climate models cannot reproduce The solid line in each panel shows these
current climate conditions. Heat and moisture same fluxes as calculated by the particular
end up in the wrong location, and analysts model. Note the magnitude of the difference
override the physics of the models with a set ofbetween calculated and observed fluxes. For
correction factors, known as flux adjustments. example, at 60° North, the GFDL model run
These corrections, computed in the baseline reviewed by Gates et al. (1993) departs from the
simulation under current forcing, are then kept observed data by approximately 50 \¥/nfTo
the same in the simulation with doubled4€2O calibrate this discrepancy, recall that the in-
The seriousness of the problem can be seereased radiative forcing associated with a
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Figure 3. The zonally-averaged annual net downward heat flux at the ocean surface simulated in
the control runs of four coupled ocean-atmosphere GCMs (red line), the applied flux correction, if
any (yellow line), and the observed flux as estimated by Esbensen and Kushnir (1981) (green line)
and by Oberhuber (1988) (blue line). Here the flux correction is to be added to the model simu-
lated flux to obtain the total flux. (From: Gates et al., 1993.)

doubling of CQ is in the neighborhood of culation of the change associated with,Q0u-
4 W/me.) Without a correction, the models do bling is taken in relation to a changing base cli-
not produce current climate patterns when mate that does not approximate the current one.
subjected to current radiative forcing levels. Ina  The flux adjustment procedure is applied in
simulation started with current conditions, eventhe hope that the correction, which is needed for
global mean temperature may tend to drift (saythe model to approximate current climate, will
by 1 or 2 °C) over a period of years (Washingtoalso be appropriate for the simulation under
and Meehl, 1989). increased forcing and associated changes in

In Figure 3, the dashed line shows the fluxclimate. A common argument is that the correc-
correction for three of the four models, which istion appears in both parts of the calculation, with
applied to bring the model closer in line with  and without increased GQand its influence can
current patterns. Again it can be seen that the be assumed to cancel out when the difference is
numbers are large in relation to possible changtsken between the two simulations. In fact,
in anthropogenic forcing. Indeed, the numbershowever, there is little reason to believe that a
shown are longitudinal averages and the corre@orrection based on current conditions is appro-
tions at particular locations over the ocean can priate for changed climate, but only recently has
exceed 100 W/ The NCAR group does not any effort been applied to quantification of the
correct its model in this way, but then their cal- uncertainty introduced by our ignorance of this



matter (Nakamura et al., 1994). Even more  sensitivity. To some degree the differences arise
worrisome is the fact that the very need for the because groups have different views of the

flux correction suggests fundamental flaws in tHfendamental processes (for example, cloud and
physical understanding and representation of tleeean dynamics). But some of the variation also
coupled ocean-atmosphere processes in curremomes from different accommodations to the

climate models. computer-derived limitation on grid box size.
Many phenomena occur at scales smaller than is
2.5 The Total Climate Sensitivity feasible to study with these models. Such

unresolved phenomena include the process of

The computer programs for simulating ~ moist convection by which heat and moisture are
atmospheric processes are large and complex,transported vertically (e.g., in a thunderstorm),
requiring thousands of input variables. They arthe hydrological processes that determine the
expensive and time consuming to solve even ifmoisture in the soil, and many of the dynamical
as with many GCMs used for climate studies, thocesses in the ocean. Simplified representa-
ocean is represented by a very simple model otions (called “parameterizations”) must be used
the heat and water fluxes. If the atmospheric to approximate these, and modeling groups differ
GCM is coupled to a more complete model of significantly in their approaches to this task.
ocean circulation, which attempts to model Currently, important contributions to the
fluxes at different layers in the ocean and the understanding of uncertainty in climate sensitiv-
physical processes that generate them, then thigy come from squeezing information from these
size and complexity are magnified. The overallmodeling efforts, considering their individual
size is dictated by the numbers and forms of pedigrees and the similarities and differences in
equations needed to model the different pro- their results. The natural place to look for help
cesses, and by the “resolution” or level of spatiavith this task is to the climate modeling commu-
detail of the component models (e.g., the numbaity itself, and the most visible example of this
of volume elements or grid boxes). approach is the Intergovernmental Panel on

The expense is driven by the size and  Climate Change (IPCC). The IPCC was estab-
complexity, and by the fact that the whole moddished in 1988 by the World Meteorological
usually must be solved for every 10 to 20 minut®@rganization and the United Nations Environ-
step along the way, in order to simulate the ~ ment Program, to assess scientific information
atmospheric processes and to avoid numerical about climate change and its possible conse-
problems in the computations. Usually, the  quences and to formulate response strategies.
smaller the grid box size the more faithfully a The first IPCC report concluded that “... the
model can represent small-scale phenomena irsensitivity of mean global surface temperature to
the atmosphere and ocean, and in general the doubling CQ is unlikely to lie outside the range
more complete the model of a process the moré.5 to 4.5 °C”, and that, “... a value of 2.5°C is
complicated and numerous the equations. So ttensidered to be the best guess” (IPCC, 1990,
demands of these models challenge the limits ¢f. 139). The 1992 update (IPCC, 1992) recon-
each new generation of computers. firmed these estimates.

Some two dozen of these models have been Three questions arise in interpreting uncer-
developed by various groups around the world tainty in climate sensitivity as summarized by
(IPCC, 1990), and of these roughly a half-dozethe IPCC and other sources. Where does the
are widely viewed, rightly or wrongly, as being range come from? What is meant by the state-
the more complete and therefore more crediblement that sensitivity is “unlikely” to lie outside
efforts. Because of differences in structure, the range? And how much attention should be
assumptions about processes, input variables, given to that prediction of change that is termed
etc., they yield different estimates of climate  the “best guess™?

13
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because there would be better understanding of
The “best guess” by the IPCC for climate sensitivi the uncertaintyvithin each particular one.
to doubled CQ@of 2.5 °C lies toward the lower end There are several reasons why analysis of
of their quoted climate sensitivity range (1.5 the type implied by Figure 4b is not yet avail-
4-5I°(C)- ThiSt Qandbe l_Jl;ld?rstO?d by f}Otigg thatfa” - able. Funding agencies have not made uncer-
d : : : .

s caaton i . inty analysis ahigh prioiy and very few

climate science groups are focused on the policy
issues that make uncertainty so important. More
importantly, the analysis is not computationally

To illuminate these questions, consider théeasible with current GCM coupled atmosphere-
process that produces “community” estimates afcean model designs and current computer
this type. The nature of the model results is  resources. A calculation of even one equilibrium
illustrated by Figure 4, which constructs a solution, say with doubled-CQOmay require
simplified case where three analysis efforts aresimulations requiring many weeks on a
taken into account. Figure 4a shows the type agfupercomputer. But at least 50 or 100 such runs
results that are in general available. For some would be required to explore the effect of uncer-
models there may be only a single, latest, esti- tain input parameters on any one model. (And
mate, as indicated for Models A and C. Other this assumes the model structure is taken as
models may have undergone a sequence of given; analysis of uncertainty about model
recent changes, where improvements were magiucture is an additional large task.) Even with
in the model formulation or its
input data, as indicated for
Model B. In this process the Model Model
Model B analysis group will A B
be learning about the behavio
of the model, and gaining
intuition about the uncertainty
in its predictions.

But for none of the
extant 3-D GCMs has there
been a formal published
analysis of the uncertainty in
its estimate of some key result
such as climate sensitivity.
The result of such an analysis
might look something like the Model  Mgdel
distributions for Models X, Y, |
and Z in Figure 4b, with the
details depending on such
things as the experimental
design underlying the analysis
and the way the effects of
various parameterizations are
introduced. If this latter type 4b.
of study were available, then
the impression of uncertainty

would be less dependent on Figure 4. The Nature of GCM Results for 2 x CO, Climate Sensitivity
the differenceamongmodels,

gain G (see box on page 9).

(i) (i i)

Probability

Probability




value is most likely to lie.” Frequently in a
Funding agencies have not made uncertainty andly- p_OI'Cy process, hoyveve_r, parfumpar_lts want a_
sis a high priority, and very few climate science grouffs Single number to simplify deliberations. Or, in
are focused on the policy issues that make uncertafhty the IPCC, such a number was sought for the
so important. More importantly, the analysis is nfit purpose of illustrating other aspects of IPCC
computationally feasible with gurrent GCM couple scenarios, like the effects of uncertainty of
atmosphere-ocean model designs and current c@m- .. f Th bl .
puter resources. Analysis of the type suggestedfp emlsspns on U“{fe tempgrature. e E)ro emis
Figure 4b is planned at MIT, using a two dimensiongl that this number is then given a name, “best

(2-D) ocean and land resolving model chosen in lafie guess,” which conveys an interpretation of

part for its ability to support a large number of rurs  certainty (or at least high likelihood) with which

for uncertainty analysis. But to our knowledge thjs C I
will be the first effort of this kind, and similar result some or perhaps most of the participating scien

are not in the offing for the current 3-D versions dfe tists likely would not _agree. _
to their huge computational demands. One result of this process of naming,

combined with the imprecision of many sum-
mary statements about uncertainty, is that these
a very efficient experimental design, the requiragimbers come to have a public interpretation
number of runs would far exceed any group’s that is only loosely related to the underlying
computer resources. scientific foundation. Based on the weight we
The implication of this concern for the un- gpserve being given to these figures in policy
certainty within models, and not justamong  deliberations to date, it is our impression that this
them, is that the range of uncertainty likely is  puplic assessment of current understanding is
wider than what one would estimate based on gmething like the following. The climate
spread of the models themselves. The extent afensitivity to doubled-C@is extremely unlikely
skewness of the probabilities shown in Figure 4@ay, |ess than 1/50) to be less than its no-feed-
is also very important since policy discussions pack value (i.e. the gain to be less than unity).
can be driven by estimates of the probability forrhe range of 1.5 to 4.5 °C is believed to be
extremes. The scientists, who put together stai@ughly an 80% confidence interval; that is,
ments like the IPCC quote above, apply their there is a only a 15% chance of the “true” sensi-
best judgment to select a range based on availtjvity being below 1.5 °C, and a 5% chance of it
able models and what they know of the model being above 4.5 °C. (Here we attempt to take
behavior. But if there is no formal analysis of jnto account the skewed nature of the IPCC
model uncertainty, their knowledge of the spread 992) estimate, as explained in the box on
is limited and their judgment largely subjective. page 14 and illustrated in Figure 4, but just as

In addition, there is here a problem of  frequently this skewed nature is ignored in
linguistic imprecision: What is meant by the

IPCC statement that the sensitivity is “unlikely”
to lie outside the specified range? Is it a 1/100] what is meant by the IPCC statement that the se
chance? A 1/5 chance? An individual scientist} tivity is “unlikely” to lie outside the specified range
might impose some explicit subjective probabil{ Is ita 1/100 chance? A 1/5 chance? An individug!
ity judgments and compute a more well-speci- sci_gnti;t might impose some explicit subjective prog-
fied interval. But as stated by the IPCC, as §b|I|ty]udgments and compute a more well-specifign
e = k interval. But as stated by the IPCC, as representfhg
representing the opinion of a group, it is for the opinion of a group, it is for policy purposes di
policy purposes disturbingly imprecise. turbingly imprecise. There may be good reason r
Similar concerns apply to the “best guess’] stating the result this way: many participants in tige
ofa25°C temperature increase. In the IPCC IPCC process may be uncomfortable with the injeg-

. tion of policy-analytic ideas of probability into thei
(1990) text the authors state that, given the 1.5 scientific work, and the imprecision may be essentfgl

4.5°C range, “There is no cqmpelling evidencel if agreement s to be reached on any statement atfall.
to suggest in what part of this range the correc
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policy discussions.) Policy discussions treat thévely similar among models (greater at higher
results as if the probability distribution of cli-  latitudes), but results differ significantly in distri-
mate sensitivity were significantly peaked at itsbutions by longitude. Global precipitation in
“best guess” value. Moreover, the level most these models generally rises with global tem-
frequently heard is not 2.5 °C, which was the perature, but the distribution on a regional scale
“best guess” value reported in the first IPCC  may differ not only in magnitude but in sign.
report (IPCC, 1990), but 3.0 °C, which has the Changes in temperature and precipitation
psychological advantage of being the mid-pointcombine to produce changes in soil moisture,
of the IPCC (1990) cited range. andFigure 5 shows the differences among four
Our view of the shortcomings of climate GCMs in the predicted equilibrium change from
sensitivity as a policy indicator, even if perfectlycurrent to doubled-Cg&Xfor the winter in North
reported, are emphasized above. However, America. The blue areas are predicted to be
taking the calculation on face value, our view ofvetter, and the brown ones drier. As can be
the uncertainties is first that the distribution of seen, the four models do not agree for many
climate sensitivity is essentially flat over the  areas. Of course, these differences among
range cited: there is yet no analytical basis for models provide only a very rough suggestion of
arguing that any one value or zone in the rangeanbat might be revealed by a careful analysis of
significantly more likely than the others. Fur- the uncertainty within any particular model.
ther, taking an 80% confidence interval as a Regarding extreme events, like drought or
standard, we believe the range that deserves t@evere storms, a number of hypotheses have
be cited based on current understanding is widéeen put forward, but analysis of such phenom-
than 1.5 to 4.5 °C. ena is in its infancy (Emanuel, 1993; Rodriguez-
There is hope for clarification of these Iturbe, 1993). Some scientists argue that in a
uncertainties, as the result of efforts at formal new equilibrium climate, with higher tempera-
analysis now under way at MIT and elsewhere tures, moisture levels and, perhaps, momentum,
and in the longer-term uncertainties, which will increased numbers of intense storms are likely to
likely be narrowed as data collection and scientesult because the total potential energy level of
tific research proceed. As noted, the key to  the atmospheric system is higher. And, logically,
substantial narrowing of the range of uncertaintgny region that on average becomes dryer would,
in global climate sensitivity appears to be bettein a world of normal weather variability, tend to
understanding of convection, cloud formation, have more periods that would be classified
and ocean circulation, and progress in these (based on current patterns) as in drought.
areas with projected resources is expected to be  But current GCMs cannot yet simulate very
slow over the next decade. energetic small-scale phenomena like thunder-
storms or hurricanes, and they are very limited in
2.6 Climate Details, Regional Effects, and  their capacity to calculate measures of variability
Severe Storms (e.g., droughts and floods) in a future doubled-
) _ CO, climate. Therefore the range of likely
With these doubled-CfXalculations, and incidence of these events is more uncertain than

the resulting estimates o; gllmg}tebsensnrllwty, that for larger aggregates, such as global mean
comes a gr_eat amount of detail about changes f@mperature, or even regional temperature and
climate variables other than temperature, and precipitation

about the regional distribution of changes.

When looked at on a regional basis, the differ- 2.7 Economic and Ecological Consequences
ences among the models lead to variations in

results that are much greater than that for global ~ The policy concern about climate change is
mean temperature. Generally, the distribution totivated not by meteorological indicators but
latitude of any temperature change is qualita- by what they may imply for human society and



of aggregate mea-

REEMENT ON REGIONAL EFFECTS OF WARMING — sures of impact is
: "w P ; only beginning.
A 1| - Also, many

of the available
studies of impacts
are based on com-
parisons between
current conditions
and a hypoth-
esized future eco-
logical/economic
equilibrium with a
doubled-CQ cli-
mate. At the time
these impact stud-
ies were started,
the climate sensi-
tivity calculations
discussed earlier
were the only ones
widely available,
and they have had
a strong influence

Figure 5. General circulation models contradict one another on how global here as with a
warming will affect various regions. Even though the four models represented good deal of other
here agree about the effects of a doubling of CO; on average global surface policy discussion.
temperatures, they disagree on regional changes in soil moisture. (The projec- Analysis of the far
tions are for winter. Wetter areas are shown in dark grey; drier arieas are shown -

more realistic case

in light grey.)
of adaptation over
time in response to
natural ecosystems, and analysis of impacts transient climate change is both more difficult
brings its own complications and uncertainties. and newer, as discussed in Section 3.
Because of the diversity and complexity of eco-  The available analysis falls into two rough
systems, and of human societies, it is a dauntingategories: managed and unmanaged systems.

task even te@atalogthe potential consequences Managed systems include those that can adapt to

of climate change, much less to quantify each change in climate under human initiative and
effect individually. Moreover, compared with control. Among these, the potential impacts
the research on the physics, dynamics and bioseem largest in agriculture, coastal systems
geochemistry involved in climate, the investiga-subject to sea level and intense storms, water
tion of economic and ecological consequencestligsource systems, and perhaps human health.
in an early stage. Economists and other socialMany other areas of activity might be effected
scientists have studied the likely impacts (posi-(Nordhaus, 1991), but they are either relatively
tive and negative) of climate change on social small (like effects on water transportation) or
systems, and biologists and ecologists have bewell enough understood so they do not add
gun to prepare data on individual ecosystems agignificantly to uncertainty already present in
particular species (the work is reviewed by climate itself (e.g., effects on energy supply and
Reilly and Thomas, 1993). But the developmemtemand).
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land values as a function of climate variables, an
The policy concern about climate change is motivatd approach that will tend to capture more of the
not by meteorological indicators but by what they m@ly potential effects of adaptation. Applied to the
imply for human society and natural ecosystems, ahd United States, this approach shows net losses
analysis of impacts brings its own complications ajd 55 iated with doubled-G@cenarios of cli-
uncertainties. Because of the diversity and comp|dix-
ity of ecosystems, and of human societies, it is a dadht- mate change that are smaller than those from the
ing task even teatalogthe potential consequence Crop model studies (Mendelsohn, et al., 1994).

of climate change, much less to quantify each effdict Furthermore, in agriculture the effect of
individually. The available analysis falls into twq greenhouse gases is not limited to potential

rough categories: managed and unmanaged systfims ; T ;
Managed systems include those that can adapf§jto changes in temperature, precipitation and soil

change in climate under human initiative and co- moisture: CQ ha_s a fertilizing e_ﬁeCt on plant
trol. Among these, the potential impacts seem laf- growth. Increasing concentrations should
est in agriculture, coastal systems subject to sea Iyelincrease output, although important details are
and intense storms, water resource systems, and EMMot yet adequate|y studied. Evidence is available
iy bt et from greenhouse crops, which often are grown at
artificially elevated CQ@levels, and from con-
trolled experiments. But this experience covers
Agriculture is the greatest worry, particu- only a few crops, and, even for these, uncertainty
larly for less-developed countries, and it has remains about how experience under controlled
received the most attention from researchers. conditions will transfer to the field, where crops
Several factors complicate the assessment.  confront a host of limiting factors not encoun-
Farming varies greatly depending on the societiered in the laboratory or greenhouse (Wolfe and
climate zone, and soil condition, so analysis at Erickson, 1993).
national or global scale unavoidably suppresses  Understanding the uncertainties contrib-
important local detail. For example, a crucial uted by all these factors is a daunting task, and
and difficult assumption underlying any assessfo major studies have attempted to do more than
ment is how farmers will adapt to changing cursory assessments of the variability of agricul-
climate and associated changes in the prices ofural output estimates. Also, although global
their products, and this ability to respond may studies show only small change in worldwide
differ dramatically among different societies.  total output, some areas benefit and some lose.
Most studies of climate effects are based Thus although the uncertainty may not be of
on models of crop growth, and those which takgreat importance at global scale because the net
account of adaptation show only small decreasebBange is near zero or even positive, it may be
or increases in global agricultural capacity undexxtremely important at regional or national scale,
doubled-CQ climate scenarios (e.g., Rosenz- where uncertainty is greater and where the stakes
weig and Parry, 1993 and 1994; Reilly, may be very high.
Hohmann and Kane, 1994). Available soil A second area of managed systems where
moisture is crucial to agriculture, of course, andarge consequences are anticipated is damage to
higher temperatures could have a drying effectstructures from rising sea level. If temperature
The small predicted effect on agriculture is rises, melting land ice will add water to the
attributable in part to the fact that forecasts shoecean, and warming ocean waters will expand in
that in many regions any warming would be  volume. Uncertainty in the effects of thermal
accompanied by increased precipitation. (Noteexpansion is not great for a change to a new
that these results are in the context of “equilib- temperature equilibrium in the ocean, but the
rium” adjustment to doubled-CO The conclu- behavior of land ice is poorly understood. Thus
sions may not hold for a climate in transition.) for a 3 °C rise in global mean temperature the
Other studies attempt to estimate climate estimates of sea level rise range from 9 to 30 cm
impact by econometric analysis of farm output gf°PCC, 1990). This change might come in com-




bination with an increase in the frequency of The “unmanaged” components are the
severe storms (for reasons cited above), resultingtural ecosystems: grasslands, forests, deserts,
in damage to human settlements and agriculturakes, and the ocean. They can also adapt to
activities near the coast. changes in climate, but generally the outcome is
A few studies have been conducted of thenot subject to human influence. Here the uncer-
costs of flood protection, migration to higher tainty is greatest among the impacts categories,
ground, or other forms of adaptation (e.g., Tituspot just due to the complexity of these systems
et al., 1991; Wind, 1987), but most are for sitesbut because so little research has been applied to
in developed countries. Potential impacts on understanding how they are influenced by
heavily-populated estuary and delta systems inclimate.
less-developed countries (like the Nile, the A start has been made on estimating cli-
Indus, and the Ganges-Brahmaputra) appear tanate influences in terrestrial ecosystems. For
be large, but the needed detailed analyses remakample, there are published predictions of the
to be done. amount of CQ fixed by photosynthesis in plants
The assessment of water resource systenand soils, and released by respiration and decay
more generally is in a similar state. Urban watgMellilo, et al., 1993) and the resultant net car-
supplies, irrigation networks, flood control, and bon flux (called net primary productivity or
pollution control systems would all be affected NPP) is a rough indicator of ecosystem vitality.
to some degree by the changes in runoff that Due mainly to fertilization by Cg these studies

would accompany shifts in temperature and  show an increase in NPP on a global basis, under

precipitation (for an overview, see Waggoner, doubled-CQ climates from the GCMs discussed
1990). Some systems would sustain costs of above. The global NPP is the sum of often large
adaptation and residual loss, while others mighhegative and positive contributions varying ac-
gain. Unfortunately, only scattered climate ef- cording to region. Studies are also being con-
fects studies have been carried out in this sectatucted of how the location of different forms of
again mainly in developed countries, so there izegetation may shift from the current to a hy-
little basis for estimating the net impact on a  pothesized doubled-Condition, and coupled
country or large region, even given an accuratewith the climate predictions these studies are be-
climate change prediction. One barrier to redu@g used as preliminary studies of the range of
ing the resulting uncertainty is the fact that po- species in an ecosystem and the possible effects
tential impacts are specific to each river basin, of climate change on biodiversity.
and the needed data gathering and analysis is Of course, these research efforts are just
expensive. Also, here and in the area of coastahe first building blocks for constructing an
damage can be seen another limitation of policunderstanding of ecosystem impacts. It is not
assessment based on timeless or “equilibrium”known to what degree the maintenance of NPP
studies. The costs of adaptation and residual or biodiversity imply survival of all species
damage depend on the timing of any change amdthin an ecosystem, and work is only beginning
on the degree to which it can be foreseen. on the issue of how to combine these diverse
Potential climate effects on human health effects into a meaningful aggregate measure for
are a natural concern, but they are even less wallegion. The understanding of possible effects
understood. Several mechanisms are identifiedyn ocean ecosystems, including the all-important
including changes in nutrition as a side effect ofisheries, is poorest of all. It is expected that
agricultural impacts, increases in heat stress, aoldanges in tidal estuaries and wetlands, resulting
changes in the geographical distribution of inseftom sea-level rise, would affect marine ecosys-
and animal borne diseases (McMichael, 1993).tems. Rising water temperature might have an
But the magnitudes of potential effects are effect as well. But how these changes interact
largely a matter of speculation. with the biology of the ocean and its complex
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these two processes that determines atmospheric
The IPCC (1990, 1992) with few exceptions did nft CONCentrations in future decades and fixes the
explicitly state the probability of the true value fof time path of radiative forcing. The dynamics of
one of its estimated quantities lying within the quotdd these sources and sinks were not relevant to the
error range. This omission is significant since, basgd ghove equilibrium doubled-GQalculations,

on three typical ways of expressing errors in climaje ; ; ;
science, the probability could be 66% (so-called “org- which simply assumed a GHG concentration and

sigma”), 90%, or 95% (“two-sigma”). These thre thus a radiative forcing level.

possibilities correspond respectively to one charge . L
in 3, 10, or 20 of the true value lying outside the quotgd 3.1.1 Anthropogenic Emissions of
Greenhouse Gases
Naturally, the slower the rate of growth in
emissions, the longer the time required to build
) ) _ _ up concentrations in the atmosphere, whatever
chains of organisms, is now on the frontier of  he pehavior of the sinks. Yet even current
research. Substantial reduction of these uncergmissions are subject to uncertainty. For the

tainties about natural ecosystems is likely a  years 1980-89, the emission of the most impor-
decade or more away, even for a hypothesized; ¢ anthropogenic greenhouse gasyGO
doubled-CQ climate. estimated by the IPCC (1990) to have been
7.0 GtClyr (gigatons of carbon per year, where a
gigaton is 18 tons or 16°gm). The industrial
component of emissions can be drawn from
fossil fuel consumption data, and the error is
low: the estimate is 5.4 + 0.5 GtC/yr. However,
the estimate for net change in land use including
eforestation is less sure; itis 1.6 + 1.0 GtCl/yr
that is, the estimate ranges from 0.6 to

3. EMISSIONS, NATURAL PROCESSES AND
THE DEEP OCEAN: CHANGE OVER TIME

Even with all the effort that goes into the
equilibrium calculations of climate sensitivity
and associated impacts, as laid out in Section
they give at best an approximate picture of the
possible effects of greenhouse-related emissior?’s'(.5 GLClyn). . -

The impacts of a climate change would be very Anthropogenic emissions of methane
different depending on whether it occurred over(CH4) are even less well know_n. As discussed
decades or centuries. Also, a change in cIimatJeater’ fossil fuel use, rice paqldles, cattle and
might not be unidirectional: a region destined t ther human activity are estimated to produce

: : . 5+ 25,85+ 65, 80 + 25, and 120 + 60
become wetter might be drier for a period of : i :
perhaps many decades. The actual path for MICH./yr, respectively (megatons of Ger

i 2
climate change depends on many time-depend R r where a megaton is°lions or 182gm).

factors, including the progress of economic or nitrous oxide (RO) a combination of agri-

growth and emissions, the speed of adjustmentcu“ural’ fossil fuel, and chemical industry

of natural biogeochemical cycles, and the circu-:?r:;;?snasrgfe; té”latze %t&tﬂfigcre anthropogenic
lation rates of the surface and deep ocean. N year.

L . . Table 1, taken from the IPCC (1992),
Instead of the simplified picture of Figure 2, theShoWS 2 set of scenarios of GHG emissions

analysis must take account of the more comple
y P 6abe|ed IS92a through f) that start from current

systems illustrated in Figure 1. anthropogenic emissions for g@nd CFCs and

3.1 Sources, Sinks, and Atmospheric current total emissions for the others. All are
Concentrations supposed to be internally consistent and “pos-
sible” in the sense that key assumptions fall
Construction of a dynamic picture of within ranges experienced in the past or are

climate begins with the sources and sinks for th@nsistent with current understanding of the
greenhouse gases because it is the interaction wfderlying processes. For g@om fossil fuel



the estimates span roughly the same range foundrable 1. IPCC Greenhouse Gas Scenarios
in other efforts to analyze uncertainty in emis-
sions (Nordhaus and Yohe, 1983; Edmonds, etScenario  Year  C® CHy N2O  CFCs
al., 1984; Margolis, 1992). The estimates vary (GtClyr) (MtCHy/yr) (Mtlyr) (Ktyr)
by a factor of 1.7 by 2025, and by_ a factor of 15924 2025 122 659 158 217
eight by 2100. For methane, estimated total 2100 20.3 917 17.0 3
emissions at the end of the next century vary b

a factor of two. The IPCC provides no guidanc S92b 2025 118 659 15.7 36
o . 2100 19.1 917 16.9 0

as to the relative likelihood of outcomes within
these ranges, but even if the outliers have low 1S92¢ 2025 8.8 589 150 217
probability the uncertainty remains great. 2100 4.6 546 3.7 s
Emissions predictions are made using  1S92d 2025 9.3 584 15.1 24
models of economic growth and of the associ- 2100 103 567 14.5 0
ated performance of particular sectors, most |s92e 2025 15.1 692 16.3 24
importantly energy, agriculture, and forestry. 2100 35.8 1072 18.1 0
Ana_llysis groups vary in the way they t_reat 1S92f 2025 14.4 697 16.2 217
regional economies and sectoral detail, but the 2100 26.6 1168 19.0 3

main uncertainties are driven by a common set
of factors (Weyant, 1993). Emissions of £0
from fossil fuels are determined by the growth that by the World Bank, which foresees a me-
of world economies, the energy intensity of thatdium-case world population of 11.3 billion by
growth, and how easy it is to substitute carbon-the end of the 21st century. The estimates used
free forms of energy. Emissions of gahd by the IPCC (1992) range from the World Bank’s
N>O are influenced by overall growth and Medium-Low estimate of 6.4 billion to the
energy use, and by the size and intensity of ricdviedium-High estimate of 17.6 billion.
and other agriculture and the details of farming The World Bank does not indicate how
practices. We will look at each of these factorsconfident it is that population will fall within this
and how they contribute to forecast uncertaintyrange of estimates, but the forecast can be
Chlorofluorocarbon (CFC) emissions depend osompared with an analysis of past performance
success in implementation of the Montreal of national and international agencies, which
Protocol, and they are presumed to contribute showed a standard error of the forecast growth
little to overall uncertainty, as suggested by therate of + 0.3% for developed countries and
structure of the IPCC scenarios. + 0.5% for less-developed countries (Stoto,
Population and Economic Growth. In 1984). That is, there is roughly a one in three
most studies, total economic activity is analyze@hance the growth rate actually realized will lie
as a combined effect of population growth and outside a range 0.3% to 0.5% above or below the
increase in per-capita production. Thus, one kdgrecast. With these standard errors, and assum-
uncertainty is the growth of population, globallying there is no reason to expect forecasting
and by region. Population forecasts for a decadeility to have improved much over the recent
or so are not very uncertain: most of the peoplepast, the World Bank range used by the IPCC
who will bear children over the period are (6.4 to 17.6 billion in 2100) reflects a little less
already alive, and birth and death rates changethan one standard error for the period to 2025,
slowly on this time scale. As a prediction looksand substantially less for the period to 2100. In
farther into the future the uncertainty increasespther words, the IPCC range may be optimisti-
because these rates can change over several cally narrow.
decades, in response to personal and political Predictions also differ in the methods used
decisions and changing economic fortunes. A to analyze economic growth, including invest-
prediction commonly used in GHG modeling is ment in physical and human capital and the

Source: IPCC, 1992.
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resulting increase in economic productivity. Costs of Fossil Energy and Non-Fossil
They all can be roughly summarized by the ratéBackstops.” For many decades the discovery
of per-capita productivity growth that they yield,of new resources and cost-lowering technical
and this indicator is subject to influences that cahange has overwhelmed the cost-raising deple-
be foreseen only dimly many decades into the tion of fossil fuel resources. As a result, prices
future. Again a rough impression of the range aff oil, natural gas and coal, though volatile, have
uncertainty can be seen in the assumptions thatot risen much over the past century. Sooner or
underlie Table 1. Between Scenarios 1S92c¢ anthter, however, depletion will win out, and prices
IS92e are differences in rates of national per will begin to rise relative to the prices of other
capita growth of 1% per year or more. Over goods and, more importantly, relative to the
long periods, these small differences grow to prices of non-fossil energy. Naturally, the rate of
have large effects. The difference between 1.5p@netration of non-fossil sources will depend on
and 2.5% growth, compounded from 1995 to how the prices of the various alternatives evolve
2050, yields per capita Gross National Productover time.
(GNP) estimates that differ by a factor of 1.7. Here, then, are two additional sources of
One frequently discussed aspect of these uncertainty that have a substantial effect on
estimates is the possibility of positive or negativamissions forecasts. In the past it has proven
correlation between the rate of population difficult to predict resource discovery and tech-
growth and the rate of growth in per-capita nical change in the oil and gas sector, and in the
productivity. On the one hand, to sustain very future this should prove no easier. Similar
high rates of population increase, resources mysbblems arise in predicting the pace of technical
be devoted to food shelter and other needs, change and cost reduction for non-carbon-based
leaving less for growth-producing investment. energy technologies like solar-based energy
On the other hand, population growth provides (including biomass) and nuclear power, and their
needed labor for economic expansion. Which environmental acceptability in different societ-
condition holds depends on the state of develofes. Also, there is an issue of foreseeing the
ment of the country, among other factors, but thgattern of market penetration of these so-called
relationship is not well understood, which furthébackstop” non-fossil technologies which, as
contributes to uncertainty about overall growth.their economics improve, could replace current
Efficiency Improvement in Energy Use. technologies.
A forecast of fossil carbon consumption then Agriculture, Forestry, and Land Use.
requires an estimate of the rate of change in  Tropical deforestation is a major source of
energy use per unit of Gross Domestic ProductGHGs, mainly through the release of £4hd
(GDP), apart from those changes attributed to secondarily through its effects on the budgets of
price changes. In several models (e.g., see Oz, CHy, and NO. It is a major source of GO
Burmiaux, et al., 1992) a concept of the Autonoemissions uncertainty. Recent estimates place its
mous Rate of Energy Efficiency Improvement, contribution to the C@source at 1.6 £
or AEEI, is used. This variable is thought to be1.0 GtC/yr for the period 1980-89 (IPCC, 1992).
in the range of 0.05 to 2.0% per year (Weyant, This net source is partially or even totally coun-
1993). Little formal analysis exists to support teracted by the regrowth of forests in the mid-
the choice of level within this range, particularlylatitudes that were cleared in earlier decades,
for many decades into the future, although theraccelerated perhaps by fertilization by rising
is much discussion of currently-available opporCO, levels (Table 2). These competing land-use
tunities to reduce C£emissions (NAS, 1992). processes are subject to similar degrees of
Compounded over many decades, reasonable uncertainty in the future, and contribute to the
differences in the estimated value can grow to lo&erall uncertainty in C@predictions.
a major component of overall uncertainty in Current uncertainties in GHand NO
emissions. emissions related to agriculture and changes in



Table 2. Annual World Carbon Dioxide Table 3. Estimated sources and sinks

Budget, 1980-1989GtCl/yr) of methane (MtCHg4/yr)
Industrial Emissions 5.4 +0.5 Sources Estimate Range
Land Use Change (mainly tropical) 16 +1.0 Natural
Total Emissions 70 £1.1 Wetlands 115 100-200
. Termites 20 10-50
Accumulated in Atmosphere - 34 +0.2 Ocean 10 5_20
Sequestered 36 1.1
. . Freshwater 5 1-25
Estimated Ocean Slnk . — 20 +0.8 CH, Hydrate 5 0-5
Inferred Land Sink (extratropical) 1.6 £14  Anthropogenic
Coal mining, Natural Gas and
Based on _IPCC (1990, 1992). Errors are assumed nor- Petroleum Industry 100 70-120
mally distributed and are aggregated by summing the Rice Paddies 60 20-150
squares of the errors, and taking the square-root. Enteric Fermentation 80 65-100
Animal Wastes 25 20-100
land use are shown in Tables 3 and 4. As with Domestic Sewage Treatment 25 ?
the effects of deforestation on @&missions, Landfills , 30 20-70
Biomass Burning 40 20-80

these uncertainties are even larger when dista%inkS

future levels are at issue. Methane is produced  Aymospheric Removal

by the metabolism of microbes, called (tropospheric + stratospheric) 470  420-520
methanogens, living in oxygen-poor environ- Removal by Soils 30 15-45
ments. Aside from leakage from the coal and  Atmospheric Increases 32 28-37

natural gas industries, the main human-causedsource: IPCC (1992).
emissions come from these methanogens, in rice

paddies and in the digestive systems of cattle. Taple 4. Estimated magnitude of sources and

R?ce agricult_ure and cattle fgrming will grow sinks of nitrous oxide(Mt N/yr)
with population and economic development, and
emissions are subject to the uncertainties of thas@rces Range
underlying processes. Also, the emissions per  Natural
unit of food are not necessarily fixed at today’s Oceans 14-2.6
| . . Tropical Soils 3.8-4.8
evels because of possible changes in crop Wet Forests 5937
cuItivation_ano! animal feeding_practiceg and _ Dry Savannas 05-2.0
advances in biotechnology. Nitrous oxide alsois  Temperate Soils about 0.6
produced by soil organisms, but these nitrogen Forests 0.05-2.0
bacteria may either emit or consumgO\de- A tﬁrass'a“d_s ?

. . . . . ) nthropogenic
pendlng on soll condltlons,_lmportantly includ Cultivated Soils 0.03-3.0
mg_thg moisture _Ievel. Eshr_nates of the ne®N Biomass Burning 0.2-1.0
emissions of agricultural soils vary by a factor of  Stationary Combustion 0.1-0.3
100, as indicated in Table 4. Mobile Sources 0.2-0.6

The Costs of Emission AbatementThe QP"P'CAA?(;dPPrszC,“O” 8-?‘8-2
uncertainties in forecasting GHG emissions, . . ltric Acid Production i
irrespe_ctive qf any specific (_:ontrol policy, aII_ Removal by Soils 2
feed directly into the analysis of how costly it Photolysis in the Stratosphere 7-13
might be to reduce emissions or hold them at ~ Atmospheric Increase 3-4.5

some specified level (e.g., the commitment by soyrce: Prinn (1994), IPCC (1992).
some nations to return emissions to 1990 levels

by 2000). The higher the rate of economic

growth and the lower the rate of improvement in

energy efficiency, the higher the cost of such a
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hand, but hard to specify in detail and to capture

Much of the policy analysis to date assumes poliffy in economic models of emissions control cost.
instruments that economic analysis has shown wofld

achieve control objectives in a least-cost way. UR- 3.1.2 Natural Sources and Sinks for
fortunately for purposes of policy modeling, expe the Gases

ence shows that there usually is some distance pe- The Carbon Cycle. Once emitted, C©is
tween these idealized policies and the schemes aftu- ’

ally agreed upon by international negotiations §r not destroyed ap|_or_e0|ably by any process in the
adopted by regional, national and provincial legisif- atmosphere, but it is converted to other complex

tures. organic molecules in photosynthesis-driven
biological processes or absorbed mainly as
bicarbonate ions (HC£) in the ocean. Thus
commitment. Also, the economic cost over theCO; is said to “cycle” from one medium to

long run is sensitive to the costs and rates of another, and human releases in any year are a net
penetration of carbon-free energy technologiesaddition to large natural movements of £O

or low methane producing agricultural options. within the system. In the period 1980-89, the
Like the GCMs discussed above, little effort hagarbon content of the atmosphere is estimated to
gone into the analysis of uncertainty within have risen by a rate of about 3.4 gigatons of
individual economic models of greenhouse carbon per year (GtC/yr), with an estimated error
emissions and control cost; most attention has of + 0.2 GtC/yr (IPCC, 1992). This release must
been devoted to comparisons among models be seen against a background of seasonal CO

(e.g., Weyant, 1993). fluxes of about 60 GtC/yr, primarily a result of
Yet another complicating factor in cost  leaves growing in the spring and summer (taking
analysis is the difficulty of specifying and up CQ) and decaying in the fall and winter

analyzing realistic versions of the policies that (releasing it again). Small errors in estimation of
might be adopted to pursue a particular GHG the rates of these opposing natural processes can
goal. Much of the policy analysis to date (e.g., lead to large uncertainties in estimates of future
Burmiaux, et al., 1992; Manne and Richels, total CG in the atmosphere.

1990; Nordhaus, 1993) assumes policy instru- Uncertainties in predicting the carbon cycle
ments that economic analysis has shown wouldre most easily illustrated by looking again at the
achieve control objectives in a least-cost way. limits to understanding of current fluxes. An-
These include carbon taxes that are uniform oviéirropogenic effects in Table 2 (cited earlier)

all fossil sources, schemes of allocation of include industrial emissions and the effects of
emission rights with formal systems of trading land use change discussed above. Subtraction of
among nations, or less-formal mechanisms of the annual accumulation of G@n the atmo-

“joint implementation” wherein nations receive sphere yields the amount (roughly half) that must
credit for their actions lowering emissions in  be explained by the net effect of some combina-
another nation. tion of natural sources and sinks.

Unfortunately for purposes of policy Current analyses imply that the single
modeling, experience shows that there usually largest sink is the ocean. Both chemical and
some distance between these idealized policiedbiological complexities are involved in the
and the schemes actually agreed upon by interpeacess by which CQs inhaled and exhaled by
tional negotiations or adopted by regional, the ocean year to year. On the decadal time
national and provincial legislatures. For practi-scales of interest here, however, the bicarbonate
cal reasons of history, equity, and entanglemenin the upper part of the ocean which is mixed by
with other issues, actual control policies almostwinds and waves (roughly the top 100 to 150
never use the most efficient instruments, and seneters) stays in equilibrium with the @i the
they impose burdens over and above the ideal atmosphere. That is, as atmospheric @@els
policy. These effects are easy to foresee beforese, this upper, so-called “mixed layer” absorbs



the amount necessary to equalize the gartial
pressures in the air and water. But the capacit
of the mixed layer is limited. The massive
potential CQ sink is the vast volume of water
below this level, and so the oceanic uptake of
carbon as atmospheric G@ses depends on the
action of ocean currents that cause the sinking
surface water to great depth in some areas of t
globe. These mass transfers of water are poor
measured and understood at present, which leg
to the wide range of uncertainty shown in
Table 2 for the ocean sink.

Still, the ocean is not the largest source of
uncertainty about the natural sources and sinkgpattern of anthropogenic emissions.
As Table 2 shows, there remains a residual of Cycles of other Gases and AerosolsThe
1.6 + 1.4 GtClyr, which is sometimes referred t@nthropogenic GHGs other than £THa, N2O,
as the “missing sink” and must be associated Oz in stratosphere and troposphere, and the
with biological processes on the land, which ar€€FCs) contribute in total roughly half of the
not yet well understood. A number of hypoth- additional radiative forcing expected over the
eses about this land sink are under study. Onenext few decades. The radiative effects of all the
idea involves the fertilization effect discussed GHGs are however countered significantly by
earlier, whereby rising CQevels in the air can reduction of sunlight by aerosols. Each indi-
lead to increased photosynthesis and plant  vidual gas or aerosol contributes its own uncer-
growth and thus to increased carbon storage intainty to the overall effect. The three main
living plants and in dead litter in soils. Plant  sources of this uncertainty are the terrestrial
growth also likely is enhanced by the depositiomatural and anthropogenic fluxes of £&hd
of another nutrient, nitrogen, derived from the N2O, the radiative effects of sulfate aerosols, and
nitrogen oxides (NQ) produced during fossil  the coupled chemistry of several of the green-
fuel burning (and also from the use of artificial house-relevant gases.
fertilizers). Finally, some previously cleared First, the natural fluxes of GHand NO
land is now in a process of regrowth with net are not well understood at the present time. Both
carbon uptake occurring as forests mature. gases occur naturally in the atmosphere, and are
Because plant growth in much of the humid  exhaled (and to a lesser degree inhaled) by the
tropics is phosphorus limited, and the land aredand biosphere in a pattern that is influenced by
in the southern hemisphere is too small to ex- the seasons and (so it appears) by global-scale
plain very much, the search for this “missing events like volcanic eruptions and the EI Nifio.
sink” is focused on northern hemisphere forestdViethane, as noted earlier, is produced by micro-

When forecasting decades to a century intaial activity in wetlands, rice paddies and the
the future, uncertainty increases, particularly fonpcean, and in the stomachs of cattle and termites.
the poorly-understood land sink. The hypoth- As shown in Table 3, the estimated magni-
esized biological processes are themselves  tudes of the natural sources under current climate
influenced by changes in G@nd NQ, and by  vary by a factor of roughly two. Anthropogenic
temperature, rainfall, cloudiness, and soil mois-sources include the microbe-related processes as
ture. Limits to knowledge about current condi- well as releases from fossil fuel production and
tions translate into even greater uncertainty ~ biomass burning, and their estimated magnitude
about future absorption by both the land and varies by a factor of roughly two as well. (The
ocean sinks, and thus about the rate of buildupprimary sink for methane involves a set of
atmospheric C@concentrations given any chemical reactions in the atmosphere, discussed

The anthropogenic GHGs other than OHj, N2O,

Og in stratosphere and troposphere, and the CFgs)
contribute in total roughly half of the additional ra
diative forcing expected over the next few decadds.
The radiative effects of all the GHGs are howeVjgr
countered significantly by reduction of sunlight b
aerosols. The three main sources of uncertainty fre
the terrestrial natural and anthropogenic fluxes of C
and NO, the radiative effects of sulfate aerosols, agd
the coupled chemistry of several of the greenhouge-
relevant gases.
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below.) The land sources and sinks gONare  moved at essentially the same latitude it is
even less well known than those for methane. emitted. Thus the rate of destruction of methane
Natural sources include releases by nitrogen is influenced by the location of the N®@mis-
bacteria in soils and in the ocean, and, as shovsions as well as by their magnitude, with emis-
in Table 4, estimates of the magnitudes of natusabns in the warm tropics having greater influ-
sources under current climate vary widely (by aence than in cooler regions. The major sink for
factor of two or more) as do the estimates of OH is reaction with CO and hydrocarbons
anthropogenic sources. The sink is better unddmcluding CH, itself). Also relevant as OH
stood: some PO may be removed by soils, but sinks are the emissions of N@nd SQ, which
the primary mechanism is destruction by ultra- are oxidized by the OH radical to form acid
violet (UV) radiation in the stratosphere. particles. Further, there is an interaction of this
When the focus shifts from quantifying  system with ozone in the stratosphere, because
current fluxes to forecasting conditions in the stratospheric ozone destruction (by chemistry
future, the uncertainty again increases. The driven by NO and CFCs) changes the UV
biogeochemical processes that determine theseadiation reaching the troposphere, altering OH
fluxes all depend on climatic conditions, particuproduction and thus the methane loss rate.
larly temperature and soil moisture. If climate The nature of these reactions is now rela-
begins to change under GHG influence, these tively well known, but their net effect, consider-
processes will change as well, in ways that ing the influence of the anthropogenic emissions
depend on the regional details of climate. Thuxf several gases and their complex interaction,
these dynamic biogeochemical processes are leads to substantial uncertainty in any forecast of
another feedback (shown by the arrow in Fig- the forcing attributable to human-caused emis-
ure 1) to be added to the three atmospheric  sions of methane.
feedbacks discussed in Section 2. Aerosols are the name given to suspended
The second major uncertainty involves theparticles (in addition to water and ice) in the
atmospheric chemistry that links methane and atmosphere. Only recently have they become
ozone (Q@). The ozone in the troposphere widely appreciated as significant players in
(roughly, the lower 15 kilometers of the atmo- climate. Aerosols can cool the Earth by reflect-
sphere) derives from a complex set of chemicalng sunlight back to space or warm the air locally
reactions involving Chl nitrogen oxides (NQ, by absorbing radiation. The 1991 eruption of
carbon monoxide (CO), and the hydroxyl radicalit. Pinatubo in the Philippines injected about
(OH). The main sink for Chlis reaction with 20 Mt (megatons or 8 gm) of sulfur dioxide
the OH radical, which proceeds fastest in warm(SQ,) into the stratosphere. The $@oud
air and converts it first to CO and then to£CO  spread out, and had a worldwide distribution
The OH radical is very reactive and therefore after about 20-30 days. Over this same time
very short-lived (on the order of one second). scale the S@is oxidized by OH and combines
The rate of loss of methane then depends on butith water vapor to form sulfuric acid particles.
the air temperature and the availability of the OFhese particles efficiently reflect sunlight back
radical to oxidize it. to space. Calculations using climate models, and
The main uncertainties for methane loss the observed abundances of the sulfuric acid
therefore concern the production and loss of thaerosols, predicted that the Earth should cool for
OH radical. Its primary source is a reaction  a few years by up to 0.6 °C. Indeed, such a
involving water vapor, ozone, and UV radiationglobal cooling was observed between 1991 and
Human activity producing NQand other gases 1993. So there is little doubt that these aerosols
creates a catalytic cycle in the troposphere, are an important influence on the climate, but
which generates OH by an additional secondartheir influence is sporadic.
mechanism. But NQis short-lived and re- \olcanoes are not the only source of



sulfuric acid aerosols. When coal is burned
without complete desulfurization, $@& pro-
duced and emitted into the lower atmosphere.
the lower atmosphere, the oxidation of the,SO
again produces sulfuric acid aerosols. These
reflect sunlight back to space, as they do in the
stratosphere; they can also provide condensati
nuclei for clouds. Adding more condensation
nuclei to a given volume of water vapor poten-
tially forms more cloud droplets from the same
volume of water. That makes the cloud more

The eruption of Mt. Pinatubo in 1991 provided a meg-
sure of the adjustment rate to changes in radiatfe
forcing on time scales too short to involve the defp
ocean. This initial speed of adjustment can be s¢
specifically in the response rate of global mean tefh-
perature to the reflective aerosols derived from tifis
volcano. This temperature decreased by roug
0.25 °C per year for a couple of years, a process f
is now reversing almost as rapidly as the aerosofi
removed by natural processes. If the aerosols igad
remained indefinitely, the equilibrium cooling woulg

have been about 5 °C and (at a rate of 0.25 °C fer
year) would have been attained in about 20 yeary if
the deep ocean were not involved.

reflective. The calculated radiative forcing
(cooling) by these effects is very substantial,
ranging from 1 to 4 W/fover the northern
hemisphere mid-latitude land areas.

To assess the significance of these anthro- . .
pogenic effects, note that a change in radiative particularly troublesome object for study, com-

forcing of 4 Win? is predicted due to doubling plicating efforts to reduce uncertainty about its

CO, levels from present values. But the aerosa SehaV|or. First, great expense is required to take

cool while the carbon dioxide warms. Note themeasurements below the ocean surface, and so
implied cooling by aerosols in the northern
hemisphere significantly offsets implied warm-
ing by rising greenhouse gases. While there is
still debate over the magnitude of the aerosol
effect (e.g., combustion-related pollutants like
soot can darken the normally white$0y
aerosols, thus lowering their reflectivity), there
little doubt that it is a cooling influence that has
to be taken into account.

ing variables like temperature and salt content
(salinity), by region and depth. And second,
because of differences in their density distribu-
tions and the forces driving them, important
processes take place on smaller geographical
I%cales in the ocean than in the atmosphere. As
pointed out earlier, atmospheric scientists
achieve important understanding using models
with a resolution of 200 or even 1000 km in the
horizontal direction. In the ocean, horizontal
resolution on the order of 10 km is needed to
As illustrated in Figure 1, the sum of the resolve features like the Gulf Stream. The
effects of the various sources and sinks of greecemputational task is vastly increased.
house gases is a change over years and decades A key place where these limitations matter
in the net radiative heat flux to the Earth’s is precisely in the analysis of deep ocean circula-
surface. Were it not for the influence of the dedjon, which is involved in climate change as a
ocean, relatively little uncertainty (measured in sink of both heat and GO The so-called “ther-
years not percentages) would attend the timingmohaline” circulations that accomplish mass
(if not the magnitude) of the resulting change intransfers of water (and thus of g®eat and
global temperature. The land and the wind-  salt) from the mixed layer to deeper levels ap-
mixed layer of the ocean would warm until a  pear to originate on very small scales, and the
new radiative balance was established. The paesulting deep currents may meander and dis-
of adjustment of land and sea ice (and thus theperse for tens of thousands of miles before “up-
time pattern of the albedo feedback) is not welling” again to the surface. The global pat-
known precisely, but the error is small comparetérns of these currents, known popularly as the
to that introduced by the deep ocean. “conveyor belt,” are approximately known, and
Two of its characteristics make the ocean some insight into volumes and rates of move-

3.2 The Ocean Sink for Heat

observations are sparse for key density-determin-

27



28

ment can be drawn from the distribution in the For managed systems, the net effect of any
ocean of fallout from nuclear bomb testing or change involves a combination of costs of
human-created chemicals like CFCs. But key adaptation and residual damages and benefits.
quantities are highly uncertain and the likely re-The speed of change matters because it deter-
sponses of these currents to temperature changéses how much capital stock (buildings, trans-
at the surface are in the early stages of analysiport systems, canals, dikes) is rendered obsolete
As a result of these limits to knowledge, before its time, and how rapidly social patterns
estimates of the timing of the Earth’s response toust adjust (e.g., through migration). As a
the greenhouse forcing can vary widely. Take, practical matter, the time period of predicted
for example, the hypothesis of a doubling ofCQ@limate change (decades to centuries) is long in
occurring instantaneously in 1990, and which, irelation to the useful life of most human-created
the absence of the deep ocean effect, would becapital, and thus ample time is available for
expected to raise global mean temperature 90%daptation through normal capital turnover.
of the way to a new equilibrium (say 2.5 °C Possible differences in the speed of climate
higher) within about 20 to 30 years. Introductiochange then add only small uncertainty to that
of the ocean sink could change the estimated already present in the “with vs. without” com-
time of adjustment to a new equilibrium for the parison of equilibrium analyses. The pace of
coupled system to anywhere between several change makes a big difference, of course, when
hundred and a thousand years. economic effects at different times are aggre-
Important programs of oceanic observa- gated for summary analysis and comparison with
tions, theory and data analysis are under way. mitigation cost. Economic benefits and costs
Understanding of critical ocean processes likelyshould be discounted, which will give a lower
will increase dramatically in the next decade, weight to effects in the more distant future.
reducing the uncertainty introduced by the For unmanaged systems the pace of change
present poor understanding of these deep circutaay be as important as the ultimate magnitude.
tions. Nonetheless, because of the complexity lottle is known about how ecosystems adapt over
the system and the fundamental limits to obsertime to changing conditions, or how they move
vation, the deep ocean circulation (along with geographically as conditions change. For terres-
clouds) will remain one of the main uncertaintiesial ecosystems, studies are under way of the
in the climate system, as discussed further in processes by which one ecosystem is replaced by

Section 4. another, what happens at the boundaries, how
_ _ long the process takes, and how to characterize
3.3 Economic and Ecological Impacts what is gained, what is lost, and what simply
Over Time moves (e.g., Smith and Shugart, 1993). But

Very little work has yet been done on the these studies are relatively recent, and the task is

estimation of effects under transient simulationglifficult. For the next few years, therefore,

of climate change. As already noted, most stuc@Stimates of impacts over time, even for some

ies are made on the basis of an assumeg CO given description of the climate change, will
doubling. The introduction of a time path raisege€main highly uncertain. _

issues that are suppressed in the approach that ~ For the ocean, whose complex bio-
compares equilibrium states. The costs and be#ochemistry and life forms might be influenced
efits of any change depend on how long the by changes over time in coastal seas, water
change takes to develop (and to be recognizedjemperature, and winds and open ocean currents,
and how far ahead it will be reliably foreseen. the state is not so much uncertainty but igno-

The faster and more surprising the change, thefance. As noted earlier, the data gathering and

higher will be the economic and environmental research focused on possible ocean impacts has
effects. been small in relation to that devoted to land



effects. The potential human cost, if fish stockg
were to be influenced, is great for some coun- Economic costs and benefits accruing at differght

tries. But there is yet simply no scientific basis]] times should be discounted, which is a process tgat
for assessing the risk gives a lower weight to events farther in the futurg.

For example, if the economy can produce a ratefof
. . . return on resources of 3% per year, then a $100 gbst
3.4 Interactions and Simulation in 2025 is equivalent to a cost of $41 in 1995. This§is

because a $41 cost today removes productive fe-
sources from the economy that would have produded
Sections 3.1 and 3.2, climate modelers perforn§ $100 in 30 years. The same procedure holds for fo-

so-called “transient” simulations of the global nomic benefits: $41 received today would grow [p
response to greenhouse emissions. AtmospheflicP® Worth as much as a $100 benefit in 2025.
GCMs of the type described in Section 2.4 are
linked to some (usually highly simplified)
noninteractive model of the atmospheric and
biospheric chemistry, and to an interactive
model of the ocean circulation. Then, fed with a The discussion above attempts to cover the
forecast or specification of emissions, these  uncertainty in current analyses of various system
analyses produce an estimate of the variations components, and of the system as a whole, and
over time for key climate variables such as re- to give some idea of when that uncertainty might
gional temperature, precipitation and soil mois-pe substantially resolved. It should be noted,
ture. The coupled ocean-atmosphere models siidwever, that we may encounter immutable lim-
require massive “flux adjustments” referred to its to prediction, and thus to our ability to lower
earlier, and the analyses still involve uncertain-uncertainty about the effects of greenhouse emis-
ties as to the scale of climate change (the climaigns. One reason, of course, is that it may not
sensitivity), but now we must add the additionalrove possible to remove all the problems with
uncertainties in the rapidity of the changes.  the physical, chemical and biological models
With the introduction of the complexity of mentioned above, and the remaining errors may
the time-dependent ocean circulation and its  compound to yield uncertainties for some por-
coupling to the atmosphere, the predicted se- tions of the climate system that are much larger
quence of climates turns out to be more uncer-than one would wish for an input to a policy de-
tain than the climate in some imagined future cision. Only time and intensive effort will tell
equilibrium. Further, if proper attention is givenhow much reduction can be achieved.
to uncertainties in the atmospheric and terrestrial  But potentially there are yet more funda-
biogeochemistry, importantly including feed-  mental limits to prediction. First, there may be
backs from the biosphere and the role (presentiimits in principle because at some levels of de-
and future) of the oceanic carbon sink, then theail the system may be chaotic. The present state
variance in estimates must be considered to beof the climate system can be observed only
greater still. within a limited degree of accuracy, even with
Unfortunately, the formal analysis of the most comprehensive network imaginable.
uncertainty in these coupled systems, in their Yet it is possible that paths of climate evolution
transient states, is even more sparse than for thghich differinitially by amounts less than this
calculations of equilibrium climate sensitivity irreducible error may diverge to very different
using GCMs coupled to ocean models, and for future conditions. In this event the climate is
similar reasons. If an ocean circulation model unpredictable even if the climate model is a per-
with reasonable detail is includedsiagle fect representation of the physics, chemistry and
several-century simulation using a coupled biology of the planet.
ocean-atmosphere model can require ayear on  Second, even if aspects of climate are not
the most powerful supercomputer. unpredictable in principle, they may be practi-

To analyze the phenomena summarized i

4. LIMITS TO PREDICTABILITY
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cally so because of limited knowledge of the

current climate. As noted earlier, the tempera-
ture and salinity of the deep oceans is not well | of past climate. The earlier in time the ice was dp-
known, and simulations starting from different posited on the Antarctic or Greenland glaciers, tfje
definitions of the initial condition of the ocean | deeperitis now buried. Ice deposited 250,000 yejrs
may lead to results that vary greatly, a situatio ago lies 2 kilometers deep. Past high-latitude tefn-

that Id ari if the climat t peratures can be determined from the ice becausd all
at could arise even It the climate were no water molecules are not identical: they differ in majks

chaotic. and other properties according to the isotopes of §y-
It is known that the chaos associated withf] drogen and oxygen of which they consist. At the pofht
weather leads to interannual global average where water freezes to form snow or evaporates, fhe
temperature variations of about 0.2 °C. How selection of molecules that make this phase trarfpi-
. h b | ) II' tion differs by type according the temperature. Tle
|mp0_rta_mt C aos may e to long-term climate ice in the cores is compacted snow, and by analyzjhg
prediction is not yet known, although there are || its isotopic composition the temperature at polar lafi-
indications that the phenomenon exists on theg] tudes can be estimated. Age of the ice is estimafed
longer time scales. Specifically, chaos may be || by counting annual layers in the upper portions ajd
evident in some of the fluctuations of tempera- | SOtopic dating, and ice flow modeling in the lowe
. ortions.
tures in the northern and southern temperate a &
polar regions (roughly 45° to the Poles), which
revealed by recent studies of Greenland and

Ice cores contain a valuable nearly continuous recqrd

Antarctic ice cores. (particularly the northern) is the stability of the

(Dansgaard, et al., 1993) from the Summit coreAISO, the record shows a high correlation be-
taken in Greenland and the Vostok core from tween the northern and southern hemispheres in

Antarctica. Readily evident in both hemispherddl€ long-term movements in temperature, as the
Earth has moved in and out of ice ages.

In addition, over much of the record a

Many natural systems, ranging from the spread off a curious instability a_lppears_ln the pattern of

cloud of milk in a cup of hot tea to the motions g temperatures, particularly in Greenland. Repeat-
planets, are found to “chaotic.” Chaos is a technial edly, temperature has risen or fallen by as much
term that describes the fact that, if they include ndh- as 10 °C in very short periods of time, only a few
linearities and feedbacks, even simple systems ¢ BN Jecades to a century. The process is not under-
show an amazing complexity of behavior that canrpt . . .

be forecast. For dynamical systems, which are the eStOO_d’ although 'Fhere IS a 'ead'”g hypothesis that
that evolve over time, one implication is that evgh Credits these swings to changes in the aforemen-
infinitesimally small differences in starting pointcafl tioned thermohaline circulation of the deep-

lead to dramatically different conditions in the f ocean, which is influenced by temperature and
ture. The local weather forecast is an example. We e cipitation in the far North Atlantic (Manabe

do not have perfect knowledge of the initial cond .

tions, such as the exact temperature at every poirgin and Stouffer, 1993; Nakamura et a!" 1994). But
the relevant grid at the instant the forecast is begfjn. Whatever the cause, these data point to a natural
Unfortunately, errors smaller than those from the mdst variability that is characteristic of climate, apart
comprehensive network can lead to weather forecgbts from human emissions or our attempts to miti-
that take completely different courses within one §r gate them. Also, to the degree these natural

two weeks. So even with a perfect computer modge . ’

of the forces driving the weather, a forecast beyod fluctuations are not understood, and cannot
this period is without valuim principle. Moreover, therefore be presently forecast, a caveat must be
since weather models are not perfect and the datafareattached to current analyses of the effects of

not the most accurate imaginable, even the best f@e- human perturbations of the system.

casts are good only for about four to six days. The potential for chaotic behavior, and the

implied limits to our ability to reduce uncertainty
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Figure 6. Climate records for the present back to 2500,000
years before present (250 kyrs BP) from Antarctic (Vostok;
yellow) and Greenland (Summit; red) ice cores. Shown are
temperature differences in degrees centigrade from the
present (Holocene) values at each site. (From: Dansgaard
etal., 1993.)

planning of the specialized model
construction and analysis needed
to carry it out, is only beginning.
Very likely within a decade or so
we will have a better estimate of
where the fundamental limits lie,
and a clearer impression of how
much can, in principle, be
achieved in uncertainty reduction.

5. THE POLICY ANALYSIS TASK

The preceding discussion
provides no guidance for green-
house policy, nor was it intended
to do so. But it does convey a
message about the context within
which policy must be formulated,
and the demands put on those who
would assess alternative mitiga-
tion measures.

Regarding the broad policy
context, the discussion emphasizes
a point made at the outset: neither
of the extreme positions, to take
urgent action now or do nothing
awaiting firm evidence, is a
constructive response to the
climate threat. Responsible
treatment of this issue leads to a
difficult position somewhere in
between. Furthermore, the policy
choices involve balancing future
risks against near-term costs.
Analysts, and the policymakers
and public they serve, will experi-
ence little comfort of certainty in
their understanding of outcomes,
or of convenient thresholds in
climate effects, which can help
justify policy conclusions. Pro-

about climate change, are very important topicgosals for adaptation to (uncertain) climate

for research. Some parts of the climate systenchange need to be considered along with (uncer-
may be more predictable than others (e.g., tain) mitigation of climate change through
averages for large regions in contrast to small emissions reductions. The challenge for policy-
areas). Or parts of the system may be chaotic making is not unprecedented: many issues have
but with outcomes that fall within limits that canthis character. But the scale and complexity of
be defined. Research on this topic, and the the climate issue, and its large economic stakes,
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Understanding of the various aspects of the

The implications for analysts who would carry o climate change issue is changing year to year,
policy assessment are clear. First, uncertainty is fre @nd even month to month. In some areas, uncer-
essence of the issue. Calculations which assume fhattainty is being reduced by research activities; in
key uncertain relations can be treatedif known others new discoveries have the effect of de-

with certainty, or which place heavy weight on ofp 4ving previous understandings and increasing
or a few simple scenarios, can easily misrepres .
uncertainty.

both the nature of the problem and the implicatio ) ) ) )
of alternative courses of action. A second implic§- Unfortunately, keeping up in this area is a
tion is that groups analyzing the greenhouse isgue unique challenge in its own right, because the
must take care not to freeze models of the varigus expenditure on research in this area is so great
processes at current levels of knowledge, or toinchr- 5 the emerging literature so voluminous. Yet,
porate simplified representations and carry them f@r- hasized in the di . b fth
ward over time without continuing review and reco as emphasized In the discussion above 0_ the
sideration of their adequacy. way doubled-CQ@results have been used in
policy discussions, it is important that policy
analyses not fall far behind the rapidly evolving

. _ frontiers of the climate science, the social sci-
make it especially troublesome for both domes%%ce and the work on ecosystems. Policy

and international institutions.

The implications for analysts who would
carry out policy assessment are more clear.
First, uncertainty is the essence of the issue.
Calculations which assume that key uncertain
relations can be treated if known with cer-
tainty, or which place heavy weight on one or a

few simple scenarios, can easily misrepresent analyzing uncertainties in policy choice, and

both the nature of the problem and the implica-(more importantly and more difficult) improved

tions of alternative courses of action. No doubiwayS to communicate them to a public that is not
it is a difficult task to inform policymakers and specialized in the underlying disciplines, but

the public about the limits to knowledge, and towho, on behalf of themselves and their descen-
communicate choices in terms of a balancing Oaants, have a great stake in the outcome.

risks. Political leaders seek clear, substantial

justification for any action, particularly if it will

impose large costs on some or all citizens. 6. REFERENCES
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