Modeling Climate Change and Its Impacts: Law, Policy and Science

Daniel A. Farbelr
I. Introduction

Use of models has become increasingly central to the regulatory process. Modeling is
sometimes even explicitty mandated by Congfesdhe potential ben#s are manifold.
AComput er aocordirg toiathegding environmental law scholarinar r ows t he
uncertainties related to pollution impacts and causal pathways that have plagued environmental
policymaki ng?lom tadrln, brecagehg)séowws potentidl problems to be
spotted before they emer ge ahA#sahesdltpfsimpoved t ar g e
forecastinghe sayst he fAevol utionary process of policy ¢

Y

anderrorthuscame sped up>dramatically. o

But not everyone would agree with this optimism about modeling. Environmental

modeling is hardly foolprogf and we are still learning how it can best be used in environmental
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protection’ There are some basic questions toabldressed about environmental modeling.
How much ofthe potential of modelingds already been realized? What are the potential pitfalls
of modeling? How can the regulatory and legal systems best make use of mGidietsie
modeling provides an ideakting for exploring the larger issues related to modeling. These

models ardoth important irtheir own right and paradigsof sophisticated scientific modéls

This article has two goals: providing legal and policy analysts with a basic understanding
of the types of computer models that are used in studying climate change, and thinking through
the uses and limitations of these models for courts and agencies. Thepaoieeds irfour

stages. Part | analyzes the models used by climate scientstanderstand climate change.

"Id. For another perspective on the use of modelingnvironmental law, see James D. Fine and Dave Owen,
Technocracy ad Democacy: Conflicts Between Models and Participation in Environmental LagvRlanning 56
Hastings L.J. 901 (2005). According to Fine and Owen:
Models can process reams of data amgresent mathematically complex chemical, physical and social
relationships, allowing modelers to make predictions and test assumptions in ways that otherwise would not
be possible. Not surprisingly, models have become essential and ubiquitous plansingutodependence
upon them making their abandonment all but unthinkable.
Nevertheless, models are incomplete representations of reality and suffer from many sources of uncertainty.
Every model, strictly speaking, is an approximation, for no model cam lexact representation of the real
world. Air quality planning models, like any physically based simulation, also are unverifiable, limiting
modelers' ability to assess their reliability. Approximations, subjective choices, and errors in both design
and gplication are common in any modeling effort, but the complexity of currentaahe-science
models hinders assessment of their certainty.
Id. at 904905.
8 For an overview of climate modelingeeDavid Randall et al Climate Models and Their Evaliah, in CLIMATE
CHANGE 2007:THE PHYSICAL SCIENCE BASIS, CONTRIBUTION OF WORKING GROUP| TO THE FOURTH ASSESSMENT
REPORT OF THEINTERGOVERNMENTAL PANEL ON CLIMATE CHANGE (2007). A good discussion of uncertainties in
models can be found in Gerald A. Meeht, al., Global Climate Projectionin CLIMATE CHANGE 2007: THE
PHYSICAL SCIENCE BASIS. CONTRIBUTION OF WORKING GROUP | TO THE FOURTH ASSESSMENTREPORT OF THE
INTERGOVERNMENTALREPORT ONCLIMATE CHANGE 747, 754760, 797810(S. Solomonet al eds. 2007) A more
detailed introduction to modeling can be foundiENDAL MCGUFFIE AND ANN HENDERSONSELLERS, A CLIMATE
MODELLING PRIMER ( 3d e d . 2005) , although it should be noted t
Abasi c high s cilatxil, is tne briydomthase readeds,whose basic high school courses included
vector calculus, and some details of the discussion presume sor@ghosthool exposure to physics. Among
other useful features, Appendix B of the book contains aulgéfssary of technical vocabulary, most helpful for
those of wus whose daily conversation does not include
underlying climate modeling are explained in John Harte, Consider a Spherical Cow:rge GoiEnvironmental
Problem Solving (1988). For an overview of the current state of knowledge about climate issues generally, see Peter
J. Robinson and Ann Henders8ellers, Contemporary Climatology (2d ed. 1999).



Some of the models are mubagglingly complex, requing weeks to run on the most powerful
supercomputers. Even the simplest models may be challenging to understand for scientific
novices. As we will see, avhave good reasoto rely on these models, but we must also

recognize that considerable areas of residual uncertainty remain.

Another kind of computer modeling is helpful in bridging the gap between the models of
climate change and the people who must apply their segtdtt 1 also discusses the role of
geographic information systems (GIS) umderstanding climate impactsThese modeling
systems convert data to interactive maps. Given the complexities of climate change such models
are especially important in makimgformation accessible to policymakers and members of the
public. For many users, GIS models will be the interface between them and the climate

scientistsod6 wor k.

In Partlll, we consider th@robableresponse of courts to computer modeling, an issue
that can arise in judicial review of administrative proceedings and in ordinary civil litigation.
Court are just beginning to confront the use of climate models, but it seems likely that they will
find these models reliable enough for use in litigation anddministrative decisions.The
distinctive processes that climate scientists have designed for testing and improving models
should provide additional assurance to couftse main pitfall may be oveeliance on any
single model without acknowledging madkmitations or recognizingthe importance of

confirmation from other models and observations.



PartlV considers the implication of model uncertaiintthe risk that a model has failed
to capture the dynamics of the process it is simulatinglodel urcertainty should diminish as
our modeling efforts improve. Nevertheless, the models now provide considerable confidence
about the existence of humanginated harmful climate change, but they leave uncertainty
about regional effects and downside risk&conomic models are particularly subject to

uncertainty. Climate policy must be designed with these uncertainties in mind.

Because this article covers a good deal of fairly diverse terrain, it may be helpful to

identify four key fAtake awayo points:

e Climate models establish a lower end estimate for global temperature impacts, but the
distribution is less clearly bounded on the high $id# in simpler terms, the high
end risk may be considerableThe models are better at predicting temperature
patterns thn precipitation patterns, and global predictions are considerably firmer

than more localized ones.

e Economic models are much less advanced, and their conclusions should itlused
caution Unfortunately, economists are not always caredbbut incorpoating
uncertainty into their policy recommendatiortSconomic models should receive less

weight than climate models in the policy process.

° This paper focuses on the uncertastin predicting the degree of harm from climate change. There are also large
uncertainties about the costs of mitigation measures. Oddly, those who view uncertainties about harm as a basis for
ignoring the impact of climate change tend to place a gesltof credence in economic models of mitigation tost

in their minds, uncertainty apparently is relevant when considering scientific models but not economic Beelels.
Philippe Tulkens and Henry TulkenBhe White House and the Kyoto Protocol: Doubtandards on Uncertainties

and Their Consequeng¢dune 2006)http://ssrn.com/abstract=910811
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e Climate scientists have created a unique institutional system for assessing and
improving models, going well beyondhe usual system of peer review.
Consequently, their conclusions should be entitled to considerable credence by courts
and agenciesModel findings should receive particular weight when they converge
with other modelsind when confidence intervals haween determined. Judges have
less capacity than agencies to assess models and therefore should place more weight

on consensus determinations such as the IPCC.

e Model predictions cannot be taken as gospel. There is considerable residual
uncertainty about dimate change impactthat cannot be fully quantified. The
uncertainties on the whole make climate change a more serious problem rather than
providing a source of comfort. The policy process should be designed with this
uncertainty in mind. For instanceather than focusing on a single cbsnefit
analysis for proposed regulatory actioise Office of Management and Budget
(OMB), which oversees federal regulatory poliegyight do better to require the

development of standardized scenarios for ageneiase.

Apart from the direct legal and policy relevance of climate modeling, studying the
models also suggests a broader lesson. The models demonstrate the powerful interdependence of
our world. Human actions in one part of the world affect climat@adeoss the globe, which in
turn drives other climate changes. Pictures from space allow us to envision that essentially unity
of our planetds physical, bi ol ogi cal and soci

us how these systems are witedether.



II. Models and Climate Change Policy

Climate scientists rely heavily on very complex, sophisticated computer models of the
climate system.Decisionmakers need to be aware of the strengths and weaknesses of these
models, lest they either exgerate the degree of uncertainty about climate changiéen an

excuse for inactioin or act with a misguided confidence that the situation is fully understood.
A. An Overview of Climat®odeling

A popular science writer gives a particularly clearlarption of the basics, discussing a

particular model called GISS:

Li ke al/l cli mate model s, Gl SS0s dtiheedes t 1
hundred and twelve boxes cover the earth©os
times movingup through the atmosphere. . . . [lJn the world of the model, features such

as lakes and forests and, indeed, whole mountain ranges are reduced to a limited set of
properties, which are then expressed as numerical approximations. Time in this grid

world moves ahead for the most part in discrete,-halir intervals, meaning that a new

set of calculations is performed for each box for every thirty minutes that is supposed to

have elapsed in actuality. Depending on what part of the globe a box reprdsesgs, t
calculations may involve dozens of different algorithms, so a model run [may involve]

more than a quadrillion separate operations. A single run of the GISS model, done on a

supercomputer, usually takes about a mdhth.

10 B 1zABETH KOLBERT, FIELD NOTES FROM A CATASTROPHE MAN, NATURE, AND CLIMATE CHANGE 99101
(20086).



The model calculates changes ineach block based on fundamental laws and on
i par amet.@ These pdarameterizatiorspproximate complex physical processes with

simpler equations thagpturethe physical resultsut without all the details of the process

Climate modeling has delped quickly over the past fedecades! The publications
on climate research have doubled approximately every eleven years since the middle of the last
century*® Supercomputer speed has increased by a millithin the past three decadés.
There haseen a shift from traditional supercomputers (in which all processors use the same
memory space) to massively parallel machines in which each processor has its own themory.
As everyone knows, chip speeds have also grown exponentiallse Sdohnologicaladvance
allow models to be more fingrained (smaller cells providing more detail on processes) and
enable the incorporation otean currents and other factors too complex for the early middels.
Faster computer speeds also allowed ensemble runs in windkl parameters argariedin

order to study their effect on climatg.

Il nitially, #fAclimate modeling was dominated
a sound training in fluid dynamics, radiative transfer or numerical analysis could hopesor exp
t o make a 'cBarytmodels were derivad from weather prediction motielhese

early models approximated some processesh as ocean/atmosphere interactiombe

M A detaileddiscussion can be found in Herve Le Treut etHistorical Overview of Climate Change Scienire
CLIMATE CHANGE 2007: THE PHYSICAL SCIENCE BASIS, CONTRIBUTION OF WORKING GROUP | TO THE FOURTH
ASSESSMENTREPORT OF THENTERVGOVERNMENTAL PANEL ON CLIMATE CHANGE (2007).

2|d. at 98.

2d. at 112.

14 MCcGUFFIE AND HENDERSONSELLERS, supranote , at 177.

°|d. at 113.

®1d. at 48. Early models turned out to be much too sensitive to perturbalibrms.53.

1d. at xv.

®|d. at 6.



approximationgproduced problems due to gaps in the ocean data; the prablénns had to be
compensated by adding Afluxeso t'0Sdnemalelst he m
continueto use fluxes, while others have been able to model the physical processes more
directly?® The ozone hole over Antarctica provided the étus for including atmospheric

chemistry in model$! (The chemicals that caused the ozone problem are potent greenhouse

gases?)

Today, AtmospherieOcean General Circulation ModelBQGCMs) are able to include
consideration of aerosols (such as sulfuxaie plumes caused by industrial sources), river and
estuary water mixing (affecting ocean salinity), sea ice, and terrestrial protedsetead of
using rough approximations (like average levels of cloudiness given localg models are
increasingg abl e to Arepresent such processes as
Apredict the distri bu?% iModelsalso increhsingyuricatporatenttle i c e
terrestrial biospherdncluding vegetation and soil carbon cyct2sMany factors turn outo be

relevant: snowegetationinteractions, evaporation from forest canopies, and soil moi€ture.

191d. at 117. Perhapironically in light of the origin of the models, there is now some tension between the views of
climate scientists and those of meteorologists about matters such as the relationship of climate change to hurricane
intensity. This topic is explored in dipin CHRIS MOONEY, STORM WORLD: HURRICANES, POLITICS, AND THE

BATTLE OVER GLOBAL WARMING (2007).

22 MCGUFFIE AND HENDERSONSELLERS, supranote , at 7.

214

21d. at 592.

**1d. at 602.

% RANDALL , supranote , at 604.

% RANDALL , supranote , at 605.



Some models, however, treakgetation and land usas fixed, however, rather thams

responding to climate change.

As one scientissuccic t | 'y putl ass mbédeking r eXoeires f
data used as input for climate modeling has also improved, with more sophisticated
measurements for surface sea temperature (8S33tellite data, and more careful and
comprehensive datsets of grounebased measuréS. Because of the improved monitoring
network when MountPinotuba eruptedscientists were able to make great advances in
understanding the climate impacts of volcanic eruptioidevertheless, gaps in the data remain.

We still need better data about such matters as ocean surface heat content and evipafation.
still lack hydrological data needed to initialize and validate moteEhus,a great dealemains

to be done to provide the raw material for AOGCMs.

AOGCNMs are verypowerful, even without the full data that we would ideally like to
have, but their power comes at a pit&OGCMs are complex and correspondingly expensive

and slow. These models take roughly twetftye or thirty persoryears to cod& (Yet even

27 MCGUFFIE AND HENDERSONSELLERS, supranote , at 72. For discussion of efforts to model land seseyan

der Werf, Edwin and Peterson, Sonja,NMModeling Linkages between Climate Policy and Land Use: An
Overview" (May 2007). FEEM Working Paper No..8607,available atSSRN: ttp://ssrn.com/abstract=989968.

2 M. Bruce BeckHow Best to Look Forward316 Science 202 (2007). For an assessment of recent improvement

in climaterelated data and areas for future improvementCsaeMITTEE ON STRATEGIC ADVICE ON THEU.S.

CLIAMATE CHANGE SCIENCE PROGRAM, NATIONAL RESEARCHCOUNCIL, EVALUATING PROGRESS OF THEJ.S.

CLIMATE CHANGE SCIENCE PROGRAM: METHODS ANDPRELIMINARY RESULTS51-97 (2007).

2 Tryet,supranote, at 102.

¥d. at 116.

3 MCGUFFIE AND HENDERSONSELLERS, supranote , at 32.

%2 RANDALL , supranote , at 613.

33 MCGUFFIE AND HENDERSONSELLERS, supranote , at 199.

¥The demands posed by these models will only increase.
States will need at least artyfold increase in higip er f or mance computing resources w
COMMITTEE ON STRATEGIC ADVICE ON THEU.S.CLIMATE CHANGE SCIENCE PROGRAM, supra note , at 110.

35 MCGUFFIE AND HENDERSONSELLERS, supranote. at 4.



thesemodel s are fifar removed in cocnghegtypically fr om
divide use grid points two to five degrees apamising about twenty layers to model the
atmosphere and tracking changes over twenty minute intéfvBlscause of theicomputational

demands, it is not feasible to use them for lgergn projections or to large numbers of runs to

provide a probability distribution of outputs.

To allow longerterm trend analysis, climate scientists also use Earth Models of
IntermediateComplexity (EMIC)3 There is no such thing as a typical EMIC; what they have in
common is simply +that Afone or more aspects
parameterized with the goal of including a process or-tram@e that could not othervasbe
resol ved with t h*®EMiCwatpuishelt lipevellragamsi direct abservations
and AGGCM results. Using ensembles of EMIC runs also allows a fuller exploration of
uncertainties in longerm projectiond® Essentially, EMICs offer a wato simulate the more
complex models (which themselves simulate the real wéfld.EMICs include realistic
representations of basic geographic features like the shape of continents and ocedi basins.
EMI Cs are fdnot suit abl an rdgiomal clonata changef oy extragne u n c e
events, o0 but they can be wused for | arge ass
simulations extending oveomg time periods. Thus, some EMICs can be used for systematic

sampling of possible parameter valugs order to develop probability distributions of

®1d.at 9

¥1d.at 5 6 . Since there are 360 degrees of Il atitude and | o
roughly 2500 20,000 pieces.

*®1d. at 56.

39 For a detailed discussion of EMIG=eid., at 117153.

0 MCGUFFIE AND HENDERSONSELLERS, supranote , at 150.
“I RANDALL , supranote , at 592.

“21d. at 643.

“31d. at 644.
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outcomes” EMICs also allow irdepth exploration of the impact of specific processes, such as

very detailed consideration of atmospheric chemiStry.

Even more stripped down are Simple Climate Models (SCM&ey represent the major
components of the global system as boxes, predicting global surface temperature changes using
Afan energy balance equation, a prescribed val
of ocean heat u p tisadkte exérapolatd resulys frama AOG@Ms or study
interactions between global variabf8s Even simple models seem to have predictive validity:

for example, they do well at modeling the impact of volcanic eruptions on cftfhate.
B. The Place of GCWdIin Climate Policy

First, how sure can we be that climate change is a genuine threat? The most reliable
source is the 2007 repoof the IntegovernmentalPanel on Climate Change (IPCGyhich

explains thescientific consensus According to the I PCCb0s repor

Global atmospheric concentrations of carbon dioxide, methane and nitrous oxide have
increased markedly as a result of human activities since 1750 and now far exceed pre
industrial values determined from ice cores spanning many thousands of Védes

global increases in carbon dioxide concentration are due primarily to fossil fuel use and
landuse change, while those of methane and nitrous oxide are primarily due to

agriculture?®

4 Meehl and Stockesupranote , at 797.

**1d. at 54.

*®|d. at 797.

*” MCGUFFIE AND HENDERSONSELLERS, supranote , at 12.

48 g, Solomon, et al., Contribution of Working Grougol the Fourth Assessment Intergovernmental Panel on
Climate Change, Climate Change 2007: The Physical Science Summary for Policymakers 1 (2007). The IPCC
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The IPCC report is the result of an exhaustive review process:

Forty governrents nominated the 150 lead authors and 450 authdzsméte Change

2007: The Physical Science Basi\uthors had their draft chapters reviewed by all
comers. More than 600 volunteered, submitting 30,000 comments. Authors responded to
every comment, rad reviewers certified each response. With their final draft of the
science in hand, authors gathered in Paris, France with 300 representatives of 113 nations

for 4 days to hash out the wording of a scieritistitten Summary for Policymakefs.

Because bimprovements in modeling and data, the 2007 Report was able to eliminate
some concerns that had previously been raised about climate change. In particular, four key
issues were resolvedFirst, could evidence of warming be skewed because previously rur
measurement sites have been swept into urban areas, which are warmer than their surroundings?
The answer is ndVhile the urban heaisland effect, caused by the tendency of urban concrete
and asphalt to absorb heat, isrdakfia ne gl i g dévoeerall tenfpératueesSecond,
do satellite measurements show that the world is not really warming (unlike the ground level
measurements)? Again, the answer is rfte Pprevious discrepancy between edrdised and
satellitebased temperature measuents has been resolved by improved satellite measurements,
which are more in line with the eastlased results.Third, could warming be due to natural
forces? Again, no. Wile natural forces such as volcanoes and variations in solar intensity can

influence climate and have done so in the past, these natural variaimmg produce the

explains that fithe understanding of anthr opwdistncei c war n
the Third Assessment Report (TAR), leading¢oy high confidencehat the globally averaged net effect of human

activities since 1750 has been one of warming, with a radiative forcing of +1.6 [+0.6 to +2.4] Wl.rat 4.

“Scientists TePo |l i cymaker s Wedr e,3B5ISdENCWER4 (8007).g t he Wor | d
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currently observed patterns of climate chandged fourth,is it plausible to think that small
changes in the gas composition of the atmosphere could cause siguiiivaté change? Yes,

the evidence does showthat the climate system is sufficiently sensitive to atmospheric
composition to produce the observed climate change, as shown by the response to other
disturbances such as the Mount Pinatubo eruption of Y9%esolving these issues eliminates
some of the residual uncertainty that had still cloudisgussions of climate change, leaving

little room for doubt that humacaused climate change is real and serious.

Of course, complete scientific certainty is negessible, and the IPCC claims only that
its conclusions are highly likely (over 90%). But social policy can never be based on complete
certainty. We make major governmental decisions based on social science evidence such as
economic theories that are gett to much less intensive scrutiny. Climate change models are

imperfect, but highly credibleOverall, according to the IPCC,

There is considerable confidence tR&GCMs provide crdible quantitative estimates
of future climate change, particularly eontinental and larger scales. Confidence in
these estimates is higher for some climate variables (e.g., temperature) than for others

(e.g., precipitation}*

In short, the evidence for climate change is imperfect, but probably stronger than much of the

evidence society uses to make-ifiedeath decisions.

C. Limitations and Critiques

d. at 755.
>l RANDALL , supranote , at 591.
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Even todayods most sophisticated model s ha

responsible for up to twthirds of the light reflected by our planet, but they cont@mplex
dynamics and have only been partially modéfedThis limitation can make a substantial
difference. Experiments with a model in the early 1990s showed that global average temperature
increases could increase from two degree Celsius up to Bpending on what approximations

were used for cloud behavist. As an | PCC report says, AL 1]t
results of a complex climate model can be so drastically altered by substituting one reasonable

cloud parametrization for another. >* . o

Also, like predictions of weather, predictions of climate may be inherently probabilistic.
Efforts using the same model to predict the climate for a particular time in the future may differ
in different model rund> In comparison, edictionsof average, longerm climate properties
are the goal of most modelers, and these predictions are more®Stabtea recent article

explains:

. . . .0On lead times of less than 10 years, the signal of anthropogenic climate
change is relatively small cormped to natural decadal climate variability, and

uncertainties in initial conditions dominate the overall uncestahthe prediction.

By contrast, climate predictions on time scales of a century are much less
sensitive to initial conditions, becausestbignal of anthropogenic climate change is

much larger at longer time scales and because more elements of the climate system have

2 Truet,supranote , at 114.
31d. at 114.

>d.

%5 Truet,supranote , at 117.
*°1d. at 117, 118.
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a fAimemor yo efdrcingfactots that is shoreertthen a few decades. The major
source of uncertainty here liestime future anthropogenic emissions of greenhouse gases

and aerosolg’

Another source of uncertainty in longgerm projections relates to the parameters covering some
features of atmospheric behavior, which are not known precidtyis possible, howevethat
there are multiple equilibey making it difficult to be confident of outcomes given the limitations
of measurement for the initial condition and other variablesnother advance in modeling is to

give more explicit attention to uncertainty bypiding confidence intervals for predictioffs.

Models differ significantly in their predictiondDisagreement about climasensitivity is
one indication of model differences. Climate sensitivity means the equilibrium average
temperature changesultirg from a doubling of carbon dioxide concentrationgus, climate
sensitivity indicates what the temperature will be in the very long run, after transitional effects
have damped downltisiil ar gely determined by inteonal f
dampen the influence of' Asimrhsaottjtheeiggest sourde ofg o n
differences between models relates to cloud formation and effects on heat r&di&iimnds
reflect light back into space, but also trap heat emitted frelombh the balance between these

processes is compléx.

" peter Cox and David StephensénChangingClimate for Prediction317 SCIENCE 207, 208 (2007).

% 1d. As a result, the most reliable forecasts are for lead times between thirty and fifty years. The authors suggest
that better data about current conditions could help pin down the pararukters.

¥ Truet,supranote . at 117.

d. at 121.

L RANDALL , supranote , at 629.

®2|d. at 633.

®ldat 635. The | PCC6s summary on clouds is as follows:

15
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Given that the models are neceigaimperfect, what reasons do we have for crediting
their results? Perhaps the most basic reason is that thesadrthe models are based on well
understood lawsfghysics relating to fluid behavior, thermodynamics, radiation absorption, and

other processés.

by

In addition, models have undergatheee importanfir eal i ty checks. 0 Fi
have been successfully tested for stterin and season weatherdoasting, with good results.

This provides some grounds for confidence that major weather factors have not been’dmitted.

Second, models have been tested at the component level. Standardized tests are applied
to the components through organized adssit such as regularly held Worksgls on Partial
Differential Equations on the Sphéfe. The physical parameters in the models are tested
through case studies, run by programs specializing in cloud systems, atmospheric radiation, and

other topic$’

Third, models are tested against past and present clinffdtey have beeextensively

used to simulated twentietlertury climate changé&8. The results are encouraging:

Models show significant and increasing skill in representing many important mean

climate katures, such as the largeale distributions of atmospheric temperature,

Despite some advances in the understanding of the physical processes that control the cloud response to
climate change and in the evaluation of some components of cloud feedbacks in current models, it is not yet
possible to assess which of the model estimates of cloud feedback is the most reliable. However, progress
has been made in the identification of theud types, the dynamical regimes and the regions of the globe
responsible for the large spread of cloud feedback estimates among current models.

Id. at 638.

4 SeeRANDALL , supranote , at 600.

®°1d. at 593.

%°1d. at 594.

®71d. at 594.

®81d. at 595.
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precipitation, radiation and wind, and of oceanic temperatures, currents and sea ice cover.
Models can also simulate essential aspects of many of the patterns of climate variabilit
observed across a range of time scales. Examples include the advance and retreat of the
major monsoon systems, the seasonal shifts of temperatures, storm tracks and rain belts,
and the hemispherscale seesawing of extratropical surface pressured(ittbern and

Southern fAafnul ar modes. o)

For example, there has been fAsteadigeventsbgr ess
Models have also been successful in simulating global statistiestime events, especially

heatand cold wave$® It is difficult to check models against grelustrial history because the

weather data from those periods is spotty and its interpretation is contro{feisiaddition, we

do not have completely firm evidence about the magnitude of other climate driglrasssolar

and volcanic activity”

Notably, the models collectively outperform any individual model. Researchers have
found that faverages across sSstructuradaley dif
agreement with observations, becausevindid u a | model b i “AWeecan alsoegatd  t o
some sense of the extent of uncertainty through running models with variations in parameters,

since parametrization is a key aspect of model uncertainty. One such effort f@@¢tcparcent

“Id.at 600. ASkillo is an indication of a model 6s abili
O RANDALL , supranote , at 623.

|d. supranote , at 627.

2 Mayles Allen et al.Scientific Challenges in the Attribution of Harm to Human Inflesnen Climate155 U. Pa.

L. Rev. 1353, 1364 (2007).

73

Id. at 1366.
" Meehl and Stockesupranote , at 754 See alstM CGUFFIE AND HENDERSONSELLERS, supran o t e , at 230
model group mean (after excluding unreasonable results/outliers) outpegioyrose model, where performance is
measured against observational data. 0)
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probability that climate sensitivity (the response to doubling-ipdeistrial CQ levels) was
between 2.4 and 5%€.” The study found essentially no charicat climate sensitivity iselow

1 °C, buta highside range extendin@vith low probability)past8 °C.”®

It should be noted that modeling issues do not necessarily mean that we are
overestimating the harm of climate changée models may well be underestimating the threat.
For example, for reasons that are still poorly understood, sea level rise has dogevele as
fast as the models predict. It is also important to note that the economic models used to
calculate the costs of climate mitigation are less developed than the climate fiaatedsas we
will see in the next subsection, they contain comsidle uncertainties and may well

underestimate the economic impact of climate change.

For those of us who are not experts in climate science, there are limits to the degree with
which we can confidently form independent judgments about the validity ahddels now
being used.Having done what we can to understand the basis for their judgments, at some point
we must also give weight to consensus among climate scientists regarding climate change
projections. Given the convergence of available modelsolisdrvational evidence and the

large degree of agreement among the exgartgrojecting at least two to three degrees of

> James M. Murphy,Quantification of Modelling Uncertainties in a Large Ensemble of Climate Change
Simulations 430NATURE 768 (2004).

°|d. at 770 (Figure 3).

" MCGUFFIE AND HENDERSON-SELLERS, supranote , at 16.

Seeidat 240 (Aintegrated assessment model sd6 have only
to forty years for climate models).
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warming andits attendant effects such as dewel rise current scientific findings are the best

guide we can find to actiofi.
D. Integrated Assessment Models: Adding Economics to Climate Models

For policymaking purposes, we would like to know not only how much climate change to
expect, but what costs these changes will impose on society and what it would cost to ameliorate

climatechange. Unfortunately, our knowledge of these economic issues is still quite crude.

There are now about a dozen models that couple climate change predictions to economic
analysis>® These models differ in a number of dimensionsirtfacus on the eneygsector or
relianceon a broad macroeconomic analysis, the degree to which they analyze localized versus
average global impacts, and their treatment of uncertdinty.Model results differ

correspondingly.

For example, the Mendelsohn model estimates itspfac five market sectors and find
positive economic effects for temperature increases up to dbtLit whereas the Toll model
finds small net economic losses at all levels in terms of global output but estimates the losses to
be twice as high when measd in terms of individual welfamather than dollarbecause many

of the costs fall on poorer populatiofi8).

" SeeStephen H. Schneider and Kristin Kwmrseti, Uncertainty andClimate Change Poligyin STEPHEN H.

SCHNEIDER, ARMIN ROSENCRANZ AND JOHN O. NILES, CLIMATE CHANGE PoLICY: A SURVEY 4447 (2002) (At
S

basis of <c¢climate science . . . is firmy rooted in
than its fundamental theories, but Athat uncertainty
in scientific projections. 0)

8 For a list,seeM CGUFFIE AND HENDERSONSELLERS, supranote , at 242.

811d. at 240243 (treatment of uncertall is tabulated on p. 242).

8 Stern Reportsupranote , at 166.67.
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The Nordhaus modehcludeda broader range of inapts (market and nemarket) and
also made the first effort to take into account the econarosts of potential catastrophic
impacts®® The Nordhaus modébundnonlinear effects of climate chamgso that & °C change
producesabout twice as much harm a#td4C change®® Despite these attractive features, the
Nordhaus model also has signifntdimitationswhere modeling had to be based on assumptions

rather than data or theoryfo take a few examples:

e Thecalculations of the impact alea level rise exclude storms, impacts on undeveloped
lands, and storm damagehich the authors attempt tmmpensate for with what they

consider a conservative estiméte

e The shift away from carbon intensive energy sources is assumed to follow historical

trends, rather than reflecting incentivesriew technologie®

e The cost of catastrophic harm was rougkdyimated via a survey of experts followed by

some fAassumptionsod 2About the degree of har

In contrast to Nordhaushe Stern Report uses a model called PAGE2002IAM and finds

considerably higher levels of haffh.

Models alsodiffer in their assessments dlie costs of complying with the Kyoto

Protocol, with the range running from negligible losses to at least one to two percent of GDP

8d. at 167.

#1d. at 167.

% Nordhaus, supra note , at 76.

]d. at 51. Compare Richard S.J. Tearbon Dioxide Emissions for the USAww.ssrn.com/abstract=932508

(noting that the fimodel cannot anticipate structural bl
And 0 Rbiassteodr ypr oj ecti ons are not robust to radically new
8 Nordhaus. at 888.

8 Stern, supra note , at 186.
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annually®® The modelsdiffer in terms of three critical assumptions about the timing of
abatement efforts, the types obligy instruments used, and the likelihood of technological
innovation?® Other relevant factors include the willingness of economic actors to substitute

away from high carbon technologies and trends in energy efficténcy.

There are similar difficultiesni modeling the costs of mitigating and adapting to climate
change. Most of the model results are in the range of two to five percent of GDP in 2050
However,the rangespansfrom a four percengain in GDP due to reduced use of carbon to a
fifteen percen loss of GDP?? A metaanalysis shows that key factors in explaining these
differencesanclude the following: whether revenue from carbon taxes is recyohduat kinds of
technological changes are assumghlether shifts in energy sources have-obmate benefits
and whether the model includes international carbon tradingopefully, economists will be
able to narrow the uncertainty, but it is discouraging that at this point they cannot even agree on

the sign of the economic effect.

Many of the indivdual elements of the economic impact analysistheesubjects of
serious debate For instance, economists hotly dispute the net effect of climate change on
agriculture, with some finding an overall positive effect on U.S. agriculture (but with veey larg

regional variationsj? while others find substantial negative effettslf we do noteven know

8 Jason F. Shogren and Michael A. Tomatow Much Climate Change is Too Muchf CLIMATE CHANGE
9EOCONOI\/HCS ANDPoOLICY: AN RFFANTHOLOGY 42 (Michael A. Toman ed. 2001).

Id.
11d. at 43.
92 Stern Reportsupranote , at 269.
*d. at 271.
% SeeOliveir Deschenes & Michael GreenstoriEhe Economic Impacts of Climate Change: Evidence from
Agricultural Output and Random Fluctuations in Weath@$ AMER. ECON. REV. 354 (2007) (but note that this
study excludes possible impacts ofremsed in extreme events such as storms and droughts).
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the sign of important elements of the economic impact, predicting overall impact (taking into

account all of the feedback loops of the economy) is obviowushgdo be difficult.

Modeling the systenic economic impact of climate change as well as the costs of
adaptation and mitigation involves tremendacballengesparticularly if the projection goes out
more than a few yearS. As Nordhaus and Boyer say,fitmust be emphasized t
esti mate the impacts of <cli mat & Tebegimvgtethecont i n
model, the economic model must build on the outputs of climate medald are themselves
uncertain. Then there is the fastilty of forecasting the future trajectory of the economy over
future decades. This clearly cannot be done in detail example, no forecaster in 1970 would
have predicted the explosive growth of personal computers, let alone the Internet, neither of

which existed at the time.

Even efforts toforecast at a cruder level must rely heavily on the assumption that the
future will on average be much like the recent pagkir example, that technological g@ss
will continue at something like its currepaceandthat some unforeseeratastrophewill not
causean economiccrash. Even predictions for specific economic sectors are diffidedtst
experience wittmodek that projecenergy use do not lend much confidence to these pictsc

the projectbns have generally been too high, by as much as a factor of tiRvojecting

% Wolfram Schlenker, W. Michael Hanemann & Anthony C. Fisfidre Impact of Global Warming on U.S.
Agriculture: An Econometric Analysis of Optimal Growing Conditj@8REV. ECON. AND STATISTICS 113 006).

% A good overview of modeling issues can be found in J.C. Huraead#, Estimating the Costs of Mitigating
GreenhouseGases in CLIMATE CHANGE 1995: ECONOMIC AND SOCIAL DIMENSIONS OF CLIMATE CHANGE:
CONTRIBUTION OFWORKING GROUPIII TO THE SECOND ASSESSMENTREPORT OF THHNTERGOVERNMENTAL PANEL

ON CLIMATE CHANGE (JamesP. Bruce, Hoesung Lee & Erik F. Haites eds. 1996). Of course, in the decade since
this report, models have improved in their capacity to handle these issues.

°”Nordhaus and Boyesupra note , at 86. This does not, however, impede them from issuing confident policy
pronouncements.

8 Stephen J. DeCani&conomic Models of Climate Change: A Criticl@8-143 (2003).
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adaptation is made more difficult by the institutional barriers that may prevent optimaf use
adaptatio’® The uncertainties go both ways: to the extent that climate chaegerirs are
based on projections of future emissions, they implicitly make assumptions about future political

and economic developments.

One of the oddities of the econommuodels is the occasional disconnect between the
description of thenodeland the onclusions. For example, in terms of the Nordhaus model, the
description of the model and the policy recommendations seem to be written by different
people!® The description of the model is replete
themodei nvol ves projecting the gr'¥vithheofe are no.
established empirical regul arities and very |
between climate change and the econdfny her e ar e f esagbaurtheloRgene r t ai n
trajectories of econoMifrcegiromalh gmowth feocal s
validate or estimate and are subject to large and growing projectios asrthey run further into
t he % tandrse forth® Yet, the policy implications are precise and unqualified:

damagesiif o r the United States, Japan, Russi a, a

% See Matthew D. ZinmAdapting to Climate Change: Environmental Lama Warmer World34 Ecology L.Q. 61

(2007) (adaptation may not be successfully managed to minimize ecological or other impacts).

1% As indeed they may have been, since the book describing the model is coauthored. William D. Nordhaus and
Joseph Boyer, Waning the World: Economic Models of Global Warming (2000). The level of sophistication of the
economic models can be gauged from the fact that the Nordhaus model is designed to run on a PC, id. at 56, while
the most advanced cliumate models require weeksn on a supercomputer.

191 Nordhaus and Boyer, supra note , at 17.

19219, at 20.
19314, at 47.
%14, at 53.
19 some additional examples:
(1) Al T] here are no established methodol ogies for
(2) Findingsregardingctiat e i mpacts are Ahighly conjectural o an
of the impacts of climate chage. 0 I d.
( 3) ifGi ven the | ack of any comprehensive estimates
extent to which the economypad ot her i nstitutions are vulnerable to cl
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(assuming no catastrophe materialiZ¥€sp  del ay of ten years in impl
toatrivialysnal I n'¥i imossoag gl obal emissions to 1991
| oss of '$3 ftarni |d fifoiahaige policy wolld be aetatévely inexpensive and
would slow climate ®haame tshie pi Kgodrandmicrobi o ¢ o le
envi r onme n t'" These poticy presaiptiens \Would be more accurate if each of them
were prefaced with AOur b,esdr imdrohaned @wers sb
pl ausi bl e $'t And mdeédpather.ecomists. seem éo have informed guesses that

are quite differenor different plausible scenarios in mind

Outputs of variouseconomicmodels are so far apart as to make it perilous to rely on any
one model or even a small subset. According to a recentwevie i c 0 St esti mat es
emissions reductions diverge by a factor of ali®@ (and not all estimates sh@m economic

o s'¥ Ther is also evidence of a systematic bias in ex ante economic studies to overestimate

%4, at 96.

074, at 127.

%814, at 129.

1914, at 174.

104, at 177.

™ For an example of similar overstatement, see Richard S.J.ThellMarginal Damage Costs of Carbon Dioxide

Emissiors: An Assessment of the Uncertaintes3 3 Ener gy Policy 2064 (2005) . Tol
say that, for all practical purposes, climate change impacts may be very uncertain but it is unlikely that the marginal
damage costs of carbondidxe e mi ssi ons exceed $50/tC and are Ilikely
207 3. A more accurate way of stating his findings wo
assessment of their overall predictions and unceérteik s suggests that . 0 He m

unpack the ter ms i oonsiderikgepeereviewedrsuidies dniy,KTabley3 df his art|cle (|d at

2071) shows a mean marginal cost of $50, a 10% probability that the cost & ageand a 5% probability that the

result is over $245. If we used confidence intervals (5% to 95% range), the confidence interval for the $50/ton
estimate would go from$ 9 t o +$245. One might even say tdlat, Afor
clueless about the right number! It also turns out that much of the uncertainty is actually based on ethical

di sagreement s, depending on how the model accounts for
generations (RdAai2@dUh3. ra$Sesadanother restatement of Tol
climate change is primarily an ethical rather than ecol
12Tylkens and Tulkensupranote , at 8.
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the cost of complying with environm&l regulations’®> We can only speculate about the
reasonsfor this finding but the following possibilities come to mind: (1) estimates rely on
industry supplied dat a, which is biased beca
compliance costi defeat regulations(2) estimates rely on existing technology or ignore other
potential compliance measures such as process changes, thereby underestimating the ability of
innovations to reduce costs; or (3) the studies of cost projections thentsareeaws such as

some unknown selection biases in the cases studiedny event, estimates of mitigation costs

must be taken with a large grain of salt.

Overall, economic modeling is at a very primitive stage compared with climate modeling.
Much of this is unavoidablé our knowledge of human behavior is simply far less developed
than our knowledge of physical processes. In the end, social sciences such as economics
continue to lag far behind the physical sciericesman beings are much more coiogied than

clouds, and we cannot even model clouds very well.

Rather tharsimplyma ki ng fnbest guesso predictions al
might be better for economic modelers to also present a range of scenarios relating to future
economic faairs, leaving it to policymakers to sort out how theséential economic effects
should figure into the determination pblicy. This would leave the uncertainties closer to the

surface, which makes decistomaking more difficult but also more realistic.

In any event, it is clear that courts and agencies should approadbece$it analyses of
climate change with some caution. Given the high degree of uncertainty and disagreement

between models, it would be a mistake to view any particular econoniisianas definitive.

131d. at 1516.
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This is entirely apart from other vexing issues in dxstefit analysis, such as the difficult issue

of what discount rate should be applied once costs and benefits have been determined.
E. Geographic Information Systeras a Tool &r Adaptation Decisions

For the results of climate models to be useful to decisiakers, their output needs to be
presented in understandable forihis is especiallytruein terms of mitigation, where decision
makers are likely to have expertise ih@tareas and to be interested in climate change only as it
affects their own agendaBecisionmakers also need to be able to link climate impacts with
demographic, economic, and other factors, in order to think about the local impaats of
responses talimate change.A different form of computer modeling may be most relevant for
these decisions. Geographic information systemay provide the ideal method of informing

decisionmakers.

Adaptationi steps takero ameliorate the effects of unavoidablenddite change- has
not received nearly as much attention as mitigation, but we can already begin to see the outlines
of adaptation needs? Of course, the scale adaptatioequired relates to the degree of
mitigation: if we do nothing to limit emissiondjroate change will be more drastic and the costs
of adaptation will be correspondingly higher. The IPCC notes that adaptation covers a wide

spectrum of responses:

The array of potential adaptive responses available to human societies is very large,
rangirg from purely technological (e.g., sea defences), through behavioural (e.g., altered

food and recreational choices) to managerial (e.g., altered farm practices), to policy (e.g.,

14 For a good overview of adaptation issusseMatthew D. Zinn,Adapting to Climate Change: Environmental
Law in a WarmeWorld, 34 ELQ 61 (2007).
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planning regulations). While most technologies and strategies are knowreaidpdd

in some countries, the assessed literature does not indicate how effective various options
arein fully reduang risks, particularly at higher levels of warming and for vulnerable
groups. In addition, there are formidable environmental, econamdcmational, social,
attitudinal and behavioural barriers ttee implementation of adaptation. For developing
countries, availability of resources and building adaptive capacity are particularly

important-*°

Few of these measures are costless, and soméummaout to be quite expensive.

GIS is not yet a term in common usage, but it may be on its way. One of the most popular

and accessible forms of GIS has been provided by Google:

The idea is simple. It's a globe that sits inside your PC. You pointaomd o anyplace
on the planet that you want to explore. Satellite images and local facts zoom into view.
Tap into Google search to show local points of interest and facts. Zoom to a specific
address to check out an apartment or hotel. View driving direcaod even fly along

your route!'®

Viewers can also superimpose other layers, such as road maps, shopping locations, parks, and
other facilities. Microsoft has a similar, thoughadg/et less elaborate sité” All of this is fun

and moderately useful, bitonly scratches the surface of Gf$.

H5|pCC Adaptation Reporsupranote , at 18.

18 http://earth.google.com/earth.html

17 Seenttp://local.live.com

18 For further discussion of the application of GIS to environmental isse=sRobert GoldsteinPutting
Environmental Law on the Map: A Spatial Approach to Environmental Law UsindnGl&w AND GEOGRARHY
(Jane Holder and Carolyn Harrison eds. 2003).
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GIS is still under development. Two of the biggest challenges are to move from two to
threedimensional mapping and to include a temporal dimension so that changes over time can
be easily tracked. Moreover, bettmodeling of the ways that different features interact is
needed!® There are somethersubtle pitfalls. Source maps often do not contmindquality

information Errors may be compounded when translating existing maps into digital format

It is clearthat our governance system struggles to deal with complex, multidimensional
ecosystem problems, particularly those involving multiple governmental b&die§IS can
help decisionmakers and the public understaystesiic relationships by displiayg them
graphically. For example, if climate change increases flood risks in a particular area, a GIS
system can display the areas of increased risk, superimposed on demographic and economic data,
making the information much easier to grasp. More sophisticagtensy might allow users to
experiment with how changes in wetlandfect their ability to bufferflood risks or how

increased upstream development increasee theks

The biggest issue with GIS mapping may be its very accessibility and clarity) miaig
cause users to underestimate the amount of uncertainty associated with projections. As we have
seen, uncertainty is a pervasive aspect of climate modeling. For instance, a map showing flood
impacts may cause users to overlook the possibility thbeatl$ may be greater than projected.
Also, mapping decisions may truncate the levels of risks considém@dinstancea decision to

portray the 108/ear floodzone is useful but may lead users to neglect the serious impacts of

19Heywood, Cornelius, and Carveypranote , at 24847, 250.
120 5eelody Freeman and Farb&todular Environmental RegulatioB4 DUKE L.J.795 (2005).
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possible two or three huretl year flood events, which may also deserve consideration in the

planning process.

Despite these potential pitfalls, GIS has great potential for helping to bridge gaps between
the experts and decisionmakeas well asmembers of the public. Climate ctge will require
largescale decisions on mitigation strategies as well as very localized decisions about planning
for oncoming changes in climate. Neither kind of deasignor those irbetween), can be
simply left in the hands of experts. GIS can haipke the democratic process work better in

terms of these complex issues.
[Il. Legal Acceptance of Models

Courts do not have much familiarity with complex computer models, and nothing in the
professional training of judges prepares them to understase tnodels in any deptf. For
some judges, models may seem disconnected from the real world, as well as being inscrutable in
their operation. This section considers the question of how courts should respond to evidence

based on computer models of climakange.
A. Admissibility of Model Results in Litigation

It is easy to seammunitionfor crossexamination in some of the limitations of climate
models. Consider some of the caveats of leading climate scientists about their own fifkaings.
example;t he | PCC states that the fAmagnitude of

contributing to the range of model climate responses attmml hi gh | ati tudeo;

121 On the general problem of educating judges andgudbout scientific issueseeElaine SpencerUse and
Misuse of Technical Data: Telling the Scientific Story to Scientific Vir@dM092 ALFABA 131 (American Law
Institute- American Bar Association Continuingegal Education ALHABA Course of Studyune 27- 30, 2007)
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longt erm trends remain in AOGCM c onMaddehJuligni mul at
Oscillation (MJO) remains unsatisfactory and t hat A s]ystematic bi
most model sd simul at **oAlso,ovkardtbldfii pwrhamn @edan
remain in the simulation of clouds and tropical prectta(with their important regional and

1[23

gl obal mWaads tike uncerfainty systematic biasesandimportant deficienciesire

music in the ears of crogxaminers.

These questions could also be raised in an effort to block expert witnesses wio mig
testify about model results. Current restrictions on expert testimony stem from a trilogy of

Supreme Court cases.

The foundational casé)aubert v. Merrell Dow Pharmaceuticals, If¢! involved a
claim that birth defects had been caused because thenplai f f s mot her s had u
anttnausea medicati on. The plaintiffsd expert:
These experts based their conclusionseshtube and animal studies, structural similarities with
other chemicals know to cause birth defects, and reanalysis of published epidemiological
studies.The question before the Court was whether this expert textimony was admissible.
Rejecting the previous requirement t hat SCi €
scientfic community in order to be admissibfé> the Supreme Court used the occasion to
announce a new approach to the admission of expert testimdmyCourt emphasized the need
to determine the reliability of the expert testimony. Although it said theryaeuas a flexible

one, it emphasized certain key factors:

122 RANDALL , supranote ,at 591.
1234,

124509 U.S. 579 (1993).

12514, at 587.
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