Statement of David R. Legatesto the Committeeon Environment and Public Works
United StatesSenate, March 13, 2002

| would like to thank the Committeefor inviting my commentary on the important topic of the
ecmnamic and environmental risks asociated with increasng greenhowsegas enissons.

As amatter of introduction, my badkgroundin global change research has focused primarily on
predpitation measirement and an examination d predpitation variability. My Ph.D. dissetation
realted in the compilation d the most reliable, highest resolution, digital air temperature and
predpitation climatology available to date. Today, thesefields dill are being used to evaluate
genera circulation model (GCM) simulations of present-day climate and to save asinpu fields
for hydrologicd and climatologicd analyses In perticular, my reseach has focused on the
acaracy of and hases as®ciated with predpitation measurement and onthe datempt to use
existing climatologicd time-seies to determine longterm fluctuations in climate. | also wasa
member of the United States delegation at the joint USA/USSR Working Meeting on
Development of Data Sets for Detecting Cli mate Change held in Obninsk, Rusga on September
11-14, 1989where ajoint protocol for data exchange was sgned.

Indead, an answer to the quedion, “Do we have the cgpability to determine whether we are
changing aur climate?’ is of obvious wncern to bah sdentists and policy makers. | agree
strondy that we neal to enad sensible environmental pdicy — one that is based on saentific
fact with foresesable outcomesthat can reasonably be expected to have beneficial reallts. Asa
sdentist, | choose here to focus my comments on the seentific bags of climate diange and the
cgpabilities of the dimate models, as that is my area of expertise. In the pad, we have
reagnzed a ned for cleaner air and cleaner water, demonstrated the problems assciated with
detrimental human influences and developed policy that has reailted in ou air and water
beacoming markedly cleaner than they were just thirty years ago. | urge that this issue be treated
with the same common-sense gproach.

Problems with the Observational Record LeavesQuedions Unarswered

In light of my reseach on climatologica observations, particularly precipitation, | have come to
redize that looking for long-term trends in climate data is a very difficult undertaking.
Predpitation data, for example, exhibit many spurious trends reaulting from, in part, biases
as®ciated with the processof measuring predpitation. Indedal, attempts to measire showfall
using automatic methods have proven to be largely useless and, gven the biasesassociated with
measiring snowfal by traditional human-obseved rain gages ou estimatesof snowfal can be
underedimates by aimost a fador of two. Urban development of the environment surroundng
the rain gage and, in particular, changesin rain gage desgn and the locaion of rain gages over
time has alversdy affeded ou ability to ascertain climatic trends in preapitation. Even a
cursory examination d our most reliable records of predpitation shows that we frequently move
meteorologicd stations, change instrumentation, and even the environment surroundng the site
changesover time, which undermines a@tempts to answer the quedion “Isthe dimate changing?’
Furthermore, predpitationis ahighly variable field so, from a purely statistical standpoint, it is
difficult to asceitain a small climate dhange sgnal from this high year-to-year variability.
Air temperature measirements dso are sibject to these ame measirement difficulties in fad,
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the IPCC agreesthat as much as one-fifth of the observed rise in air temperature may be
attributable to urbanization effects. As ome of this dhange may be adirect result of natural
climatic fluctuations, attributing a cause to any deteded changes also is an extremely
difficult undertaking. Indeed, ashasbeen argued, “the data are dirty”!

Moreover, nearly all of our surfacebased obsewations are taken from land-basel
meteorological stations, leaving the nearly 70 of the earth's surface @vered by oceans
largely unobserved. In particular, location o theseland-basel stations is biasal toward mid-
latitudes low elevations, wetter climates and techndogically developed nations. Effortsto use
sea surface temperaturesover the oceans as a surr ogate for air temperature measurements
are largely invalid as the two temperatures are not often commensurate. This “land’ bias,
in my view, is one of the main limiting fadors in using the obsevational record to infer global
trends.

Satellite obsavations of air temperature and precipitation have proven very useful in addressng
the dimate change question in that they provide a complete mverage of the eath's surface ad
are not subjed to the biasesassciated with meteorologicd observing sites on the ground.
Spencer and Christy's analysis of air temperature changesover the lower portion of the
troposphere for the last twenty years exhibits no significant climate change sgnal as does
an analysis using regularly-launched weather balloons. This is in stark contrast to the
observed surface air temperature rise of 0.6° £ 0.2°C that has occurred over the etire
twentieth century. A blueribbon panel convened to address this apparent disaepancy
concluded that the temperature of the lower atmosphere might have remained relatively constant
while an increase in near surfaceair temperature was observed. Some have agued that the
surfacewarming is adelayed responseto warming that had ealier occurred in the tropasphere,
athoudh the arupt warming d the troposphere is nat consistent with expected scenarios of
anthropogenic warming. The National Academy of Sciences (NAS) concluded that the
diff erence between surface air temperatures and those of the troposphere was real but
inconsistent with anthropogenic warming scenarios. In particular, the NAS only considered
whether the saellite and surface records muld both be correct and yet contradictory; they never
addresse the isaue of whether the surfacerecords muld, in fad, be biased.

Ancther problem in tying the observed increass in air temperature to an anthropogenic cause is
timing. Most of the warming in the observed record occurred during two periods: 1910 to
1945 ad 1970 to present. Much of the warming actually predates the rise in
anthropogenic tracegas anissions, which makesit difficult to asaibe anthropogenic causes
to the entire recmrd. Indeal, we know that our obsaved record began in the late 180G when
air temperature measirements were arse ad more prone to bias This timing also coincides
with the demiseof the Little Ice Age —aperiod d coder-than-normal condtions that lasted from
the midde portion of the last millennium to about the mid-180%. Thus, it is unclear how
much of the observed warming should be attributed to anthropogenic increases in
atmospheric trace gases and how much of it is sSmply natural variability or measurement
bias.
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Modeling the Complex Climatic Sygemis an Extremely Difficult Task

In theory, therefore, climate models $oud be our best ability to study climate change. With
models, we ae not constrained by basel and limited olseaving systems or by contamination by
other signals;, but rather, we can ater the smulated climate and see “what if” while holding
everything else onstant. Such models, however, are predicated on their ability to replicate
the real climate — after all, if climate models annot replicate what we observe today, how
can their prognostications of climate change possbly be expeded to be transferable to the
real world? Although!l am not a dimate modeler, much of my reserch has focused on
comparing olsevations with climate model simulations of present-day condtions. Thus, | am
very famili ar with what climate models can and canna do.

| am dismayed by the fact that much of the rather limited successin smulating average
conditi ons by most climate modelsis achieved at the expenseof changing some parameters
to highly unrealistic values For example, some models dradically change the energy coming
from the aun to levels that are well beyond those that solar physicists have observed. Many
models employ what are cdled “flux adjustments’, which can orly be descibed as finagling
fadors to make the average, present-day surface air temperatureslook reamnable. One hasto
guegion why such overt deviations from reality are necessry if, in fact, the models are
abletorealistically represent our climate g/stem.

In defenseof climate modelers, | will say that they have a very difficult and daunting tak. The
climate g/stem is extremely complex. Clouds, land surface processesthe ayosphere (ice and
snow), precipitation forming mecdanisms, the biosphere, and atmospheric drculation, just to
name afew, are complex comporents of the global climate g/stem that are not well understood
or modeled appropriately at the scée employed by general circulation models. In essace, the
climate change regorse can be diredly affeded by our parameterizations of many of these
comporents. For example, an important question that now is being asked is “Why is the
warming exhibited by transient climate models not being sea in the observed record?”
There hasbeen much dsausson onthe impads of aeosols, black soat, high altitude clouds, and
other so-called “wild cads’ in the climate g/stem — are they masing the dimate change sgnal
or shoud they be alding to it? How climate modelers treat theseunknown processesn their
models can affed dramatically the model simulations. Indeed, there ae likely additional issues
that we have not yet encourtered.

Climate Models Cannd Reproduce a Key Climatic Variable: Predipitation

Degite these issues do climate models well represent the earth's climate? On three searate
occasons — in 1990, 1996and again in 200 — | have reviewed the aility of state-of-the-art
climate models to simulate regional-scde precipitation. In general, the models poaly reproduce
the observed precipitation and that characteristic of the models has not substantially changed
over time. One aeawhere the models have been in continued agreement has been in the
Southern Grea Plains of the United States In all three studies the varied models | have
examined agree that northeastern Colorado recaves substantially more precipitation than
northwedern Louisana! That is in marked contrast with reality where Louisiana is
obviously wetter than Colorado. But the important ramificaion of thisisthat if preapitationis
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badly simulated in a climate model, then that will adversely affed virtually every other agped of
the model simulation. Predpitation aff eds the energy, moisture, and momentum balancesof the
atmosphere and drectly affeds the modeling o the amosphere, the hydrosphere, the biosphere,
and the ayosphere. In turn, a bad representation d these omporents will again adversdy
impad the preadpitation simulation. In short, anything dore wrongin a climate model islikely to
be exhibited in the model smulation d predpitation and, in turn, errors in simulating
preapitation are likely to adversely affed the smulation d other comporents of the dimate
system. Given its integrative dharaderistic, therefore, precipitation is a goal diagnostic for
determining how well the model actually simulates reality, epedally since smple “tuning”
adjustments annot mask limitationsin the smulation, asisthe asewith air temperature.

If we examine dimate model output a bit further, we uncover another disturbing fad — climate
models smply do nd exhibit the sane yea-to-yea or even within-sea®n variability that we
obsave. Predpitation in a dimate model doesnat arise from organized systems that develop,
move acoss the eath's surface and dssipate. Instead, modeled predpitation can bed be
descibed as “popcorn-like”, with little if any spatial coherency. On ayear-to-year bags, both air
temperatures and precipitation exhibit little fluctuation, quite unlike what we experience Thisis
particularly important because it is the dimatic extremes ad nd their means that have the
bigges adverse impads. Simply put, climate models cannot begin to address isaes
asociated with changesin the frequency of extreme events because they fail to exhibit the
observed variability in the dimate system.

| attach a piecel wrote regarding the dimate models used in the National Assessient and their
evaluation with my climatology, which further highlights our uncertaintiesin climate models. In
fad, the National Assesment itsdf recognzed that both the Canadian Global Coupled M odel
and the Hadley Climate Model from Great Britain used by the Assessent provide more
extreme dimate change sc@arios than other models that were available and that had been
developed in the United States Neither model is reasonably able to smulate the present-
day climate conditi ons.

Our Obsenationd Capabhilities Are in Jeopardy

Given that our obsevational record is inconclusive and that model simulations are fraught with
problems, on what can we agree? In my view, there are two main coursesof action that we
shoud undertake. First, we need to continue to develop and peseve dforts & climate
monitoring and climate dhange detedion. Efforts to establish new global climate obsaving
systems ae usdul, but we neal to presrve the gations that we presently have. There is no
surrogate for a longterm climate record taken with the same instrumentation and located in
essatially the same environmental condtions. Modernization efforts of the National Weaher
Service to some extent are undermining ou monitoring d climatic condtions by moving and
replacing doseaving sites, thereby further introducing inhamogeneitiesinto these & mate records.
Some nations of the world have resorted to sdling their data, which has alversely impaded ou
assessents of climate change. However, given that oceans @ver nearly three-quarters of
the erth's surface we neeal to exploit and further develop satellite-derived methods for
monitoring the arth's dimate. We dso need to better utilize the national network of WSR-
88D wedher radars to monitor precipitation.
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But foremost, we need to focus on developing methods and pdicy that can diredly save lives
and mitigates the eonomic devadation that often is assciated with speafic weather-related
events. Climate dchange disaussions tend to focus on increasesin mean air temperatures or
percentage changesin mean predpitation. But it is not changesin the mean fields on which we
need to place our efforts. It would be rather eay to acommodate even moderately large
changesin mean air temperature, for example, if there were no yea-to-yea variability. Lossof
life and adverse eonomic impad resilting from the weaher occurs not when condtions are
“normal”; but rather, as aresult of extreme dimatic events: hea waves cold oubreaks, floods,
drougtts, and storms both at small (tornado, thunderstorm, high winds, hail, lightning) and large
scdes (hurricanes tropicd storms, nor'eagers). The one thing that | can guarantee is that
regardlessof what impact anthropagenic increasesin atmospheric trace gaseswill have, extreme
wedher events will continue to be a part of our life and they will continue to be as®ciated with
the most weaher-related deahs and the larges economic impad reaulting from the weaher.

Ascettaining anthropogenic changesto these &treme weather events is nearly impossble.
Climate models annot even begin to simulate storm-scale g/stems, let alone model the full
range of year-to-year variability. Many o these gents are extremely uncommon so that we
canna determine their statisticd frequency of occurrence from the observed record, let alone
determine how that frequency may have been changing owr time. While we need to continue to
examine &isting climate records for insights and to develop reliable theory to explain plausible
scanarios of change, the mncern is whether we can enad palicy now that will make adifference
in the future.

However, is there cause for concern that anthropogenic warming will lead to an enhanced
hydrologic cycle; that is, will there be more variability in predpitation resulting in more
occurrencesof floods and doughts? The IPCC Summary for Policy Makers dates.

“Global warmingis likely to lead to greaer extremesof drying and heavy rainfall
and increase the risk of droughts and floods that occur with ElI Nifio events in
many dfferent regions.”

However, if one reads the technicd summary of Working Groupl, we find that:

“There is no compelling evidence to indicate that the dharaderistics of tropical
and extratropicd storms have changed. Owing to incomplete data and limited and
conflicting analyses it is uncertain as to whether there have been any long-term
and large-scale increases in the intensity and frequency of extra-tropical cyclones
in the Northern Hemisphere. Recent analysesof changesin severe local weaher
(e.q., tornadoes thunderstorm days, and hail) in a few sdeded regions do nd
provide compelling evidence to sugged long-term changes In general, trendsin
severe weather events are notoriously difficult to detect becauseof their relatively
rare occurrence and large atial variability.”

The IPCC goeson to further sate “there were relatively small increases in global land
areas experiencing severe droughts or severe wetnessover the 20" century”. Karl and
Knight, who condwcted a detailed study on pedpitation variability across the United States
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concluded that asthe climate haswarmed, variability actualy hasdeaeasal aaossmuch o the
Northern Hemisphere's midlatitudes, a finding they agree is crrobaated by some computer
models. Hayden, writing for the Water Sector of the US National Assessent, agreesthat no
trend in storminessor storm frequency variability hasbeen olseved over the lag century and
that “little can o shoud be sad abou change in variability of storminessin future, carbon
dioxide eriched yeas.” Soden concluded, “even the extreme models exhibit markedly less
preapitation variability than olbsaved.” In addition, Sinclair and Watterson have noted that, in
fad, climate models tend to indicate that increased levels of atmospheric trace gases leads to a
“marked deaease in the occurrence of intense storms” outside the tropics and they argue that
claims of enhanced storminessfrom model simulations are more the result of models that fail to
consave mass Clearly, claims that anthropogenic global warming will lead to more
ocaurre nces of droughts, floods, and storms are wildly exaggerated.

Thus, | believe it stands to rea®n that we need to focus on providing red-time monitoring d
environmental condtions. This will have two benefits: it will provide immediate data to all ow
dedsion makers to make informed choicesto protect citizens faced with these @&treme weaher
events and, if installed and maintained properly, it will assst with ou longterm climate
monitoring gals. Such efforts ae presetly being developed by forward-looking states For
example, | am invoved with a projed, initiated by the State of Delaware in cooperation with
FEMA, the Nationa Weaher Service and Computational Geosdences Inc. of Norman,
Oklahoma, to develop the most comprehensive, highed resolution, statewide weaher monitoring
system available anywhere. Louisana and Texas &so have expressed intereds in using ou
High-Reslution Weaher Data System techndogy for red-time statewide weaher monitoring.
Regardless then of what the future halds, employing real-time monitoring systems, with a firm
commitment to suppating and maintaining long-term climate monitoring gals, proves to be our
bed oppatunity to minimizethe impad of weaher on human adivities

Fina Thoughts. The Sciencels Not Yet In

In 1997,] had the pleasure to chair a panel sesion at the Houston Forum that included seven of
the most prominent climate dhange scientists in the courtry. At the doseof that sesson, | asked
eat panelist the question, “In 2002, gven five more yeas of obsevations, five more yeas of
model development, and five more yeas of techndogical advances ad knowledge dou the
climate g/stem, will we have an answer to the quedion of whether our climate is changing as a
realt of anthropogenic increasesin tracegas emissons?’ The panel, which consisted of both
advocates and skeptics, agreed that we would have adefinitive answer probably not by 2002, bt
cetainly by 2007. | disagreal then and | continue to disagreetoday. | fea that the isue has
becme © pditically charged that the padlitica processwill aways cloud the true seach for
sdentific truth. But more than that, | fed the climate g/stem is far more complex than we
ever imagined — so much so that we gill will not have adefinitive answer by 2007.

| again thank the Committeefor inviting my commentary onthisimportant topic.
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Exeautive Summary

The U.S. National Assessment of the Potential Consequences of Climate Variability and
Change for the Nation intends to “provide a detailed understanding of the @nseguences of
climate dhange for the nation.” This report arguesthat the National Assessient will not be ale
to provide policymakers and the public with usdul information onclimate dange becauseof its
reliance on flawed computer climate models. Thesemodels, which are intended to descibe
climate only on a very large s@e, are aurrently used by the National Assessent to descibe
possble saenarios of regional climate diange in the U.S. Becaise arrent models canot
acarately represant the existing climate withou manipulation, they are unlikely to render
reliable global climate sc@arios or provide use€ul forecass of future dimate cdhanges in regions
of the United States & small asthe Midwed, Weg or South.

The Guide explains how General Circulation Models (GCMs) deseibe diangesin the
complex fadors that make up ou climate, such as amospheric changes interaction d the land,
sea and air, and the role of cloudsin climate. The grengths and weaknesseof climate models
are disaussd and the report shows how reseachers attempt to answer the important quedions

abou global warming as they refine their useof GCMs.

The two climate models used in the U.S. National Asseanent are then described with
reference to their similarities and dff erences The limitations of thesemodels — the Canadian
Globa Couded Model and the Hadley Climate Model from Gred Britain— are outlined with
speda emphass on their inability to provide usdul regiona scenarios of climate change. The
report concludes with an analysis of how well thesetwo models reproduce the present-day

climate as aenchmark for their ability to reproduce future climate.

Key findingsin this report include:
* The utility of current GCMs is limited by ou incomplete understanding d the climate
system and by our ability to transform this incomplete understanding into mathematica
representations. It is cmmmon padice to “tune” GCMs to make them represent current

condtions more acarately, bu the need for this manipulation cags serious doult ontheir
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ability to predict future condtions. Because & fadors are interconneded in climate
modeling, an error in ore field will adversely affed the simulation of every other
variable.

e To reduce complexity and computational time, GCMs treat surfaces asunform and
average the flows of moisture and energy between the land surface ad the amosphere
over large areas But the extensive variability of the land surface ad the dfeds that
even small-scde changes ca have make modeling land-surface interactions quite
difficult.

* The National Assesment itself recognized that both the models that it seleded provide a
more extreme dimate dhange scaario than ather models that were available and that had
been developed inthe U.S.

* Both models offer incomplete modeling d the dfeds of individual greenhouwse gases
including water vapor and atmospheric sulfates. The CGOML1 in particular fails to model
seaice dynamics and offers a smplistic treatment of land-surfacehydrology. Predicted
temperature increasesover various regions of the United States differ considerably
between the two models; these predictions fail to corregpondwith observed precipitation
variability and contradict ead other.

* In genera, the Hadley model simulation is closer to the obseved climate in the United
States than the Canadian simulation, athough bah models produced considerable
differencesfrom obsavations. This, again, cast saious doubt on the models ability to
simulate future dimate dhange.

Conclusion: Given these uncertainties using the available GCMs to asses the potential for
climate change in spedfic regionsis nat likely to yield valid and consistent reaults. GCMs can
provide possible scaarios for climate change, but at the present level of sophistication, they are
not reliable enoughto be used asthe bags for puldic pdicy. Using GCMs to make predictions
abou local climate dhange in the United Statesis not legiti mate.
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A Layman's Guideto the General Circulation M odels
Used in the National Asesanent

INTRODUCTION

What is a General Circulation Model (GCM)?

The word "model" usually conjures up images of a miniature replica of a red objed.
Model trains, automobiles and airplanes for example, are intended to be s@le-reduced versions
of the original. Models aejudged by their attentionto detail, and sometimesfunctionality, with
regect to their red counterparts and are quite distinct from "toys", which also are intended to
resenble the original but ladk the &tention to detail and functionality.

In science, the word "model” has a similar, bu broader, meaning. Models can be
physical replicas; for example, a model may be asmaller version d a larger habitat for a given
animal or plant species A model also, havever, can be aworking representation d a difficult
concept, such as amodel of an atom, for example. In this casethe model is smply a more
usdul way to descibe and analyze a portion d nature that is only partially understood and
obsevable. Usually, such models can be descibed by a se& of mathematical equations — some
from fundamental laws, and some empirical —rather than being a true physical replica.

Genera circulation models (or GCMs) are afurther example of the latter definition.
They are not physical reproductions of the eath and its climate system but instead are
mathematica representations of the physical laws and pocesseshat govern and dictate the
climate of the eath. As such, they are computer models — computer programs that are ale to
solve the complex interadions anong these mathematicd equations to derive fields of air
temperature, humidity, winds, predpitation, and aher variablesthat define the earth's dimate.
General circulation models ae limited bah by ou understanding o what drives shapes and
affeds the climate of the eath aswell ashow the eath’'s dimate responds to a variety of external
forces-- in addition to the gpeeal and cgpabilitiesof modern-day computers.

The Concept of Spacein GCMs

If we were to buld a GCM, ou first and fundamental dedsion would be the sledion o
the model's mncept of space— how we choaseto physicdly descibe the three-dimensions of the
atmosphere. Here we have two fundamental choices: the model can either be aCartesan gid
model or it can be aspectral model.

Conceptually, the Cartesan gid climate model is eaer to understand and ga9,
athoughit is less flexible and recently seans to be the lessdesirable dhoice anong climate
modelers. Consider a se of building Hocks that might be toys for a young child. We wuld
arrange the blocks in the form of aregular lattice where the faceof every block is flush against
anather block. We auld make this wall of blocks several blocks high and several blocks wide.
Thus, ead bock in the center of the wall i s ajacent to six other blocks — one &owve, ore below,
and four adjacent to each haizontal face
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In a Cartesian grid model, we extend the concept of these building blocks to represent
hypaheticd "blocks" of atmosphere, stadked adjacent to and ontop d ead aher in the sane
manner we gaded the dnild's building Hocks (Figure 1). Since the eath's surfae is a phere,
however, we extend these blocks aoundthe globe until they reat the blocks on the other end.
Thus, in ou climate model, every block has an adjacent partner on ead of its four horizontal
faces— our "wall" of blocks extends aoundthe globe and covers the entire eath's surface The
only edgesthat exist are the blocks on the bottom and those on the top. Here, however, the
blocks on the bottom are in contact with the earth's surface and can be useal to descibe the
interadions between the atmosphere and the land surface Althoughthe amosphere redly has
no "top" (air simply becomesthinner with height until its density approaches zro), the blocks on
top d our stack can be used to represent the verticd extent of the amosphere.

Since each block has six faces we will simply desribe (mathematicdly) the flows of
energy, mass, and aher physicad quantities between ore of our atmospheric boxes and the 3x
adjacent boxes We asume that each boxis homogeneous; temperature, humidity, and other
atmospheric variables can ony vary between boxes ad not within a box. Each o these
variablesis assciated with the location (both haizontally and werticaly) of the center of the
box. Asthe box centers form a lattice or a grid aroundthe earth's surface, the name "Cartesian
grid model" i sjustified.

A typical Cartesian grid model will employ a lattice of approximately 72 boxes by 90
boxes (2% of latitude by 4° of longtude) stadked abou 15 boxeshigh. The more boxesthat are
employed, more atial relution is obtained bu at the expense of incressed computer time.
This doice of relution is usually appropriate to allow sufficient spatial variability within a
rea®nable amount of computer runtime.

By contrag, the spectral model doesnot usethe concept of "boxes' at al but relieson a
framework that is harder to gra9. Imagine atabletop covered by several sheds of paper stacked
on top d one ancther. Ead shed represents a different atmospheric layer. Verticaly, the
interadion between the layersis simil ar to the verticd interaction ketween the boxes that we sav
with the Cartesian grid model. However, the horizontal representation of the field is not
descibed by interactions among boxes but rather, it is presented and manipulated in the form of
waves Just as eergy is arried through the ocean in the form of oceanic waves we can
represent flows of energy and mass &éongead atmospheric layer using a seiesof waveshaving
different amplitudes and frequencies (called spherical harmonics). Althoughthese waves are
difficult to descibe, ore can think of them as aseriesof sine and cosine arves(true redly only
in the eag-wed diredion) that, when taken together, can be used to represent the atial
variability of any field (Figure 2). Grid values akin to the representation d the Cartesan grid
model, are computed from these waves and the horizontal and \ertical resolutions beamme
commensurate with those of Cartegan grid models.

At the same atial relution, spectral models have the alvantage in that they can more
easly (or compadly) desaibe afield than a Cartegan grid model. Thus, computation times ae
reduced. Moreover, spatia relutions can be changed more eafly with a spectral model, which
allows for more flexibility and adaptabil ity. Some have agued that Cartesian grid GCMs ae
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more sdisfadory than their spedral courterparts for a variety of rea®ns, including the fad that
it is posgble for spedral models to violate some of the fundamental laws of physics (to produce
negative mass a physicd impaosshility, for example). This can occur since the useof waves(as
in a gedral model) implies the field must be snoathly varying — a onstraint that is often
ingppropriate for many atmospheric fields. Predpitation, for example, exhibits sgnificantly
steg spatial gradients, which makes the representation d a precipitation field using smoacthly
varying wave patterns very difficult. In 1987, McGuffie and Henderson-Sellers wrote that
Cartesian grid models will, in time, be favored over spedra models owing to increased
computational power and the need to reduce thesegradient anomalies assciated with spedral
modeling. The computational advantage gained from the use of spedral models over the past
decade, however, led to a proliferation d spedra GCMs, which still represent the majority of
the GCMs used today.

Desciibing Atmospheric Processesn aGCM

Having chosen ou framework for spatial representation, the next step is to descaibe the
atmospheric processeshat govern the eath's dimate. First, we must define the eguations that
drive atmospheric dynamics— processeshat lead to atmospheric motions. We must require that
the model conseve energy, since we know from the first law of thermodynamics that energy
canna be aeaed nor destroyed. Our GCM also must consave mass althoughEinstein showed
that matter may be converted into energy, that occurrence is insignificant in the amosphere.
Momentum also must be cnserved since an dbjed in motion tends to remain in motion. We
also use the ideal gas law, which states that the pressire of the amosphere is proportional to
bath its density and temperature. There are alditional equations that describe more compli cated
atmospheric propertiesthat also must be mnserved.

Next, we define equations descibing the physics of the @mosphere — processs that
descibe energy exchangeswithin the amosphere. In GCMs, three-dimensional, time-dependent
eguations govern the rate of change of atmospheric variablesincluding air temperature, moisture,
horizontal winds and the height for ead atmospheric layer, and surface & pressure. These
eguations descibe, for example, the dfea of verticd air motions and absorbed energy on air
temperature, the rate of atmospheric pressire changeswith regped to height in the atmosphere,
relationships between atmospheric moisture, cloudformation and condensatior/precipitation, and
the interaction ketween clouds and the energy balance Clouds can play a key role in the energy
balance of the eath since they refled incoming energy from the sun, bu trap ougoing "heat"
energy from the eath. Thus, modeling d clouds and their effeds on the energy and moisture
balancesisimportant to GCM progndstications of climate change scaarios.

Except for the representation and treatment of clouds, al spectral GCMs & this point are
essatialy the sane, and so too are dl Cartesian GCMs. The rea®n s that there redly are not
many ways (only minor variations on the theme eist) to desaibe the dynamics and physics of
the atmosphere within ou chosen spatial framework. Where models within their regective
clases differ substantially is with regard to their modeling d atmospheric interadions with the
eath's surface
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Modeling Surface Processesin aGCM

The aitical comporent of most GCMs is their treament of interactions between the
atmosphere and the earth's surface Oceans, lakes and other bodesof water provide sibstantial
amourts of moisture and energy to the amosphere. Modeling them is important since nearly
three-quarters of the earth is mvered by water and the ocean is a fluid -- always in constant
motion. Thus, in addition to the atmosphere, the oceans provide an important mechanism for the
redistribution of energy aroundthe earth. Their circulation must be modeled and the energy and
moisture transfers between the ocean and the amosphere must be gpropriately deseibed. In
addition, much of the world's oceans are saline and quite deep. Interadions between temperature
and sdinity (cdled the thermohaline arculation) are extremely important to the eath's dimate
but are nat well understood. Moreover, degp ocean water can store atmospheric gassesto be
releasal at a much later time when concentration d thesegassess much lower. Modeling o
such proceseeswithina GCM is extremely difficult.

With regped to modeling the oceans, seaice plays an important role in shaping the earth's
climate. When air temperatures drop kelow freezng, the surface of the ocean may become
frozen, creating a barrier to energy and moisture flows between the ocean waters and the
atmosphere @owe. In the presence of seaice the atmosphere is deprived of moisture and energy
from the relatively warmer waters below, thus causing the atmosphere to become wlder and
drier and cause apositive feadbadk to seaice formation. Seaice however, moves with the
combined forces (often in dfferent directions) of oceanic circulation and surfacewinds. This
causes sa ice to become broken in some places(called leads) and pled upto form hills and
ridges in others. Thus, seaice is not uniform and modeling theseinteractions is extremely
difficult and not well understood.

But the bigged challenge to GCM modeling is the representation d the interadions
between the amosphere and the land surface If you take a quick glance aound yar
environment, you will seethat the land surfaceis quite heterogeneous -- trees shrubs, grasses
roads, howses streams, etc. often coexist within a single gjuare mile. In our Cartesian grid
GCM, however, ou "boxes' are often several hunded mileswide and we must assime that
everything within the box is homogeneous. Spedral GCMs have smilar spatial resolutions and
assime that everything, including the land surface is snocthly varying. Thus, the shee nature
of surfaceheterogeneity makesmodeling the land surfacewithin a GCM very difficult.

Cougde that now with the fad that interadions between the land surface ad the
atmosphere are extremely complex. Plants try to consave water and so shut down many vital
functions when water supgdiesrun low. However, ead plant species behaves differently; for
example, treeshave deeper roots than short grasses and, therefore, their access to water is
different. Plant useof water, even in timesof ample moisture updy, differs widely among pant
spedesthat, of coursg often coexist. Snow and ice ®@ver are dictated by air temperature and
predpitation, bu old snow has different characteristics than newly fallen snow. To reduce
complexity, GCMs amply try to simulate the flows of moisture and energy between the land
surface ad the amosphere in the aggregate. But given the extensive heterogeneity of the land
surface adthe dfeds that even small, sub-resolution scale changes ca have -- well, to say that
modeling land surfaceinteractions is difficult would be an extreme understatement!
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THE GCMSOF THE NATIONAL ASSESSMENT

Rather than disauss al possble ways in which climate models can represent various
climate-shaping proceses, let us focus on the two models used in the United States National
Assesmient -- GCMs from the Canadian Centre for Climate Modeling and Analysis and the
Hadley Centre for Climate Prediction and Reseach. Both models ae well documented and
reaults from and speafications of both models ae widely avail able to the sgentific community.
For sdection by the National Assessnent Syntheds Team (US National Assesment, 2000,
climate models were dhosen basel on the aiteriathat the model must:

1) be a ouped atmosphere-ocean general circulation model that includes a
comprehensive representation d the amosphere, oceans, and land surface
2) include the diurnal cycle of solar radiation to provide es$imates of

fluctuations in maximum and minimum air temperature and to represent the
development of summertime mnwvedive rainfall,

3) be caable, to the best extent passible, of representing significant aspeds of
climate variations (e.g., El Nino/Southern Osallation),

4) provide the highed practicable gatial and temporal relution -- about 200
milesin longitude and 175 to 300milesin latitude -- over the central United
States

5) alow for an interfacewith higher resolution regional modeling studies

6) must be &le to simulate the time-evolution d the dimate from at leas 1900

(beginning d the detailed historicd record) to at leag 2100 using a well-
documented scenario for changesin atmospheric composition that acmunts
for time-dependent changesin greenhousegas ad aeosol concentrations,

7) have realltsthat are availablein time for usein the National Assesment,

8) have been developed by groups participating in the development of the Third
Assesment Report of the IPCC for compatibility and the model must be well
documented, and

9) allow for awide aray of reaultsto be openly provided onthe WWW.

Items (1-3) are important in that significant influences on the climate (diurna cycle,
oceans, land surface and aher processe} are included, although most models now do include
these feaures ad some of the assessents of model performance (e.g., smulation d El
Nino/Southern Osdllation) are tenuous, given our limited understanding d the process As
expeded, the chosen models must afford the highed spatial and temporal resolution (Item 4) and
their results must be useful for regional-scale modeling applications (Item 5). For simulation
purposes the model data must be from a transient climate smulation (i.e., it allows for changes
in atmospheric constituents over time) that extends both badk and forward in time a&ou 100
yeas from the present (Item 6). Finaly, Items (7-9) are purely administrative aiteria, althouch
virtually al modeling groups participate in the IPCC and compatibility with the IPCC redly
shoud na be an isaue (Item 8). It wasdeemed important to include at lea$ two models in the
National Assessnent, to provide a more balanced preseantation and all ow for a gpectrum of model
uncertainties and dfferences Both the Canadian Centre and Hadley Centre models fit these
criteria.
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The Canadan Climate Centre Model

The Canadian Global Couped Model (CGCM1), developed by the Canadian Climate
Centre, is aspedrally-basel model with a atia relution o approximately 3.75 of latitude by
3.75 of longtude (about 260 miles by 18 miles over the United States) and ten vertical
atmospheric layers. The ocean model couded to this amosphere has a patia relution o 1.8°
of latitude by 1.8 of longtude (about 125 milesby 90 mileg and twenty-nine vertical layers.
Given the mmplexity and the importance of modeling the oceans, a higher spatial reolution is
often required by most ocean model comporents of GCMs. In the oceans, we ae interested in
simulating the exchanges of energy and moisture between the ocean and the amosphere, aswell
as smulating the redistribution d energy within the oceans. This redistribution o energy occurs
bath haizontally (ocean circulation) and vertically. Verticd motions dso allow for heding and
coaling d the deeper ocean waters and their absorption d greenhowsegases This, of course is
immensdy important in a proper smulation d the eath's dimate.

Because the ocean regponds to dfferent spatial and tempora scales than those which
drive @mospheric processes coupling an ocean model to an atmospheric GCM is a complicaed
tak. Often, the modeling d energy and moisture exchanges realltsin valuesthat are cmmpletely
unrea®nable -- they differ considerably from obsavations. To rectify such condtions, GCMs
often reort to a "flux-adjustment” of ocear-atmosphere interactions; that is, they force the
exchangesof hea and moisture between the smulated oceans and the smulated atmosphere to
med prescibed dstributions. This flux-adjustment process is usal to dctate that the couped
model corredly simulates the oceanic circulation o sdinity and temperature (i.e., the
thermohaline drculation). Inthe cae of the CGCM1, the model is flux adjusted.

Seaice modeling is even more tenuous than ocean modeling, bu certainly as important.
Many models incorporate both the formation and movement of seaice (dynamics) aswell as
their inhibition d the exchange of hea and moisture between the ocean and the atmosphere
(thermodyramics). In the cag of the CGCM1, the thermodyramics ae modeled, bu sea ice
dynamics ae not. Seasonal distributions of seaice ae presaibed to be consistent with seasonal
obsavations.

Equally difficult is the modeling d land surface interactions -- exchangesof energy and
moisture between the amosphere and the vegetation/soil surface Land surfacemodels can be
highly simplistic, where the surface olor, temperature, and moisture daracteristics orregpord
to average condtions and variations. In such formulations, the land surface hydrology is
modeled by what is termed the "bucket method'. Soil water is held in a theoreticd "bucket” --
water can be put into the bucket (through pecipitation) and removed from the bucket (through
evaporation and dant transpiration). A simple regstance function models the rate of water
remova from the bucket by pant water usage and soil evaporation. The bucket has afinite
depth, so that when precipitation overflows the bucket, the excessmoisture beacomes $reamflow
(althoughstreamflow is naot directly modeled). Land surface componrents of GCMs can be quite
complex, however, where interactions between plants and their regomses to changing
atmospheric and soil moisture conditions are modeled. Within the CGCM 1, the land surface
hydrology is modeled by a modified bucket method. Sea®nal and diurnal fluctuations in solar
energy are usualy included in most models used today; thisis true as well for the CGOM 1.
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Atmosphere chemistry in some GCMSs, and in the CGCM1 in particular, is treded in a
rather crude manner. Time-varying effeds of individual greenhowsegases(e.g., carbon doxide,
methane, chlorofluorocarbors, nitrous oxide, and azone) are naot modeled; but rather, temporal
increasesin a sngle greenhouwse gas -- cabon doxide -- are used as asurrogate. Here, the
assmption is that atmospheric greenhotse gas concentrations will increasel% (compounced)
per year until 2100. In ather models, the individual effed of ead greenhousegasis considered
separately. In additionto greenhowse gaseschanging concentrations of sulfate aeosols dso are
important to modeling climate diange. Atmospheric sulfates large sulfur-based particles
suspended in the amosphere, originating from bath anthropogenic and natural sources are
widely believed to refled incoming solar energy, thereby diminishing the potential global
warming signal. Although the chemistry can be complex, some models atempt to simulate their
direct effeds and changesin agosol concentrations over time. The CGCM1, howvever, ssmply
models agosols as a kange (increase) in the refledance of solar energy reading the surfaceof
the earth, withou modeling the actual dynamics and properties of sulfate aerosols.

2 —r—r——r——T——r T T T

At equilibrium (when no further
change in air temperature occurs), the
regponse of the CGCM1 model to a douling
of concentrations of greenhause gases
(spedficdly, cabon doxide) is an increase
of 3.5°C (6.3F) in the globally averaged air
temperature (Boer et al., 1992, which occurs
by abou 2050 (Figure 2). Over the United
Statesby 2030,the model simulates summer
increasesof between 1° and 3T (1.8° to
5.4°F) over the entire United States. Winter
increasesof 2° to 4°C (3.6° to 7.2°F) are i
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3.6°F) changes a@e modeled over eastern | Figure 2. Simulations of climate dhange using the
portions. Winter precipitation increase in the | CGCM1 model with changes in greenhouse gas
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f:hanges are largely unpredictable (bath chanaes (Contral). (Fiaure from Boer et al.. 1992).
increases ad deaeases ae observed).

&
i

=
T

4
'l

’ _

i * FGHG + Aeronols
& £ -

&
T

R
A

I
T

— Central 1
L ,-“’1JWMM'W‘“\.J\.

[ L e '\-:' rl;_ A A
- = = M
o g Y it

Glebal, Annual Mean Temperature [C)
\\.\l

e

The Hadley Centre Model

By contrast with the CGCM 1, the Hadley Climate Model (HadCM2), developed by the
Hadley Centre for Climate Prediction and Reseach of the United Kingdom Meteorologicd
Office is aCartesian grid model with a atial resolution of approximately 2.5 of latitude by
3.75° d longtude (about 175 milesby 185milesover the United States) and nineteen verticd
atmospheric layers. Its couded ocean model hasthe sane horizontal resolution with twenty
verticd layers and also is flux-adjusted. In the HadCM2, seaice dynamics ae modeled, aswell
astheir influence onthe exchange of hea and moisture between the ocean and the atmosphere.
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The HadCM2 uses amore phisticated approach to modeling land surface hydrology.
Several soil layers ae usal and the flow of moisture between these il layers (through
percolation davnward throughthe il) is modeled. The model provides amore detailed and
spedfic treatment of the plant canopy, including the aeaof ground covered by leaves and the
reporse of the leaves to water stress Both seasnd and durna cycles of solar energy
variations ae incorporated into the model.

As with the CGQM1, the HadCM2 GCM applies the same modeling strategy for the
treatment of atmospheric chemistry. Temporal increasesin carbon doxide only are pedfied.
Individual effeds of other greenhouse gases sch as methane, nitrous oxide, and aone, for
example, are not modeled bu are incorporated into the dfeds of a cdhange in cabon doxide.
Atmospheric alfates ae modeled orly as achange in the surfacerefledance of solar energy
(albedo) while their actua dynamics and the individua properties ae not included. This is
consistent with the formulation used by the CGCM1.

For a douwling o atmospheric carbon doxide wncentrations, the reporse of the
HadCM2 is an increa® in the globally averaged air temperature of 2.6°C (4.7°F). Over the
United States, the model simulatesincreasesof from 1° to 3°C (1.8°to 5.4F) over the eastern
third of the nation and increasesfrom 1° to 4°C (1.8° to 7.2F) over the wedern two-thirds.
Predpitation is modeled to increa® in the wegern and eagern thirds of the nation during winter
while dianges in winter precipitation in the centra Great Plains and summer preapitation
everywhereis mixed (both increags and ceaeases ae observed).

Table 1: Comparison between the Canadian Climate Centre Model (CGCM1)
and the Hadley Centre Model (HadCM2).
Variable CGOM1 HadCM2
Atmospheric Model
North-South Resolution 3.75 (abou 260miles) | 2.5° (abou 175mileg
Eag-Wed Relution 3.75 (abou 185mileg | 3.75 (abou 185mileg
Vertical Relution 10layers 19layers
Oceanic Model Flux Adjusted Flux Adjusted
North-South Resolution 1.8° (abou 125mileg | 2.5° (abou 175 mileg
Ead-Wed Relution 1.8’ (abou 90 mileg 3.75 (abou 185mileg
Vertica Relution 29 layers 20 layers
Land SurfaceHydrology Modified Bucket Method | Detailed Plant Canopy
Sea®na Solar Cycle Yes Yes
Diurna Solar Cycle Yes Yes
Treament of CarbonDioxide CarbonDioxide
Multiple Greenhowse Gases Used as aSurrogate Used as aSurrogate
Treament of Changein Surface Changein Surface
Atmospheric Aerosols Refledance Only Refledance Only
Equili brium Change for a 3.5°C(6.3F) 2.6°C (4.7F)
Douling d CarbonDioxide
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THE UTILITY AND LIMI TATIONS OF GCM SCENARIOS

Limitations in climate modeling

GCMs ae desgned to be desciptions of the full threedimensional structure of the
eath's dimate and dten are used in a variety of applications, including the invedigation d the
posgble role of various dimate forcing medhanisms and the smulation o pag and future
climates Given what we have sea regarding the ailitiesof GCMs, it appeas that such models
have the potential to simulate acurately changes in the real climate. However, we must
remember several important issues First, GCMs are limited by ou incomplete understanding o
the dimate g/stem and how the various @amospheric, land surface oceanic, and ice comporents
interad with one another. But in addition, GCMs are further limited by ou ability to transform
this incomplete understanding into mathematicd representations. We may have a genera feel
for the complex interrelationships between the amosphere and the oceans, for example, bu
expressing this understanding in a st of mathematical equations is much more difficult. Second,
GCMs ae limited by their own spatial and temporal resolutions. Computational complexity and
finite restrictions on computing power reduce GCM simulations to coarse generalities As a
reault, many small-scale feaures which may have sgnificant impad on the local, regional, or
even gobal climate, are not represented. Thus, we must recognize that GCMs, at bed, can orly
preseant a grossthumbnail sketch. Regional assessnents over areas ecompassng many GCM
grid cells ae the finest scde reslution that can be expected. It is inappropriate, and gossy
misleading, to sdect results from a sngle grid cdl and apply it locally. It cannot be over
emphaszed that GCM representations of the dimate can be evaluated at a fatial resolution no
finer than large regional areas seldom smaller than a region defined by a gjuare a thousand
miles(at least several GCM grid cells) onaside. Even the useof "negded grid models' (models
which take GCM output and reslve it to finer scle resolutions) does nat overcome this
limitation since reailts from the GCM simulation dives such models and m mechanism is
available to feedbadk the reaults of such finer-scade models to the GCM.

A third limitation in GCMs is that given the redrictions in ou understanding d the
climate g/stem and its computational complexity, some known phenomena ae simply na
reproduced in climate models. Hurricanes and most other forms of severe wedher (eg.
nor'easers, thunderstorms, and tornadoeg simply canna be represented in a GCM owing to the
coarse spatial resolution. Other more cmplex phenomena reaulting from interadions anongthe
elements that drive the climate g/stem may be limited o even nd simulated at all. Phenomena
such as El Nind and La Nind the Padfic Decalal Osdllation, and daher complex
interrelationships between the ocean and the atmosphere, for example, are inadequately
reproduced or often completely absent in climate model simulations. Such indicators shoud be
flags that something fundamental isladking in the GCM. Thesephenomena $ioud be produced
in the model as areault of our spedficaion d climate interactions and driving mechanisms; their
absence indicaes afundamental flaw in either our understanding d the dimate g/stem, ou
mathematica representation d the processthe gatial and temporal limitationsimposed byfinite
computational power, or al threeof the dowe.

An assegsent of the dficag/ of any climate model, therefore, must focus on the dility
of the model to ssimulate the present climate wndtions. If a model canna simulate what we
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know to be true, then it is unlikely that model progncstications of climate dhange ae believable.
However, aword o cautioniswarranted. It iscommon pradiceto "tune” climate models © that
they better resenble present condtions. Thisiswidely acceptable, because many parameters in
GCMs cana be gedfied dredly and their valuesmust be determined throughempiricd trial-
and-error. However, this raises the concern that a GCM may adequately simulate the present
climate, na becaisethe model corredly represents the processeghat drive the erth's dimate;
but rather, becauseit has been tuned to doso. Thus, the model may appea to provide a goad
simulation of the eath's dimate, when in fad the model may poaly simulate dimate change
mechanisms. In other words, a GCM may provide an adequate simulation d the present-day
climate conditions, but it does ® for the wrongrea®ns. Model efficacy in simulating present-
day condtions, therefore, is not a guaranteethat model-derived climate change scearios will be
rea®nable. To addressthis question, modelers often employ simulations of pag climates such
asthe Holocene or the Pleistocene, to seeif the model providesthe kind of climate that we can
infer existed during such epochs. Of course ou knowledge of pre-historicd climate condtions
istenuouws and extremely crude, which limits the utility of such evaluations.

A final limitation in climate modeling is that in the dimate g/stem, everything is
interconrected. In short, anything youdo wrong in a climate model will adversely affed the
simulation o every other variable. Take precipitation, for example. Predpitation requires
moisture in the @mosphere and a mecdhanism to causeit to condense (causing the air to rise over
mourtains, by surfaceheding, as areault of weaher fronts, or by cyclonic rotation). Any errors
in represanting the amospheric moisture ntent or precipitation-causing mechanisms will result
in errors in the smulation d precipitation. Thus, GCM simulations of predpitation will be
affeaed by limitations in the representation and simulation d topogaphy, since mountains force
air torise and condenseto produce orographic (mourtain-induced) precipitation (e.g., the madal
mourtain rangesof Washington and Oregon). Incorrect simulations of air temperature dso will
adversely affed the simulation o precipitation since the ability of the atmosphere to store
moisture is directly related to its temperature. If winds, air pressire, and atmospheric circulation
are inadequately represented, then predpitation will be alversdy affeded since the atmospheric
flow of moisture that may condense into precipitation will be incorred. Plant transpiration and
soil evaporation aso provide moisture for predpitation; therefore, errorsin the ssmulation d soil
moisture conditions will adversdy affed the smulation d predpitation. Simulation d clouds
solar energy reading the groundwill affed egimatesof surfaceheding which adversdy affeds
the smulation d predpitation. Even problems in spedfying aceanic circulation o sea ice
concentrations will affed weaher patterns, which affed predpitation ssimulations. In sum, the
simulation d preapitation is alversdy affeded by inaccuradesin the smulation of virtually
every other climate variable.

However, inacaracies in simulating predpitation, in turn, will adversdy affect the
simulation d virtually every other climate variable. Condensdion releass hea to the
atmosphere and forms clouds, which reflect energy from the sun and trap heat from the eath's
surface-- both of which affed the smulation of air temperature. As areault, this can affed the
simulation d winds, air pressire, and atmospheric drculation. Sincewinds drive the drculation
of the upper layers of the ocean, the smulation d ocean circulation also is dfeded. Air
temperature cndtions also contribute to the model simulation of seaice formation, which would
be alversdy affeded. Predpitation is the only source of soil moisture; hence, inadequate
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simulations of predpitation will adversdy affed soil moisture condtions and land surface
hydrology. Vegetation also regponds to predpitation availability so that the entire representation
of the biosphere can be adversely affeded. Clealy, the interrelationships among the various
comporents that comprisethe dimate s/stem make dimate modeling dfficult. Keep in mind,
however, that it is not just the long-term average and seasonal variations that are of interest.
Demonstrating that precipitation is highed over the tropicd rainforests and lowed in the
subtropicd desets is not enough. Climate dange is likely to manifed itself in small regional
fluctuations. Moreover, we dso are interested in intra-annual (yea-to-year) variability. Much of
the daracter of the eath's dimate is in how it varies over time. A GCM that simulates
essatially the sane condtions year after yea clealy is missng an important component of the
eath's dimate. Thus, the evaluation of climate change prognastications using GCMs must be
made in light of the model's aility to represent the holistic nature of the climate and its
variability. Interedingly, the National Assessient admits, "reaults suggest that the GCMs likely
do nd adequately include dl of the feedbadk processeshat may be important in determining the
long-term climate” (United States National Assessment, 200:23).

It should be noted that GCMs ae not weéher prediction models. Their utility is not in
predicting, for example, whether it will rain in southern England onthe morning of July 14,
2087. Rather, we are interested in determining whether the probability of predpitation will be
substantially different from what it istoday -- in bah the frequency and intensity of predpitation
events. In general, we want to know whether the simmer of 2055is likely to be warmer or
colder than present conditions, and by how much. Assuch, GCMs ae only used appropriately to
addressthe likelihood d changesover large gatial and temporal scdes -- assasing changesfor
spedfic dates or locations is beyondthe sope of GCM utility.

How the Nationd Assessment employs models

In the United States National Assessment, three gproadhes are usal to determine the
anthropogenic efeds of climate dhange. The first approad is to examine the historicd record,
bad to the late 18005, to look for trends or changes that might possbly be linked to human
sources Unfortunately, the dimate record refleds not just changes linked to anthropogenic
adivities but awhale host of fluctuations caused by natural sources ad uncertainties induced by
changesto the instrumentation, station retwork and its environment, etc. The seond approachis
to use "sengitivity/vulnerability analysis’ -- addressthe degree of change required to cause
significant impads in areasof critical human concern and its probability of occurrence Such
speaulations are basel, in large part, onthe reailts of analysis from bath the historical record and
model prognostications.

Our focus here is on the third approadh used in the National Assessent -- the use of
climate models (GCMs in particular) to assessthe potential for anthropogenic climate change.
While GCMs provide quantitative assssments of such changes (i.e.,, they assgn numericd
values to changes and their probabilities), the limitations disausseal above can lead to some
skepticism of such assesments. In particular, we neal to pay closeattention to the uncertainties
or "error bars' assciated with the numbers generated by the models. Indeed, the Draft of
Chapter 1 of the National Assessient indicaes that GCMs ae naot perfed predictors of future
climates but argue that they "can be usal to provide important and usdul information abou
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patential long-term climate dhanges over periods of up to a few centuries on remispheric sales
and aaoss the [United Stateq, bu care must be taken in interpreting regionally spedfic and
short-term ageds of the model simulations® (US National Assessient, 200023). Althoughthe
National Assessient goes on to highlight all of the careas as®ciated with the use of model
projections, model reallts ae nevertheless Bown in high resolution and withou assessnent of
uncertainties, which allows many results gleaned from the models to transcend thesecaveds and
concerns.

In the National Assessient, aswell asin most modeling appli cations, GCM egimatesof
climate dhange scearios ae developed by taking the diff erence between the model simulated
change and the model representation d the present climate cndtions. For example, if the
model simulated a present climate of 10°C (50°F) that was to change to 15C (59°F) under a
given climate dhange s@nario, then the dimate dhange prognostication would be for an increase
of 5°C (9°F). For precipitation, the rate is cmputed as apercentage, not as adifference thus, if
for the present climate, we have a preapitation rate of 4 mm per day that changesto 6 mm per
day under climate dhange, the climate dhange prognastication would be for an increasein
preapitation of 50%. Note that the obsaved valuesare not usel -- thus, it isimportant that the
model be compared to the obsevationsto determine how reasonable these changesmight be.

Limitations in interpreting results from the models used in the Nationd Assessent

It islaudable that the National Assesament considered more than a single model although
it isrecognized that the evaluation of too many models would have become unwieldy. It is dso
was sgnificant that the two models be of different type -- one a pedra GCM and the other a
Cartesian grid GCM. As previously disaussed, and aspointed ou in Chapter 1 of the National
Assesment, interpretation d the results from thesetwo models must be acompanied by a great
ded of cae, owing to the inherent limitations in applying the reaults from GCM simulations. In
particular, however, the doice of the two models recommended for use in the National
Assesment, namely, the Canadian Climate Centre (CGCM1) and Hadley Centre (HadCM2)
models is rather odd. It is widely recognized, and even mentioned by the National Assessient,
that the CGCM1 provides amore extreme dimate dhange scenario than other models that were
considered but not used. To alarge extent, this same aiticism holds for the HadCM2 aswell. It
aso is particularly intriguing that neither of the two sdected models wasdeveloped by a group
within the United States egedally when viable dternatives «ist.

In part, the extreme sc@arios developed by thesetwo models result from the use of
overly simplistic formulations of key model comporents. For example, the CGCM1 has the
simpled treatment of land surfacehydrology d al models considered; namely, a bucket model
for soil moisture. Other models use a sil layer model with an explicit treatment of vegetation
interadions. It has been widely demonstrated that bucket models overly simplify and gossy
biasthe representation of the hydrologicd cycle. Since predpitation, soil evaporation, and dant
transpiration are cmporents of not only the water balance, but the energy balance a well, such
simplistic treaments grealy undermine the aility of the model to represent the dimate. It is
surprising that the National Assesmsent used a model employing such a smplistic treatment of
land surfacehydrology, particularly in light of the fad that clealy better dternatives eist.
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With regect to sea ice models, the CGOM1 hasthe most simplistic treatment of all the
models mnsidered -- it ladks adynamic component that other models possess Although seaice
modeling is very difficult, a proper seaice model is important to simulate the fluxes of energy
and moisture between the amosphere and the ocean at high latitudes. Sincevirtually all models
indicate the greaed regponseof air temperature by greenhausegas forcing will occur in the high
latitudes seledion d a model that incorporates an inferior seaice comporent is extremely
puzzling. Thisis likely to overemphasze the effea of high latitude warming, which, in part,
may be amajor reason why prognasticaions of the CGOM 1 are onthe extreme sde.

Furthermore, the CGOM 1dcesnat tred al greenhouse gasesndependently (the dfed of
them is lumped into an "effedive’ CO, surrogate) and includes the dfed of atmospheric
aeosols only changing the surface refledance of solar energy. Given the potential importance of
sulfur making/mitigation d the anthropogenic greenhause gas tiange sgnal, and deaeasng
concentrations of methane, this overly simplistic treament may overstate the dfed of such an
important comporent of the anthropogenic global warmingissue.

In considering the dfed of greenhouse gases, it must be remembered that the most
important greenhowsegasis nat carbon doxide, but water vapor. Aswe sav ealier, treatment of
the oceans and, in particular, the land surfacehydrology day an important role in determining
correct levels of atmospheric humidity. Inaccurades in precipitation ratesalso adversdy aff ect
atmospheric concentrations of water vapor. But coupe this with the fad that the two models
tend to provide esimatesof surface & temperaturesthat are several degreestoo cold. Sincethe
amourt of water vapor in the ar at arelative humidity of 100% (saturated condtions) increa®s
exporentially with increasng air temperature, the amospheric moisture content is likely to be
underedimated by a cold model. Water vapor hasa relatively high spedfic hea -- meaning it
takesmore energy to raise the temperature of a water vapor moleaule. Dry air is eager to warm;
hence it is eager to achieve warming in a model that starts out with lesswater vapor in its
atmosphere.  Furthermore, it takes energy to evaporate water -- energy that with a drier
atmosphere would contribute to additional warming.

In an evauation d the intra-annual
variability in climate models, Soden (2000 0. R -+t
compared olsavations of predpitation g2 -

variability with severa GCMs, including 45 \\A'HAHHJ”L I%HIH M% f’f‘
those used in the National Assessent |, M

(Figure 3). He oncluded, “Not only do the 04 L. B .
GCMs differ with regect to the g7 1981 1983 19,55 93-' 1ggu

obsevations, bu the models dso lack | Figure 3: Precipitation rate in mm day™ as observed

coherence among themsdves..even the | (thick solid line) and as smulated by an ensemble of

extreme models exhibit markedly less | GCMs (thin solid line). Vertica lines on the GCM

predpitation variability than obseved.” ensemble show the intra-annual variability among the
. . GCMs mean. (from Soden. 2000)

Virtualy no climate model adequately

revlvesthe intra-annual climate variability.

Earlier it wasmentioned that it is important to evaluate the efficagy of the GCMs with
regoect to their ability to reproduce the present-day climate. Doherty and Mearns (1999 have
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provided a comparison d historicd simulations of the two models usel in the National
Assesmient against obsavational data. In genera, they conclude that both models have
significant problems in their representation d topogaphy -- the wedern United States is
represented simply asone large hill beginning at sea level alongthe West coast and desceding
into the Grea Plains. This problem manifeds itsdf in cold and wet biases over the Rocky
Mountains. When these problems with topagraphy are wupled with the high spatial variability
and the marse patia resolution d the models, reallts of climate dhange scearios for detail ed
regions in the wedern United States is, in their words, "highly quedionable’. In generd, the
HadCM2 simulation is dosea to the obseved climate than that of the CGCOM 1, athough bth
models exhibit considerable differences from the obsevations. They conclude, "reseachers
shoud exercise etreme caition in the mnclusions they draw from impads analysis using the
output from these climate models, given the uncertainty of the model reallts, epedaly on a
regional scle."

With regard to air temperature, Doherty and Mearns (1999) mapped the differences
between the model mean climatology and an air temperature climatology developed by Legates
and Will mott (199(). In addition to the overall cold bias of both models, Doherty and Mearns
found that air temperatures over the northern United States and Canada differ from the
obsavations by as much as 12°C (21.6°F)! Topogaphically induced uncerestimates in air
temperature ae obvious in bah models over the Rocky Mountains. In the central Plains, both
models overedimate ar temperature by up to 6°C (10.8°F) in summer, which is likely to
overedimate ammer drying, leading to an oweredimate of drought frequency. Overal, bah
models exhibit similar patterns of biases in air temperature with warmer-than-obseved
condtions in winter and autumn in the northern United States and colder-than-obseved
condtions in the wegern United Statesin all sea®ns. Both models make the centra United
Statestoo warm in summer and autumn.

Preapitation is difficult to simulate in a GCM, owing to the interrelationships anong
other climate variables noted earlier. In addition, predpitation medhanisms occur at scdes well
below the gatial and temporal redlution d most GCMs, the predpitation forming pocesss not
fully understood,and rnumericd instabilitiesmay arise with small amounts of moisture. Doherty
and Means (1999 also mapped dfferences between the model mean climatology and a
predpitation climatology developed by Legates and Will mott (199(). As with air temperature,
considerable overedimates «ist over the Rocky Mountains in bah models as adirect reault of
their inadequate representation o topogaphy -- differences ae as much as 6 mm day™ (7.1
inches per month) are obsaved in parts of the Rocky Mourtains. Note that this is twice the
mean monthly precipitation in some aeas! Overedimatesalso are observed in the northeastern
United States in spring and summer by as much as 3 mm day™ (3.5 inches per month) while
predpitation in the utheasern United States and lower Missssippi River Basn during winter
and summer is underestimated by as much as3 mmday™ (3.5 inches per month). Both models
exhibit similar patterns of biasesalthoughthe regions of biastendto be ssmewhat smaller in the
HadCM2.

One onclusion d the National Assessnent is of an enhanced hydologic cycle over the

United States -- increasal precipitation variability and storminess The ramificaions ae
obvious; more floods and droughts will i ncrease the potential losses ad uncertainty of our future
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world. However, isthis arational conclusion? Karl et al. (1997 noted, “Variability in much of
the Northern Hemisphere's midlatitudes hasdecreased asthe dimate has become warmer. Some
computer models dso project deaeasesn variability.” This seensto be in dred oppasition to
the claims of bath the Intergovernmental Panel on Climate Change (IPCC) and the National
Assesmient. Hayden (1999), in a paper written for and presented at a national conference to
disauss the content of the National Assessent (and later pullished in a refereed journal),
indicated that the observations show “there has been notrend in North Americawide forminess
or in storm frequency variability foundin the record of storm tradks for the period 1885-1996...
It isnot possible, at this time, to attribute the large regional changesin storm climate to elevated
atmospheric carbon dioxide.” With regard to the model projections, he states, “[Model]
projections of North American storminess Bows no sensitivity to elevated carbon doxide. It
would appear that statements &ou storminess base&l on [model] output statistics ae
unwarranted at thistime. ... It shoud also be clear that little can or should be said about change
in variability of storminessin future, carbon dioxide eriched yeas.” Sinclair and Watterson
(1999 further go onto conclude that for areassuch asthe United States “doulded CO2 leads to

amarked deaease in the occurrence of intensestorms.” Both in general andin particular, GCMs
do nd exhibit an enhancement of the hydrologic cycle; nevertheless the National Assesment
deaded to ignaethisfad.

Concluding statements

In light of our disaussion, climate models fioud be thougt of asuseful tods to asses
our understanding d the dimate g/stem and to examine interrelationships among \arious
comporents of the climate g/stem. At present, and at least into the nea foreseable future, the
uncertainties as®ciated with model simulations make their projections only a sngle posshble
scanario, at bed. Historicdly, assesments of climate dhange have gealily become less &treme
as more dimate feedbadk medchanisms ae included in the models. Overal, it appeas that
anthropogenic climate change estimates ae dill uncertain (given the discrepanciesbetween most
models) and, when coupled with the dower-than-predicted warming preset in the historicd
record, the true dimate dhanges ae likely to be at or below the lowed model edimates with
some of these bangeshaving pdentially beneficial effeds.

Table 2. Selected projedions from the Canadian Climate Centre Model (CGCM1) and the
Hadley Centre Model (HadCM2) over the United States by 2030 (taken from Doherty
and Mearns, 2000

Air Temperature
Winter Summer
Eadern Central Wedern Eadern Central Wedern
CGCM1 0°to 2°C 2°to 4°C 2°to 4°C 1°to 3°C 1°to 3°C 1° to 3°C
HadCM?2 1°to 3°C 1°to 4°C 1°to 4°C 0°to 1°C 0°to 3C 1° to 2°C
Precipitation (in mm per day)
Winter Summer
Eadern Central Wedern Eadern Central Wedern
CGCM1 | -2.0to 0.0 | -2.0t0 0.0 | 0.0t0+3.0 | -1.0to+05 | -1.0to+0.5 | -0.5t0 +0.5
HadCM2 | 0.0to+1.0 | -0.5to+1.0 | 0.0to +2.0 | -0.5t0+1.0 | -0.5t0 +1.0 | -0.5t0 +1.0
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