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Prologue

The United States-Canada Symposium on Climate Change and Weather Extremes Was
convened in Atlanta, Georgiain October 1999 by Environment Canada, the US Environmental
Protection Agency and the US National Weather Service, with additional financid support from
the Climate Change Action Fund (Canada). The Symposium focused on the issue of extreme
weather events: how to define them, how to predict them, how to cope with their impacts on
human and ecological systems, and how they may be influenced by climate change. The
meeting brought together an array of experts from diverse communities, including resource
managers and planners who are affected by extreme events, impacts and adaptation researches,
climate modelers, climatologists, and computer hardware devel opers.

The goal of the symposium was to identify existing capabilities and near-term needs in
understanding weather and climate extremes, that, if met, would improve our ability to assess the
human impacts of extreme weather. To advance this goal, the symposium was designed to:

. review current capacities for identifying weather extremesin the climate system;

. assess current understanding of the relationship between weather extremes, climate
variability, and climate change;

. examine the vulnerabilities of American and Canadian societies to weather extremes; and

. determine the stgps needed to advance the modeling and assessment of weather extremes.

This Proceedings includes 14 papers from meeting participants. Taken together with the
companion Research Agenda, this Proceedings provides an overview of extreme eventsin the
context of climate change and sets forth the research needs identified across wide ranging
communities of scientists and policy makers.



Climate Extremes In Canada

W D. Hogg
Cli mate Research Branch, Atnospheric Environnent Service
4905 Dufferin Street, Downsview ON, CANADA, M3H 5T4

Introduction

The purpose of this paper is to both describe what we know
about climate extrenes in Canada and to provi de sone

di scussion points on the nature of future work on climte
extrenes. Because of Canada’s high latitude |ocation, the
type of climate extrene that is significant, nmay differ from
much of the rest of the world. Because of its large area,

| ow popul ati on density and sparse clinmte networks,

avai lability of Canadian data is inportant for gl obal

anal yses.

Available Canadian Data

The prime data concern for climte change anal ysis projects
is the honbgeneity of the tinme series. Trends and even
changes in variability are small and simlar in magnitude to
changes i nduced by even innocuous appearing changes to the
measurenent program It is strongly recommended that only
data that has undergone honobgeneity screening be included in
the analysis of clinmate extremes. Vincent (1999) describes
a method used to adjust tenperature data for about 200 | ong-
record stations in Canada and Mekis and Hogg (1999) descri be
a technique that has been used to rehabilitate daily
precipitation data fromapproximately 500 stations. These
data are being used in the production of a gridded tine
series for Canada of nonthly tenperature and precipitation
for this century, using an approach described by Hogg et al.
(1996). The grid values will then be used to estinmate other
wat er bal ance paraneters (evapotranspiration, runoff, Pal ner
Drought Severity Index, etc.) for the grid. Conputation of
time series of the area of Canada affected by various
extrenme conditions has been perforned using this gridded

dat aset .

Definition of Climate Extremes

VWat is a climte extrenme, anyway? One of the difficulties
in comng to grips with this question is that it neans
different things to different people.
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To menbers of the public, a climate event is considered
extreme if:

it cost them noney or injury

t hey haven’t experienced it in the last 10 years

a simlar event hasn’'t happened in their state or province in
the last 5 years

a simlar event hasn’'t happened in their country in the | ast
year.

An “Inpacts” scientist brings nore objectivity but still
introduces a wide range of criteria to define extrene
events. They are often defined according to sone threshold
associated with significant | oss of noney, quality of life
or life itself. But such criteria are as dependent upon
soci etal changes as on changes in the physi cal
characteristics of the climate event. Urban flooding occurs
when the capacity of structures, designed to varying
standards (e.g. 5-25 year return periods) and in varying
states of repair, fail. Heat waves nay be defined in terns
of hospital adm ssions, which are influenced by changes in
popul ati on, denographics and record keeping. Building
damage due to wind or snow | oads i s dependent on | ocal
bui | di ng codes, construction practices, age of the
structures and changes in exposure. And so on.

The climatol ogi st insists upon absol ute objectivity but
sonetinmes sacrifices relevance, at least in terns of

societal inportance. To assess the rarity of an event at a
specific location, analyses are confined to fixed |ocations,
whi ch often results in the exam nation of a m xture of
“ordinary” and extrene events, from an inpact perspective.
To increase sanple size, the climtol ogi st may define the
extrene event as the biggest or even 10 bi ggest occurrences
per year of sone paraneter or exam ne the frequency of
measurenents above a threshold expected to be exceeded at

| east once and maybe as many as 10 times per year. An even
greater distortion occurs when the clinmatol ogist attenpts to
i ncrease sanpl e size through renoval of the annual cycle by
exam ni ng the biggest departures fromthe nean value for the
time of year. Such a procedure can identify extrene events
that are climatol ogically noteworthy but which have little

i npact on society, such as an autumm heat wave.

Regi onal anal yses al | ow expansi on of the sel ection process
to include truly rare events (e.g. the biggest per year
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anong many stations, the frequency of network occurrence
exceedi ng the point 10-year return period anount or the
proportion of area affected by |ow probability conditions).
However, the region being analyzed nust be climatically
honmbgeneous and stations nust be spaced wi dely enough to be
i ndependent whil e having coincident, |ong records.

The sinul taneous occurrence of fairly ordinary conditions to
produce extreme events is one |last conplicating factor.
Tenperatures slightly below freezing for a week are not
unusual in January in southeastern Canada and even the
occurrence of 10-25 mm of precipitation on a January day is
not unexpected. But to have both these conditions net for
five consecutive days over a |arge geographic area (SW
Quebec and SE Ontario, January 1998) generating 50-100 mm of
freezing rain, creates an unquestioned extreme event. Many
nmet eorol ogical and climate events result fromsimlar

conbi nati ons of nore or |ess independent conditions. Use of
joint or conditional probabilities to assess probabilities
of rare events is a task not yet well dealt wth and
deserving of nore attention.

The bottomline of this discussion is that there are as nmany
ways of defining extrene clinate events as there are

i nvestigators analyzing the problem It is very inportant
that we agree on a consistent definition of extreme events
so that we can be assured that we are tal king about the sane
epi sodes, whether we are concerned with changes in inpacts
or trends in natural events. This workshop would seemto be
an ideal place to address such an agreenent.

Historical Extremes and Trends

After major effort to generate honbgeneous tenperature,
precipitation and wind datasets at the nonthly and daily
time scales, we can confidently say that we know sone
significant things about the variability and trends of the
extrenmes of these climate paraneters in Canada during the
| ast 100 years. As discussed above, this can be quite
different fromunderstanding variability and trends of the
extrene events nost relevant to society. Some of our
current know edge about the behavi our of extrenes of
Canadi an climte parameters during the 20'" century is
reported in Mekis and Hogg (1999), Zhang, Harvey et al.
(2000), Zhang, Vicent et al. (2000), and Bonsal et al.



(2000) and is sunmarized in the foll ow ng points.
Col d season m nima and maxi ma and m ni num daily tenperatures
have increased but sumrer mexi ma have not. (It hasn’'t gotten
hotter in Canada, it has gotten |ess cold)

Annual accunul ati ons and nunber of days with rain have

i ncreased but average intensities and nunber of extrene heavy
rain events have not. (It hasn’'t rained harder, it has rained
nore frequently).

Annual accunul ati ons and nunber of days with snow have
i ncreased but average intensities and nunber of extrene heavy
snow events have not.

G obal ly, we have found no indisputabl e evidence of a
systenmatic change in extreme w nds or waves.

Important Extremes in Northern Climates

Extrenmes of clinmate paraneters socially and economcally

i mportant in high latitude countries |ike Canada consi st of
nost of the ones inportant in tenperate |atitudes plus a few
additions. Hi gh winds, intense rainfall and persistent
drought conditions are universally inportant. In addition,
i ntense snowstorns, extrene seasonal snow accumnul ati ons and
rapid nmelt events (rain plus high tenperatures) are critical
in northern climates. Extrenes indices for all of these
climate paraneters can be devel oped from sinple tenperature
and precipitation data and exanpl es have either been
generated by Karl et al. (1996) or in Easterling et al.
(1999). Severe thunderstorm conditions and associ at ed

i ghtning, hail, intense short duration rainfall, damaging
wi nds and tornadoes are equally inportant to society but
cannot be characterized by the basic tenperature and
precipitation datasets. The sane is true for economcally
and socially debilitating yet conplex wi nter phenonena |ike
freezing rain, severe wind chill and blizzards.

Knowledge Gaps and Future Work

The signal to noise ratio is small for nost tine series of
climate extremes. Records are rendered anbi guous by

envi ronment al changes other than climte (e.g. changing |and
use in river basins). Changing comuni cation patterns
change perceptions about the frequency of extrene events.
Changi ng observing capabilities due to increasing popul ation



and use of renote sensing techni ques skew statistica

sanpl es. Things |ike changes in nonetary systens,

denogr aphi cs and observing systens (e.g. automation) distort
conpari son of even quantitative neasurenments. In order to
understand climte extrenmes and their variability we nust be
able to objectively quantify themin the past, present and
future. To do this we nust choose definitions of climte
extrenes that are independent of the effects of the above
noted factors.

The goal of future work should include the creation of
systematic archives of climate extrenes. This will require
the definition and identification of a rational set of

extrene events and will involve significant data archaeol ogy
efforts to renove artificial trends. The existence of such
an archive will provide opportunities to understand the

cause of climate extrenes and identify the factors that
contribute to variability and trend in the nunber and
intensity of events.

Wthin the field of clinatol ogy sone basic, practical

probl ems need to be addressed. The tracking of clinate
extrenes is a continental scale initiative but there are
apparent discontinuities in trends of various clinate
paraneter extremes at the Canada/U.S. border. These are
caused by a conbinati on of nmeasurenent and data
interpretation differences (e.g. precipitation nmeasurenent)
and these border discontinuities nmust be harnoni zed.
Presumably there are simlar issues at the Mexico/U.S.
border which nust be dealt with to ensure a consi stent

anal ysis of climte extrenes throughout North Anerica, and,
by extension, nore harnoni zation issues to permt gl obal
anal yses. A joint project between Canada and the U S. to
harmoni ze North American climate and climate extrenes

dat abases woul d be a worthwhil e project.

Extremes of large-area and nulti-paraneter events represent
a class of events that require nore research. For |arge
river basins (M ssissippi or Mackenzie), the duration and
areal extent are as inportant in determ ning the inpact of
an event as is the ampbunt of precipitation at the storm
center. The organization of climate archives into station
time series formats has di scouraged (but not nade

i npossi ble) the conpilation of databases of |arge-area
events and nore enphasis nust be placed on this aspect of



analysis of climate extrenes. Simlarly, there are events
that have significant inpact only with the joint occurrence
of special conditions in two or nore paraneters. Freezing
rain and blizzards are exanples of this category and for
these and other multi-paraneter events, areal extent is also
a determning factor in the assessnent of severity or
societal inpact. New approaches and statistical tools are
required to docunent and anal yze the joint probability and
trends of these conbination events.

Conclusion

A coordinated effort to nonitor climte extrenes on a
continental and global basis is an inportant tool for
monitoring climte change. But first we nust agree on both
t he physical and inpacts criteria that define a clinmate
extrene record their historic and contenporary occurrence in
systemati c archives.
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Variations and Trends in Climate Extremes in the U.S.

David R. Easterling
NOAA /National Climatic Data Center
Asheville, NC 28801

1. Introduction.

Observational studies into possible greenhouse induced climate change have traditionally focused on
changes in mean and variance datistics(e.g. Easterling, et al. 1997). However, recent events in many
parts of the world have underscored the need to examine fluctuations and changes in extreme ev ents.
Although potential changesin long-term meansareimportant from a number of standpoints, extreme
events usually have the greatest and most immediate societal impact (Berz 1997). Because of the high
human and monetary costs often associated with extreme weather events many parts of society have
become increasingly concer ned about extreme events and their possible consequences. Some climate
modeling studies involving enhanced greenhouse gases have suggested that if the climate changes over
the next century, these changes will result inincreases in extreme events, particularly increases in extreme
temperature and precipitation events (Nicholls 1995, K arl and Knight 1998).

Monitoring the climate for changesis a difficult task. Often, the long-term observations available
in computer-compatible form are tak en from meteorological networks that usually were originally
designed to observe the weather for the development of forecags. Furthermore, the time-scale of the
observations is usually monthly, seasonal, or annual averages. These types of data are useful for
examining extremes such as prolonged, wide-spread droughts, or large-scale temperature anomalies (K arl
et al. 1993) and developing climate indices. Short-term extreme events, such as heat or cold waves require
high temporal resolution observations, such as daily maximum and minimum temperature or
precipitation. Here we focus solely on temperature and precipitation with a high temporal resolution.

2. Data Problems Affecting the Analysis of Extremes

Often the analysis of extremes involves examining the tails of a statistical distribution. In other
words, we are examining very high or very low temperatures, or very heavy precipitation totals or, asin
the case of drought, zero values. There are a number of data problems and processing procedures that can
potentially affect values in the tails of adistribution, or can affect the means and variances. In this section
we discuss problems of homogeneity of the data, and qudity control procedures and how these problems
can affect observed extremes.

Although many problems of homogeneity may not have a large effect on the analysis of some
types of extreme eventsthere can be certain problems and certain types of extremes analyses that may
have a noticeable effect. I nstrument changes is one example. Record temperature observations have been
known to be afected by a change in ingrumentation. For example in theU.S. Firg-order network the
primary temperature sensor starting in the mid-1980's through to the installation of the Automated
Surface Observing System (ASOS) has been the HO-83 H ygrothermometer. This isan aspirated
thermistor-based system that includes both temperature and dewpoint temperature sensors. One instance
where the installation of this system caused suspiciously high temperature readings was at the NWS First-
order station at Tucson International Airport. A number of record high temperatures observed in the early
1990's lead to a number of studies that concluded that many of these records were likely due to inaccurate
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readings from the HO-83 (Gall, et d. 1992). During the 1980'snearly half of the staionsin theU.S.
Cooperative network had their liquid-in-glassthermometers replaced with the M aximum/Minimum
Temperature System (MMTS), an unaspirated electronic temperature system. Quayle, et d. (1991)
showed that, on average, the introduction of the MM TS reduced monthly maximum temperatures and
increased monthly minimum temperatures, which would likely also hav e an affect on observed daily
extremes.

Other inhomogeneities may also affect the temporal digribution of observed extremes. Station
moves may cause an artificial change in observed extremes, patticularly in areas of heavy terrain.
Changing the siting of an instrument shelter, say from the side of a hill to the bottom, can easily cause
more cold extremes to be recorded in minimum temperatures. The same can be said for extreme warm
observations, if a shelter ismoved from a shaded area into an area of constant sunshine.

Precipitation measurements are particularly susceptible to inhomogeneities that may affect
extremes. Two main problems with precipitation measures are: (1) gauge undercatch in windy conditions,
and (2) the use of gauges with different measurement mechanisms, particularly the use of tipping-bucket
raingauges. Gauge undercatch is a problem with both solid and liquid precipitation (Sevruk 1982,
Groisman and Easterling 1994). Wind-induced turbulence over the gauge orifice can reault in much of the
precipitation blowing over the gauge rather than settling into it. This is particularly a problem with snow
and light rain where undercatch can be as much as 50% or more. However it can also be a problem with
heavier precipitation if there are exceptionally windy conditions. One way of dealing with gauge
undercatch is to install a wind shield on the gauge, which can dramatically increase the amount of
precipitation caught by the gauge. However, this introduces alarge discontinuity in the record that may
have alarge effect on the incidence of extreme precipitation events. The use of tipping-bucket raingauges
also can affect the observation of extreme precipitation events. Tipping-bucket gauges are well-known to
undercatch precipitation during heavy rainfall events when the rain rate exceedsthe capability of the
tipping mechanism to keep up with the water flowing through the gauge (Sevruk 1982).

Furthermore, the daily data often are not in digital form. Even in the United Statesthere is alarge
quantity of these data for the period prior to 1948 that are only now being digitized.

3. Observed Trends.

It is clear from the observed record that there has been an increase in the global mean temperature
of about 0.6C sincethe start of the 20" century (Nicholls etal., 1996), and that this increase is associated
with a stronger warming in daily minimum temperatures than maximums (Easterling et al. 1997). Global
precipitation has also increased over the same period (Nicholls et al. 1996). Given theseincreases, it is
expected that there would also be increases in what are now considered extreme events (Mearns et al.
1984). Therefore, it is useful to examine variability and trends in climate extremes and if there areindeed
identifiable trends in these events it would be additional evidence that there is a discernable human affect
on the climate.

There are a number of ways extreme climate events can be defined, such as extreme daily
temper atures, extreme daily rainfall amounts, lar ge areas ex periencing unusually warm monthly
temperatures, or even storm events such as hurricanes. Extreme events can also be defined by the impact
an event has on society. That impact may be monetary, or more importantly may involve excessive loss
of life, or both such as that due to Hurricane Mitch.
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3a. Temperature Extrem es.

Relatively little work has been completed rd ated to changes in high frequency extreme
temperature events. Thisincludesheat waves, cold waves, and number of days exceeding various
temperature thresholds. Easterling (2000) examined trendsin the number of daysin the U.S. exceeding
thresholds of 0C, 32.2C (90F), and thresholds derived using non-parametric statistics (percentiles).
Trends indicate that for the 1910-1998 period, there has been a slight decrease in the number of days
below freezing over the entire U.S. Trends in the number of days with the maximum temperature over
both 32.2C and the 90" percentile threshold are dominated by large anomalies partially due to the very
dry Iand surface conditions during the droughts of the 1930s and 1950s. Overall thereis a dight
downward trend in the number of these extremes despite an overall warming in the mean temperature, but
with cooling in the Southeastern U.S. (Karl & al. 1996). Two studies focused on the Northeagern U.S.
support the notion that changes inthe number of days exceeding thresholds have occurred. Cooter and
LeDuc (1995) show that the start of the frog-free season in the Northeastern U.S. occurs 11 days earlier
now than in the 1950s. In an analysis of 22 stations in the N ortheastern U .S. for the 194 8-1993 period,
DeGaetano (1995) found significant trends to few er extreme cold days, and also trends to fewer warm
maximum temperatures as well.

Apparent temperature, which combines temperature and humidity effects on the human body is
another important measure, particularly for human health. Gaffen and Ross (1998) show regional
summertime increases in days exceeding 85" percentile threshold val ue for apparent temperature in the
U.S. This result would appear to be in contrast to trends found by Easterling (1999) for the 1910-1998
period. However the period used by Gaffen and Ross was 1948-1997, which would exclude the eff ects
of the 1930sdroughtson extreme high temperatures and could at least partially account for the trend
differences.

Short-duration episodes of extreme heat or cold are often responsible for the major impacts on
health as evidenced by the 1995 heat wave in the Midwestern U.S. that resulted in hundreds of fatalities
in the Chicago area (Changnon et al. 1996). Although this heat wave was one of the worst short-duration
events of the 20" Century (Kunkel etal. 1996), an analysisof multi-day extreme hea episodes wherethe
temperature exceeds the 10-year return period does not show any overall trend for the period of 1931-
1997 (Kunkel ¢ al. 1999). The most notable feaure of the tempord distribution of these very extreme
heat waves is the high frequency in the 1930s compared to the rest of the record. A gain, thiswould
appear at odds with the resultsof Gaffen and Ross (1998), however this points out the difficultly of
comparing results using different periods, and different ways of defining an extreme event. Since Gaffen
and Ross use ap parent temperature, which includes humidity, part of their increase islikely due to
increases in water vapor. Ross and Elliot (1996) show evidence of humidity increases over the U.S. for
the 1971-1993 period. Extreme cold waves analyzed the same way also shows no overall U.S. trend since
1931.

3b. Precipitation.

Trends in one-day and multi-day extreme precipitation eventsin the United States and other
countries show a tendency to more days with extreme 24-hour precipitation totds (Karl and Knight
1998). The number of daysannually exceeding 50.8 mm (2 inches) of precipitation has been increasing
inthe U.S. (Karl e al. 1996). Also, the frequency of 1 to 7-day pred pitaion totalsexceeding station-
specific thresholds for 1in 1 year and 1 in 5 year recurrences as well as the upper 5 percentiles have been
increasing (Karl and Knight 1998, K unkel et al. 1999a). Increases are largest for the Southwest, M idwest,
and Great Lakes regions of the U.S., and increases in extreme events are responsible for a
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disproportionate share of the observed increases in total annual precipitation (Groisman et al. 1999).
3c. Drought and W et Periods.

An important aspect of climate extremes is relaed to excessive drought or wet periods. A recent
analyds by Dai et al., (1998) shows increasesin the overall areas of the world affected by either drought
and excessve wetness. Examination of drought over the 20" century in the U.S. shows that thereis
considerable variability, with the droughts of the 1930s and 1950s dominating any long-term trend (K arl
et al. 1996, K unkel et al. 1999b). Recent investigation of longer-term variability over the past 2000 years
using paleoclimatic dataindicates that large droughts, such as the 1930s droughts, can be expected to
occur once or twice acentury in the Central United States, and that multi-decadal mega-droughts
extending over larger areas occur every few hundred years (W oodhouse and Overpeck 1998).

Although there appea to be nolong-term trends in drought, thearea of the U.S. experiencing
excessiv e wetness appears to be increasing, particularly since the 1970s (K arl et al. 1996). Thisis
consistent with long-term increases in annual precipitation, and increases in heavy precipitation events
discussed previoudly.

3d. Tropical Storms.

Overall, occurrences of Atlantic hurricanesdo not show astatistically significant long-term trend
over the20™ century however Landsea, et al. (1999) found a statistically significant decrease in intense
hurricanes, those that cause the most damage . Furthermore, large variations of hurricane activity on
interdecadal timescales have been observed in this century (Gray et al. 1997). From 1944 to the mid-
1990s the number of intense and landfalling Atlantic hurricanes has declined (L andsea et al., 1999).
Since the mgjority of coastal settlement occurred in a period of relatively low hurricane landfall
frequency, the potential societal impacts of hurricane landfall in more active decades have yet to be
realized (Pielke and Landsea 1998).

Hurricaneimpactsare not restricted to the Southeastern U.S. Recent work hasdocumented the
contribution of hurricanes tovery extreme rainfall events (theindividual event results in double the
monthly rainfall being measured in tha month) in the mid-Atlantic and New England regions of the USA
(Evans and Hart 1999). For the 67 year period studied, easern Massachusetts and much of the
Appalachians experience such extreme rainfall events on average every 5-6 years, and the return period
drops to 2-4 years when hurricane rainfall contributions result in monthly rainfall anomalies of 150%
above average.

4. Indices of Clim ate Extremes.

Since climate extremes can be defined as large areas experiencing unusual climate values over
longer periods of time (e.g. large areas experiencing severe drought), one way to investigate trends in
climate extremes ov er time is to develop indices that combine a number of these types of measures. K arl,
et al. (1996) introduced an index for the U.S. that is composed of percent area with extremesin maximum
and minimum temperature (both warm and cold), the Palmer Drought Severity Index (for both dry and
wet periods), extreme precipitation, and the number of days with precipitation. This Climate Extremes
Index showslarge decadal fluctuationsover the 20" century. However since the late 1970's the Index has
remained high suggesting that the U.S. isexperiencing more of these types of extremes. A similar index
has been proposed for Canada that also includes parameters important to high latitude climates, such as
extreme snow accumulation and wind (Easterling et al. 1999).
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5. Summary.

There is still much work to be done in determining w hether significant large-scale changesin
these types of events are occurring in the U.S. and around the globe. One of the biggest problemsin
performing analyses of extreme climate events for most of the globe and even in the U.S. is alack of
access to high-qudity, long-term climate datawith the time resolution appropriate for analyzing extreme
events. International data exchange is becoming increasingly difficult as countries develop cost recovery
programsfor access to climate data. Furthermore, much high tempord resol ution data remains
undigitized throughout the world. More support for programs such as the World Meteorological
Organization’s D ata Rescue Proj ect is needed. Homogeneity of datais also a problem, particularly in
examining extremes such as exceeding a specific threshold. Observations of extremes such as
thunderstorms and tornadoes often have biases due to such factors as increased population density. For
example, the increase in tornado observationsin the U nited States in this century is likely due as much to
the fact that more people live in tornado prone areas and are ale to report tomado occurrences that
otherwise would have gone unreported, as any real increase. To addressthese types of homogeneity and
biasing problems, one approach isto use a surrogate for extreme weather such as examining long-term
variability and trends in atmospheric conditions know n to be conducive to severe weather. Lastly, itis
critical that monitoring efforts, such as the Global Climate Observing Sygem (GCOS), receive enhanced
support. Without such efforts our ability to detect long-term variability and trends in extreme climate
events will remain hampered.
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1 I ntroduction

This note! briefly describes changes in climatic extrenes that
are projected with the current generation Canadi an climte node
for the mddle and end of the 21st century. This clinate node
has been used extensively in the U S. National Assessnent of the
Pot enti al Consequences of Climate Variability and Change
(http://ww. nacc. usgcrp.gov). Qutput fromthe nodel is freely
avai |l abl e from a nunber of sources, including the web site of

t he Canadi an Centre for Cimate Mdeling and Anal ysis (CCCng;
http://ww. cccrma. bc. ec.gc.ca) and the Data Distribution Centre
of the Intergovernnental Panel on Cimate Change
(http://ipcc-ddc. cru.uea.ac.uk/). Unfortunately, it is beyond
the scope of this short note to provide a conprehensive overvi ew
of the ability of nodels to sinulate extrenmes. Al so, we do not
consi der the consequences of climte change on the dynam ca
extrenes of climate (winds, md-latitude stornms, hurricanes,
etc.). See however, Meehl et al. (2000) for a recent review of
nodel based research on climatic extremes.

We briefly describe here changes in annual extrenes surface
properties (2-neter screen tenperature and precipitation)
simulated in an equilibriumclimte change sinulation and an
ensenble of 3 transient climte change sinul ations perfornmed
with CCC GCMR. The equilibrium change experinment (Boer et al.
1992) was performed with a version of GCM2 that is coupled to a
m xed | ayer ocean nodel (MFarlane et al., 1992). The transient
change experinments for 1850-2100 (Boer et al., 2000a, b) were
performed with a version of GCM2 that is coupled to a nodified
version of the G-DL Mbdul ar Ccean Model and a thernodynam c

! This note is an update of Zwiers and K harin (1999).
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sea-ice nodel (Flato et al., 2M. The effective C02 and aeroso
forcing prescription used in these transient sinulations is
descri bed by Mtchell et al. (1995). The manner in which the
direct aerosol effect is inplenented in the nodel is described
I n Reader and Boer (1998). Further details on the nodel and
out put from both experinents are available fromthe CCCra, web
site (http: //ww. cccma . bc. ec. gc. ca). A detailed
description of the changes in extrenes in the equilibrium
experinment is given by Zw ers and Kharin (1998; here after
"ZK"). Kharin and Zw ers (2000) (here after "KZ") describe the
changes in the transient sinulations.

2 Extrenme val ue anal ysi s net hodol ogy

Extrene val ue anal yses, were conducted with sanpl es of annual
extrenes of screen tenperature mnima and nmaxi ma, annual maxi mum
24-hour precipitation anounts. Anal yses have al so been perforned
on annual maxi mum 1000 hPa w nd speed, but these are not

di scussed here (see ZK and XZ for details). Sanples of 20 annua
extremes were obtained fromthe control and doubl ed C02 runs
that conprise the equilibriumchange experinent. Sanples of 63
annual extrenes were extracted fromthe transi ent experinents
for each of three 21-year wi ndows representing 1975-1995,

2040- 2060 and 2080-2100.2 Tenperature and precipitation extrenmes
were derived at run tinme by sanpling these fields at every
time-step of the sinulations. Wnd speed extrenes, on the other
hand, were derived fromval ues archived at 12-hour intervals.

A statistical extreme val ue anal ysis techni que (see, for
exanpl e, von Storch and Zw ers, 1999, for a brief introduction)
was used to estimate the |l ong period return values of the
extrenes simulated by the climate nodel. The so-called
generalized extrenme value (GEV) distribution was fitted to the
annual extrenes at each nodel grid point using the method of
L- nornents (Hosking, 1990). Return values were estimated for
various return periods. A bootstrapping nethod (see von Storch
and Zwi ers, 1999) was used to determ ne the uncertainty of the
derived estimtes. Because the greenhouse-gas signal is small in
precipitation and wi nd-speed, an attenpt was made to use a
spatial snoot hing approach to decrease the uncertainty of
estimated changes in return val ues under equilibrium and
transient climte change. This worked well for precipitation

2 Each member of the ensemble of three simulations providesa sample of 21 annual extremes for each of
the time windows, so that there is a combined sample of 63 annual extremes for each.
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because its variations are not strongly coherent spatially.
However, we were not able to reduce the uncertainty of the
estimated changes in wind speed extrenes with this techni que.
Met hodol ogi cal details are given in ZK and KZ descri bes further
refinements.

3 Extremes in the equilibrium control climate

The validation of extrenes sinmulated by clinate nodels is
difficult on a global scale because reliable gridded observed
data conparable to that produced by the nodel is scarce. W
therefore Iimted our conparison on the global scale primarily
t o NCEP- NCAR reanal ysis data for 1979-95 (Kal nay et al., 1996)
and ECMAF reanal ysis data for 1979-93 (G bson et al., 1997). W
al so conpared sinul ated extrenmes over Canada with estinates
derived from Canadi an tenperature data (about 160 stations with
an average record of about 50 years) and precipitation data
(approxi mately 500 stations with an average record of about 25
years; Hogg and Carr, 1985).

3.1 Screen Temperature

The nodel did a credible job of simulating 20-year return val ues
of daily mninmumtenperature. In conparison with the reanal ysis,
extrenmes over polar and northern |and nmasses are well sinulated,
whi l e those over western Europe are sonewhat too warm The node
reproduced return val ues estimted from Canadi an station data
quite well in the southern half of the country, but node

derived estimates tend to be 5 degrees C. to 8 degrees C. too

| ow over northern Canada.

The nodel's ability to sinulate extreme warm tenperatures was
nore difficult to assess on a gl obal scal e because of a probl em
in the reanalysis that lead to sone excessively warmtenperature
extremes (see ZK and references therein). In conparison with
Canadi an station data, the nodel tended to under-sinul ate
extrene warm tenperature by about 5 degrees C.

3.2 Precipitation

Return values in the tropics and sub-tropics in the nodel
reflect the large-scale divergent tropical circulations of the
simulated climate. The |ocations of the upward (high return
val ues) and downward (low return val ues) branches of these
circulations are easily discernible. The very large sinul ated
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return values (nore than 200 miday) in the western tropical
Pacific are likely overesti mted since CCC GCM2 sinul ates nore
precipitation in the Asian sumer nonsoon outflow area than is
observed. Various other differences are also seen in the
tropics. The nodel does a credible job of sinulating
precipitation extrenmes at md |atitudes, but twenty year
extrenes are sonmewhat too large at high Northern and Sout hern

| ati tudes. This problem has been corrected in the |atest version
of the CCC GCM

Estimated return val ues derived from Canadi an stati on data
(not shown) illustrate that, on |large spatial scales, the nodel
si mul at es pl ausi bl e val ues over nuch of Canada. Extrenes over
Atl anti c Canada appear to be underestimated, as are small scale
features that are associated with [ ocal orography.

4 Changes under equilibrium climate change

4.1 Screen Temperature

The equi |l i brium change under c02 doubling in the estinmated
20-year return values of the daily M ninum and Maxi mum
tenperature, T min,20 and T max,20 respectively, are not equal.
For exanple, the global nean change for T max,20 is 3.14 degrees
C., whereas that for T min,20 is 5.0 degrees C.

The changes in T min.,20 and T max.,20 apparently occur for a
vari ety of reasons. Over the tropical and tenperate oceans both
i ncrease by an anount that is roughly equal to the change in the
mean screen tenperature. This is physically reasonabl e since
screen tenperature is largely determ ned by surface tenperature
over the oceans.

El sewhere (over |and nmasses and polar regions) there are
changes in both the | ocation and the shape of the screen
tenperature distribution. Increases in T nmax, 20 over continents
(except Antarctica) are of the order of 5 degrees C. and range
up to 10 degrees C. The larger values occur in regions of North
and South Anerica and Eurasia which experience a substanti al
decrease in soil nmoisture in the simulation. Reduced soi
noi sture neans that nmaxi mum surface tenperatures are less |ikely
to be noderated by evaporative cooling.

Increases in T mn,20 over North America and Western Asia are
| arger than the corresponding increases in T max,,20. This
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presumably occurs because snow cover is reduced in the warner
world. Increases in T mn,20 over Siberia (which remains snow
covered in w nter under C02 doubling) are roughly conparable to
the increases in T nax, 20. Changes in both quantities are al so
roughly conparabl e over Africa. Over South America however,
increases in T Min,20 are smaller than those in T max,20,

per haps because of a decrease in soil noisture and cl ouds.

Only small increases in T Max, 20 occur in polar regions which
retain sone sea ice. Presunably tenperature naxina are strongly
constrai ned here by the cold water which is exposed as | eads and
thus contains nelting ice. For the sane reasons (increased |eads
and thinning of the sea ice) large increases are observed in T
min,20. This occurs because the atnosphere is in better contact
with the ocean in the 2XC02 cli mate.

4.2 Precipitation

Snoot hed estimates of the change in the 20-year return
val ues of 24-hour precipitation are positive al nbst everywhere.?
The | argest increases, over 50 mmi day, are found over the
nort hwest coast of India where there is intensification of the
Asi an summer nonsoon under C02 doubling. G obally averaged,
20-year return values increase 9 mmiday (11% while the daily
nmean rate increases by only 4% (0.11 mm day). Over Canada,
20-year return values increase approximately 7 nmm day (14%
which translates into a 50%reduction in the nmean waiting tine
between 1 x C02 extreme events in the 2 x C02 world. ZK provides
nore detail, including an analysis of the change in intensity
and frequency of precipitation in the warner world.

5 Changes under transient climate change

A sim |l ar approach was used to estimte changes in the
extrenes tenperature and precipitation in the transient climte
change simulations at the time of C02 doubling relative to the
present (i.e., 2040-2060 vs. 1975-1995) and at the tine of
tripling (2080-2100 vs. 1975-1995). d obally averaged changes in
t he neans and the 20-year return values at the time of doubling
and tripling in the transient experinent, and also in the
equi li brium experinment, show that changes at the tine of
doubling are relatively nodest when conpared with those for the
equi li brium experi nment.

® The gnoothing technique usedisdescribed in ZK.
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5.1 Temperature

In general, the pattern of change in the 20-year return val ues
at the tinme of doubling is simlar to that at the tinme of
tripling. Both patterns are also simlar to that in the
equi li briumexperinent, with noderate increases over oceans and
| arger increases over |and nasses.

The greatest change In the return values of daily maxi num
tenperature is found in central and southeast North Anerica,
central and southeast Asia and tropical Africa where there is a
| arge decrease in soil noisture content. Large extrene
tenperature increases are also seen over the extrenely dry
surface of north Africa. In contrast, the west coast of North
Arerica is affected by increased precipitation resulting in
noi ster soil and nore noderate increases in extrene tenperature.
There are small areas of decrease in the Labrador Sea and
Sout hern Ocean that are associated with changes in ocean
circul ation.

As in the equilibriumchange experinent, the changes in the
return values of daily mninmumtenperature are |arger than those
of daily maxi mum tenperature over |and areas and high | atitude
oceans where snow and ice retreat. In a global sense, m ninmm
tenperature extrenes at the tine of tripling are conparable to
t hose under CO02 doubling in the equilibrium experinent. However,
somewhat | arger changes are found over |and nmasses and the
Arctic while smaller increases in extrene m ni numtenperatures
occur at the margins of the polar oceans.

5.2 Precipitation

G obal Iy averaged, there is little change in the annual nean
anount of precipitation at the tinme of doubling and only a
nodest increase at the tinme O C02 tripling. However, there are
substantial shifts in the spatial distribution of precipitation
that are associated with a warm ng pattern that is rem ni scent
of a gradually strengthening permanent El-Nino. This is a
common, but not ubi quitous, response of coupled climte nodels
to transi ent greenhouse gas forcing.

There are associated increases in extrene precipitation al nost

everywhere (Figure 4). The largest increase in 20-year return
val ues occurs in the tropical Pacific. Wile changes of |ess
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than 10mm are evi dent over extra-tropical |and nmasses at the
time of doubling, large areas, including eastern North America,
are affected by substantially larger increases in the size of
these extrenmes at the tinme of tripling.

6 Sunmmary

We have briefly described an extreme val ue anal ysis of
equi librium and transi ent change experinents perfornmed with CCC
GCM2, and its coupled version which is known as CGCM. Alimted
conpari son with Canadi an observati ons and NCEP/ NCAR and ECMAF
reanal ysi s data suggest that the nodel simnulated extrenes bear
at | east sone resenbl ance to those of the real world. There are
relatively small differences in extreme tenperature changes
sinmulated in the equilibriumand transient runs that are
associated with differences in the response of the ocean and
sea-ice to the forcing changes. There are relatively | arger
differences in the extrenme precipitation changes sinulated in
the two experinments which are associated with differences in the
nmean tenperature response, particularly in the tropical Pacific.
An effort is underway to interconpare extrenes simulated by a
nunber of the nodels participating in the second Atnospheric
Model | nterconparison Project (AM P2; see
http://www-pcmdi.llnl.gov/amip/amiphome.html
and http: //www-pcmdi. 1lnl. gov/amip/DIAGSUBS/sp 18. html).
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Advances in Climate Modeling

lan D Rut herford
Canadian Institute for Climate Studies

1. What are the current capabilities of climate modelers to
provide the output required by the impacts modeling community?

Readi |y avail abl e nodel outputs are the free-atnosphere
prognosti c state-variables such as tenperature, wind and noisture
pl us certain diagnostic variables such as precipitation and

radi ati on. Al so avail able are certain boundary |ayer (BL)

vari abl es including the fluxes of heat, noisture, nonentum

radi ati on, soil noisture, snow cover, snow depth, ice cover
fraction over water, etc. but these are all for the model's BL
not the real BL. Al of this is available at the model's spatia
resolution (100s of kmfor gl obal nodels, 10s of km regiona

nodel s). In the nodel, surface characteristics such as el evation,
roughness, vegetation, soil noisture, open water fraction, etc.,
etc. are represented as snoothed val ues appropriate to the
model's resolution. Clearly this has a profound effect on the
nodel ' s at nospheric BL vari abl es thensel ves, so these vari abl es
must be used with caution. They cannot be treated in the sane way
as observed values. The tinme resolution available is, in theory,
excel l ent since the nodel resolution is in the order of tens of
mnutes. In practice alnost no nodeling group archives

i nformati on every tine-step. Instead they archive daily averages,
maxi ma and mnima and sanples every 6, 12 or 24 hours dependi ng
on the variable. Variances, probability of extrenmes, return
periods, etc. can be calculated fromthese sanpl ed val ues but the
effect of the sanpling frequency nust be accounted for.

2. What are the uncertainties associated with current projections
of extreme events and what are the limiting factors (e.qg.
temporal and spatial scales)?

Model internal space and tine variability is not the sane as rea
variability. It is usually |ess, because of lack of small space-
and tinme-scales. Tinme truncation errors are usually |ess serious
t han space truncation errors but nodel output is usually sanpled
at much |l ess than once per tine step, which introduces sanpling
errors. That part of the variability that is forced by small -
scal e topography and | and/water contrast is |lacking, or at |east
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underrepresent ed, dependi ng on nodel resolution. Neverthel ess the
cal cul ated changes in the large-scale variability due to clinate
forcing nmay be OK for sone variables. To the extent that the |ack
of small scales affects the |larger scales, even the |arge-scale
changes in variability may not be correct. There is sone evidence
that the | arge-scal e changes conputed by regi onal nobdels are not
al ways the sane as the changes on the same scale conputed by

gl obal nodels. This is alnost certainly the case in regions of
prom nent or conplicated topography for variables such as
precipitation. This nmay nean that the downscaling problem my be
easily solved for tenperature by the so-called delta nethod but
may require the further devel opnent of regional scale nodels for
precipitation.

The full analysis of extrenes requires access to raw nodel data,
whi ch neans that only those closely connected to a nodeling group
can do it. A full analysis has not done yet for nobst nodels; this
work is really just beginning. There are questions of statistical
significance that can be partly resolved by running | arger
ensenbl es of integrations. Uncertainty is inherently greater
(statistical significance |Iower) for highly variable quantities
such as noisture, precipitation and w nd.

3. What improvements do climate modelers expect to make in the
future?

Resolution wll slowy inprove, at roughly a factor of two per
decade. The representation of resol ved physical processes and
paraneterization of unresol ved processes is slowy inproving.

| mprovenents are in the works for ocean eddy transports, ocean
boundary | ayer and shelf processes and i nproved representation of
sea-ice. Better representation of |and surface processes,

I ncluding soil noisture, run-off, |akes, wetlands and the ice
phase on | and (snow, ice sheets, permafrost) is al so com ng.

| nproved treatnent of clouds, aerosols and radiation are slowy
bei ng i ntroduced The addition of tropospheric chem stry, wet and
dry is comng as well as stratospheric and nesospheric processes,
transports, chem stry, radiation, etc. Later will cone the
addition of an interactive carbon cycle (CO®2, nethane), first for
| and, involving a calculation of the storage and rel ease of
carbon fromvegetation, soils, wetlands and pernmafrost, and | ater
for oceans.
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4. Are there things that the impacts community requires that
climate modelers believe cannot ever be provided (owing to the
complexity of the climate system)?

Compl exity (in the sense of non-linearity and chaotic behavi or)
Is not really an issue in the sense that non-linearity is
precisely the reason for developing |large conplicated clinmate
system nodel s because the only way to deal with non-I|inear
processes is to attenpt to sinulate themin detail in a conputer
Progress will continue to be nmade in separating the signal
(response to forcing) fromthe noise (natural variability).

Al t hough absolute certainty will never be possible, confidence
limts can be expected to slowly narrow. Don't | ook for extrenes
of the type associated with severe convective phenonena such as
t ornadoes or even hurricanes until nodels have sufficient
resolution to represent them properly. G obal nodels are
beginning to represent hurricane scales. Some progress is being
made in defining "catastrophe threshol ds” which if exceeded m ght
cause the climate systemto flip into a rather different node of
operation but a confident understanding is still a long way off.

5. What computational advances (physics, resolution, program
structure) are required to address the identified needs of
impacts and climate community?

The inmpacts community, |ike everyone el se, needs clinate
predi cti ons based on nodels that better sinulate past and current
climate and hence produce nore confident projections of future
climate. This neans continued refinenent of nodels along the

| i nes noted above. Resolution is still far fromsufficient.

Addi tional resolution will require nodification of algorithns for
processes that are currently paraneterized as the higher
resolution allows themto be explicitly represented. The eddi es
that do nost of the work of transport in the atnobsphere are
reasonably well represented, but not so in the ocean. Better
paraneterization of ocean eddies will continue to be needed. It
will sinply not be feasible to build ocean eddy resol ving nodel s
W t hout maj or increases in conputational power.

6. What are the critical issues in climate modeling to project
extremes that should/could be tackled within the next 3,5 and 10
years? What recommendations do you have for addressing these
issues?
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One of the first things to do is to better define extremes for
the current climte. W need to arrest the decay in the gl obal
clinmate observing system generate high resolution standard
climatol ogi es, conplete the clean-up of archived observati ons and
the anal ysis for those extrenes which are deened critical for
climate inpacts. This will forma basis for judging nodel ed
extrenmes, w thout which we can have no confidence in projections.
This work woul d proceed nmuch faster if the cleaned up historical
data were nore readily available to researchers.

For nodeling the changes in climte extrenes there is a need to
define a greater range of standard forcing scenarios and to
generate | arger ensenbles of integrations based on them in order
to explore the range of possible outconmes and to better
under st and nodel dependence. The frequency distributions of nodel
vari abl es need to be conpared with those cal culated from
observations. Analysis should focus on those extrenes that are

known to be critical to inpacts. This will require close
i nteraction between the nodeling and inpacts communities. These
anal yses will have to be repeated for each new generation of

nodel s wi th higher resolution and nore conplete representation of
physi cal processes.
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Advances in Impacts and Vulnerability Modeling

Roger B. Street
Adaptation and Impacts Research Group
Atmospheric Environment Service
Environment Canada

Introduction

The followi ng presentation attenpts (1) to outline sone of
t he questions nost relevant to assessing the human environnment’s
vul nerability to the inpacts of weather extremes, especially in
t he context of global climte change; (2) to highlight sone of
t he needs, uncertainties, capabilities, and insights of the two
comunities -- weather/clinate nodel ers and operations/policy
managers -- nost involved in discussing these questions today;
and (3) to provide sone suggestions for the guidance of both
comunities as they map out their research agenda for the next
three, five, and ten years. And of course | acknow edge freely
that all these suggestions and insights have been devel oped over
time in conversations with many col | eagues, and through a
sel ective reading of their papers and presentations. In
particular, | should nmention that nmy conclusions here owe nuch to
Stan Changon’ s presentation at Aspen | ast year.

What are the capabilities of impacts and vulnerability modeling
to replicate current conditions? And to simulate future
conditions

There are a variety of anal ytical nethods that can be used for
climate inmpacts and vulnerability assessnments. These range
fromaqualitative descriptive studies, through nore diagnostic
and sem -quantitative assessments to quantitative and
prognosti c anal yses.

the study of climate change inpact assessnent has, during the
| ast two decades, evolved fromprimrily sinple expert
judgnent to sinulations of numerous conmponents and processes
of the Earth system

The majority of the applications, however, focus on scenario
anal ysis. As scenarios on changes in extrene are not
avai | abl e, applications which take account of extreme events
are relatively rare.

Traditional inpacts and vul nerability assessnent approaches
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focus either on physical, biological, or econom c aspects of
the earth system Except in the case of integrated
assessnent, they often deal with one econom c sector in

i solation. These nethods have |inmted capabilities to study
di screte (tenporal and spatially limted), outside the nornal
events rather than routine and continuous or gradually
changi ng conditions

Current research directions suggest that to study inpacts and
vul nerability of extrenme events, it is necessary to devel op
nore sophisticated tools that can deal with uncertainty and
ri sks

In terns of current capabilities, it appears that the furthest
along in replicating inpacts and vulnerability is in the area
of water resource managenent, although this capability is
basin specific. The existing nodels appear to replicate
current conditions “well”, however, the challenge is to
produce simlar capabilities for other nmjor watersheds.

Anot her concern i s broadening the capabilities to include
other interacting basins. For exanple, capabilities with
respect to nodeling in the Geat Lakes are relatively good,
but even here there are gaps between capabilities within the
G eat Lakes, integrating these with the Gttawa, the St.
Lawrence, and the Gulf of St. Lawence and al t hough progress
on the Prairie pothole wetlands, little effort is underway
within the Great Lakes.

operational hydrologic nodels or at |east real-tine nonitoring
systens are in place in many urban wat ersheds in southern
Canada - run by provincial or local authorities and used to

i ssue flood advi sories and warni ngs.

The Grand River Conservation Authority has devel oped a damage
nodel to estimate the inpact of various flood stages on the
wat er shed. They have used it in conbination with their
hydr ol ogi ¢ nodels to estimate the inpact of a “Saguenay event”
if it were centred over the Grand River Basin.

Many | arge urban mnunicipalities have pseudo-operational water
demand nodel s that include weather variables. Coupled with a
good wat er storage nonitoring system they enable water
managers to issue |lawn watering restrictions, etc. These are
nost often used when expansi on of the water

suppl y/di stribution and wast ewater systens are being

consi dered. Contractors use such nodels to devel op base and
peak demands that ultimtely becone design criteria or set

obj ectives for water conservation prograns. The demand nodel s
i nclude things |Iike pricing, popul ation/denographics,
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i ndustrial m x, water conservation prograns, etc. and coul d be
used to exam ne vulnerability to drought.

the University of Washington has devel oped a nodel for the
Col unmbi a Basin systemthat incorporates both hydrol ogic

I npacts and t he managenent system of various dans and
reservoirs

O her sectors enpl oy operational nodels and data nonitoring
systens that could be adapted for use in longer-termclimate
sensitivity studies

Through renote sensing analysis, road sensitivities to frost,
drifting snow, etc. can be identified. The accunul ated data
t hrough these types of nonitoring and anal ysis prograns coul d
be used to develop a “road weather climtology” that in turn
coul d be conmbined with road descriptors (e.g., traffic volune,
road construction/surface, etc.) and accident statistics in a
vul nerabi lity anal ysis.

Agricultural and forestry nodels also exist with varying
degrees of sophistication, fromsingle crop/plot nodels to
full continental and global nodels. These can be used to
understand inpacts and vul nerabilities of the current climate,
however, inplications in terns of capabilities to address

i npacts of extrenes are limted - sone site specific nodels
associated with windfall and capabilities with respect to
forest fire severity and drought are avail abl e.

The nodel s, however, do not always behave as expected with the
weat her/climate inputs. It is not clear what is at fault, the
limtations of the weather/clinmate data to provide the nodel
with the required input at the scale needed by the nodel or
the limtations of the nodels thensel ves.

Severe weat her “box” and weat her typing anal ysis approaches
exi st that could be used for climate inpacts assessnents:
these fairly well established neteorol ogical techniques for
mappi ng overl appi ng zones of vulnerability could be usefully
applied to understandi ng conpl ex/ conposite events.

What are the uncertainties associated with these types of models
and what are the limiting factors?
There are three major limting factors that contribute to the
uncertainties of inpacts and vulnerability nodels for extrene
events - scenario, response, and nodel uncertainty:
The | ack of quantifiable observations and future scenari os
(scenario uncertainty) for extreme weather and climte events;
sources include descriptive errors (tinme and magni tude of the
change), down and up scaling errors (associated with
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assunptions of the honbgeneity of changes and soci o-econom c
conditions and spatial and tenporal approximtions), and

I nconpl ete anal yses (lack or unquantifiable information
Inability to characterize the inherent variability in

envi ronnment al and soci o-econoni ¢ paraneters (paraneter
uncertainty);

climate and system conditions vary significantly at any given
| ocation and human activity pattern and social and cul tural
val ues can differ substantially over the next century (the
further you go fromthe present the greater the |ikelihood
that these paraneters will change, which raises questions
about the findings of nodels based on present climate-society
rel ati onshi ps

nost approaches for characterizing these types of
uncertainties have focused on techni ques that exanm ne how
uncertainty in paranmeter values translate into overal
uncertainty in the assessnent - include sensitivity anal yses,
anal ytical uncertainty propagation, probabilistic uncertainty
anal yses, and classical statistical nethods

Gaps in scientific theory required to nake predictions on the
basi s of causal inferences (nodel uncertainty).

due to nodels being sinplified representations of reality

capabilities of inpacts and vulnerability nodels are limted
by the characteristics of the clinmate and system data on which
they are based. The accuracy and precision of these data and
tenporal and spatial scales at which a nodel is to be
representative are determning factors - any uncertainties
that are inherent in the inputs will be transferred to the

I npact nodel

only partial validation is possible due to data deficiencies
or nodel conplexities

even when val i dated under a particular set of conditions,
uncertainty will exist in applications to other situations
Conbi ning information fromdifferent sources with different
characteristics and quality (e.g., clinmate nodels, socio-
econoni ¢ projections/scenarios, ecosystem dynam cs) can
contribute to uncertainties in inpacts and vul nerability
assessnents

Capabilities with respect to integrating know edge fromthe
research comunities with that of stakehol ders and
practitioners towards enhancing inpacts and vulnerability
nodel i ng capabilities
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What sort of output from climate models would be most useful if
it were available?

A lot can be done with synoptic descriptors in addition to the
nore traditional clinate variables and their statistics such
as tenperature, precipitation anmount and type, and radiation.
W nd speed and direction would al so have sone value in the
cont ext of extrenes.

There is believed to be considerabl e val uabl e
(user/ st akehol der defined) information within current GCVs
despite the perception of limtations of spatial and tenporal
resolution and there woul d be considerable “value” in
extracting this information - the key is identifying and
defining what information has value to the operations and

| npacts research comrunities.

Many of the variables currently available are useful - but the
I npacts community has not put sufficient tinme into exam ning
their utility and limtations.

It would be hel pful to devel op extrene event scenari 0s

(i nclude changes in variance) based on GCM and RCM out puts
that would allow one to identify the probability or potenti al
frequency of extrene events (droughts, floods, severe sub-
synoptic scale storns, and severe synoptic scale extra-
tropical stornms and tropical stornmns)

devel opnent of scenarios of extrenme events - current

met hodol ogi es for precipitation, for exanple, apply ratios of
changes to existing tine series of climate station
precipitation data - cannot change the intervals between
precipitation events, the intensity or duration.

at present, climte scenarios are not able to indicated

whet her the frequency, intensity, duration and extent of
extrene climate events will vary significantly in a doubled
carbon di oxi de environment. Such research objectives could
provi de val uabl e and nanageabl e gui dance on the track
frequency and the intensity of neteorol ogical systens of

I nt er est

In terms of extrenes within GCMs, it is believed that it is
difficult to say anything with certainty about specific

|l ocalities, but it should be possible to | earn sonething about
extrenmes in the sinulated climte and how t hey change -
generic clues about how extrenes mi ght change in future.
Possi bl e directions include devel oping information on:

t he causal mechanisns for historical extreme events of the
past century: we want to be able to relate these to nechani sns
that could be identified within GCMs. This could include
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information on climate extremes (e.g., occurrence, intensity
and return period) such as relationships between the
characteristics of the baroclinic zone (i.e. stormtracks,
intensity) and the occurrence of extrenes; and

the accuracies of GCM sinul ations of current clinmate with
respect to the occurrences of synoptic scale features often
associated with extreme events (e.g. the infrequent high
anplitude wave activity responsible for sonme of the mgjor
extrene precipitation episodes)

Al'l this being said, | would suggest that there are nore
significant limtations with bio-physical and soci o-economc
data collection, quality control, standardization and future
scenari o devel opnent

need to docunent and meke avail able information on the inpacts
of extrene events.

What are the critical issues in impacts and vulnerability
modeling that should/could be tackled within the next 3, 5, and
10 years? What recommendations do you have for addressing these
issues?

| ncor poration of operational know edge into a nodeling

f ramewor k.

A tremendous ampunt of expertise exists only in the m nds and
experiences of managers of systens threatened by extrenes.
When the research communities go in, they need to | earn the
system nodel it , and nake sone estimtes. This process is
much i nproved when we gain the trust of the operational
communities and obtain critical (albeit often qualitative)

i nformati on about the unique qualities of their systens. An
i deal m x woul d conbine “bottomup” with “top-down” nethods of
under st andi ng vul nerability.

Such nodel -ai ded, nutually inform ng dial ogue with nanagers
and ot her users/stakehol ders can be a useful approach. |If
tools can be constructed that enable climte change to be
assessed in an explicit way, then we can have a di al ogue that
| ooks at the regional dinensions of a global scale problem
there is a lot that could be done given an appropriate |evel
of time, resources and coordination.

I nadequat e data access and poor clinmate nonitoring practices
are two primary issues that nust be inproved if we expect to
make nmuch progress in this area. For exanple, climte
nonitoring can no | onger be relegated to weat her operations;
the scientific basis, rationale and oversight for |ong-term
nonitoring of climate and weat her extremes mnmust be given high
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priority.

anal yses of variability as well as nean trends woul d be sinple
yet enornously useful for applications, especially if
conducted in a manner where the tenporal and spatial scales
mat ches that of decision makers (e.g., water basins,

ecol ogi cal zones)

Since climate extrenes such as droughts and tenperature
anonal i es can be defined as | arge areas experienci ng unusual
climate val ues over |onger periods of tinme, one way to
investigate trends in climte extrenes over tine is to devel op
i ndi ces that conbi ne a nunber of these types of neasures.

Conclusion

The major difficulties in adapting to weather and clinmate
shifts will cone fromchanges in the variability and extrenes
of the climate, not fromshifts in the nean or average
condi ti ons

G eater certainty than exists now over future changes of
climate and its nmagnitude and structure, such as extrenes,
could lead to najor savings in infrastructure replacenent and
desi gns of weather-sensitive systens to gain greater future
flexibility. Geater flexibility in weather-sensitive sectors
i s good business, particularly recognizing that the clinate of
the next 50 to 100 years will be different, regardl ess of the
cause, than the climte of the past 50 to 100 years.
Hopeful |y, greater understandi ng anongst decision nmakers wl|l

| ead to the planning and expenditures to attain greater
flexibility in weather sensitive systens
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CLIMATE CHANGE AND HEALTH:
NEW RESEARCH CHALLENGES

Adapted from
Heal t h & Environnment D gest,
Vol unme 12 (7), July, 1998

JONATHAN A. PATZ, MD, MPH
Director, Programon Health Effects of G obal Environnental
Change
Johns Hopki ns School of Hygiene and Public Health

According to the United Nations Intergovernnental Panel on
Cimate Change (I PCC), anthropogeni c greenhouse gas em ssions are
significantly accelerating current gl obal surface warm ng trends
and are inconsistent with natural climte variation. 1 This
century the earth has warned by about 0.5°C, and the m d-range
estimates of future tenperature change and sea |level rise are
2.0°C and 49cm by the year 2100, respectively. 1 If such changes
occur, diseases that are influenced by weather factors could be
expected to respond to an altered climate regine.

The comonly used term “gl obal warm ng” is inadequate to describe
the range of climate effects of greenhouse gas accumul ation. In
addition to concerns about tenperature and sea |evel rise,
climatol ogi sts, ecologists, and health and other scientists are
concerned that accel erated evaporation will drive a nore extrene
hydr ol ogi cal cycle, producing nore frequent or severe floods and
droughts. The regional inpacts of these clinmate changes will vary
wi del y dependi ng on exi sting popul ati on vulnerability.

Extreme weat her variability associated with climte change nmay
add an inportant new stress to devel oping nations that are

al ready vulnerable as a result of environmental degradation,
resource depl etion, overpopul ation, or location (e.g., lowlying
coastal deltas). Persistent poverty, acconpani ed by inadequate
sanitation and public health infrastructure, wll also limt many
popul ations’ capacity to adapt to this newy recogni zed
environmental risk factor.

The broad spectrum of mnultisectorial inpacts posed by climte
change illustrates the need for truly nultidisciplinary research
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and integrated assessnents that address the range of regional
climate and health effects. This paper reviews ngjor clinate-
sensitive health outconmes, many of which are currently being
studi ed by our program and coll aborating institutions.

OvERVI EW OF HEALTH | MPACTS OF CLI MATE CHANGE

There are three well-recogni zed physi cal consequences of clinmate
change: 1) tenperature rise; 2) sea level rise; and 3) extrenes
in the hydrologic cycle. A recent paper in the journal Nature 2
presented a fourth conplication, accel erated ozone depl eti on,
which results fromthe trapping of heat in the troposphere,

t hereby cooling the stratosphere. These four physical attributes
of climte change are expected to: increase the frequency of heat
waves and potentially air pollution episodes; increase the nunber
of extrene weat her events; cause coastal flooding and salination
of fresh water aquifers; and (if ozone depletion is exacerbated)
i ncrease ultraviolet radiation exposure.

Seasonal ity in disease incidence can often inply an associ ation
wi th weat her factors. In sub-Saharan Africa, epidem cs of

meni ngococcal nmeningitis consistently erupt during the hot dry
season and subside soon after the onset of the rainy season.3 In
t he sout hwest US, rodent-borne Hantavirus has been linked to E

Ni io driven flooding | eading to an upsurge in nouse popul ations.
4 In Peru, prevalence of the diarrheal disease, Cyclospora,
peaks in sunmer and wanes during cooler w nter nonths. The
current extent of our understanding of clinmate/di sease

rel ati onshi ps varies considerably, as discussed in nore depth for
ot her exanpl es bel ow.

Heat-related Illness: Wil e the rel ationship between anbi ent
tenperatures and seasonal variability in nortality rates has been
extensively studied, this expected direct health consequence of
climate change is far fromresolved. Cardiovascular nortality in
the elderly conprises the | argest nunber of heat-related
fatalities; however, physiological responses to both extrenme heat
and cold are not straightforward. For exanple, blood viscosity
and chol esterol have been found to increase with high
tenperatures, © whereas blood pressure and fibrinogen |evels

i ncrease during wi nter (although outdoor tenperature does not
seem to determine the seasonal variation of fibrinogen). 7 In
sonme cases, rainfall and snowfall have been found to influence
winter nortality nore than tenperature, further conplicating the
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heal t h assessnent of future winters that may be warner but
wetter.

Mortality curves assunme a classic J or V-shape, with highest
nortality occurring at both tenperature extrenes. Cenerally,
gopulations in warmer regions tend to be nost vulnerable to cold,

and those residing in cold clinmates are nost sensitive to
heat. 9 In tenperate regions, nortality rates are highest during
the winter.

The Chicago heat wave of July 1995 led to over 700 excess deaths
in the netropolitan area. Climtol ogists project a doubling in

t he frequency of heat waves associated with a rise of 2-3°Cin
average sunmer tenperature. A study of 44 U S. cities found
that, after adjusting for sone expected acclimatization, heat-
related mortality could increase by 70-150% 9 A neta-anal ysis of
20 international cities, however, found a reduction in nortality
due to fewer deaths during winter. |In short, there is a need for
nore extensive net annual nortality estimates stratified by
season, cause of death and other main confounders.

Air Pollution: | ncreased anbi ent tenperature and altered w nd
and air mass patterns can affect atnospheric chem stry and,

t hereby, air pollution. For exanple, there is a nonlinear

rel ati onshi p between tenperature and the formation of ground

| evel ozone (photochem cal urban snog): above 90° F there is a
strong positive relationship with tenperature. The relatively
hi gh ozone levels in the U S. during 1988 and 1995 were likely
due in part to the hot, dry, stagnant conditions.

Wth increasing demand for autonobiles, ozone is a grow ng
problemin the devel oping world and continues to be the nost
pervasive air pollution problemin the US., with an estinmated 71
mllion people living in counties that exceeded the Nati onal
Anbient Air Quality Standards (NAAQS) in 1995 11 Ozone is a
potent lung irritant and can heighten the sensitivity of
asthmatics to allergens. An increased frequency of heat waves
coul d be expected to worsen ozone problens in urban areas. One
study that held em ssions and ot her weather factors constant
showed that a 4°C warnming could: 1) increase naxi mum ozone
concentration by about 20% and doubl e the area out of conpliance
with the ozone NAAQS in the San Francisco Bay area; and 2) nearly
triple the areas exceeding national standards in the U S. M dwest
and Sout heast .
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Malaria and other Vector-borne Diseases: Mal aria is believed
to be the nost climate-sensitive vector-borne disease and thus
nost sensitive to climate change.13 There are 300-500 million new
cases of malaria annually, with an estimated 2 mllion annual

mal aria fatalities, the ngjority being young children. Infectious
di sease agents that must cycle through col d-bl ooded i nsect
“vectors” to conplete their devel opnent are quite sensitive to
subtle climte variations.

The m ni num tenperature for parasite devel opnment of Plasmodium
falciparum and P. vivax approximates 18°C and 15°C,

respectively. In the typically non-endenic highlands of Kenya, 15
Rwanda 16, and zi nbabwe 17 increases in anbient tenperature have
been |linked to nmal aria epidem cs. Al so, the incidence and

preval ence of malaria is closely associated with altitude, 18 a
good proxy for tenperature. One scenario-based climte
change/ mal ari a nodel i ng study concl udes that the gl obal

popul ation living wwthin a potential malaria transm ssion zone
coul d increase from45%to 60% by the year 2100. 19

Wiile malaria tends to be seasonal, there is substanti al

i nt erannual heterogeneity of malaria incidence around the gl obe.
20 Extremes of rainfall (both drought and floods) associ ated
with El Nifio events have been linked to variability in malaria

i nci dence in sone regions. 21,22 Byt the |ink between El Nifio
frequency and future climte change is still uncertain.

O her climate-sensitive diseases include nosquito-borne

ar bovi ruses, such as encephalitis, dengue fever, and Ross River
virus. Field and | ab studies on St. Louis encephalitis, 23 as
wel |l as | ab studies on dengue virus, indicate that higher

t enperatures hasten viral devel opment (or extrinsic incubation
period, EIP) inside the nosquito. 24 Human out breaks of Sai nt
Louis encephalitis are highly correlated with several -day peri ods
when tenperature exceeds 85°'F. 25 Ross River virus, causing
epidem c polyarthritis in Australia, shows a positive association
Wi th increases in mninumtenperatures and rainfall.

Di sease dynami cs and i nsect ecology are conpl ex. For exanple,

hi gher tenperatures also reduce adult nobsquito survival. However,
since mninmumtenperatures are expected to rise

di sproportionately conpared to maxi num tenperatures, pathogen ElIP
may rise faster than adult survival declines. Cinmate change
nodel i ng studi es of dengue fever using a vectorial capacity nodel
(whi ch conbi nes vari abl es including nosquito survival, EIP
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biting rates and others) have found increases in the potenti al
transni ssi on of dengue due to climate change. 27,28 Yet actual
ri sk, as opposed to potential global or regional risk, wll
depend on site-specific factors; fully paraneterized cli nate-
driven nodel s have successfully predicted dengue risk as
val i dat ed agai nst historical data in sone |ocations.

Water-borne Diseases: |In 1995, 3.1 mllion people died from

di arrheal diseases, 80%of themchildren. 30 Extremes of the
hydrol ogi ¢ cycle could worsen the probl em since both water
shortages and fl ooding are associated with diarrheal diseases.

I n devel opi ng countries, water shortages cause di sease through
poor hygi ene. On the other extrene, flooding can contam nate

dri nki ng water from watershed runoff or sewage overflow. Since
1900, many regions of the U S. have experienced an increased
intensity of precipitation (e.g., nore frequent heavy downpours),
and the trend is expected to strengthen due to climte change.

Cryptosporidiosis, a zoonotic disease associated with donestic
livestock, nmay be affected by altered weather patterns. Floods,
storns, heavy rainfall and snow nelt wash material of fecal
origin into surface drinking water sources, and the oocyst is
resistant to chlorine treatnent. The M| waukee outbreak in 1993,
whi ch resulted in 403,000 reported cases, coincided with
unusual |y heavy spring rains and runoff fromnelting snow.
Prelimnary research results fromour program show that the
majority of historical water-borne outbreaks in the U S.
(involving nultiple agents) are preceded by heavy rainfall
events.

In the mari ne environnment, warm water and nitrogen favors bl oons
of dinoflagellates that cause red tides which can cause paralytic
shell fish poisoning, diarrheic shellfish poisoning, and ammesi ac
shel | fish poisoning. During the 1987 EIl N fio a red tide of
Gymnodinium breve, previously confined to the Gulf of Mexico,
extended northward after warm gul f stream water extended far up

t he East coast resulting in human neurol ogi cal shellfish

poi soni ngs and substantial fishkills.32 Sinmilarly that year, an
out break of ammesic shellfish poisoning occurred on Prince Edward
| sl and when warm eddi es of the Gulf Stream neared the shore and
heavy rains increased nutrient rich runoff.

Copepods (or zoopl ankton), which feed on al gae, can serve as

reservoirs for Vibrio cholerae and other enteric pathogens. In
Bangl adesh, cholera foll ows seasonal warm ng of sea surface
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temperature that can enhance pl ankton bl ooms. 33 The Peruvi an
outbreak in 1991 coincided with an EIl N fio event and satellite

i mages of sea surface tenperature confirma close tenpora

rel ati onship between the arrival of warmer waters al ong the
Peruvi an coast with the epidem c starting soon afterwards;

simul taneous initial coastal outbreaks that occurred hundreds of
kil ometers apart inply a marine environnmental reservoir (likely
zoopl ankton), and this hypothesis is under epidem ol ogic

I nvesti gation.

Water Resources and Agriculture: Several factors cone into play
when predicting the inpact of clinmate change upon crop and

| i vestock production. First are the direct effects of

tenperature, precipitation, CO levels (e.g., the CO
fertilization effect) and extrene climate variability and sea
level rise. 34 Next are the indirect effects of climte-induced
changes in soil quality, incidence of plant diseases, weed and

i nsect popul ations, and enhanced food spoilage from heat and
humdity. Finally, the extent to which adaptive responses are
avai l abl e to farners must be consi dered.

Devel opi ng countries already struggle with | arge and grow ng
popul ations and mal nutrition, and would be particularly

vul nerable to changes in food production. A recent analysis

i ndicates that an additional 40-300 mllion people (relative to a
projected baseline of 640 mllion people by year 2060) could be
at risk frommalnutrition due to climte change.

Extreme Weather Events: Tropi cal cyclones represent the nost
destructive formof recurring natural disaster. Historical

anal ysis shows that hurricanes only formin regi ons where sea
surface tenperatures are above 26°C. 36 A recent nodeling study
of the western Pacific concluded that a sea surface warm ng of
just over 2°C would intensify hurricane wind speed by 3-7 neters
per second (or 5-12%. 37 Yet hurricane frequency has not
increased in the last 50 years, and current climte nodels | ack
the spatial resolution to predict a change in cyclone formation.

Wil e hurricane predictions are still elusive, heavy rainfall
events are anticipated with clinmate change. In the U S., flash
floods are currently the | eading cause of weather-rel ated
nmortality. 38 In addition to i mmedi ate drowning deaths, flood

wat ers can cause the rel ease of dangerous chem cals from storage
and waste disposal sites and precipitate outbreaks of vector- and
wat er - bor ne di seases. For exanple, extrene fl ooding and
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hurri canes have been responsi bl e for outbreaks of the spirochetal
zoonosi s, Leptospirosis, in N caragua and Barbados. 39 Msquito-
borne Rift Valley fever occurs in association with El N fio-driven
flooding in east Africa, 40 as denonstrated by the serious

out break in Kenya during this year’s strong El N fio.

Environmental Refugees: Sea level rise, in conbination with
extrenes of the hydrologic cycle, could pose serious

reper cussions for coastal communities and cause | arge popul ation
di spl acenent. 13 of the world s 20 current “negacities” are at
sea level. A one-neter sea level rise would inundate | owlying
areas affecting: 18.6 mllion, 13.0 mllion, 3.5 mllion, and 3.3
mllion people in China, Bangladesh, Egypt, and Indonesi a,
respectively. 41

Rising seas result in salination of coastal freshwater aquifers
and woul d threaten drinking water resources and coastal farm and.
Far | arger nunbers than those threatened by frank inundation may
be indirectly inpacted in this way. For exanple, a one neter sea
| evel rise could affect 60% of the popul ati on of Bangl adesh and
100% of many island nations. 41 In places such as Al exandria,
Egypt, agricultural depletion of groundwater and reduced
siltation fromupstream dans and | evees are already causing | and
subsi dence, thus decreasing the threshold for inpact. Lagos,

Ni geria, acquires 60%of its water froma shallow aquifer that is
merely 1 neter above current sea level. Finally, sea-level rise
coul d disrupt stormnater drainage and sewage di sposal

conprom sing sanitation

The nultisectoral inpacts of sea |level rise, conbined with nore
severe drought and floods in varying regions, nay displace
substantial nunbers of persons.42 “Environnental refugees” coul d
potentially present the nost serious health consequences of
climate change, considering the associated risks that stem from
overcrowdi ng, virtually absent sanitation, scarcity of shelter
and natural resources, and hei ghtened tensions | eading
potentially to war. Environnentally forced popul ation mgration
may unfold to be the |argest challenge beneath the “tip of the

i ceberg” of climate change heal th inpacts.

Ozone Depletion and Ultraviolet Radiation: By trappi ng heat at
the earth’s surface, greenhouse gases cool the stratosphere,

whi ch enhances chl or of | uorocarbon (CFC) destruction of the ozone
layer. 2 The direct health inpacts fromincreases in UV-B

i nclude: 1) skin cancer; 2) cataract and ot her ocul ar di seases;
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and 3) i mmunosuppression. Indirect effects to health nmay occur
primarily through UV-nedi ated crop danage and by phot ocheni ca
formati on of tropospheric ozone.

It is estimated that for a sustained 10% decline in the
stratospheric ozone | ayer, non-nelanoma skin cancer cases could
rise by 26% or 300,000 globally per year; nelanoma coul d

i ncrease by 20% or 4,500 nore cases annually 43, Cataracts
account for half of all blindness in the world. A 10% sustai ned
| oss of stratospheric ozone would result in nearly 1.75 mllion
extra cataracts annual ly 43.

RESEARCH TOOLS AND STRATEGI ES

The foll ow ng research nethods are anong those required to
address this cross-cutting, ecologically conplex and | ong-term
public heal th chall enge:

1) Tine-series and regression analysis of historical data,

i ncl udi ng anal ogue situations of extrene clinmate variability
(e.g., El N fo);

2) Geographic analysis of disease incidence based on weat her and
| anduse/ | andcover vari abl es (taki ng advantage of Geographic
Information Systens or S, and satellite renote sensing);

3) Scenari o-based nmat hematical and predictive nodeling with
uncertainty anal ysis;

4) Generalized integrated assessnents that include denographic,
soci al and econom c di srupti ons.

For any of these anal ytical nethods, human health data is the
nost unreliable, due to reporting bias and variability in
detection nethods. There is a critical need for capacity building
to i nprove surveillance and nonitoring to detect changes that my
be a result of global climte and ecol ogi cal change. Yet

surveill ance alone is not sufficient to prevent illness, and

conti nued efforts to devel op predictive nodels should be a
priority.

Comment on Modeling: Predictive nodels are essential to
i mprovi ng proactive preventive health nmeasures. Even though no
nodel can conpletely sinmulate real |ife, nodels are useful in

conceptual i zing dynam ¢ processes and their outcones. Although
enpirical studies have limts, they are the foundati on upon which
nodel i ng paraneters are determ ned. While not necessarily nore
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accurate, mathematical nodels can achieve a better conceptua
representation of interrelated systenms. Miltiple iterations of
wel | -conceptual i zed nodel s help identify key know edge gaps; and
this, rather than obtaining a “correct” nodel projection, mght
be their nost val uabl e outcome for scientists.

Conclusion

New under st andi ng of |inkages between public health and "gl obal
|ife-support systems" is energing in the literature. 44 The

| ong-term and conpl ex probl ens posed by climate change nmay not be
readily discernible over short tine spans, and may therefore
demand an expanded effort in scenario-based risk assessnent to be
undertaken in parallel with historical validation.

The results of the studies reviewed in this article nust be
viewed in the context of many other environnental and behavi oral
determ nants. Future studies nmust consider, along with
climatol ogi cal factors, key variables such as poverty,
sanitation, |anduse changes, and public health surveillance and
mtigation prograns. Studies of potential risk at the |evel of
gl obal climte nodels, while instructive, can only transl ate
directly into actual risk or vulnerability when these | ocal
factors are included in assessnents.

Anal yzing the role of climate in determ ning human health
outcones will require interdisciplinary cooperation anong health
scientists, climtol ogists, biologists, ecol ogists and soci al
scientists. Increased disease surveillance, integrated nodeling,
and use of geographically-based data systens will afford nore
anticipatory nmeasures by the nmedical community. Understandi ng

t he |i nkages between climtol ogi cal and ecol ogi cal change as
determ nants of disease will ultimately help in constructing
predictive nodels to guide proactive prevention.
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Climate Change, Weather Extremes And (Re)insurers

Ri chard J. Mirnane
Ri sk Prediction Initiative
Bermuda Bi ol ogi cal Station for Research, Inc.
1211 Connecticut Avenue, NW Suite 400
Washi ngton, D. C. 20036

Abstract

(Re)insurers are mainly concerned with three specific types of
climate extrenmes: 1) major hurricanes nmaking |andfall, 2)
European wind storns and fl oods, and 3) extrenes in tenperature,
precipitation, and snowfall. 1In the cases of |andfalling

hurri canes and European storns, their interests are driven by
their exposure to the risk of losing noney. In the case of
extrenes in tenperature, precipitation and snowfall, their
interests are based on the business opportunities that are
arising in the weather derivative market. The Ri sk Prediction
Initiative (RPI) is a business-science partnership based at the
Ber muda Bi ol ogical Station for Research that provides a forum
where climate scientists and representatives of the (re)insurance
i ndustry can interact, and it supports external research on
topics of interest to the RPI sponsors. There are currently 10
conpani es fromthe reinsurance and i nsurance industry that
sponsor the RPI. This paper provides a summary of how and why

t he sponsors of the RPI are interested in specific clinmate
extrenes.

Introduction

Changes in nmean climate conditions and shifts in the
frequency of extreme events could have serious inplications for
many sectors of society. Quantifying and predicting these
variations is a daunting task that is being vigorously pursued by
many scientists, federal agencies, and private conpanies. The
nmeeti ng “The US-Canada Synposium on Cimate Change and Wat her
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Extremes” held in Atlanta during October, 1999 brought together
representatives fromacadem a, the federal governnent, non-
governnental organi zations, and the private sector. The purpose
of the nmeeting was to discuss better ways to predict, mtigate,
and adapt to regional and continental scale changes in climte
and weat her extrenes.

The (re)insurance industry is one conponent of the private
sector that could be significantly affected by changes in climte
and weat her extrenmes. Variations in the frequency of deep
freezes, longer or nore severe droughts, and nore frequent and/or
I ntense landfalling hurricanes are just of few exanples of future
climate and weat her changes that m ght affect insurance
conpani es. Thus there are econom c incentives to transmt
information in a useabl e and under st andabl e manner fromthe
climate science community to the (re)insurance industry. This
i nformation could allow insurers and insurance regulators to set
fair and reasonable insurance rates and permt (re)insurance
conpani es to nmake rational business decisions.

The Risk Prediction Initiative (RPlI) is a unique science-
busi ness partnership designed to satisfy the need for an
efficient flow of information between the science and busi ness
comunities. The main purpose of the RPI is to initiate and
enhance interaction between the climte science and (re)insurance
i ndustry. The RPI and its sponsoring conpanies are very
interested in climate change and weat her extrenes, particularly
with regard to their relationship to a variety of climte indices
such as the El N fio Southern Gscillation (ENSO), the North
Atlantic Gscillation (NAO, the Pacific Decadal Gscillation
(PDO), etc. Anthropogenic climte change is not a najor focus of
the RPI because the range of natural variability in climte
enconpasses the nmagni tude of anthropogeni c change expected to
occur on the relatively short tine scales that are rel evant for
nost busi ness deci si ons.

To explain why RPI sponsors are interested in specific types
of climte change and weat her extrenes | provide background on
the RPI and its sponsors fromthe (re)insurance industry, a brief
description of reinsurance, and outline how (re)insurer’s
i nterests have evol ved over the |ast decade. | subsequently
describe the types of clinate change and weat her extrenes that
are of interest to the conpanies that sponsor the RPI. This
i nformati on provides insight into the needs of the (re)insurance
i ndustry.
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Overview of the Risk Prediction Initiative

The RPI was founded in 1994 and is based in Bernuda at the
Ber nuda Bi ol ogi cal Station for Research, Inc (BBSR). The major
event that catalyzed the formation of the RPI was the magnitude
of insured | osses fromHurricane Andrew hitting Florida in 1992.
The size of the insured | oss (around $18 billion in 1998 doll ars)
was greatly in excess of the largest |oss that was predicted by
the risk nodels in use at that tinme. The |osses caused the
bankruptcy of a nunber of insurers and led to a severe capital

shortage in the reinsurance industry. |In response to this
busi ness opportunity, a nunber of catastrophe reinsurers were
formed in Bermuda to supply the need for capital. Bernuda was an

i deal setting for the catastrophe reinsurers because of its
advant ageous tax |laws, the stable and responsive governnent, and
its proximty to the United States. Scientists at BBSR forned
the RPI with the support of a variety of catastrophe reinsurers
based in Bernmuda, reinsurers fromthe United States, and other US
conpani es active in the insurance industry. The current RP
sponsors are listed in Table 1.

Table 1. Current R sk Prediction Initiative Sponsors

Ace USA, Inc. X. L. M dCcean Rei nsurance
Conpany, Ltd.

Renai ssance Rei nsurance Zurich Goup/Centre Sol utions

Cor por ati on Ltd.

CGeneral Rei nsurance Corporation Enployers Rei nsurance Conpany
Ltd.

Al G | PC Rei nsurance Conpany USAA

Ltd.

State Farm I nsurance Ameri can Rei nsurance

The overall goal of the RPlI is:

To create links between the climate science and insurance
communities so that the science of climate forecasting is available,
understandable, and usable by insurers.

Three activities are used to achieve this goal: 1) RPI-funded
external research, 2) the devel opnent of in-house products, and
3) RPI-hosted workshops. | next describe the products and
results of each of these activities to illustrate the type of
information that interests the conpanies that sponsor the RPI
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The RPI funds three types of external research: 1) the
extension of historical records of major hurricane |andfalls
along the Gulf and East Coast of the United States using
geol ogi cal records, 2) the devel opnent of seasonal and multi -
annual hurricane landfall forecasts and the anal ysis of how
climate variability affects tropical cyclone activity, and 3) the
anal ysis and nodeling of tropical cyclone wind fields. Leading
scientists at universities and federal |aboratories throughout
the worl d undertake research on each of these topics. The
research results are not proprietary, in fact, the RPlI encourages
peer-revi ewed publication of research in order to insure quality
results.

| n- house products devel oped by the RPI are nainly ained at
maki ng exi sting know edge nore useabl e and avail able for RP
sponsors. Exanples of in-house products include the devel opnent
of a tropical cyclone prediction nodel based on techniques
publi shed by Dr. Gray and his coll eagues and the anal ysis and
synt hesi s of other existing data.

RPI - host ed wor kshops (Table 2) are used to achieve a variety
of goal s. Some wor kshops are used to devel op a research agenda
that identifies questions of particular relevance to the
i nsurance industry, sonme are used to assess the state-of-the-art
in a given field, and sonme are used to explore areas that wll
potentially receive research dollars fromone of the RPI Research
G oups.

Tabl e 2. Recent workshops hosted by the Ri sk Prediction
Initiative

Wor kshop Year
Uncertainty of damageability 1999
Hedgi ng with weat her derivatives: How reliable are 1999

seasonal predictions of tenperature and
precipitation

Eur opean wind stornms and the North Atlantic 1999
Gscil l ation

The transition of tropical cylcones to high- 1998
| atitude stornms

Wnd field dynam cs of landfalling tropical 1997
cycl ones
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Primer on Catastrophe Excess of Loss Reinsurance

Rei nsurance i s designed to handl e extrene events that affect
an insured segnent of society. |Insured is italicized in the
previ ous sentence to enphasize that if an extrenme event affects a
segnment of society that is not covered by the reinsurance
i ndustry, for exanple a super-typhoon hitting Bangl adesh, or
wi despread flooding in the United States, then the event has
little inmpact on the reinsurance industry?

The top five insured | osses between 1970 and 1998 are |isted
in Table 3. Note that weather events are responsible for 4 of
the top 5 insured |osses. Despite the large insured | osses,
there are relatively few deaths. Many severe events that kil
t housands of people, for exanple Hurricane Mtch, do not nake
this table because they occurred in regions with little or no
i nsurance. Hurricane Andrew caused the biggest |oss due to
natural disasters. This is consistent wth the fact that the
maj or extrenme weat her event that interests the (re)insurance
i ndustry is the landfall of an intense, or major, hurricane al ong
the Gulf and East coasts of the United States.

Table 3. Top five insured | osses, 1970-1998.

Event Dat e Deat hs I nsured Loss
(Billions 1998
$US)

Hurri cane Andrew 1992 38 18

Nort hri dge Earthquake 1994 60 14

Typhoon Mreille 1991 51 6.7

Wnter StormDaria 1990 95 5.7

Hur ri cane Hugo 1989 61 5.5

Source: Swi ss Re Sigma no. 1/1999

Rei nsurance is basically insurance for insurance conpanies.
An i ndividual buys insurance for protection against a high-
consequence, |low probability event. An insurer achieves
anal agous protection from hi gh-consequence, |ow probability

* The reason for the small impact on the reinsurance industry diff ers for these two examples. Insuranceis
not widely used in Bangladesh, and as aresult, there is little or no market for reinsurance. Insuranceis
commonly used in the United States; however, the federal government provides residential flood
insurance. In practice the federal government self-insures and does not use reinsurance.
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events by buying reinsurance. Reinsurance also |lets an insurer
increase its business by allowing it to sell nore insurance.

Consi der a two-di nensional space defined by event intensity
and event frequency (Figure 1). A primary insurer is able to use
its own capital to handle the high probability, lowintensity
events (e.g., a very small earthquake or a thunderstorn).

However, it is too expensive for an insurer to keep | arge anounts
of capital that will be required if a relatively |ow probability,
high intensity event (e.g., a large earthquake or | andfall of an
i ntense hurricane in a densely popul ated area) occurs. An
insurer will buy reinsurance to guarantee access to capital after
an intense event so that the conpany can pay policyhol ders.

Cat astrophe excess of loss (CatXL) reinsurance is probably
the nost comon type of catastrophe reinsurance. CatXL
reinsurance is generally structured in |layers. The cost for
reinsuring a given |layer tends to decrease as the probability of
the event decreases (e.g., noving fromreinsurance layer 1 to 4
in Figure 1). A given reinsurance |ayer can be covered by one
conpany, or shared by nultiple conpanies. In addition, the
I nsurance conpany is usually required by reinsurers to retain
some risk, or liability, for each |ayer as a way to contro
inflated | osses or clains. There is generally an upper limt to
t he amount of reinsurance a conpany can afford so that |osses
beyond a given level are ultimately the responsibility of the
primary insurer.
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Cat astrophe reinsurance rates fluctuate with tine and are
affected by a variety of factors. Reinsurance rates generally go
up dramatically after a major insured | oss and then start to
decrease as the tinme since a mgjor |oss increases. [In addition,
natural disasters that occur in the United States tend to have
t he biggest effect on reinsurance rates because the United States

einsurance For A Single Event

Frimary Insurer's Retention
i

Reinsurance Layer 1
Reinsurance Layer 2

Reinsurance Layer 3

Reinsurance Layer 4

Primary
Insurer's
Retention
!

!
¥

Event Intensity—»

% ... t.d..'m
Figure 1. Schematic di agram show ng how i nsurance and
reinsurance is distributed over a plane defined by event

is by far the | argest source of reinsurance premuns in the
worl d. There have been no natural disasters that have caused
maj or | osses to reinsurers since Hurricane Andrew, as a result,
rei nsurance prices have fallen dramatically fromtheir high
levels in the early 1990s. This situation is at odds with the
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fact that the long termprobabilities of an extrene event,
al t hough poorly known, are relatively constant?.

The drop in reinsurance prices coupled with the need for a
conpany to maintain an adequate return has had two effects in the
rei nsurance industry. The first is that there has been a
dramatic consolidation in the reinsurance industry. The second
is that the reinsurers are |ooking for new markets for their
skills. One of the nore interesting narkets for reinsurers is
t he devel opnent of the weather derivative market, mainly the
degree day products. The allure of this new product is the
reason many reinsurers are now interested in seasonal forecasts
of tenperature and precipitation and in know ng nore about
extrenes in tenperature and precipitation

Climate Extremes of Interest to RPI Sponsors

The three major extrenes of interest to RPlI sponsors are: 1)
| andfall of an intense hurricane along the GQulf and East coast of
the United States, 2) European wi nd storns and floods, and 3)
extrenes in tenperature, precipitation, and snowfall on a variety
of time scales. The notivation for the insurance industry’s
interest in the first and third itens is clear fromthe preceding
di scussion. European wi nd storns and floods are of interest
because they cause the largest insured |losses in the second
| argest insurance market in the worl d°.

What type of information on climte extrenmes i s nost
inmportant for the (re)insurance industry? Forecasts of future
events and event probabilities based on the historical record are
possi bly the two nost useful types of climate extrene information
for the (re)insurance industry. Which of these two is nost
i nportant depends on the context in which the information wll be
used. Event probabilities based on the historical record are
typical of the information actuaries have traditionally used to
hel p underwriters nmake deci sions on whether to accept a given
risk. This type of information is commonly used to set insurance
prices and to guide the devel opnent of risk nodels.

® The probabilities of an extreme event are not constant. For example, during an El Nifio there is alower
probability of a hurricane making landfall in the United States than during a La Nifia. However, these
shiftsin probability are smaller than changes in the price of reinsurance.

® In contrast to the United States, flood insurance in European countries is generally provided by private
companies.
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The (re)insurance industry is still |earning howto best use
climate and seasonal hurricane forecasts. The conpani es cannot
use this information to change prices in response to changes in
forecasts for a |l east two reasons. Firstly, a conpany will |ose
clients if it “arbitrarily” changes its pricing fromyear-to-
year. Secondly, nmany insurance narkets are regulated and rapid
changes in prices are not possible. However, (re)insurers can
use the shifts in probability to their advantage. For exanple, a
conpany can alter its retrocession practices to increase or
decrease their exposure to | oss. Also, the devel opnent of
“Cat astrophe” bonds allows a conpany to trade risk in the
financial markets. Finally, there are private exchanges (e.g.,
CATEX) that allow conpanies to electronically trade risk

The follow ng sections discuss specific aspects of the three
major climate extrenmes of interest to (re)insurers.

Landfalling Hurricanes

Maj or hurricanes making landfall in popul ated regions of the
United States have produced sonme of the |argest insured |losses in
the world (Table 2). The magnitude of these |osses is the
primary reason why |landfalling hurricanes are the climte extrene
of nost interest to (re)insurers. The insurance industry’s
interest in the subject can be broken into three parts: 1) a
better understanding of the |long-termprobability of a ngjor
hurri cane making | andfall along the Gulf and East coasts of the
United States, 2) inproving the skill of seasonal and interannua
forecasts of the probability of a major hurricane naking | andf al
in the United States, and 3) augmenting our know edge of the
rel ati onship between and a variety of climate indices (e.g.,

ENSO, PDO, and the NAO and tropical cyclone occurrence and
dynami cs.

A better understanding of the probability of a ngjor
hurri cane reaching landfall is needed to realistically determ ne
the cost of (re)insurance. The actuarial practices used by the
I nsurance industry assune that past occurrences of an event can
be used to accurately estinmate the future probability of a
simlar event. However, this approach is limted when dealing
with the probabilities of rare, extrene events such as the
| andfall of a major hurricane. For exanple, there have been only
two Category 5 (the npbst intense hurricane classification)
hurricanes to nake landfall in the United States over the | ast
century. This record is not sufficient for confidently
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determ ning |andfall probabilities along the whole coast of the
United States.

The RPI funds a research programthat uses geol ogi cal
records of intense hurricane landfall to extend the record of
intense landfalling hurricanes. Sand |ayers in coastal |akes and
mar shes produced by overwash events associated with storm surge
froma hurricane are an exanple of the geologic record left by a
| andfal ling hurricane. Scientists supported by the RPI are
col l ecting and anal yzing cores from | akes and marshes al ong the
@ul f and East coasts of the United States to determ ne the
frequency of intense hurricane |andfall over the |ast thousand
years. The great value of landfall probabilities based on
geol ogical records is that they are the only way to verify nodel -
based estimtes of |landfall probability.

The RPI al so supports a variety of efforts aimed at
i nproving our ability to inprove seasonal and interannual
forecasts of hurricane occurrence. The RPI has increased the
awar eness of scientists that a hurricane forecast is nore
valuable if it focuses on hurricanes that nmake |andfall instead
of predicting total hurricane activity in a basin. The RPI has
al so rai sed awareness that a hurricane forecast wll be nore
val uable to the reinsurance industry if it is made in Decenber
rather than April or June. A Decenber forecast is nore val uable
to the reinsurance industry because nost reinsurance contracts
for the upcom ng hurricane season are witten in Decenber. It is
nore cost effective for a (re)insurer to make deci si on on whet her
to buy or sell coverage in Decenber than it is to try to adjust
their risk exposure just before the hurricane season.

Over the | ast several years a general awareness has arisen
that the probability of hurricane landfall varies with the state
of global climate. As our ability to predict clinate changes on
seasonal tine scales inproves, sone (re)insurers are starting to
I ncorporate this information into business decisions. However,
(re)insurance prices are insensitive to the fact that | andfal
probability varies with time and it is rare that a (re)insurer
wi || base a business decision solely on the state of clinmate or a
hurricane forecast. The industry’s awareness that clinate state
affects landfall probability notivated the RPI to devel op a nodel
that can be used to predict how | andfall probability varies
spatially as a function of climate, and to fund several research
projects that exam ne the relationship between tropical cyclone
activity and ENSO.
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European Wind Storms and Floods

The Eur opean catastrophe reinsurance nmarket is the second
| argest in the world. The wind stornms and fl oods that cause the
| arge | osses to catastrophe insurers have not been a nmjor focus
for the RPI sponsors primarily because of decision to direct
limted resources towards tropical cyclone research. R sk
nodel i ng conpani es have responded to the interest in European
stornms and fl oods through the devel opnent of nodels that can
estimte | osses and | oss probabilities.

The long historical record available at many | ocations in
Europe i s an advantage when trying to estinmate the probability of
a low frequency, high intensity event. For exanple, there are
docunent ed changes in the frequency of intense storns and the
| ocation of stormtracks over the last 150 years. One of the
main factors correlated with intense storm frequency and | ocation
in Europe is the NAO. Unfortunately, the sign and nagnitude of
the NAO is not very predictable. 1In addition, it is tine
consum ng to reconstruct the historical record of storms, thus
very long historical records are available for only a few
| ocati ons.

(Re)insurers would be interested in know ng nore about the
probability of intense wind storns and fl oods in Europe and how
the probability varies as a function of the NAO and other climte
indices. In addition, seasonal forecasts of wind stormand flood
probabilities would be useful. As with seasonal forecasts for
| andfal l i ng hurricanes, the value of these forecasts wll vary as
a function of the tinme of year when they are issued. This is
because many of the business practices related to catastrophe
reinsurance in Europe are the sane as in the United States.

Seasonal Extremes in Temperature, Precipitation, and Snowfall

The anal ysis of historical records and seasonal forecasts
are the major itenms of interest to (re)insurers involved in the
devel opi ng nmar ket for weather derivatives. Most of the current
mar ket i s based on degree day contracts, however, there are sone
contracts based on precipitation and snowfall. The nunber of
heating degrees in a day is the difference between 65°F and t he
average of the mnimum and nmaxi rumtenperature in a 24 hour
period if the average is less than 65°'F. The nunber of cooling

58



degree days is the difference between the average of the m ni num
and maxi mnum tenperature in a 24 hour period and 65°F if the
average is greater than 65°F.

The RPI recently held a workshop to identify specific itens
of interest to the RPI sponsors that are nenbers of the Wat her
and Cinmate Research G oup. The following itens were identified
as particularly interesting and were the topic of a Request For
Proposal s that was issued by the Risk Prediction Initiative:

B. How to define the period for a climtol ogical nornal

C. How to handl e tenperature records at urban stations

D. What is the spatial correlation in anonalies between different
stations, and

E. What is the correlation between tenperature anonalies and

different climte indices

The definition of a climate normal is of great inportance because
the contracts are based on expected nmeans and variances that w |l
vary as the tinme period used to define the climte nornal

changes. This question is also of great inportance given the
relatively warmglobal climate in the 1990s. There is
uncertainty in quantifying how nuch of the warnming is

ant hr opogeni cal Iy i nduced, and will therefore likely continue,
and how nmuch the warmng is related to a climate cycle, and
therefore likely to wane at sone point in the future.

The reinsurers’ interest in urban stations differs fromthat
of nost climte researchers. Typically, a clinate researcher
avoi ds stations near urban areas because of “heat island” effects
and ot her probl ens associated with urbanizati on. However, urban
stations are where the benefits of weather contracts are the
greatest and data fromthese stations are used in weat her
contracts.

The interest in spatial correlation arises fromthe
reinsurers’ practice of diversification. There is a relatively
| ow chance of correctly predicting the nunber of degree days at a
gi ven station. However, there is a nuch better chance of
predi cting the nunber of degree days associated with a portfolio
of stations. One nust know the correlation between stations to
properly diversify a portfolio.

Seasonal forecasts of tenperature and precipitation are used
to sone extent to negotiate weather contracts, but nost
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(re)insurers base their business decisions nore on the historical
record. An estimate of the correlation between a climte index
and tenperature anomalies at a station will nake seasonal
forecasts nore useful to reinsurers participating in the degree
day market.

Summary

(Re)insurers are nostly concerned with three major climte
extremes: 1) major hurricanes making |andfall, 2) European w nd
stornms and floods, and 3) extrenes in tenperature, precipitation,
and snowfall. In the cases of landfalling hurricanes and
Eur opean storns, their interests are based on their exposure to
risk. In the case of extrenes in tenperature, precipitation and
snowfall, their interests are based on the business opportunities
that are arising in the weather derivative nmarket.

The RPI provides a forumwhere clinmate scientists and
representatives of the (re)insurance industry can interact and it
supports external research on topics of interest to the RP
sponsors. There are three research groups currently active in

the RPI. The research groups focus on bettering our know edge of
the record of mmjor hurricane landfall, inproving seasona
forecasts of hurricane landfall, and on developing an ability to

predi ct and understand tenperature, precipitation, and snowf al
anomal i es.

At this time the RPI has little enphasis on understandi ng
and predicting how extremes m ght change in the future due to
ant hropogeni ¢ i nfluences. On business tinme scal es the range of
natural variability is thought to be larger than any change due
to ant hropogeni ¢ forcing and accounts for the current |ack of
enphasi s on ant hr opogeni ¢ change.

The (re)insurance industry is highly skilled at using
statistical data. Therefore forecasts or anal yses of the
probability of past extrene events are nost valuable if they
i ncl ude conplete probability distributions instead of sinply
provi di ng esti mtes of the nean val ue.
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Society’'s Vulnerability to Weather Extremes

Oct., 1999

David Etkin
Adaptation & Impacts Research Group
AES, Environment Canada

Introduction:

The purpose of this paper is to address society’s vulnerability
to weat her extrenmes. The sections that |I have been instructed to
address include the range of potential physical effects, what
makes an extrenme event a disaster, the ways in which hunman
systens are vulnerable, the relative roles of clinmate and non-
climate factors in creating social vulnerability and the role of
climate change with respect to trends in disaster occurrence.
This is a challenging task, to say the | east, and justice cannot
be given to it in one talk, one paper, or probably by one author.

| hope, though, that | have at |east presented sone ideas that
will generate further discussion.

(1) Range of Potential Physical Effects

The range of physical effects on our social systemfromextrene
events range fromnil to devastating. |In the trivial case where
the events occur over a natural setting, or where the resistance
and/or resilience of the built environnment exceeds the scal e of

t he weat her event, inpacts are not significant. Qher events are
far fromtrivial, such as the F5 tornadoes in klahoma | ast
sumer, or Hurricanes Andrew or Mtch

Nat ural hazards and the disasters associated with them have
wi dely disparate origins and characteristics. They can be
classified by their magnitude, intensity, frequency, duration,
extent, speed of onset, and predictability (Burton et al., 1993),
and each is uni que. Sonme events, such as earthquakes, occur
wi t hout cl ear warning. Flash floods, and tornadoes often, but not
al ways, cone with sone warning, though it mght be only m nutes.
Hurri canes have long warning lead times. Sone di sasters are
extrenely | ocalized, |ike tornadoes or |andslides; in contrast,
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hurri canes sweep across |large regions. Drought is an exanple of a
di saster that builds slowy and tends to be w despread, its
| npact accumul ating over several nonths or years.

(2) What makes an extreme event a disaster?

Nat ural di sasters occur when a natural event such as a storm
‘occupi es’ our space, and triggers social vulnerability, with a
resul tant danage to the physical and social fabric that exceeds
the ability of the affected conmunity to recover to the pre-

di saster state wi thout assistance. Cccasionally ‘great’ or ‘nega’
di sasters occur, where the need for recovery becones truly
national and/or international. An recent exanple of this was the
horrendous danmage inflicted on Honduras by Hurricane Mtch in
Novenber, 1998, which destroyed | arge amobunts of infrastructure
and cost 11,000 Iives.

I n neteorol ogy and geophysics, the definition of an extrene event
is arbitrary. Increasing event nmagnitude and decreasing
frequency are nodel ed by snooth probability distributions w thout
discontinuities. Froma danage perspective though, the
definition of an extreme event is defined by the design criteria
of our built environment, which creates thresholds in the ‘damage
probability function’ that do not exist in the natural trigger.

Di sasters tend to lie to the right of these thresholds on the
usual graphs.

It is inportant to distinguish between the cause of a disaster,
and its trigger. Wile a severe stormmay be a trigger, the
causes of a disaster are far nore conplex, including all the
soci al processes that create vulnerability. This common
confusi on between ‘trigger’ and ‘cause’ affects peoples
perception of natural disasters, in the sense that responsibility
for themtends to be assigned to the trigger (nature), thereby
mnimzing the role society plays in their formation.

(3) In what ways are human systems vulnerable?
There is a sinple answer to this question. |If it rains too much,

or if the wind blows too hard then human systens are vul nerabl e.
But the issue of what is too nuch, and how t hose threshol ds have
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been created i nvokes a host of conplicated and subtle issues

i nvol vi ng psychol ogy, risk perception, politics, and culture to
nane a few. A conceptual nodel called the Disaster Adaptation
Cycle (adopted fromBlaike et. al., 1994) illustrates how

di sasters occur . This nodel shows the cyclic interaction between
t he hazardous environnent and society’ s adaptive decisions. Wth
respect to risk, a disaster is showmn to occur when a hazardous
event triggers an existing vulnerability. The occurrence of a

di saster tends to create a burst of overlappi ng human activities,
begi nning with response and recovery, but also including

| onger-term endeavours such as mtigation and preparedness. These
activities feed back into the risk evaluations, and can reduce
our vulnerability if they are done well, or increase it if done
poorly. Subsequent disasters are affected by outcones resulting
from previous ones, in an ongoing cycle of adaptation.

Percepti ons have an inpact on the severity of a disaster.
Since extreme events occur nore rarely than m nor ones, people
tend to develop a fal se sense of security. Unfortunately,
soci ety often does not incorporate high-risk, |owprobability
events into cost-benefit anal yses. \When peopl e perceive that
their risks have been reduced as a result of technol ogy, they
will tend to act in nore risky ways if voluntary actions are
avai lable to them (Wl de, 1994).

Desi gni ng appropriate mtigation responses can be nade
difficult by false beliefs; the 1942 novie ‘Banbi’ and the
creation of the synbolic cautionary figure ‘Snokey the Bear’,
contributed greatly to the since-discredited notion that fire is
al ways bad for forests (Nash, 1985). It has been said that Banbi
did nore to define the phil osophy behind fire suppression in
North Anerica during the last 50 years than all the scientific
research conbi ned. Mdern news nedia al so generate nyths,
exaggerating the risk of some hazards and downpl ayi ng ot hers.
Generally, the public is willing to accept voluntary risks (e.g.,
driving a car) at about 1,000 tines the magnitude of involuntary
ones (e.g., getting hit by lightning) (Raphael, 1986).
Under st andi ng how conmruni ti es perceive risks and the origin of
risks i s necessary before nethods of encouragi ng appropriate
response can be found.

Hi storical disasters provide insight into society’s
vul nerability. They can also, at tines, induce conplacency if it
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is commonly believed that they represent the worst that could
happen, though in fact they are rarely a worst-case scenario. A
si ngl e, high-magnitude earthquake in Vancouver or |ower Quebec,
hitting OQtawa and/or Mntreal, could cost CAN$14 billion to
CAN$32 billion (Canadian National Report - |DNDR, 1994). A storm
simlar to Hurricane Andrew striking Mam would have expected

| osses of US$48 billion to US$80 billion (Changnon et al ., 1997).
A recurrence of the Decenber 16, 1811, New Madrid, M ssouri

eart hquake of nagnitude of 8.6 could cause damages of US$138
billion (Friedman, 1992). A nmmjor eruption, wthout warning, of

t he Popocat épet| vol cano near Mexico City could cause one of the
wor st vol cano disasters in history.

Ri sk transference occurs as a result of poorly thought-out or
applied mtigation, which tends to (1) create or magnify
thresholds since it only protects society up to specified |l evels
of risk, and (2) increase long-termvulnerability. For exanple,
devel opnent may not be allowed within the 100 year flood plain,
while there is no restriction (and likely no required fl ood-
proofing neasures) outside of it. Buildings are built to

wi t hstand specified | oads of snow, w nd or groundshaki ng
(typically at 30 to 50 year return periods, though higher val ues
are nore common for earthquake resistant structures), but wll
fail when | oads exceed those designed for. Risk is then reduced
for natural triggers up to the specified value. |If society were
ot herwi se unchanged by a particular act of mtigation, then true
ri sk reduction woul d be achieved. Unfortunately, however, al
too often mtigation increases long-termvul nerability:
especially when risk is transferred fromthe nore frequent |ow

I mpact events to the rarer high-inpact events, resulting in

i ncreased | ong-termvul nerability.

This occurs, in part, because of people’ s perceptions. The
principle of ‘risk homeostasis’ (WIde, 1997) suggests that
people tend to operate at what they perceive to be an ‘' acceptable
level of risk’. \Wen they perceive that their |level of risk has
decreased, they will tend to act in increasingly riskier ways
until they have again reached their acceptable |evel of risk,
given that voluntary actions are available to them Thus, if
peopl e perceive that they are protected by technol ogy (e.g.

| evees or dykes), they will tend to increasingly develop in the
protected areas (e.g. Tobin and Montz, 1997) unless prevented by
| and- use pl anni ng or econom ¢ di si ncenti ves.
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This woul d not necessarily increase long-termvulnerability if
hunman behavi ors were consistently based on a realistic estinate
of long-termrisks. But, though people are pretty good at

I ncorporating the risk of nore conmmonpl ace hazards into their

subj ective risk anal yses, they are not very good at doing so for
rare hi gh-consequence events that tend to be discounted (events

t hat have not been previously experienced tend not to be

percei ved as worth taking account of (Slovic, 1986)). Scientific
anal yses can underestimate risks as well, since the probability
of rare events can be very hard to determne fromrelatively
short observational records. Sone recent pal eoclimte anal yses

t hat suggest that the world has been in a relatively benign
climate for the past century or nore, but may be noving towards a
nore hazardous state, mmkes statistical estimations even nore
uncertain.

Even shoul d the probability of hazardous events be accurately
known, short-termthinking can result in their being ignored, as
in the case of devel opnent al ong well-known fault lines in Tokyo,
Japan, British Colunbia, Canada and California, U 'S. Losses
resulting fromthese sorts of hazards have been noted by Muinich
Re. (1997), who found that “the extent of loss has not
infrequently been increased through a false assessment of the
risk circumstances or in the pursuit of profit”. Thus the anount
of devel opnent arising fromthe perception of reduced risk tends
to be disproportionate to the real increased risk fromrare
events - and long termvulnerability is increased.

An inportant issue with respect to vulnerability relates to the
di fference between an infrastructure that is resistant, and one
that is resilient. To explain by exanple, a house resistant to
fl oods has a dyke around it, while a house resilient to floods is
a house that floats. The recent Canadian |Ice Storm di saster of
1998, illustrates the vulnerability of a system designed to be
resistant, but not resilient.

(4) Relative role of climate and non-climate factors in creating
vulnerability..

The answer to the question ‘How inportant are climate vs. non-
climate factors in creating vulnerability? depends upon your
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worl d-view. In the hazard/disaster community, there are two
opposi ng perspectives. The first views disasters as ‘Acts of
Nature or God’. The second views themas ‘social constructs’.
The phil osophi cal bases for these two approaches are quite
different. The second approach is based on a paradi gmthat
humanki nd cannot and probably should not try to control nature
(at least not all of the tinme) and it is preferable to arrange
soci ety around hazardous regions.

It seens to nme that the followers of the first paradigmare split
into 2 groups, one which is fatalistic and anot her which believes
t hat humanki nd can prevent disasters through technol ogy (i.e.
that man can and should control nature and that it is preferable
to arrange hazardousness around society) - but that when

technol ogy fails and disasters occur, then ‘nature’ is to bl ane.
Both these world-views inevitably |lead to a worsening disaster
experi ence. Unfortunately, it is the ‘Acts of Nature or God’
approach that has been the traditional one (Haque, 1997, 1998;
Hew tt, 1997), though it is com ng under increasing criticism
and mitigation prograns such as run by FEMA in the USA and EPC in
Canada are now pl acing nore val ue on noving out of harm s way.

There is a danger in labelling a disaster as ‘natural’, as
opposed to technol ogical, social or political. The danger lies in
the perception that disasters of natural origin are beyond
society’s control; like ‘“Acts of God', they are ‘Acts of

Nature’. This is the essence of acceptance and fatalism a
phi | osophy that results in a continued, or possibly worsening

di saster experience. The antitheses of this world-view, rooted in
an understandi ng of the dynam c, conplex and closely Iinked

i nteracti on between nature and humanki nd, provides a basis for
mtigating the inpacts of disasters by creating a society
resilient to extrene events.

(5) Role of climate change with respect to trends.

G obal change, both in the natural and human spheres, seens

| i kely to exacerbate disasters in the future. The antici pated
changes include nore frequent and severe extrene weat her events
due to clinmte change, changes in wealth and | and-use, and

i ncreases in and mgration of popul ations.
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One inportant facet of gl obal change relates to the clinate.

G eenhouse gases in the atnosphere, which warmthe surface of the
earth, are one of the nost inportant parts of the climate system
I ndustrial em ssions and deforestation are rapidly increasing the
concentration of these gases in the atnosphere. Today’s

at nospheri c concentrati on of carbon dioxide far exceeds any val ue
in the past 200,000 years and is expected to double before the
end of the next century. The concentrations of other greenhouse
gases such as nethane are also increasing rapidly. Cinate nodels
predi ct that these changes will soon alter the earth’s climte.
More frequent and extrene events, such as heat waves, severe

t hunderstornms, floods, and droughts, and a rising sea | evel, seem
likely to be a part of this new clinate. Even relatively smal
changes in averages can result in nore frequent extreme events
(White and Etkin, 1998).

It is not clear what the precise relative role of climte change
is, in ternms of defining our disaster experience. Primarily, I
view natural disasters as prinmarily a social issue. This may
change in the future, however, if our social ‘clinate assunption
of relative stability is proven wong. How clinmate change w ||
affect us, locally, is very uncertain, and this uncertainty has
i mportant inplications for our decision-naking, in the sense that
we need to enphasize resilience as well as resistance. To
expl ai n by metaphor, pro-active adaptation to climte change
requires designing a society wwth fewer dykes, and nore floating
houses. By creating a society with nore local resilience to

di sasters now, we buffer ourselves against the risks associ ated
with future disasters exacerbated by a changing clinate.

(6) Concluding Remark

Vul nerability to natural hazards varies greatly fromcountry to
country, and region to region. Society is vul nerable when poverty
or a lack of access to resources restricts people's ability to
live in safe | ocations or safe buildings, or to buy insurance,
when the risks of rare extrene events are not incorporated into
cost-benefit anal yses, when adaptive behaviours are based on poor
assunptions, or when people do not pay sufficient attention to
the I aws of nature and choose to live in harms way. Utimtely,
society is vul nerable when an extrene event exceeds the design
criteria of its adaptations. Though nature provides the
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hazar dous environment, society designs its own disasters through
its adaptive deci sions.
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l. | NTRODUCTI ON

Good afternoon. My nane is Mary Fran Myers. | amthe Co-
Director of the Natural Hazards Research and Applications
Information Center at the University of Colorado, in Boulder. |
amdelighted to have this opportunity to share this session to
I ntroduce you to society's vulnerabilities to weather extrenes
with ny coll eague, Dave EtKkin.

Dave has done an excellent job of providing you background
on the inpacts of extrene events, on disasters, and on
vul nerability. Now to add to that m x of information, | wll use
ny time to talk about the trends in strategies that societies in
Canada and the U.S. have used to deal with extreme events, where
t hose trends have |l ed us, and then share with you sone ideas
about where our hazard mitigation prograns should be headed in
the future if we are ever to curb the rising | osses due to
nat ural hazards, based on the results of a five year study our
center released this year

1. CURRENT STRATEG ES

Losses from extrene weat her events, as Dave pointed out, are
a function of the relationship between extrene neteorol ogic
phenonena and society's built environment. Traditionally, society
has dealt with extrene weat her events, by trying to nmanage the
events in order to limt |osses fromthem This managenent of
hazards a piece of the Disaster Adaptation Cycle of which Dave
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spoke can be characterized by three different types of

activities: (1) those which seek to nodify the hazard, (2) those
whi ch nodi fy the vulnerability of people and the built

envi ronnment to damage from di saster, and (3) those which nodify
the inpact of a disaster. These various strategies are frequently
referred to as "mtigation tools" (or what is referred to as
"adaptation” in climte change Iingo) and are carried out before,
during, and after disasters. In practice, they overlap, though
each has its own ains and serves as a building block for the

ot hers.

Modi fy the Hazard

Modi fyi ng the hazard, of course, refers to human efforts to
change Mot her Nature not necessarily the wisest thing for us to
do. Efforts to nodify clinmatol ogical events range from weat her
nodi fication prograns to structural flood control systens where
humans actually try to control how nuch and where rain mght fal
or control the flow of rivers and the direction they take.

Modi fy Susceptibility

Modi fyi ng susceptibility to vulnerability generally refers
to nonstructural approaches to dealing with hazards and there are
a variety of activities that can be undertaken to do that. For
ease's sake, | group theminto four general types of categories.

1) I nformati on and Educati on

Generally, the nore the public and | ocal officials know
about the risks they face fromclinatol ogi cal phenonena and how
they mi ght protect thenselves from danger, the better equipped
they are to deal with those phenonena when they are in the
extrenme category. Societal know edge about risk is extensive.

And, the format in which that information is distributed is al so
extensi ve. W& have maps that show hi gh hazards fromfloods, storm
surge, |l andslides, and nore. Agencies such as the Federal

Enmer gency Managenent Agency (FEMA) and Energency Preparedness
Canada devel op and distribute materials ranging from brochures to
techni cal manual s on energency preparedness and response. There
are a nunber of educational prograns that have been sprouting up
around the country that offer training in hazards and energency
managenent. The Internet is a new tool we have this decade and
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provi des nore information than a person can actually absorb about
hazards. In terns of the societal aspects of clinate and weat her
extrenes, in ny opinion, the very best Internet source is the
Nat i onal Center for Atnospheric Research's page: Societal Aspects
of Weat her which can be found at
http://ww. di r.ucar. edu/ esi g/ socasp/

2) Qui di ng Future Devel opnent

Anot her way in which vulnerability to extrene weat her events
can be reduced is by trying to be alittle smarter about where
new devel opnent occurs. A range of tools, including building
codes, conprehensive | and use planning, community facility
pl anni ng, growth managenent and capital inprovenent planning are
avail abl e to | ocal governnents so that when natural hazards do
strike, damage to the built environnent can be |imted. For
exanple, in areas subject to high winds (such as tornado alley)
codes can require hurricane-wi nd strength connectors for roofs
and corners to increase structural integrity. In flood prone
areas, houses can be el evated. Land use plans that guide
devel opnment away from hazardous areas (e.g., areas prone to flash
fl oods, stormsurge, or |andslides) allow comunities to nmake
deci sions to avoid future damage. Conprehensive stormater
managenent prograns enable a community to prepare for heavy rains
by providing storage areas for the excess flow of water.

3) Forecast and War ni ng

Lives can be saved if reliable forecasts are available, if
appropriate warnings are issued, and if people and organi zations
take suitable actions upon recei pt of those warnings. Hurricane
Fl oyd gave us a good exanple of this just |ast nonth.

The people in this room probably know better than ne that the
scientific capability for predicting weather and weat her patterns
has i nproved greatly in the 20th century. Yet forecast and
prediction are only one part of the picture. To use them
effectively to reduce society's vulnerabilities, the information
scientists have nust be relayed in a way so that the audi ence
that hears it (be it an individual or a |ocal energency manager)
behaves in an appropriate fashion.

Severe weat her warni ng systens involve conpl ex processes.

72



Provi ding effective warnings of severe weather to people requires
a chain of events, beginning with the technology to observe and
predi ct the weather and ending with risk comuni cati on and human
response. These conponents of warning systens are interdependent,
maki ng the systemonly as good as its weakest |ink. Good warnings
w Il include information about the probability of a severe event,
its location, and the tinme frane involved, and al so give people

i nformati on on appropriate actions to take in response to the
war ni ng.

4) D saster Preparedness and Energency Response

Di saster preparedness involves building an energency
managenent capability in advance of an event in order to
facilitate an effective response. Critical to disaster
preparedness i s devel opnent of a vulnerability anal ysis that
identifies the hazards of a particular place. Preparedness al so
i ncl udes the necessary planning for energency response. There are
six basic functions that are carried out during response
activities: hazard detection and warni ng; evacuation of
t hreat ened popul ati ons; sheltering of and caring for victinmns;
provi sion of enmergency nedical care, food and shelter; conduct of
search and rescue operations; and provision of security and
protection for property. Qher specific functions (dependent on
the event) also may be called for in the response phase. For
exanpl e, severe thunderstorns can cause | oss of power facilities,
whi ch requires the provision of energency power supplies.

Modi fyi ng the | npact

The third strategy society uses to reduce vulnerability to
extrene events is to nodify the inpact of an event, or in other
words, to spread the loss fromthem It's inportant to note that
this strategy does not reduce the loss... it just spreads it
around to all of us.

| nsur ance
I nsurance is one tool we have to relieve the financial
burden on victins of disaster and taxpayers by spreading the cost

of disasters anong a broad group of policy holders. Property
damages caused by sone extreme weather events (e.g., by hail or
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lightning) in the U S. and Canada are generally covered by an

i ndi vi dual honeowner's property and casualty policy. In many
cases, w nd danages are covered as well (though sonetines it is
required as an extra "rider" in hurricane prone areas). In the
U. S. damages due to flooding are covered only if the property
owner holds a special flood insurance policy; in Canada insurance
to cover flood danages to residential structures is not

avai l abl e, though it is available for commercial structures.

Di saster Assi stance

Di saster relief prograns of governnments and non-gover nnent al
organi zati ons (NGOs) also serve to |lessen the inpact of disasters
on victins. In the US., the availability of public disaster
relief is limted unless a presidential disaster declaration is
made. If this is the case, the type of relief provided m ght
i nclude | owinterest |oans, small grants, tenporary housing, and
75% of the costs of danmage to public facilities. In cases of the
| atter, state and/or |ocal governnent are required to pay the
remai ni ng 25% For the nore comon, | ess catastrophic event,
peopl e nust rely on insurance paynents or funds from NGOs such as
the Red Cross and ot her voluntary or church relief groups to
recoup their losses. In Canada the federal governnent provides
di sast er assi stance when costs exceeds $1 per capita. They will
then pay for one-half of the next $2 per capita cost, three-
quarters of the followi ng $2 per capita and 90% of the renai nder.

[11. THE RESULTS AND VHY

Thi s approach to dealing with disasters or extrene
environnmental events has been evol ving over the past several
decades. From a social policy perspective, the conmunity of
people | nost interact with feel that hazard mitigation - a
mul ti-pronged approach to dealing with hazards - has really been
a recogni zed discipline only since the 1960s, and of course we
have been "adapting” in sone ways to these extrene events for a
much | onger tine.

Where has this conprehensive approach gotten us? Based on
the statistics Dave quoted earlier, we could say "not very far."
It seens | osses due to natural hazards, including extrene
envi ronnental events, have been continually rising. The dollar
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figures alone are worrisonme enough to nmake us question

conventi onal w sdom about the effectiveness of our |oss reduction
prograns. |In addition, though too few to generalize, a few

st udi es have been done on specific mtigation prograns to assess
whet her or not they are having a desired result: that result
being a nore resilient, less-likely-to-suffer-damage society.

For exanple, a study done earlier this year by Jean
Roussel |l e and his col |l eagues at Ecol e Pol yt echni que de Mntreal,
found that two mitigation neasures designed specifically to
reduce future damages fromfloods - a floodplain mapping program
and a dyking program- have nmade no difference whatsoever in the
anount of new devel opnent or val ue of properties in floodplains.
A study that both Dave and | were involved in within the | ast
year and a half | ooked at the effectiveness of recovery
assi stance provided in the wake of severe flooding in Canada and
the US. W found that while in sone instances, the assistance did
contribute to future "resiliency” (especially in the US where
hundreds of structures were permanently renoved from fl ood prone
areas), in large part, nost disaster relief sinply rebuilt and
repl aced what was lost, and will be lost again in the next flood.

These two studies tend to validate the findings of a five
year study that was conducted under the direction of ny Center's
director, Dennis Mleti, and that was rel eased earlier this year,
call ed Disasters by Design: A Reassessment of Natural Hazards 1in
the United States (Joseph Henry Press, 1999). The study took
stock of know edge in the U S. about what we know and don't know
about natural hazards. The sobering fact is that despite
society's scientific know edge regarding the causes of extrene
events and technical capability to make accurate predictions of
time and place of occurrence, danages are continui ng.

The study, which involved 132 experts fromall applicable
di sci plines, discovered that the root of the problemis that
di saster | osses are not the result of unexpected events; rather
they are the predictable result of interactions anong our
physi cal environnent that produces hazardous events, the social
and denographi ¢ characteristics of the communities that
experience them and the built environnent in which people live.

Wiile | osses are growng partly fromthe fact that the
nation's capital stock is expanding, they also stemfromthe fact
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that all these systens and their interactions are beconi ng nore
conpl ex with each passing year. The three main influences at work
are the earth's physical systens which are constantly changing;
the recent and projected denographi c conposition and distribution
of the popul ati on nean greater exposure to many hazards; and
third, the built environnment public utilities, transportation
systens, conmuni cations, and honmes and office buildings are
growing in age and in density, making them nore vulnerable to
natural forces.

A central problemw th our current approach is that nmany of
the accepted nethods (all the mitigation strategies described
above for coping with hazards) are based on the fantasy that
peopl e can use technology to control nature and nake thensel ves
totally safe.

This has resulted in a nmajor problemthat has becone cl ear
over the past 20 years: sone efforts to head of f damages from
nat ural hazards only postpone them For exanple, conmmunities near
danms or |evees often put thenselves at risk by encroaching on
areas that the structures cannot protect if they are ruptured.
This contributed to catastrophic damage fromthe 1993 floods in
the Mssissippi basin. And nmany of the nation's dans, bridges,
and ot her structures are approaching the end of their designed
life, revealing how little thought their backers and buil ders
gave to events 50 years hence. Simlarly, by providing advance
war ni ng of severe stornms and thus alleviating some of the risk of
living near the ocean, the nation may well have encouraged nore
people to build in fragile coastal areas. Such devel opnent, in
turn, nakes the areas nore vul nerable by destroying dunes and
other protective natural features.

Qur hazard managenent prograns have been too narrowy
focused on sinple |oss reduction. Prograns have been carried out
in a closed framework that does not enbrace the | arger context of
how society relates to its natural environnent.

The traditional perspective on hazard managenent is that it
is cyclical: we prepare for, respond to, recover from and
attenpt to mtigate vulnerability to them Hazards tend to be
viewed in and by thensel ves, and from a profession by profession
perspective, and not an integrated one. The belief is that al
mtigation and preparedness is good and that “constraints" are
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to blane for a |lack of headway in flood mtigation. For exanple,
we cite constraints such as pressure for econonic devel opnent,
the low salience of risk in the public, and a decentralized
political system as reasons that our mtigation prograns fail.

This way of view ng and organi zi ng hazard managenent
prograns focuses on short-termgains instead of |ong-term
i mplications, and places an artificial separation between hazard
i ssues and other community issues. This focus tends to lead to
si ngul ar solutions and technol ogi cal fixes rather than integrated
and interdisciplinary problem sol ving nechani sns that have | oca
sal i ency.

V. A NEW PARADI GM - SUSTAI NABLE HAZARD M TI GATI ON

Disasters by Design suggests that a change in nationa
culture will be necessary if society is ever to overcone the
devastating | osses fromnatural disasters, and that alternative
ways to view these extrene environnental events are needed before
any real progress in hazard managenent and | oss reduction is
made. Central to this viewis a recognition that the nation
cannot be made 100% di saster-proof. This also requires that
somewher e, soneone, sonmehow will have to define acceptable risk
and then be willing to take responsibility for the decision of
that definition. W suggest this decision nmaking and accept ance
of responsibility be undertaken throughout the nation on a
comuni ty-by-comunity basis.

The major findings energing fromthe Center's analysis
suggest there is a need for a new paradi gm of hazard reduction
cal |l ed "sustai nable hazard mtigation." It is one where | ocal
citizens | ook forward, consciously plan, and "create" their
future, rather than sinply responding to the results of a | ack of
pl anni ng. Sustai nabl e hazard mtigation calls for the creation of
enpower ed st akehol der networ ks, enbraces the notion of adjusting
to the environnment, incorporates a gl obal systens perspective,
enbodi es the concept of sustainability, and derives its noral
authority fromlocal consensus. In short, the new paradi gm nust
go beyond sinply reducing | osses due to hazards to buil ding
sust ai nabl e | ocal comunities throughout the United States.

To be "sustainable" over the long term a |ocale would
undertake actions to reduce | osses froman extrene envi ronnent al
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event only when those actions also: (1) maintain environnental
quality, (2) maintain a certain quality of life for al
residents, (3) pronote disaster resiliency, (4) pronote a vital
| ocal econony, (5) ensure intra- and inter-generational equity
and (6) are consensus based. Activities that strengthen a
comunity's overall social, econom c, and environnent al
sustainability will, in nost cases, also contribute to its

di saster resiliency, and vice versa. Thus, working toward
sust ai nabl e conmunities (and eventually regions, nations, and the
wor | d) goes hand in hand with working toward becom ng resilient
to extrene fluctuations in the climate.

Further, under this paradigm actions to reduce | osses nust
be based on | ocal stakehol der consensus about the comunities
bei ng designed for their great grandchildren's grandchildren.
This requires that hazards experts work with |ocal officials and
ot hers who seek different worthwhile societal goals |ike econonc
devel opnment and ecosystem preservation. It requires people to
t hi nk about what |life mght be like in 100 years, how hazards fit
into that life, and how deci sions nmade today affect how hazards
will inpact life in the future rather than ignoring or sinply
tolerating them

The Natural Hazards Center's report is, ultimtely,
suggesting that national policies regardi ng hazards nust be
I ntegrated into a broader context before any |ong-term progress
in reducing | osses can be nade. Extrene events are just one
aspect of the natural environment within which they occur. In the
same way, hunman activities that increase or decrease risk to any
natural hazard are part of |arger social, economic, and cultura
systens. Sustainable hazard mtigation puts hazards into the
wi der framework of sustainable devel opnent. It calls for people
to establish consensus within their communities about how t hey
wll cope with hazards, how they will use their hazard-prone
| ands, and how they will pay for and recover fromfuture
di sasters. They would do this as one part of a process of working
toward the overall goal of sustainability.

V. RECOMVENDATI ONS FOR THE FUTURE
Sust ai nabl e hazard mitigation ... sounds great, but can it

be inplenented? To begin with, it is useful to think of disaster
resiliency as a specific aspect of a sustainable commnity.
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Resiliency is the quality of being able to "bounce back” fairly
qui ckly froman extrene natural event w thout pernanent,

i ntol erabl e damage to or disruption of natural, econonmc, or
structural systens. It also neans that the conmunity can do this
wi t hout massive anounts of outside assistance.

The shift to a sustainable approach to hazard mtigation
will require a shift in the nations' culture. The Center's
proj ect offers several recommendations for actions to achieve
sust ai nabl e hazard mtigation and resiliency.

a. Build I ocal networks, capability, and consensus. Hazard
speci ali sts, energency planners, resource nmanagers, comrunity
pl anners, and other |ocal stakehol ders seek to solve problens on
their own. An approach is needed to forge |ocal consensus about
di saster resiliency and nurture it through the conpl ex chall enges
of planning and inpl enentation.

One potential approach is a "sustainable hazard mtigation
network" in each of the nation's |ocal comunities that woul d
engage in col |l aborative problem sol ving. Each network woul d
produce an integrated, conprehensive plan |inking |and-use,
environmental , social, and econom c goals. An effective plan
woul d al so identify hazards, estimate potential |osses, and
assess the region's capacity to deal with those hazards. The
st akehol der network especially needs to determ ne the amount and
ki nd of damage that those who experience di sasters can bear
These pl ans woul d enabl e policymakers, businesses, and residents
to understand the limtations of their region and work together
to address them Full consensus nmay never be reached, but the
process is essential because it can generate ideas and foster the
sense of comunity required to mtigate hazards.

This kind of holistic approach will also situate hazard
mtigation in the context of other community goals that,
hi storically, have worked agai nst action to reduce hazards.
Finally, the process will advance the idea that each locality
controls the character of its disasters, forcing stakeholders to
take responsibility for environnental hazards and resources and
realize that the decisions they nmake today will determ ne future
| osses.
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b. Establish a holistic governnment franework. To facilitate
sustainable mtigation, all policies and prograns related to
hazards and sustainability should be integrated and consistent.
One way to nove toward this end woul d be to conduct a conference
or series of conferences to enable federal, state, county, and
city officials to reexam ne the statutory and regul atory
foundations of hazard mitigation and preparedness in light of the
principles of sustainable mtigation. Potential changes include
limting the subsidization of risk, making better use of
i ncentives, fostering collaboration anong public agenci es,
nongover nnent al organi zations, and the private sector, and
setting a federal policy for guiding |and use.

c. Build data bases and decision making tools. Initially,
because comunities should not be asked to nmake decisions in the
dark, there is a need to provide them better information and
deci si on maki ng tools. They shoul d have up-to-date scientific
information at their disposal, as well as guidelines regarding
how to proceed.

To begin with, sone fairly significant data needs to be
gathered. A national risk assessnent (of physical systens, soci al
systens, and the built environnent) nust be conducted at a scale
that is useful at the local |evel. For exanple, in the United
States, while nost communities already have access to maps which
show the |l ocation of flood prone areas in their vicinity, nost of
t hem do not have information regarding the nunber of buildings or
the size of the population that reside in those areas. Further,
even less information is available on the I evel of vulnerability
of these buildings (e.g., the relationship of a structure's
| owest floor to expected flood | evels) and of these citizens
(e.g., the extent to which they are insured against flood
| osses).

In addition to the basic information descri bed above,
deci si on support systens nust be provided to | ocal stakehol ders
that not only estimate | oss based on today's situation but that
al so project: (a) alternative levels of vulnerability based on
future popul ation growh and other factors, (b) losses in future
di sasters based on alternative mtigation decisions nmade today,
such as different | and use and buil di ng code decisions, and (c)

I npacts on and changes in other aspects of sustainability |ike
environnmental quality, economc vitality, and social equity. The
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systens need to enabl e network decision nmakers to "see" the
comuni ty-of -the-future consequences of every decision they nake
t oday.

d. Provide conprehensive education and training. Today
hazards managers are being called upon to do things that they
have never been asked to do before, for exanple, to nmake sense of
conpl ex physical and social systens, conduct sophisticated cost-
benefit anal yses, and offer |long-termsolutions. Consequently,
education for hazard mtigation and preparedness shoul d be
expanded into interdisciplinary and holistic degree prograns.
Menbers of the higher education comunity will have to invent
uni versity-based prograns that nove away fromtraditiona
disciplines toward interdisciplinary education to solve real
worl d problens in |inking hazards and sustainability.

e. Measure progress. Baselines for neasuring sustainability
shoul d be established now so that future progress can be
measured. Interimgoals for mtigation and ot her aspects of
managi ng hazards shoul d be set and progress in reaching those
goal s regularly evaluated. This effort will require determning
how to apply criteria such as disaster resiliency, environnmental
quality, intra- and inter-generational equity, quality of life,
and economc vitality to the plans and prograns of | ocal
conmuni ties.

Also, both Canada and the U.S. currently have several different programsin place that
are meant to contribute to the nations' disaster resiliency at the local levd. Seldom, however,
are such programs evaluated to assess what the results of those programs are on the ground.
Local, State, Provincial, and Federal policy makes alike really have no empirical data on which
to make judgmentsabout whether programs designed to reduce losses actually achieve that god,
much less what those programs' effects are on the other aspects of sustainability. With good
evaluations, programs could be adjusted (or discarded) as appropriate. In the process, lessons can
be learned and advice given to the local level. At the sametime, locd communities should
evaluate their own programs, so they may give the federal government advice on what kind of
assistance would be most beneficial to them. Thus, evaluation and change at both levels, and
interaction between the levels, will strengthen bath local and federal programs.

Promoting this new "culture” will be a delicate dance between all levels of government, the
private sector, and other organizations, as well as political and moral convictions. Promoting
sustainable hazard mitigation should mean more than developing a plan and delivering it to
communities. The questions will be difficult, the answers will be harder, the recommendations
will not be easy to implement, and the process will be long. In fact right now the proposed
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changes do not seem possible. But there was atime in thiscountry when it didn't seem possible
that people of different races could drink out of the same water fountain and there was atime
when smokers who got lung cancer were considered unlucky; now we think of them as victims
of an addiction promoted by powerful and seductive economic interests. We believe asimilar
cultural shift is possiblein regard to the way we relate to the natural environment and suggest the
steps recommended above as the first way to goin achieving tha shift.
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Climatic Extremes and Water: Policy and Operations

Roger S. Pulwarty PhD
Dept. of Commerce/NOAA-Office of Global Programs
Silver Spring MD 20910

“Uncertainty isnot the hallmark of bad science, it is the hallmark of honest sience....... Thisperennial question “Do
we know enough to act?’- is inherently a policy question not a sientific one” (Hon. George Brown, 1997)

There are four general issues within water management in the United States, which can
produce criticd conditions for planners, decision-makers, and managers. They are (1) large-scale
inter-basin transfers; (2) quantification of Native American wate rights, (3) anenergy aisis,
and, (4) extreme dimatic events e.g drought and floods (see White, 1986). These are sensitive to
and exacerbate ongoing social dynamics of increasing population and consumption, deteriorating
water quality, environmental water allocation, ground-water overdraft, aging urban water
infrastructures, variations in state laws and, the changing nature of Federal, State, Tribal, and
local interaction (see WWPAC, 1998). The result has been an almost total lack of regional
capacity to implement plans relating to the impacts of environmental variability and change.

Extreme events are the chief driver of water resources system adjustments to
environmental and social change (Riebsame, 1993). How well water systems handle the extreme
tails of current or altered climate distributionsis likdy to be an overriding concern as systems
become more constrained. The behavioral problemis that resource managers havedifficulty
anticipating how complex systems will respond to environmental stresses. In addition it can be
very difficult to know which part of an anticipated decision to act on. Many disasters (or near)
result from the extremes superimposed on antecedent cumulative conditions ranging from afew
months to decades prior to their occurrence (Pulwarty and Melis, 1999).

Water management, if defined as the provision of waer for large-scale agricultural,
energy and consumption, has been a story of success. As demands for water have changed and
expanded, the costs of developing additional water sources through supply-side solutions have
become both prohibitively expensive and in some cases socially unacceptable. Most large river
systemsin the U.S. (e.g. the Colorado) exhibit the characteristics of a"closed or dosing” water
system (Peabody , 1991, see Table 1 and 2). In such systems management of interdependence
becomes a public function, devel opment of mechanisms to get resource users to acknowledge
interdependence and to engage in negotiations and binding agreements become necessary, and,
implementation of such mechanisms does not appear to be viable without focusing events.
Focusing everts, precipitated by the occurrence of extremes, are usually associated with
exceptional societal or environmental impacts which highlight critically vulnerable conditions
(e.g. 1983 flooding on the Colorado, 1993 flooding on the Mississippi, the drought of 1988).
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Under these condtions, decisions that bring rigidity to the management system ultimately
generate more problems than they resolve (seecases cited in Glantz, 1988 and Gunderson et al.,
1994). Asthese trends evolve, extreme-event impactsresearch and goplications are expected to
assume greater immediacy with emphases including impacts in urban areas, the public sector;
scheduling, operations, and performance of various private sector activities, and assessment of
users (Changnon, 1995).

Water and Management: Availability and Use

The key components of water management are supply management and augmentation,
demand management and allocation, and the resulting environmental concerns. The nine western
water regions identified by the USGS (excluding Alaska and Hawai) account for 90% of the
total (surface and ground) water withdrawn for irrigation and amost half of thetotal freshwater
withdrawalsin the U.S. These are determined by water quantity, quality, timing and, location.
About 47% of all dams and 55% of total storagein the U.S. occur in the 17 western states
(Frederick, 1990). While data on sedimentation rates for most dams arelimited, Elephant Butte
Dam on the Rio Grande has lost 25% of its capacity since being built in 1916.

Demographic, institutional, and climatic variations and changes can disrupt existing
relationships and current wisdom about society-environment interactions. A recent study by the
consortium of western water resources institutes (the Powell Consortium) has shown that while
the Lower Colorado River Basin isindeed drier than the Upper Basin, it is the Upper Basin that
isvulnerable to severe, long-term drought. Thisisbecause of the legal requirement made early in
the century (1922, 1928) to meet the Lower Basin and Mexican Treaty agreements (8.25 maf
water/yr) before meeting its own needs. Interestingly, as part of New Mexico's alocation about
110 000 af of water ayear now fl ows from the Colorado Basin to the Rio Grande Basin through
an inter-basin transfer, the San-Juan Chama Project, completed in 1974. Aswith many other
large western riversthere s, at present, no single decision-making body that encompasses the
entire basin.

Substantial variations also exists among the states in the application of the "appropriation
doctrine" water law. For instance amgjor difference between Colorado and New Mexico is that
the latter state closes claims on surface and groundwater when total claims approach some "safe
yield". This means that New Mexico has fewer but more reliable water rights with consequent
impacts on economic development and the ease of water administration. Utah, in particular,
protects public non-market valuesgenerated by water (instream flows, habitat, fisheries,
recreation) in the establishment and transfer of water rights. Colorado protects only other water
users. Thus, Colorado stream systems may be under greater stress than Utah and New Mexico.
Thus laws, regulations, systems design, operational inflexibility, and legal, institutional and
scientific constraints can reducethe adaptability of water systemsto respond to dimatic
variations and system extremes. More importantly, recent recognition has been to the fact that
effective management is required across several time and spacescales (Table 3). Socially
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responsible decisions require broad public participation channeled through appropriate
institutions and agencies and employing the best available scientific information (see Howe,
1997).

Vulnerability

Extremes result in disasters when they exceed organizational capacity to respond
effectively. Preliminary estimates of vulnerability to weather extremes and climate conditions
in the major river basins of the U.S. indicate that thresholds have been reached in the areas of
storage and consumptive depletion vs. renewable supply, increasing dependence on hydroel ectric
power, high streamflow variability and, increasing groundwater overdrafts exacerbated during
periods of reduced surface flow (Gleick, 1990). The U.S. Bureau of Reclamation has indicated
that during adry period such as occurred from 1931-40 the water needs of the lower Colorado
River Basin would not be met. A repeat of such an event would also have significant impacts on
both the Missouri and Rio Grande Basins. For instance, one study showed that hydropower
production and reservoir storage would decline to about half their present values under 1931-
1940 conditions (see Frederick, 1991). The flow of the Missouri River during the 1988-1989
drought exceeded that in the 1931-1940 period by about 20%. Four out of the five costliest
weather-related disasters between 1980-1997, excluding hurricane impacts, occurred within the
basins of western states. Each exceeded $1 billion in damages and costs, with the recent 1996
drought in Texas reaching $5 b. Even in the water-rich Pacific Northwest region trade-offs
between hydropower, irrigation and salmon requirements have brought allocation systems to
their limits, threatening the very sense of community and reducing the likelihood of water
transfersto drie regions.

While water banking and inter-basin transfers have been used to mitigate the effeds of
short-term drought, the maintenance of supply during periods of severe long-term droughts of 10
years to 100 years ( the timescales of project implementation and ecosystem management
efforts), known to have occurred in the West over the past 1000 years, isas yet untested. The
gpatial extent and persistence of drought may produce shortages not only in the locale considered
but also in neighboring regions that otherwise are supposed to make surplus water available for
inter-basin transfers. On the other hand the transformation of the Red River in North Dakotain
the spring of 1997 provides arecent reminder of what can happen when too much water arrives
in too short atime. Increases in flood and drought variability would require a re-examination of
emergency design assumptions, operating rules, system optimization, and contingency measures
for existing and planned water management systems (Stakhiv, 1993).

The conditioning factors on present and future water resources management in the West
has been summarized as follows:. increasing population and consumption, uncertain reserved
water rights (in particular quantification of Native American rights), increasingtransfer of water
rights to cities, deteriorating water quality, environmental water allocation, ground-water
overdraft, outmoded ingtitutions, aging urban water infrastructures, and the changing nature of
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federal, state and local interaction (OTA, 1993). As demands for water have changed and
expanded, the costs of developing additional water sources through large-scale strudural
solutions have become both prohibitivdy expensive and socially unacceptable. Increasing cods
of water supply projects are inevitable because, (1) thebest reservoir sites have already been
developed, (2) as storage capacity on a stream increases, the quantity of water that can be
supplied with a high degree of probability only grows at a diminishing rate, and (3) rising
opportunity cost of storing and diverting water as society places higher values on instream flows
(Frederick, 1991). The limited opportunities for increasing freshwater supplies suggest that
demand management will play an increasingrole in balancing the demand-supply relationship
and determining the overall benefits derived.

Mitigation measures undertaken by Federal and State agencies indude: improvementsin
streamflow and demand forecasting improvements, water transfers and re-dlocation, use of
advance decision support systems, development of drought indicators, conjunctive
groundwater/surface water use, monitoring of water supply and distribution, use of wetlands for
storage, recharge and wildlife enhancemernt, water-use efficiency practices and, public
information communication and coordination. The sectors and stakeholders include instream
and withdrawal uses affected in each region are (1) wate rights holders (2) agriculture
(including business and farmers in area of origin), (3) hydropower, (4) the environment
(including instream flows and water quality), (5) urban interests (6) Indian tribes and (7) non-
agricultura rural areas. A major component of studies should thus lie in understanding the nature
of vulnerability of downstream semi-arid regions to variability in the moisture-rich upper basins.

Framing: Policy and Operations
“If you have a hammer everything looks like a nail (but usually turns out to be a thumb)”

A fundamental axiom of the policy sciencesis that policy is madenot by asinge
decision or aunitary decision maker but by a multistage process in which contending interest
groups or stakeholders attempt to advance or to protect their interests, preferences and, problem
frames (Healy and Ascher, 1996). The concept of "framing" has emerged fromwork in
sociology, geography, anthropology, communications, business management, science studies,
and in the policy sciences. Framing isrelated to the organization of knowledge that people have
about their world in the light of their underlying attitudes toward key social values (e.g. nature,
peace, freedom), their notions of agency and responsibility (e.g. individud autonomy, corporate
responsibility) and their judgments about reliability, relevance, and weight of competing
knowledge claims (Jasanoff and Wynne, 1997). Researchers, policy-makers and practitioners
(public and private) operate on different time-lines, use different languages, and respond to
different incentive systems (Table 4). “Operations’ aretaken here to mean activities and
decisions that take place on aday-to-day basis. There are thus, a plurality of contending
legitimate pergectives, which must be interpreted and secured (Table 5). For instance from a
research perspective, detectability as evidenceof changes arguably requires a high level of
confidence. However, if achangeisbelieved to be occurringthen alower level of significance
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may suffice since what is being sought is useful advice on conssquences (Pittock, 1999). As
pointed out by the former Chairman of the U.S. House of Representative Committee on Science
and Technology, requirements for unrealistic levels of scientific certainty must not be a
roadblock to the justification of sensible precautionary actions (Brown, 1997). In apractical
setting, concepts, models, theories etc. are viade only if they prove adequate in the context in
which they are being applied (Lasswell, 1971). These frames|lead to different definitions of
what constitutes the critical components of a problem, different approachesto problem-solving,
to decidedly different recommendations for action, and to differing criteriafor appraisal

Information Needs and Research Approaches: Improving efficiency, quality and, equity

From aresource management standpoint assessments are needed on present and future
availability of water, present and future demand and on consequences on the environment (see
Frederick and Gleick 1999). The overall goal from the scientific viewpoint here isto improve
predictions on thetime and space scales and on varigbles (see Table 6) that are most rdevant to
the managemert of water resource at urban-rural interfaces and those appropriate to
understanding hydrologic variability of surface and ground water basins. There is strong need to
distinguish between FIRST ORDER impacts of climatic change (precipitation, changesin
runoff, infiltration etc) from HIGHER ORDER or SY STEMIC impacts akin to water resources
management (see Stakhiv, 1998)

As Stakhiv (1996) points out, the measures implemented by California during the 1987-
92 drought are the same measures offered for adaptation to climate change. He argues that
society is continuously adapting to the combined forces of climate variability and shifting
demands. The present difficulty in meeting environmental needs and mitigeting against third
party impacts would however indicate that the claim may be premature.

Scientists are called in to address competing demands on freshwater and dependent
ecosystems but they are increasingly unable to respond at scales commensurate with the isaues,
particularly because of alack of a socio-environmental perspective needed for understanding,
protecting and managing the regions water. The franework advocated here builds on the lessons
learned from adaptive management, drought response action plans and, watershed-scale
initiatives developed in the West. It takes an approach that is problem-oriented, contextual and,
multi-method.

The research goals are to identify, (1) aitical water-related problems, (2) social and
economic trends dtering demandsand influencing the degree of vulnerability of system outputs
(agriculture, recreation, power, water quality) to extremes of climate variations and to sequences
of events, (3) lessons from past events and measures to increase the flexibility of water
allocation among users in response to interannual variability and longer-term trends, (4) the
types of information that scientists can and should produce to substantiate environmental change
and, (5) entry points for the application of scientific information in mitigation measures
employed by water managers and decision-makers. By "applications’ is meant the
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transformation and communication of relevant research, including forecasts, to meet specific
needs of decision-makersin the public and private sectors, and the development of capecity
needed to facilitate this process (Crowley et al., 1995). Thisincludes input to innovative
procedures, such as adaptive management, for balancing new demands on instream water, such
as river-based recreation and endangered species flow requirements, with traditional uses
(Pulwarty and Redmond, 1997).

Seasonal forecasts of snow pack and streamflow play significant roles in meeting
management needs, described above. The two factors most often used for Spring streamflow
forecasts prior to the Spring runoff period are: (1) April 1 snowpack conditions, i.e.
accumulated over the winter-season months(December through March), and induding snow-
water-equivalent, and, (2) antecedent conditions as indicators of soil moisture (water retention
capacity. The climate-related parameters tha govern forecasts issued monthly and updated every
two week during the main Spring runoff period (April through July) are: (1) the variability and
extremes of precipitation since the end of the normal accumulation season (April 1) and, (2)
the historical timing of Spring snowmelt and its magnitude and duration including snowpack-
runoff relationships. Recent research on coupled forecast-decisions systems on these time-scales
(see Georgakakos et al 1998) has indicated much promise for the mitigation of adverse efects of
climatic forcing on regional resources.

Adaptive Management and Information Communication

One promising approach has been employed throughout the course of history but not
alwaysin adeliberate fashion. As pointed out by Frederick and Gleick (1999) “The socio-
economic implications of both climate and non-climate impacts on supply and demand for water
will depend in large part on the ability of water-management systems to adapt to change and to
eliminate current inefficiencies in managing and allocating the resource” . Adaptive Assessment
and Management , including adaptive management (Walters and Holling, 1990), is an approach
to natural resource policy decisions that embodies a straightforward imperative:  actions that
arise from policies are experiments that should be designed to produce usable lessons (Lee,
1993; Walters, 1997). One major aim istoincrease the flexibility of any system or population to
adapt to or recover from (i.e. exercise resilience) unforeseen consequences or “surprises.” The
concept of adaptive management (AM) is based on the recognized need for operational
flexibility to respond to future monitoring and research findings and to varying environmental
and resource conditions over the long term. Actions taken in this approach must be, by
definition, from an integrated resources perspective where learningis actively pursued. The key
principles of operation for AM to occur are:

1. Cooperative management (shared deci son-making authority)
2. Allow for local variations in management strategies
3. Systematic learning using experimental designs

The gap between conceptual feasibility and practical implementation isimmense. “What
strategies should water managers pursue in formulating programs for flood and drought
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mitigation under climate uncertanty?’ (Stakhiv, 1998). One of Gilbert White's (1966) most
important contributions to understanding decision-making about environmental hazards was in
developing a framework for structuring the analysis of adjustment decisions. He distinguished
between the theoretical and practical ranges of choices. The physical environment at a given
stage of technology sets the theoretical range of choice open to any resource manager. The
practical range of choiceis set by culture and institutions, which permit, prohibit, or discourage a
given choice. As argued in this paper, an avenue for integration between these two frames may
lie in collaborative explorations of information communication and use. While there has been
increasing focus on the processes by which knowledge has been produced less time has been
spent examining the capacity of audiences to critically assess knowledge claims made by others
for their reliability and relevance to those communities (Fischoff, 1996). The ability of
practitioners themselves to manipulate data and to reconcile scientific claims with their own
knowledge play important rolesin their choices. The barriers to dimate information
acceptability and use reflect combinations of technical, cognitive, financial, institutional , and
cultural conditions that influence the processes of information generation , content,
dissemination, communication, utilization and evaluation (Tables7 and 8). Asis hopefully
evident from this review, moving beyond the commonly held assumptions of climate
information dissemination as aone-way (or even two-way) linear communication from
researchers to practitioners requires a mix of problem-solving and interactionist approaches.
Thisreview illustrates the need for (1) reframing questions from the points of view of those
affected in addtion to specifying the physical risks (2) far carrying out small scalereversible
innovations designed for learning, and (3) making water systems less vulnerable to present
variations and more adaptable to future changes.. The goal isto fidd test multiple discrete
alternatives, under non-crisis situations, that can be implemented when responses are needed.

Generally, in respect to climate extremes and water resources we can conclude:

1. Water resource systems are in a state of constant adaptation and most water systems are
aready “managed”

2. Future impactsmay be larger (than at present) from cumulative smaller-scde events because
of demographic and economic changes, and habitat |0ss). Precise definitions of future physical
effects and sod o-economic impacts of weather and climate extremes may be impossible to
determine (see Changnon, 1998). Some sensitivities are well known but are changing in time.

3. There needs to be greater focus on high probability low impact events that have incremental
and cumulative effects aswell as low probability, high impacts events

4. Major changes are occurringin the roles of federal, state andlocal entities. Wha thismeansin
the light of calls for “integrated”, “watershed” or “ systems-based” approaches needsto be a
focus of inquiry

5. Expansion of the “beneficial use” concept in the Western U.S. should include all instream
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uses and regulatory changes should allow any party to hold water rights for these broader
beneficial usesespecially relevant duringtimes of drought (Howe, 1997). In addition adequae
and efficient forms of compensation to basins of origin when large out-of-basin transfers occur
are needed.

7. Thereisastrong need for the inquiry into and devel opment of interactive approaches between
decisive (operations) and non-decisive (research) participants to take advantage of new
opportunities as systems evolves. Thisinteraction is should focus on an understanding of
problem definition, framing, and symmetric learning between thetwo groups or among
individuals within them.

8. Thereis aneed to evaluate and understand the successful adaptationsin the context in which
they occur. Thisincludes explicit examination as to why some expected outcomes are not
occurring in spite of “best available knowledge” (e.g. Pacific Northwest wild salmon recovery
programs).
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Table 1. The Colorado River (hypothesized) severe sustained drought study (see Lord et al., 1995)

1. non-consumptive water uses are highly vulnerable to drought

2. consumptive uses are well-protected

3. drought risk is greatest in the U pper Basin

4. the Lower Basin suffers from chronic water shortage but bears little drought risk

5. opportunities exit for win-win dtuationsand rule-changes

6. that such rule changes are extremely difficult to make

7. that intrastate drought management is very effective in reducing potential damages

Table 2. Lessons from the multi-year (1987-1992) Califor nia drought

a. water transfers will continue to play an important role in meeting water needs in California

b. impacts to the local economy of source areas (third-party impacts) are real but hard to quantify

c. it isessential that water transfers be made on the amount of "real" water available for transfer, cognizant of the
physical connections between ground and surface water

d. public policy on transfers is evolving and will need to continue to change

e. greater state assistance is needed for non-bank water transfers

f. drought motivates exploration and change
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Table 3. Examples of cross-scale issues in river management on the Colorado River

Temporal scales

Indeterm inate: Flows necessary to protect endangered species

Long-term: Inter-basin allocations and those all ocations among basn states

Decade: Upper Basindelivery obligaions, life-cycle of humpback chub (Gila cypha)
Year: Lake Powell fill obligations to achieve equalization with Lake Mead storage
Seasonal: peak heating and cooling months

Daily-monthly: Flood control operations, Kanab amber snail impacts

Hourly: Western Area Power Administration’s power generation decisions

Spatial scales

Global- Climate influences, Grand Canyon N ational Park World Heritage Site

National-Western water development: irrigation, Grand Canyon Protection Act (1992)

Regional-Prior appropriation, U pper Colorado River Commission, Upper and L ower Basin Agreements, energy grid
State-Different agreements on w ater marketing within and out-of-state, W ater Districts

Municipal--com munity- household

Table 4. Summary of problem definition frames of major groups inthe Columbia River Basin involved in saimon

management

Conservation: Continuing pressure for use of resources ledto
salmon decline. Focus on habitat issues for wild fish
and likelihood of barging

Habitat management Restore fisheries to harvestable levels.
Drought exacerbates fish issues

Industry/Utilities Generating streamflow. Shape [timing] and volume
of runoff. Present situation is due to natural
variations. Asked to do too much for sdmon

Regulatory Agencies Number of fish and their location for harvesting

regulation. Meet the goals of the Endangered Species
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Table 5a. Climate information commonly mentioned useful for river operations: Magnitude, Timing, Duration,
Spatial Extent

Temperature (year to date)

Precipitation
Snowpack

Changes ENSO variability

Soil moigure/trends

Streamflow

Snowpack-runoff relationshipsin late Spring

Table 5b. General conditioning factors in water

management

Climatological and hydrological history and setting

Economic development and land use patterns

Water management and dev elopment i.e. situation assessments

Legal and Politicd evolution

Ecological trends/problems: water quality

Projections of Basin-scale development
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Table 6. Some factors identified as affecting the degree of climate information utilization

The nature of climate information and its development

The impact and criticality of climte variability on issue of interest

I dentification of those inmpacted (positive and negative): actual and
potenti al
I dentification of conmpetitive applications and users

The decision characteristics communication process and the communicator/provider experience

Knowl edge of the systems and it managenent: The nature of decisions and

context of use (formal and informal)
Getting the stakeholders right and getting the right stakehol ders
I dentification of entry points for information

The acceptability of information and partid patory implementation
Rol e of the stakeholders in determning the relevance of information
produced and the devel opment of products: what is provided and what
actual ly being asked for?
Capacity of practitioners to validate know edge claims of providers
Clear identification of benefits: Evaluation of consequences of use
Practical opportunities for effective applications

Monitoring and continual revision of interventions

Measur es of feedback, r efinement, inter actionov er tinei.e. | ear ningand
innov ation anongpr actitioners, providers andinter mediaries
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Table 7. Developing a practitioners’ checklist

What is (are) the nature of dimate-related risk(s)? How reliable are the relationships over time?

How significant are the impactsof events that arehave low probabilities of occurrence?

The degree to which errors resulting from actions are irreversible.
What are the appropriate scales for action (prototype etc.)

What are the broader implications of recommendations?

To what extent do providers havedirect interests in outcomes?

What are the benefits? W hat does having the information contribute (actually, potentially)?

What is therole of the communication process and the actors(who is an “expert” and why?)

How can relevant information be obtained?

How and where can efective participation beinitiated and maintained?

How can the messages and providers be evaluated (especially in terms of overconfidence)?

What are the uncertainties, indeterminacies and how is ignorance accounted for?

Who is responsible (and accountable) for management of information?

What are the action alternatives? What are their associated costs?
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United States—Canada Symposium on
North American Climate Change and Weather Extremes

Operations / Policy Perspective Discussion Paperon

Water Supplies

by Lorrie Minshall

About the Grand River Conservation Authority

The Grand River Conservation Authority is a partnership of the 40
municipalities in the Grand River Watershed for water and natural resource
management on a watershed basis. The partnership was formed in 1938 in
response to water quality and flooding issues. Its 26 member Board is
composed of members appointed by the municipal councils in the
watershed.

The Grand River Watershed

The Grand River drains an area of 7000 square kilometres in Southern
Ontario, and is the largest tributary to Lake Erie on the Canadian side

Most of the basin’s 800,000 residents live in the 5 cities and place high
demands and stresses on the surface water resources of the central basin.
The central portion of the Grand River watershed is one of the fastest
growing areas in Ontario. The population in the watershed is expected to
grow by 37% over the next 20 years, an increase of 300,000. 90% of the
watershed is rural and is intensively farmed.

Today, the Grand River is one of the healthiest river systems in North
America in a heavily populated area. The sport fish are back, and
recreational use of the river has increased significantly. Many of the
communities along the Grand River valley are looking to the river system
as a focus for developing a viable tourism industry.
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Water Issues

The Grand River watershed is the only heavily populated area in Ontario
that is dependent on an inland river and groundwater system for water
supply and wastewater disposal. Itis also a heavily managed system that
must be balanced very carefully to meet these demands.

Because of the rapid population growth, the Cities are concerned about
securing long term water supply, protecting the quality of groundwater
resources and surface water supplies, and dealing with their increasing
wastewater.

Four multi-purpose reservoirs are operated by the Grand River
Conservation Authority as a system for low flow augmentation and for flood
control. The reservoirs are very important to the system, supplying up to
85% of the summer flow through Kitchener in dry summer periods.

The reservoirs have a 98% reliability of meeting flow requirements based
on the last 35 years of record. In fact, the design of this entire system of
reservoirs, flow targets, water withdrawals, wastewater treatment strategies
and water quality objectives is based on the last 35 years of record.

Water Management

To deal with these issues, GRCA has invited together municipalities,
stakeholders and government agencies to update the watershed plan.
There are about 300 people directly participating in various parts of the
process. The Water Managers Working Group is comprised of
water/wastewater managers from the watershed’s serviced communities,
and other water and water quality interests. This group is developing a
watershed wide water quality management plan and a water budget &
water supply strategy.

The Conservation Authority’s role is to provide the forum, and to
consolidate and manage the data, models and technical expertise to
support the development and maintenance of the plan, and the associated
municipal water and wastewater plans. | am project manager for this work.

The hard work over the last three years to consolidate the data and the
models needed for water planning is nearing completion. The year 2000 is
the year of the plan.
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The working group is currently preparing a drought contingency plan to
deal with the current drought situation if it continues and worsens. This
contingency plan is the forerunner of next years’ planning for water supply
and water quality in the face of population growth, agricultural
intensification, and climate change.

Overall, the plan will address:

1. getting water use under control -- that is implementing water planning
and management for sustainability, and

2. improving the resiliency of the watershed to withstand or adapt to
change, which we refer to as watershed health.

Major Climate Variability and Climate Change Concerns

How are our water supplies vulnerable to climate variability and climate
change?. Because of the reservoirs, the system can handle seasonal
shifts in water inputs. We are prepared to make adaptive changes in our
standard operating procedures as the situation arises.

The system can handle such dry years as the 1962-1966 period or a year
like 1988. If, on the other hand, there are successive years of low
precipitation that lower the groundwater levels, such as those that occurred
in the early 1960's and are occurring now in 1997-1999, this will affect the
groundwater supplies which are a part of that balance, and put more
pressure on the surface water supplies. It will seriously affect the rural
community, that is dependent on the groundwater system, and the natural
environment that is dependent on the groundwater discharge.

Increases in water temperature that worsen the dissolved oxygen problem,
even two parts per million, will upset this water quality and water supply
balance, and it will also affect the diversity of fisheries habitat and the
outdoor recreation opportunities.

And if there is a serious risk of significantly lower annual precipitation
continuously, as was suggested by some of the early climate change
scenarios, the Grand River system will not have the capacity to support its
growing population, and costly water supply and management decisions
will have to be made. The controversies about new reservoirs and
pipelines to the Great Lakes will come around again, or, alternatively, there
will have to be major changes made in the way we use water.
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So now to the questions put to this discussion forum:

What is the role of weather and climate in water supply operations,
planning, and policy?

Weather and climate are central to water supply operations, planning, and
policy, since our source of water is precipitation, and our supply of water is
dependent on the vagaries and variabilities of weather and climate.

What characteristics of extreme weather are most “important’ in an
operations/policy context?

Rainfall intensity, duration, areal extent and frequency are most important
in an operations/policy context, whether dealing with floods or droughts.

What aspects of operations are most vulnerable to extremes?

Heavy rain causes localized flooding, particularly in urban areas. Heavy
rain over a large area (several thousand square kilometers) and lasting for
a day or more cause most of the devastating floods. Even worse if
combined with heavy snowpack, rapid melt, or saturated soils (from a
previous wet month)

Shortage of rainfall for three or more weeks in summer causes crop losses
and low yields, particularly where crops are not irrigated. This situation will
not worsen with duration unless the system is reliant on reservoirs, either
man-made reservoirs, groundwater aquifers, or larger bodies of water.
Then duration, or cumulative shortage, becomes more important than
short-term intensity.

As rainfall shortage continues into fall and winter, reservoir systems are
depleted, shallow groundwater sources are notreplenished and
landowners’ shallow wells go dry. The accompanying sunshine and warm
temperatures, and the increased demand for water further deplete surface
and groundwater sources.

In general, as rainfall shortage continues into the second and third year,
the combination of low reservoir levels, low groundwater levels, decreased
groundwater discharge to surface water, and rainfall shortage can combine
to create a crisis in water supply.

From a policy and planning perspective, our design of flood management
and water supply policies and systems is based on design events. For

100



example, urban storm water systems are based on the 100-year storm.
Floodplains are established by 100-year floods defined by storms, or in our
case, the Regional Storm (the largest storm observed in the geographical
area). Dams are designed to safely pass a Maximum Probable Flood.
Wastewater systems are designed for a 20-year low 7-day flow. Municipal
water supply systems are designed for reliable supply for 50 years of
projected growth, where reliable means the system would not have failed
under any conditions observed in the last 50 years.

For all of these, the period of climate data or flow record used for design is,
at best, 35-40 years and sometimes as little as 20-years. That being the
case, the climate variability built into the design of lood management and
water supply systems is no broader than the statistical characteristics of
the last 35 years of climate history — an unnerving fact if it is true that we
have experienced relatively benign weather in that period. If we have been
designing for much greater actual risk than we think we are, then we need
to change our design standards, and the information to do this must come
from the climate community.

There is currently little or no routine contingency planning for conditions
worse than our design standards. The information to do this must also
come from the climate community.

What changes in management practices, resource demands, or other non-
climate factors (e.g. land use, population distribution, political and
economic contexts) may be expected to influence the vulnerability of water
supplies in North America to extreme weather?

Population growth has little relationship to the availability of water —
growth projections come first, and the planning for water supply chases
down a source of water to supply the population forecast. Questions
about population growth are discussed in the land use planning process.

As the predominance of city dwellers increases, we are rapidly losing
our water conservation ethic and any recognition of the variability of
supply, whereas rural dwellers have lived with the natural variability of
water supplies all their lives.

Local governments and water managers want to portray a secure water
supply in order to keep the industry they have and to attract new
industry. Itis not good business to discuss vulnerability of water supply
publicly. This is a key consideration for the design of programs to
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encourage local contingency planning for climate variability and change.
To engage local communities in discussions about climate change, one
must also be able to answer their detailed questions about what climate
change will mean to them, and be able to offer solutions and choices.

The intensification of population can make us more vulnerable as areas
grow beyond the local capacity to sustain them. The infrastructure put
in place to secure water supply can reduce our flexibility to adapt to
variability and change in supply.

In addition, the intensification of population can threaten what local
water supplies they have — pavement reduces infiltration, groundwater
can decrease in quality and become contaminated.

The disappearance of water policy into ecosystem management policy
within the senior governments in the 1990’s had the desired effect of
broadening water management’s perspective. But water all but
disappeared from the policy and political agenda. People do not
understand what “ecosystem” means, and it is most often associated
with wildlife. If we are serious about influencing water policy, we have to
say the word water.

Given our current inability to account for water, we do not know whether
our total water use is sustainable over the long term, climate change or
not. On the other hand, our increasing resolve to account for water will

give us a chance to reduce our vulnerability.

How do the operations / policy community use weather or climate
information?

Weather and climate information is used for real-time operations, design,
planning and policy development.

Real-time operations include real-time flood forecasting, warning, and
reservoir operations. The major variables are rainfall, snowpack water
content and temperature.

Dams are designed to pass the Maximum Probable Flood which is based on a rain
storm event. Urban stormwater management facilities are designed for 100-year storms
given by Intensity-Duration-Frequency curves maintained and distributed by
Environment Canada.

Floodplains are defined as the area that would be flooded by the Regional
Storm, the largest storm that has occurred in the geographical area. We
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use the 1954 Hurricane Hazel storm transposed over our watershed. Of
course, Hurricane Hazel is no longer the largest storm, having been
superceded in the early 1990’s by the Harrow storm.

Reservoir yield studies, flow inputs to water quality studies, and surface
water supply studies have historically been based on recorded river flows
1960-1995. Now we also use continuous hydrologic modeling with
historical climate data inputs to extend the flow record. There are no
scenarios available for extreme droughts.

The evaporation and evapotranspiration components of data and modeling are very
weak. As we start to do regional scale groundwater planning and management,
and link our surface and groundwater modeling, a weaknesses of this magnitude
will seriously affect our ability to predict.

What factors limit the value or utility of this information for policy or

operations purposes?

1. Unstructured climate data files and rapidly changing data formats make
it very time-consuming and costly to consolidate a climate input data set
for hydrologic modeling and scenario testing.

2. Translating research findings into operational tools. There is a huge gap
between our good research results and their practice — between
researchers and practitioners. There is a need for technology transfer,
for interpretation, and for partnerships between the senior governments
and local water managers in the development of operational tools.

3. No analysis of extremes (that have reached the trenches). No extreme
event scenarios.

What sort of weather or climate information would be most useful if it were
available?

To improve our ability to plan for and deal with extreme events (regardless of what is
driving them):

Improved areal distribution of observed precipitation — accessible,
gridded radar and satellite —assisted precipitation estimates. We know
they are available; they need to be accessible to local water managers.

Return period design events for large tributaries (where rainfall inte nsity
is not the determining factor)

Improved evaporation and evapotranspiration estimates — data,
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methods, and models

Design events and seasonal/annual scenarios which consider longer-
term climate variability and associated risk. Drought scenarios (with risk
attached) for contingency planning.

To improve our ability to assess impacts and develop and implement adaptive
strategies:

Maintain the climate and streamflow monitoring network. Responsibility
and cost is being shoved down to the local level but the capacity at the
local level to maintain the system isn’t going to do the job. Ifthe senior
levels of government have an interest in seeing impact assessments
and adaptation strategies developed and implemented at the local level,
then they will have to play a larger role than what is seemingly being
planned.

A ready-to-use climate database available to local practitioners, with one
format, and with the gaps filled in by the climate professionals. Right
now every one of us has to patch the raw data, clean it up, and fill in the

gaps.

Recognition among the water management community that
preparedness for climate variability may require a higher design
standard than what is being used. New design standards (with risk
attached). Leadership in implementing a higher standard.

A partnership between the senior governments and the local level to
implement. Decision-makers will not spend money unless they get
answers to their detailed questions about specifically what will happen if
they don’t. It is not enough to say you will have more floods; you must
say that x dykes will overtop, x million dollars’ worth of damage will be
done in community x, or that communities x, y, and z will have floods
like their devastating 19xx flood 3 years out of 10. The local water
planners can do this if they have the support and the tools.

Tools within reach of local water planners that can be used to account
for water, and answer questions about the sustainability of water use
relative to supplies.
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Summary

In reaching out for water to feed the growing population, we are boxing
ourselves in, leaving ourselves less and less flexibility to deal with
variability and change.

Systems are designed based on, at best, the last 35-years of climate
history. More variability, whether based on historical variability or climate
change, may need to be built into our systems, and this information must
come from the climate community.

Systems are designed based on risk. Relative risk must be associated with
any discussions about climate or any recommendations for design
standards.

The impacts of extreme weather on North American societies are locally
specific, based on physical geography, water use patterns, and recent
climate history. Information most likely to influence local communities to
reduce vulnerability, will be information that has been translated into the
local context.
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Workshop paper: A science assessment perspective on air quality
information gaps and shortcomings critical to understanding the impacts of
extreme weather on American and Canadian societies.

C. Olivotto

1.0 Introduction.

Increasing media, policy and scientific atention to extreme weather and geologic events
worldwide is pressing scientific research to provide improved understanding and prediction of
the extent (spatial, temporal and magnitude) of such eventsinto the future. This means that
current scientific tools have to be capable of moving from global to regional and locd scales
with comparable and adequate levels of certainty. Connections arenow being made by the
public, policy makers and researchers, initially in the form of unanswerable questions, between
weather extremes and air quality events and impacts. Current scientific knowledge and existing
scientific tools (in Canada) are not capable of responding to the questions. Thereis aneed to
establish aframework for scientifically addressing the cumulaive impacts of regional air quality
and weather extremes including the linkages to climate change.

The information in this paper is provided to stimulate discussion of joint research directions for
air quality, climate change and weather extremes. With further expert contributions, the limited
examples highlighted below can be refined and expanded to become a useful tool for the
development of an integrated research framework to help guide future research. Section 2.0
provides a brief overview of the issue in the context of current Canadian science assessments and
section 3.0 addresses the questions posed by the workshop convenors.

2.0 Science assessments

Air quality science and effects assessments published in Canada in the latter part of the 1990s
address s ngle pollutants with some conceptual, but mi nimal scientific, focus on the synergy
between individual air pollutants. Even less attention is paid to possible linkages with global
issues such as climate change, climate variability and weather extremes. Therefore, the identified
knowledge gaps and resulting recommendations for pollutant management and for research
directions to be gained from the assessments do not adequately promote conjoint air quality and
climate research programs.

With the exception of the acid rain assessment, very little connection is made between ar quality
science and global atmospheric issues. The four assessments (acid rain 1997, NOx/VOC
(ground-level ozone) 1997 and particulate and ozone effects1998/99) responded to a fixed set of
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policy questions designed to control unigue pollution problems viaremedial and preventative
measures. Recant scientific findings such as the reasons behind thelack of ecosystem response
to sulphur controls to manage acidification and the acknowledgment that neither ozone nor
particul ates have a human health effects threshold, are moving both science and management of
ar quality in new directi ons. Ri sk management i mplies the need for long term adaptive capacity,
integrating arange of potential (positive and negative) impacts: the focus of acid deposition ison
ecosystem efects (surface waters, soils, trees), the focus of particulates ison human morbidity
and mortality, and the focus of ozone is on human health and ecosystem (natural vegetation,
crops) effects.

The 1997 Canadian Acid Rain Assessment confirms that interactions between climate and
acidic deposition may result in changes in some acidification effeds. Higher temperatures and/or
drought have resulted in dramatic and sometimes unexpected changes in physical, chemical and
biological conditions and processesin lakes and streams. Drought during the 1980sin central
Ontario caused oxidation of reduced catchment sulphur resulting in re-acidification or delayed
recovery. Furthermore, the loss of dissolved organic carbon in lakes that accompanies
acidification permits a 2- to 3-fold greater penetration of biologically harmful UV-b radiation.

The Multistakeholder NO,/VOC Science Assessment, 1997 acknowledges that mechanisms exist
now to foster the cross-assessment of emissions reduction strategies. Knowledge gaps identified
in the assessment of relevance to extremes are limited to confirmation in the Phase |1 smog
management plan that there is a need for quantification of oxidant bendits accruing from CO,
management efforts and that the Phase 11l smog management plan (in development) should
establish the framework for measuring mutual benefits between smog emissions controls and
climate change control measures.

The particulate matter and ozone effects assessments lay the ground work for development of air
quality research into adaptation mechanisms. They provide areview of the latest effects research
and key results that will lead ar quality management into thefuture. Neither pollutant has a
discernibl e human hed th threshol d. This meansthat risk management and adaptati on play a
significant rolein future pollutant management. Risk management and adaptation mechanisms
will have to be developed for arange of end points and for human health and broader ecosystem
effects of the two “smog” pollutarts.

Finally, a qualitative assessment co-benefits funded by the Climate Change Action Fund
reinforced the need to conduct a complete assessment of net benefits that result from direct
actions to reduce the accumulation of greenhouse gases (GHGS) in the amosphere.
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3.0 Addressing the questions

A. What does the historical record show regarding the vulnerabilities of North American air
quality to weather extremes?

Synoptic weaher pattern prediction isintegrd to understanding the mechanisms best suited to
integrated weather extremes and air quality management and adaptation. Air quality is
largely aregional and local issue therefore it relies on development of the capability of
predictive capecity of weaher and climate models to forecad regional weaher variation with
a high degree of certainty. For example, inter-annual meteorological variability has a major
influence on ground-level ozone distribution, concentrations and frequency of episodes and
extreme drought/flood regimes directly influence ecosystem acidification exposure.

Stagnating or re-circulating high pressure systems (with temperatures above 25°C) and
intermittent drought/flood events are the predominant weather extremes which impact on ar
quality, in avariety of ways:
entraining primary and secondary pdlutantsin a contained airmass,
promoting photo-chemistry (photo-dissociation of NO, by sunlight is the only significant
anthropogenic source of O, in smog);
increasing temperatures require the use of addtional fossil fuelsi.e. to run cooling devises,
which increases smog pollutant levels;
human health and ecosystem effects will vary depending on duration, location and the
magnitude of peak of the event;
oxidation of reduced catchment sulphur resultsin re-ecidification or ddayed recovery;
increasing wind-blown dust and soil made available due to drought; and,
precipitation scavenging removing (80-90%) of the mass of particles from the amosphere.

B. What changes in weather patterns may be expected to have the greatest impact on air
quality?

Because air quality is essantially aregiona problem, and weather patterns vary significantly
between regions, impacts will vary. Poor air quality in the smog-prone regions of Canada are
usually associated with the fdlowing synoptic patterns:

SW Ontario and Quebec - slow moving, stagnating air masses, fed by flows from the south-
south west associated with back- of- the- (Bermuda) high;

Canadian Southern Atlantic - slow moving flows from the US Eastern Seaboard;

Lower Fraser Valley of B.C. - re-circulation flows in-out of the valley and inversions
(trapped air masses with no venting of pollutants).

An increase in the frequency, severity and duration of these events, in concert with temperature
increase resulting from climate change, will likely significantly increase poor air quality
events and associated human health and ecosystem impacts (and vice versa for a decreased
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number).

Increased magnitude and interstitial period of drought/flood regmes may, as noted in the
response to question 1, above, fadlitate oxidation of reduced catchment sulphur resultingin
re-acidification or delayed recovery. Likewise, changes to the drought/flood regme will
effect transpart and deposition sail and dust particles.

C. What non-climate factors effect the ultimate vulnerability and adaptive capacities of air
quality to extreme weather?

Risk taking versusrisk bearing has atremendous effect on communication, response and
adaptation to environmental problems. If the risk-taking community is also the risk-bearing
community (and perceivesit themselves), it is most likely to take responsibility for managing
therisk. Air quality events are manifested in an immediate and often tangible manner
allowing the risk takers some understanding of the burden of impacts resulting from thar
actions. The conrection is not as easily made between actions and risk burden for dimate
change: the possibility of growing pineapplesin Y ellowknife in 2070 does not mean as much
to the risk taker as the need to limit use of the automobile today to avoid your child or
grandparent being hospitalized tomorrow. Emphasizing the linkages between air quality and
climate change (and severe weather) may be supportive to better understanding the need for
remedial and adaptive actions to deal with both issues.

Scientists have limited understanding of chemical processes and interactions between the
atmosphere, terrestrial, aquatic and biotic systems. The latter half of the 1990’s has
produced, at least conceptually, policy and scientific efforts toward addressing integrated
global and regional ecosystem stress response.

There are minimd (research and application of) adaptation tools or mechanisms. Air quality in
Canadaisstill largely focusad on remediation and to a certain extent (when remedidion is
proving too difficult) prevention of further deterioration. Adaptation has not been explored
on either the policy or science sides of the issue with afew exceptions. Air quality advisory
and prediction programs have been implemented in the smog prone regions of Canadato
support human health protection. The episodic and seasonal nature and the inter-annual
variability of the (smog) air quality problem mean that without along term predictive
capability adaptive measures will be responsive rather than planned. In addition,
consideration has to be given to theacute and/or chronic nature of ecosystem response to air
quality impacts, which varies by receptor. Humans are capable of more immediate adaptive
response to exposure than are crops or other elemerts of the ecosystem. The only
“adaptation” measures for acid rain are the Province of Ontario experiments with liming and
restocking.

We have alimited ability to manage pollutant inputs to the ecosystem. NO, isa key (primary)
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emission input to all three air quality issues and despite a decade or more of effort to reduce
emissions they are projected to climb over the next decade. Interactions between
anthropogenic pollutants and bi ogenic compounds create secondary pollutants. And, despite
a decade or more of reducing sulphur to manage acidification, science now reveals other (not

well understood) compounds and ecosystem interactions are responsible for continued
acidification.

Reactive versus planned adaptation is an issue of concern. While research into climate change,
variability, and extremes is actively addressing adaptation, air quality has and continues to be
addressed from aremedial action and to a lesser extert, preventative action, approach. Air
guality risk is managed in aresponsive rather than a planned manner. At present, the
regionally implemented air quality advisory programs promote short term response to air
quality impads. A reasonableintermediate step toward addressng the adaptation issue for air
quality issuesisthe air quality prediction program, successfully tested over the past few
years on a seasonal basis in southern Atlantic Canada.

D. What are current research directions related to the impacts of extreme weather on air
quality?

Researchers working on the acid rain component of the air quality issue are addressing the need
to understand cumulative effects, Schindler, 1998. The Phase 3 Smog Management Plan is
supportive of quantifying the mutual benefits from control initiatives designed to reduce
smog and those designed to address global warming. Thereisno explicit lead in to air qudity
adaptation science. Some continuing qualitative work is underway, with plans for
guantitative evduation of the relaive magnitude of GHG reductions onother air pollutants
and their environmental and human health benefits.

E. What are areas of uncertainty or critical gaps in current understanding of the impacts of
extremes on air quality and what factors contribute to these gaps and/or uncertainties?

L eadership and planning are required to direct the integration of air quality and weather
extremes science tools and analysis, the integration of source controls and the integration of
impacts reduction and adaptation. A number of regional and multi-national air quality
science organizations exist which could be used to give thoughtful guidance on research

strategies and programs to address the integration of air quality science with that of weather
extremes.

Research into the current and potential future linkages and impacts between air quality and
weather extremes needs to procead at a variety of scales, from local to global. The air quality
monitoring networks that have evolved over the past two decades are largely urban in nature.
Addressing the linked impacts of and adaptation to weather extremes may require integrated
networks, more conceptualy in line with the EMAN and CORE sites evolving in Canada
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over the latter 1990s and are critical to data quality, availahility, and consistency necessary to
assess change

Extreme weather has the potential to exacerbate current projections of air quality impacts.
However, air quality emission projections areat a maximum fifteenyears into the future: a
challenge remains as to how we merge that time frame with the climate scenarios projection
periods on the scale fifty years or more. Thisisjust one example of the multitude of
temporal, spatial and magnitude ambiguities currently plaguing the linking of air quality with
climate change.

Modeling, emissions and ambient dataprovide scientific contributions to pollutant management.
They also provide the scientific tools and data for risk assessment, risk management and
adaptation. At present, air quality modeling systems cover urban and regional spatial scales
(40km grids capable of nesting down to 5 km). Ozone modeling time scale capacity at
present is for one episode, maximum two weeks. Some research efforts are underway to run
scenarios for afull ozone season, May to September. Model development for particuatesis
including an episodic capability as well, for regional areas within North America. Emissions
data, its (lack of) quality and timely avalability andlimited research- level ambient data to
evauate the modeling systems are an impediment to model application. Climate models at
compatible spatial and temporal scales are not yet devel oped for testing scenarios.

Cumulative health impacts due to air quality and weather extremes are increasingy drawing
research attention. Excessive heat and cold conditions,, potential for acclimatization and
additional mortality or morbidity are of interest, particularly related to the more complex or
indirect climate effects and interactions (see A. J. McMichael and R. Sari Kovacs. 1998 and,
Duncan, 1997). Human health and ecosystem effects science progressed during the nineties
to improve our understanding of the distribution and nature of risk and contributed to new
management approaches for air quality. Adding the perspective of changes or cumulative
effects due to dimate change, variability, and extremes is necessary. For instance, dataexists
on mortality and morbidity due to weather extremes (and changes in) and due to smog
constituents, but not the cumulative effects. Existing and new research and the analysis of
independent effects and impacts needs to be expanded to quantify (predict) thecumulative
impacts. Research is also needed into the mechanisms to predict extremes linking with
increased ozone effects on vegetation due to the cumulative effects of ozone (damage),
drought and hea extremes.
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IMPLICATIONS OF CLIMATE CHANGE FOR AIR QUALITY
IN NORTH AMERICA:
NEED FOR AN INTEGRATED APPROACH

John C. Topping, Jr.
Climate Institute

Luis Roberto Acosta
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C. Shepherd Burton
| CF Consul ting

Gary Whitten
| CF Consul ting

A. LI KELY CHANGES I N AIR QUALI TY UNDER ENHANCED
GREENHOUSE CONDI TI ONS

The historical record indicates that air quality
wor sens under warmer/ hotter conditions, particularly
for ozone (for fine-PMthe record is not as clear.

Generally and al most uniformy around the planet, the
presence of high-pressure systems provides conditions
t hat are conducive to ozone and fine-PM formati on,
bui | dup and transport.

Sufficiently high quantities, densities and rates of
manmade and natural em ssions of VOC, NOx , CO, SO2,
NH3 and PM under neteorol ogical conditions
conducive to pollutant buildup and formation) result
I n ozone and fine-PM air pollution episodes.
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An increase in the occurrence and duration of warmer
conditions affects two conponents of the system that
governs air quality:

1. Higher em ssions of biogenic and mannmade em ssi ons
of VOC, NOx, SO2 and NH3- anounts, rates and
densities of em ssions increase, sonmetimes in
surprisingly large increments for VOCs from natural
and transportation sources(other em ssion categories
have not been quantitatively exam ned).

2. A warnmer atnosphere may not always lead to the
presence of more conducive conditions for ozone
because factors such as mxing , m xing depth, w nd
speed, UV intensity and water vapor, for exanple, are
i ndi vidually inportant but collectively may not
result in an atnmosphere that is nore “reactive’.

Furt hernore, whether changes in such factors, either
I ndi vidually or collectively, result in nore or |ess
conduci ve conditions depends on whether and to what
extent the area that produces the em ssions is VOC-or
NOx-limted.

. So, warnmer than average weather nmeans nore em SsSions,
which may be emtted into an atnmosphere that’s nore
or |l ess conducive to air pollutant formati on and
bui | dup.

Since the md-1980s, the occurrence of nore and

| onger periods of above —average warm days probably
may have reduced the effectiveness of federal ozone
control initiatives and of state-inplenmented air
guality inmprovement prograns.

However, the record shows that on average, unhealthy
| evel s of ozone are nost |likely to occur under warmer
t han average conditions. Sone regions, such as the
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U.S. Mdwest, Northeast, and West, seem nore
sensitive to these warmer- than- average conditions
than do areas in the South and Sout heast for reasons
t hat are unknown to us. Analyses of PM and weat her -
rel ated variables are less definitive except that
generally fine-PM I evels are higher during sunmertime
and high relative humdity.

I 1. RESEARCH NEEDED FOR BETTER UNDERSTANDI NG OF
| NTERACTI ON BETWEEN CLI MATE CHANGE AND Al R QUALITY

Research to date has shown that:

In VOC-limted regions, nore ozone tended to be
formed earlier in the day, due mainly to assunmed
constant relative humdity (leading to nore water
vapor at the higher tenperatures and/or to higher VOC
em ssions).

In NOx-limted regions, simlar or even | ess ozone
tended to be fornmed, but what is formed, occurs
earlier in the day, which usually suggests greater
popul ati on exposure.

Air quality inmprovenent strategies that nove a region
fromVOC-limted to NOx-limted conditions appear to
mtigate the adverse inmpacts of increased warm ng
conditions on ozone concentrations.

|f the occurrence of global warm ng coincides wth
stratospheric ozone depletion (i.e. increased UV

radi ation), then the effects on ozone formation are
additive and may be synergistic. The same may be said
about the effect of this coincidence on fine-PM but
the uncertainty in such a statement is |arge.

New work is needed to merge the inpacts of climate
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change with updated nmodel s of ozone and PM formation
and of em ssions of VOC, NOx and NH3. It would be
useful if climte nodel outputs could provide changes
in the key variables of air quality nodel ers and

pl anners to have information about the expected
change in frequency, duration and geophysical scope
of high pressure conditions under increasing GHG

em ssions and to test the assunptions of constant
relative humdity.

I I'l. NEED FOR READY PUBLI C ACCESS TO Al R QUALITY
MONI TORI NG DATA AND COORDI NATED STRATEGI ES FOR CLI MATE
AND Al R QUALI TY PROTECTI ON

Fossil| fuel conbustion causes both greenhouse

em ssions and air pollution; many actions that wil
reduce em ssions that cause air pollution will cut
greenhouse em ssi ons.

Climate change is often perceived as a distant

chall enge affecting future generations; air

pol lution, on the other hand, is a threat here and
now for which it is possible to sunmmon politica
resolve to reduce it once the public is well informed
about how to address it.

Policies which [imt greenhouse em ssions may produce
| arge reductions in air pollution mortality. Davis et
al in Lancet (1997) project 8 mllion particul ate-
caused air pollution deaths worl dw de could be
averted through noderate greenhouse em ssion
limtation policies.

Actions to reduce fossil fuel burning on air quality
grounds will benefit the global climte and future
generations w thout raising North —-South or

I nt ergenerati onal issues.
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D. Public awareness of air pollution and ultraviolet
radi ation | evels and risks can be crucial in building
support for changes in energy use and transportation
policy. A particularly good model is that in Mexico
City maintained by a Mexican NGO, SIMA. Mexico City
air quality and UV data is on |line at:
http://www. si ma.com nx/ by city quadrant in Spanish
and English. This systemcould readily be expanded to
nost | arge Western Hem sphere cities with data
accessi ble in Spanish, English, French and
Portuguese.

Even before this data became avail able the NGO t hat
set up SIMA, Instituto Autonono de | nvestigaciones
Ecol ogi cas, had run a pioneering environment al

awar eness effort in conjunction with the city’'s

| eadi ng radio station. A nobile testing van staffed
by chem sts traversed Mexico City nei ghborhoods each
day taking air and water quality sanples and
broadcasting results in regular reports over the
radi o.

C. The recent study by STAPPA/ ALAPCO (the U.S. air
quality directors ‘ groups) of harnonized strategies
for climate and air quality protection indicates that
t hese goals can be sinultaneously pursued. Such a
strategy can avoid pieceneal regulation and yield
nore effective overall results . Mexico City, in
devel oping its air quality plans for 2000 to 2010, is
seeking to achieve both climte and air quality
protection. This may be an appropriate test area for
such a harnoni zed strategy.
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The Primary Role of High Performance Computers

H gh performance conputers enable scientists to solve probl ens
that are not solvable with any other class of equipnent. Using
them scientists can treat conplexity that is otherw se
intractabl e, reach beyond experinment, overcone the constraints of
real tinme, etc. For exanple, analysis of structures in aerospace
and autonotive design involves treatnent of very conpl ex
structures as various |oads and stresses are applied. Sone
phenonena such as atnospheric circul ati on about a sphere are
difficult to study experinentally. Cimte change spans decades,
even centuries, so it is difficult to study experinentally due to
time constraints. Nunerical simulation conmbined with high
performance conputers enable scientists not only to study such
phenonena, but to also obtain detailed information about themin
space and tine and do so at affordable cost.

Trends in High Performance Computer Architecture

The desire of scientists to expand the set of sol vabl e probl ens
produces a constant need for nore powerful conputers. Problens
of current interest require conputers that can sustain trillions
of arithnetic operations per second (Teraflops). That |evel of
per formance requi res hundreds and, perhaps, thousands of
processors working in parallel.
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Paral |l el processing was not readily feasible until the advent of
Parall el Vector Processing (PVP) systens in the 1980's, e.g. the
Cray X-MP/ 4. PVPs are nenbers of a broader class of parallel
conputers known as Symmetric Multi Processor (SMP) systens. SMPs
have nultiple processors that run under a single operating system
and that share a common nenory. Each processor has uniform (or
near uniforn access tinme to nenory and to all devices, thus they
are “symmetrical” with respect to nenory and devi ce access [2].

The requirenent that all processors have uniform access to nenory
greatly limts the nunber of processors that can be integrated
into a SMP, i.e. nost SMPs can have a nmaxi num of 32 processors.

Di stributed Shared Menory (DSM systens overcone this constraint
by providing the shared nenory abstraction with nenories that are
physically distributed, i.e. attached to individual processors.
DSMs al so run a single copy of the operating system and may
contai n hundreds of processors. However, nmenory access tine
varies with respect to location of data relative to the
requesting processor; so to achieve acceptabl e perfornance,
progranms running in each processor nust not nake frequent
references to data held in nenories of other processors.

Provi ding the shared nenory abstraction requires coherency

bet ween processor caches, thus DSMs are al so cal l ed Cache-
coherent Non-uni form Menory Access (ccNUMA) systens as well as
“Virtual Shared Menory” systenms. The single operating system and
the NUVA cache directory make possible a single address space
across all processors in the system

As the nunber of processors in a single systemgrows, the
hardware for managi ng concurrent menory activity nust be scal ed
and this eventually | eads to performance problens. Al so, the
singl e operating system becones a bottl eneck as the nunber of
processors increases. Thus, to get to thousands of processors
and to Terafl ops perfornmance [1]

“The trend today in high-speed conputing architecture is to
cluster nunerous shared nenory systens ... Each shared nenory
systemin a cluster is called a ‘node’ which, inreality, is
a conputer in itself, conplete with its own |I/0O and may
contain anywhere fromtens to hundreds of processors.”

119



Message passi ng between the nodes is nandatory, thus this is
called a Distributed Message Passing (DWP) architecture [2].

Li ke ccNUMA systens, achieving acceptabl e perfornmance on a DVP
requires that nodels be partitioned across the nodes so that nost
references to data take place in the sanme node. Because each
node is a conplete conputer, there are no inherent architectural
[imtations to scalability. The programm ng nodel is usually
some formof nultitasking within a node and nessage passing

bet ween nodes al t hough nessage passi ng can be used excl usively.
The nodes are “commodity” systens that nay be either SMP systens
or DSM syst ens,

Trends in Sustained Performance per unit of Cost

Moore’ s Law states that the nunmber of transistors per unit of
area doubl es every ei ghteen nonths. M croprocessor perfornmance
per unit of cost also follows More's Law in that performance per
unit of cost is doubling every 18 nonths or quadrupling every
three years. So we conbine More's Law with sustained
performance of clusters to project sustained perfornmance per unit
of cost during the next decade.

The efficiency of clusters (ratio of sustained performance to
peak performance) typically ranges from5%to 15% dependi ng on
the nature of the workload. The DOE NERSC at Law ence Berkel ey
Laboratory recently conpleted a five year contract with | BMthat
will lead to a 3 Terafl ops peak DVP at NERSC by the end of 2000
at a cost of $35M[3]. That systemwi |l have 152 nodes and each
node will be a 16 processor SWMP giving a total of 2048
processors. To first order, this systemw | provide ~85

G gafl ops peak per mllion dollars. At 5-15%efficiency, this
gi ves

4.25-12.75 Gl ops sustained per mllion dollars of cost by
end of 2000.

Performance per unit of cost doubles every 18 nonths, so DW
clusters of mcroprocessor systens wl|l

Sustain 8.5-25.5 Gflops per million dollars of cost by mid-2002.

120



Again, this conclusion is predicated on the assunption that DWPs
Wi ll sustain is 5-15% of peak performance. However, as noted in
the February, 1999, report fromthe President’s Information
Technol ogy Advisory Conmittee (PITAC):

Section 3.3 -- High End Computing

“The vector-architecture-based sector. Currently, it is not
known

whet her all vector-architecture applications, sone of which

are critically inportant to sel ected Federal m ssions, can

be efficiently executed on high-end comodity processor-

based parallel systens.”

Section 3.3.2 Recommendation: Fund Research into | nnovative
Computi ng Technol ogi es and Architectures.

“There is evidence that current scal able parallel
architectures may not be well suited for all applications,
especially where the conputations' nmenory address references
are highly irregular or where huge quantities of data nust
be transferred fromnenory to support the cal culation. To
address these |imtations, we need substantive research on

t he design of nmenory hierarchies that reduce or hide access
| atencies while they deliver the nmenory bandw dths required
by current and future applications.™

So the above trend in performance-per-unit-of-cost is predicated
on the assunption that vendors will provide clusters of conmodity
systens that have sufficiently |arge bandwi dth and small |atency
bet ween processors and nenory to sustain performance that is 5-
15% of peak performance.

Sunmmary

Sinmulation is the third |l eg of science — an equal partner with

t heory and experinentation. Sinmulation conmbined with high

per formance conputers enables scientists to treat conplexity that
is otherwi se intractable, reach beyond experinent, overcone the
constraints of real tinme, etc. Further, nunerical sinulation
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conbi ned with high perfornmance conputers enables scientists
obtain detailed information in space and tine at affordable cost.

Probl ens of current interest require conputers that can sustain
trillions of arithnmetic operations per second (Teraflops). That

| evel of performance requires hundreds and, perhaps, thousands of
processors working in parallel. Thus, the trend today in high-
speed conputing architecture is to cluster numerous shared nenory
systens. Projections based on Mbore's Law indicate that, in the
2003- 2005 tineframe, high performance conputing centers around
the world will be able to afford systens that can sustain one or
nore Terafl ops.
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