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Acronyms
AASC American Associa tion of Sta te C lima to log ists

AMP Adaptive Management Program
C AFE C orpora te Average Fue l Economy
CE Q White House C ouncil on Environmenta l Q ua lity
DTR d iurna l tempera ture range

ENS O El N iño/Southern O scilla tion
G C D G len C anyon D am
G CM G enera l C ircula tion Mode l or G loba l C lima te Mode l

G C O S G loba l C lima te O bserving System
G FDL G eophysica l Fluid Dynam ics Labora tory
G H G greenhouse gas
IPC C Intergovernmenta l Pane l on C lima te Change

MPI maximum potentia l intensities
MSU Microwave Sound ing Unit

NASA N a tiona l Aeronautics and Space Adm inistra tion
NAST N a tiona l Assessment Synthesis Team

NAW G N a tiona l Assessment Working Group
N C D C N a tiona l C lima tic D a ta C enter
N CEC N a tiona l C lima te Extremes C omm ittee
N CEP N a tiona l C enters for Environmenta l Pred iction

N O AA N a tiona l O ceanic and Atmospheric Adm inistra tion
N WS N a tiona l Wea ther Service
NSF N a tiona l Science Founda tion
O LR outgo ing longwave rad ia tion

PD O Pacific inter-Decada l O scilla tion
PDSI Pa lmer Drought Severity Index
RC C Reg iona l C lima te C enter
SST sea surface tempera ture

TO MS Tota l O zone Mapp ing Spectrometer
USG CRP U. S. G loba l Change Research Program

WM O World Meteoro log ica l O rganiza tion
WX C ATS ad justed ca tastrophies

Units
ha hectare

hPa hecto Pasca l
MAF m illion acre feet

mb m illibar
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Chair ’s Essay:
Climatic Extremes: Changes,
Impacts, and Projections
Thomas Karl
Gerald Meehl
Stanley Changnon
David Easterling
Roger Pielke Jr.

There is genera l agreement tha t changes in the frequency or intensity of extreme wea ther
and clima te are like ly to have profound impacts, both eco log ica lly and on human society.
These changes may be long-term trends or decada l fluctua tions, and d istinguishing be-
tween the two is a  ma jor issue which we can only address with the use of both mode l
simula tions and ana lysis of the past clima te record .

Understand ing the linkages among clima te and wea ther extremes and the ir impact on soci-
eties’ infrastructure , and on managed and na tura l ecosystems, are areas of ma jor uncer-
ta inty.  This is highlighted by sectora l and reg iona l d ifferences in responses to the impacts of
wea ther and clima te extremes.  Teasing out these re la tionships between the physica l clima te
system and its impacts is a  ma jor focus of the U. S. N a tiona l C lima te Change Assessment
tha t is underway.

The Aspen G loba l Change Institute summer meeting on C lima te Extremes brought together
mode lers, clima te monitoring d iagnosticians, and clima te impact experts (socia l scientists
and eco log ists) to better understand this interd iscip linary issue .  A number of questions were
posed and d iscussion focused around these issues:

Climate Models
Wha t do clima te mode l simula tions te ll us about past and pro jected changes in clima te and
wea ther extremes, g iven past and pro jected changes in rad ia tive forcing?

Observations
Wha t does the observa tiona l record ind ica te about changes in wea ther and clima te ex-
tremes?

Climate Impacts
Wha t do we know about the sensitivity of various systems (both human and eco log ica l) and
the dependence among systems re la ted to the frequency and intensity of wea ther and cli-
ma te extremes?

For all areas
Wha t are the ma jor uncerta inties and the highest research and monitoring priorities?
Wha t are the imped iments to linkages among these three areas of research, and how m ight
they be reso lved?

Understanding the

linkages among

clima te and wea ther

extremes and their

impact on societies’

infrastructure, and on

managed and na tura l

ecosystems, are areas

of ma jor uncerta inty.



A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 98228

S E  S S I  O  N   2

As was anticipa ted by the meetings’ Cha irs, the AG C I groups’ co llective insights have been
summarized in a set of review articles which have been subm itted for pub lica tion in The
Bulletin of the American Meteorolog ica l Society (BAMS).  A summary of these insights fo llows
for issues of mode ling, observa tions, societa l impacts, and eco log ica l impacts of clima tic
extremes.  For the comp lete versions of these articles, includ ing more deta il and examp les,
and accompanied by the ir full sets of references, see the forthcom ing series in BAMS: “Trends
in Extreme Wea ther and C lima te Events,” a  set of papers: “Issues Re la ted to Mode ling Ex-
tremes in Pro jections of Future C lima te Change ,” G era ld A . Meehl, Francis Zwiers, Jenni L.
Evans, Thomas Knutson, Linda Mearns, Peter Whetton; “ O bserved Variab ility and Trends in
Extreme C lima te Events,” D avid R. Easterling, Jenni L. Evans, Pave l Ya . G ro isman, Thomas
R. Karl, Kenneth E. Kunke l; “Societa l Impacts of Extreme Events,” Stanley Changnon , Roger
A . Pie lke , Jr. , D avid Changnon, Richard T. Sylves, and Roger Pulwarty; “Issues Re la ted to
Terrestria l Eco log ica l Impacts,” C am ille Parmesan and Terry Root.  A review article based on
the above is a lso in prepara tion for subm itta l to Science .

Modeling Climate Extremes
Many of the mode l stud ies of wea ther and clima te extremes in a future clima te with in-
creased greenhouse gases agree with intuitions from our understand ing of how the clima te
system works.  For examp le , a  warm ing of the surface supp lies more wa ter vapor to the
a tmosphere , thus making more mo isture ava ilab le in storms.  We would therefore expect an
increase of intense precip ita tion and more ra infa ll from a g iven storm , both results seen in
clima te mode l simula tions.

Add itiona lly, a  number of changes in wea ther and clima te extremes from clima te mode ls
have been seen in observa tions in various parts of the world (decreased d iurna l tempera ture
range , warmer mean tempera tures associa ted with increased very warm days and decreased
very co ld days, increased ra infa ll intensity, etc.).  Though the clima te mode ls can simula te
many aspects of clima te variab ility and extremes, they are still characterized by systema tic
simula tion errors and lim ita tions in accura te ly simula ting reg iona l clima te such tha t appro-
pria te cavea ts must accompany any d iscussion of future changes in wea ther and clima te
extremes.

Recent stud ies have reproduced some of the previous results reported by the Intergovern-
menta l Pane l on C lima te Change and this g ives us increased confidence in the ir cred ib ility
(though agreement between mode ls does not guarantee those changes will occur in the rea l
clima te system):
1) An increase in mean tempera tures leads to more extreme high tempera tures and less

extreme low tempera tures, and has been re la ted to an increase in a hea t index (lead ing
to increased d iscomfort and stress on the human body), an increase in coo ling degree
days and decrease in hea ting degree days.

2) N ight-time low tempera tures in many reg ions increase more than day-time highs, thus
reducing the d iurna l tempera ture range .

3) Decreased da ily variab ility of tempera ture in winter and increased variab ility in summer
in northern hem isphere m id la titude areas significantly mod ify changes in extremes.
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4) Increased mo isture content in many reg ions contributes to increased precip ita tion inten-
sity, with return time for 20-year extreme precip ita tion events reduced to 10 years in
some reg ions.

5) Ind ian monsoon variab ility tends to increase , thus increasing the chances of extreme dry
and wet monsoon seasons.

6) There is a  genera l drying of the northern hem isphere m idcontinenta l areas during sum-
mer with increased chance of drought.  This is ascribed to a comb ina tion of increased
tempera ture and decreased precip ita tion.

7) Severa l g loba l clima te mode ls ind ica te tha t the future mean Pacific clima te base sta te
could more resemb le an El N iño-like sta te (i. e . , a  slackened west-east sea surface tem-
pera ture grad ient with associa ted eastward shifts of precip ita tion), though tha t result
rema ins mode l-dependent.  For such an El N iño-like clima te change , future seasona l
precip ita tion extremes associa ted with a g iven El N iño would be more intense due to the
warmer mean base sta te .

Add itiona l aspects have been addressed in mode l stud ies, but rema in unreso lved a t this
time:
1) There is little agreement between the mode ls concerning the possib le future behavior of

m id la titude storms, the ir intensity or frequency changes or storm track changes.  How-
ever new stud ies have p ioneered techniques to study such changes, and with improved
mode ls add itiona l informa tion may soon be ava ilab le .

2) Due to the d ifficulties of spa tia l reso lution, there is virtua lly no informa tion ava ilab le
from clima te mode ls a t present to ind ica te possib le future changes of thunderstorms and
tornadoes.

3) Decada l and longer time sca le variab ility comp lica te assessment of future changes in
ind ividua l El N iño events in terms of the ir amp litude and frequency, and assessment of
such possib le changes rema ins quite d ifficult.

4) Stud ies of future changes in trop ica l cyclone frequency rema in inconclusive , with some
stud ies suggesting the possib ility of more intense trop ica l cyclones in the future .  Progress
has been made in studying changes in trop ica l cyclones with embedded reg iona l high
reso lution mode ls, and those types of stud ies ho ld prom ise for better estima tes of future
trop ica l cyclone behavior.

Observations of Climate Extremes
Varia tions and trends in extreme clima te events have only recently rece ived much a ttention.
Exponentia lly increasing econom ic loses, coup led with a modera te increase in dea ths due to
these events, have focused a ttention on the possib ility tha t these events are increasing in
frequency.  Here we address extreme clima te events in the observed record by defining wha t
we mean by clima te extremes, wha t kinds of da ta are required to ana lyze variab ility and
trends in these events, and wha t we know about recent variab ility and changes in these
events over the 20 th century.  A ma jor prob lems in exam ining the clima te record for changes
in extremes is a  lack of high qua lity long-term da ta .  Nonethe less, recent ana lyses of a
variety of clima te extremes suggest tha t in some areas of the world there are sta tistica lly
significant increases, but this varies considerab ly across variab les.
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It is clear from the observed record tha t there has been an increase in the g loba l mean
tempera ture of about 0 .6 ˚ C  since the start of the 20 th century, and tha t this increase is due
to a stronger warm ing in m inimum tempera tures than maximums.  G loba l precip ita tion has
a lso increased over the same period .  G iven these increases, it is expected tha t there would
a lso be increases in wha t are now considered extreme events.

There are a number of ways extreme clima te events can be defined , such as extreme da ily
tempera tures, extreme da ily ra infa ll amounts, large areas experiencing unusua lly warm
monthly tempera tures, or even storm events such as hurricanes.  Extreme events can a lso be
defined by the impact an event has on society.  Tha t impact may be monetary, or may
invo lve excessive loss of life , such as tha t due to Hurricane Mitch in C entra l America in
O ctober of 1998 .  Here we restrict our exam ina tion to those types of events defined only
using clima te da ta and for which we can rea listica lly expect to obta in the long-term da ta
necessary to exam ine recent variab ility and changes in these events.  This includes extreme
tempera ture events, both in terms of abso lute da ily extremes and derived variab les such as
growing season length, apparent tempera ture and drought, sing le and multi-day extreme
precip ita tion events, and trop ica l and extra trop ica l storms.

Lack of long-term clima te da ta suitab le for ana lysis of extremes is the sing le b iggest obstacle
to quantifying whether extreme events have changed over the 20 th century e ither worldwide
or reg iona lly.  This includes high tempora l and spa tia l reso lution observa tions of tempera-
ture , precip ita tion, hum id ity, winds, a tmospheric pressure , and a host of other meteoro log i-
ca l variab les for many parts of the world .  Ana lyses of precip ita tion extremes for most coun-
tries has only taken p lace since WWII, but in Austra lia , the U. S. , Norway, and South Africa ,
ana lyses began near the start of the 20 th century.

Most clima to log ica l observing sta tions record da ta a t least once a day, includ ing maximum
tempera ture , m inimum tempera ture , and tota l precip ita tion for the previous 24 hour period .
However, it is estima ted tha t less than 5% of precip ita tion reporting sta tions’ da ta are free ly
ava ilab le for interna tiona l da ta exchange .  O ften the da ily da ta are not in d ig ita l form .  Even
in the U. S. , a  large quantity of these da ta for the period prior to 1948 are only now be ing
d ig itized .  Furthermore , even if the da ta are ava ilab le , issues of qua lity contro l and homoge-
ne ity must be considered since both can a ffect an ana lysis of extreme events.  Be low we
summarize informa tion about changes in various extreme events over the g lobe without
pretend ing to be comprehensive as we focus on those variab les and reg ions for which da ta
are e lectronica lly accessib le without restriction.

Temperature
Re la tive ly little work has been competed re la ted to changes in high frequency extreme tem-
pera ture events.  This includes hea t waves, co ld waves, and number of days exceed ing
various tempera ture thresho lds.  Easterling exam ined trends in the number of days exceed-
ing thresho lds of 0 ˚ C , 32 .2 ˚ C  (90 ˚ F), and percentile thresho lds.  Trends ind ica te tha t for the
20 th century, there has been a slight decrease in the number of days be low freezing over the
entire U. S.  Trends in the number of days with the maximum tempera ture over both 32 .2 ˚ C
and the 90 th percentile thresho ld are dom ina ted by large anoma lies partia lly due to the
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very dry land surface cond itions during the droughts of the 1930s and 1950s.  O vera ll there
is a  slight downward trend in the number of these extremes desp ite an overa ll warm ing in
the mean tempera ture , but with coo ling in the Southeastern U. S.  Two other stud ies focused
on the Northeastern U. S. support the notion tha t changes in the number of days exceed ing
thresho lds have occurred , resulting in fewer days be low freezing and an increase in the
frost-free season.  Apparent tempera ture is another important measure , particularly for hu-
man hea lth.  O ne recent study shows reg iona l changes in days exceed ing thresho ld appar-
ent tempera ture such as the 80 th percentile va lue in the U. S. , with the Southeastern and
Southwestern U. S. exhib iting signs of increases in apparent m inimum tempera ture .

Short-dura tion ep isodes of extreme hea t or co ld are often responsib le for ma jor impacts on
hea lth as evidenced by the 1995 hea t wave in the Midwestern U. S. tha t resulted in hundreds
of fa ta lities in the Chicago area .  A lthough this hea t wave was one of the worst short-
dura tion events of the 20 th C entury, an ana lysis of multi-day extreme hea t ep isodes where
the tempera ture exceeds the 10-year return thresho ld does not show any overa ll trend for
the period of 1931-1997 .  The most notab le fea ture of the tempora l d istribution of these
very extreme hea t waves is the high frequency in the 1930s compared to the rest of the
record .  Extreme co ld waves ana lyzed the same way a lso show no overa ll U. S. trend since
1931 .

Precipitation
Trends in one-day and multi-day extreme precip ita tion events in the U. S. and other coun-
tries show a tendency to more days with extreme 24-hour precip ita tion tota ls.  The number
of days annua lly exceed ing 50 .8 mm (2 inches) of precip ita tion has been increasing in the
U. S.  A lso , the frequency of 1 to 7-day precip ita tion tota ls exceed ing sta tion-specific thresh-
o lds for 1 in 1 year and 1 in 5 year recurrences as we ll as the upper 5 percentiles have been
increasing.  Increases are largest for the Southwest, Midwest, and Grea t Lakes reg ions of the
U. S. , and increases in extreme events are responsib le for a d isproportiona te share of the
observed increases in tota l annua l precip ita tion.

Ana lyses of heavy precip ita tion events for other parts of the world ind ica te tha t for Austra lia
much of the country has experienced increases in heavy precip ita tion events in a ll parts of
the year, except in Southwestern Austra lia where there has been a decrease in both ra in days
and heavy events.  Sim ilar pa tterns have been found for the United Kingdom where in-
creases in heavy wintertime events and decreases in heavy summertime events have been
found .  In the Sahe l reg ion of N igeria there has been a decrease in the heaviest da ily
precip ita tion amounts, co incident with an overa ll decrease in annua l ra infa ll.  An increase in
hum id ity over the European part of the former USSR since la te 1970s has been reported ,
re la ted to an increase in precip ita tion, stream flow and the leve l of the C asp ian Sea .

In most countries tha t have experienced an increase in monthly or seasona l precip ita tion,
this increase has been d irectly re la ted to an increase in the amount of precip ita tion fa lling
during the heavy and extreme precip ita tion events.  O ver most reg ions there has been an
increase in seasona l or annua l precip ita tion tota ls tha t re la tes to a d isproportiona te ly grea ter
increase in heavy precip ita tion.
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Drought and Wet Periods
An important aspect of clima te extremes is re la ted to excessive drought or wet periods.
Recent ana lyses show increases in the overa ll areas of the world a ffected by e ither drought
or excessive wetness.  Exam ina tion of drought over the 20 th century in the U. S. shows tha t
there is considerab le variab ility, with the droughts of the 1930s and 1950s dom ina ting any
long-term trend .  Recent investiga tion of longer-term variab ility over the past 2000 years
using pa leoclima tic da ta ind ica tes tha t large droughts, such as those of the 1930s, can be
expected to occur once or twice per century in the C entra l U. S. , and tha t multi-decada l
mega-droughts extend ing over larger areas occur every few hundred years.

A lthough there appear to be no long-term trends in drought, the area of the U. S. experienc-
ing excessive wetness appears to be increasing, particularly since the 1970s.  This is consis-
tent with long-term increases in annua l precip ita tion, and increases in heavy precip ita tion
events.  Ana lysis of drought for Hungary shows an increasing trend in droughts, with a
decrease in wet spe lls.  O ver China , a  long-term decrease in mean precip ita tion has been
accompanied by an increase in the area of droughts and a decrease in the area with exces-
sive precip ita tion.

Tropical Storms
O ccurrences of Atlantic hurricanes show no rea l long-term trend over the 20 th century.
However, large varia tions of hurricane activity on interdecada l time sca les have been ob-
served in this century.  Since the ma jority of coasta l settlement occurred in a period of re la-
tive ly low hurricane landfa ll frequency, the potentia l societa l impacts of hurricane landfa ll in
more active decades have yet to be rea lized .

Hurricane impacts are not restricted to the Southeastern U. S.  Recent work has documented
the contribution of hurricanes to very extreme ra infa ll events (the ind ividua l event results in
doub le the monthly ra infa ll be ing measured in tha t month) in the m id-Atlantic and New
Eng land reg ions of the U. S.  For the 67-year period stud ied , eastern Massachusetts and
much of the Appa lachians experience such extreme ra infa ll events on average every 5-6
years, and the return period drops to 2-4 years when hurricane ra infa ll contributions result
in monthly ra infa ll anoma lies of 150% above average .

Climate Extremes Index
Since clima te extremes can be defined as large areas experiencing unusua l clima te va lues
over longer periods of time (e . g., large areas experiencing severe drought), one way to
investiga te trends in clima te extremes over time is to deve lop ind ices tha t comb ine a number
of these types of measures.  Karl et a l. introduced an index for the U. S. tha t is composed of
percent area with extremes in maximum and m inimum tempera ture (both warm and co ld),
the Pa lmer Drought Severity Index (for both dry and wet periods), extreme precip ita tion, and
the number of days with precip ita tion.  This C lima te Extremes Index shows large decada l
fluctua tions over the 20 th century.  However since the la te 1970s the Index has rema ined
high, suggesting tha t the U. S. is experiencing more of these types of extremes.

In summary, it is clear tha t for most areas where ana lyses of extreme events have taken
p lace , significant changes are occurring.  This is especia lly true in heavy precip ita tion events
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where for most areas ana lyzed there have been significant increases in short-term extreme
events.  This a lso appears to be the case in some tempera ture events, particularly in the U. S.
There is still much work to be done in determ ining whether significant large-sca le changes
in these types of events are occurring around the g lobe .  As d iscussed above , a  key issue is
the lack of access to high-qua lity, long-term clima te da ta with the time reso lution appropri-
a te for ana lyzing extreme events.  These prob lems must be overcome to be ab le to make
definitive sta tements regard ing long-term changes in extreme events.  Add itiona l deta ils on
observa tions of extreme events can be found in Tom Karl’s presenta tion summary in this
vo lume .

Impacts of Climate Extremes on Society
Recent years have seen a tremendous increase in econom ic losses from wea ther hazards.
Since 1987 , each of more than 360 U. S. wea ther events produced losses in excess of $5
m illion.  Record setting ca tastrophes included the drought of 1988-1989 with losses reach-
ing $39 b illion, Hurricane Andrew in 1992 ($30 b illion), and the flood of 1993 ($19 b il-
lion).  These losses and the ir underlying causes have become the ma jor focus of the insur-
ance industry in the U. S. and beyond .  The damages from these events a lso brought forth
record government payments for re lief and assistance a t a  time when contro lling the budget
has become a na tiona l goa l.  The 1995 hea t wave killed 1 ,100 persons, awakening society
to another growing a tmospheric threa t.

These wea ther losses he lped ra ise a larm over the possib ility tha t the recent increases were
due to a shifting clima te .  There has long been scientific concern tha t a  change in clima te
due to anthropogenic activities would include an increase in the frequency and /or intensity
of wea ther and clima te extremes.  Changes in e ither could have ma jor societa l impacts.  The
IPC C addressed the issue on a g loba l sca le in its 1995 assessment, declaring “ O vera ll,
there is no evidence tha t extreme wea ther events, or clima te variab ility, has increased in a
g loba l sense through the 20 th C entury.”  Regard less of the potentia l re la tionship to g loba l
warm ing, the trends in losses provide strong motiva tion for the government and wea ther-
sensitive commerce and business interests to better define and identify the causes of the
trends in wea ther extremes in order to respond effective ly.

Trends in Losses
Losses caused by ca tastrophes, defined by the property insurance industry as storms causing
insured losses grea ter than $5 m illion in the year of occurrence , have grown stead ily from
about $100 m illion annua lly in the 1950s to $6 b illion per year in the 1990s, and the
annua l number of ca tastrophes grew from 10 per year in the 1950s to 35 annua lly in the
1990s.  The 1990-1997 tota l insured property losses were $49 b illion, and federa l re lief
payments for wea ther-caused d isasters were $12 b illion.  The 1990s experienced a record
number of damag ing storms.  Federa l re lief payments for wea ther d isasters grew from $670
m illion in 1966-1970 (in 1994 do llars) to $4 b illion in 1991-1995 .

Losses crea ted by various wea ther types have a lso grown .  Annua l hurricane losses went
from $5 b illion in the 1940s to more than $40 b illion in the 1990s (ad justed for infla tion to
1990 do llars).  Flood damages, which rank as the top wea ther-caused losses in the na tion,
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a lso continue to increase with annua l losses of $1 b illion in the 1940s, growing to $6 b illion
per year (a ll in 1997 do llars) during the 1980s-1990s.  D amag ing ha ilstorms causing ur-
ban losses in excess of $300 m illion have become common in the 1990s as evidenced by
record storms in Denver, D a llas, O klahoma C ity, W ichita , O rlando , and Ft. Worth.  Trends in
losses a lso show sharp reg iona l d ifferences.  Much grea ter increases have occurred a long
the West C oast, in the Southwest, and in the Southeastern coasta l sta tes than e lsewhere .

Wea ther-re la ted loss of life has not shown the overa ll increase found in do llar losses.  The
number of dea ths re la ted to tornadoes, hurricanes, and severe storms have e ither decreased
or rema ined unchanged over the past 20 years.  The lack of an increase in wea ther dea ths,
g iven an ever growing popula tion, is large ly a ttributed to better forecasting, improved warn-
ing systems, and grea ter  awareness of risks.  The only wea ther hazards showing increases
in morta lity have been those due to flood ing and to hea t waves.

There is no sing le source of da ta on a ll types of financia l losses caused by wea ther extremes
or any other type of na tura l d isasters.  It is often d ifficult to find systema tic da ta on losses
since many storm damages go unrecorded and must be estima ted .  Insurance loss da ta and
government re lief-assistance payments are systema tic sources of da ta , but many uninsured
losses are experienced by ind ividua ls and business and it is d ifficult to get accura te estima tes
of these losses.  Determ ina tion of the econom ic losses caused by extreme cond itions re-
quires assessment of many da ta sources, ad justment of the da ta for tempora l changes in
infla tion and other factors a ffecting losses, and comb ina tion of a  variety of da ta and infor-
ma tion to obta in a composite measure of the tota l d irect and ind irect losses.

Trends in most storm loss da ta , a fter careful ad justment for societa l and insurance factors,
do not d isp lay upward trends with time , but ra ther are fla t trends with random-appearing
fluctua tions over the past 40 to 60 years.  When this informa tion is compared with the sharp
upward trends in actua l do llar losses, and when this informa tion is coup led with the loca-
tions of where the losses have grown the most (southeast, south, and west), the results
co llective ly ind ica te tha t the ma jor cause of trends in losses re la ted to wea ther and clima te
extremes is societa l factors: the growth of wea lth with more va luab le property a t risk, in-
creasing density of property, and demographic shifts to coasta l areas and storm-prone ar-
eas which are experiencing increasing urbaniza tion.

Stud ies regard ing dea ths caused by hea t waves have found tha t changes in certa in societa l
factors such as age and poverty leve l large ly exp la in why recent hea t waves have caused
more dea ths than those from earlier strong hea t waves.  The continuing growth in dea ths
caused by floods is a lso partly the result of socia l behavior, and whether  the actua l increases
in hydro log ic floods contribute to this rema ins an open question.  Thus, the results from most
stud ies show there has been an overa ll increase in the na tion’s vulnerab ility to wea ther and
clima te extremes.

Loss trends can a lso be a function of shifts in extreme wea ther-clima te events.  However,
recent investiga tions of trends in damag ing storm activity revea l tha t for many wea ther
extremes includ ing ha ilstorms, thunderstorms, tornadoes, droughts, and hurricanes, there
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were no long-term increases during the last 30 to 50 years comparab le to the observed
trends in losses.

In summary, societa l impacts from wea ther and clima te extremes, and trends in those im-
pacts, are a function of both clima te and society.  C omprehensive assessments of losses and
results from severa l recent stud ies of extremes estab lish tha t losses re la ted to most wea ther-
clima te extremes have been on the rise .  But, a fter ad justment of the da ta for ma jor societa l
changes, most losses from wea ther-clima te extremes are not increasing.  This ind ica tes tha t
most upward changes are due to a m ix of societa l factors.  G eographica l loca tion of the
large loss trends further revea l tha t popula tion growth and demograph ic shifts are p laying a
ma jor ro le in the degree of increasing losses from wea ther-clima te extremes.

The United Sta tes is becom ing ever more vulnerab le to extremes.  Even with large expend i-
tures on techno logy-based systems, and without ma jor changes in societa l responses to
wea ther and clima te extremes, it is reasonab le to pred ict ever-increasing losses even without
any detrimenta l clima te changes.  Any clima te changes would exacerba te the existing vul-
nerab ility.  Recognition of these trends in societa l vulnerab ility to wea ther extremes suggests
tha t the present focus on m itiga ting clima te change should be comp lemented by a grea ter
emphasis on adapta tion.  A lthough it is d ifficult and often expensive to ga in a reasonab ly
accura te measure of wea ther losses, it is essentia l to deve lop and ma inta in a clear p icture of
the impacts and the ir trends for po licy, p lanning, and m itiga tive activities.  Identifying and
understand ing this societa l vulnerab ility has grea t advantages: it a llows society to avert
future losses through adapting to and preparing for the vicissitudes of wea ther and clima te
extremes.

Terrestrial Ecological Impacts of Climate Extremes
C lima te drives b iotic systems.  C lima tic events a ffect ind ividua l fitness, popula tion dynam ics,
and who le species d istributions and abundance pa tterns.  Reg iona l varia tion of clima tic
reg imes are part of the suite of loca l se lective pressures tha t promote the evo lution of exte-
rior co lor and surface pa tterns, body shape and size , and behaviors.  Many of these adap-
ta tions he lp the organism to mod ify or to lera te extreme tempera tures.  Precip ita tion and
so lar inso la tion are essentia l resources for growth in p lants.  Effects of clima te on p lant
popula tion dynam ics rad ia te through food webs as p lant life provides resources for herb i-
vores, and they to the ir preda tors, and so on to the top carnivores.  Add itiona lly, a ll p lants
and anima ls have certa in physio log ica l and deve lopmenta l to lerances to particular comb i-
na tions of tempera ture and precipita tion within which they can survive and reproduce.  These
to lerances set lim its to the range of environments tha t can be occup ied .  Thus, clima te not
only provides for the basic founda tion for food webs, it a lso opera tes as a  ma jor determ i-
nant of where species can and cannot live .

Bio log ists have usua lly stud ied influences of clima te in terms of mean va lues (often monthly),
large ly because tha t is the form in which high-qua lity da ta are ava ilab le , ra ther than be-
cause of its specific b io log ica l re levance .  While many b io log ica l pa tterns do corre la te we ll
with mean clima to log ica l va lues, mechanistica lly, the stronger drivers are like ly to be cli-
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ma tic extremes, and thus we need to understand processes a t this leve l to pred ict the im-
pacts of future clima tic trends, includ ing g loba l warm ing.

Why do extreme events drive many na tura l b io log ica l dynam ics?  C onsider the eco log ica l
lim its to a  species’ d istribution.  Species can potentia lly occur where a suitab le clima to log i-
ca l enve lope co incides with the suite of resources they need to survive .  Loca l adapta tion can
expand this enve lope; for examp le , popula tions a t the northern edge of a  species’ range are
commonly more co ld-to lerant and popula tions a t the southern edge of the range more hea t
to lerant compared to interior popula tions.  This fundamenta l, or possib le , d istribution is
then mo lded by b iotic interactions, such as preda tion and competition or gene flow from
interior popula tions to produce the (frequently sma ller) rea lized , or actua l, d istribution.

The suitab le clima to log ica l enve lope is determ ined by basic physio log ica l requirements as
we ll as length of the growing season.  For p lants this includes freeze , drought and hea t
to lerances and time ava ilab le to successfully reproduce .  For anima ls, time ava ilab le to
comp lete reproduction or enter the next life-history stage is a lso important, but add itiona lly,
they usua lly need to ma inta in a certa in body tempera ture .   This is true whether the anima l
is warm or co ld-b looded , for body tempera ture influences crucia l surviva l and reproductive
activity such as preda tor avo idance , feed ing, d igestion, d ispersa l, flight, ma ting, and ma tu-
ra tion of eggs.  A species often becomes less abundant (fewer ind ividua ls or popula tions)
near the lim it of its range .  For some species, this range lim it represents the lim it of some
primary resource; for examp le , spruce d istribution lim its the spruce budworm .  But for many
species, the loca tion of the range lim it is due to a species experiencing increasing ly harsh
clima to log ica l cond itions, lead ing to fewer and sma ller popula tions, until some abso lute
physio log ica l thresho ld is reached and surviva l is impossib le .  These lim its are species-
specific, e . g. , tempera tures tha t are harsh to one species may be suitab le to another.

The Zone of Tolerance
The a ir tempera ture range within which an anima l can successfully compensa te to keep its
interna l tempera ture constant is ca lled the “zone of to lerance .”  When cond itions are regu-
larly outside the zone of to lerance of the active life-history stages, behaviora l or life-history
ad justments can a llow surviva l and extend the range into more marg ina l cond itions.  There
are four broad classes of compensa ting stra teg ies:

1) H ardy life stage:  A particular life stage of a  species has a  wider zone of to lerance than
other stages (e . g., seeds of annua ls, eggs of some insect species) and is essentia lly una f-
fected by harsh cond itions.
2) H iberna tion/d iapause /dormancy:  During harsh seasons, ind ividua ls decrease metabo lic
demands thereby avo id ing the need to feed or move about in unsuitab le cond itions (e . g.,
map le trees dropp ing leaves, marmots hiberna ting, butterfly ca terp illars entering d iapause).
3) Migra tions:  Ind ividua ls move to more benign environments (e . g. , gray wha les and New
World warb lers moving south during the Northern Hem isphere winter).
4) D a ily behaviora l ad justments:  Behaviora l mechanisms have been deve loped by some
species tha t a llow them to conserve energy or avo id the most extreme tempera tures during
harsh seasons (e . g. , b irds hudd ling as a  flock in a snug roosting ho le for warmth or desert
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rodents and reptiles hid ing under rocks and bushes a t the he ight of the summer day and
forag ing a t night).

These compensa tory mechanisms have evo lved for a certa in severity and frequency of non-
suitab le clima te .  Except for m igra tors, the ind ividua ls are living off of reserves for the dura-
tion of the harsh time period .  An increase in the proportion of time , e ither hours per day or
days per year, in which the clima tic environment is “out-of-bounds,” or occurrence of cli-
ma tic events so severe tha t these mechanisms fa il, could result in loss of these marg ina l
popula tions.

Catastrophic (Discrete) Versus Diffuse Events
Extreme clima tic events can last for a few m inutes, hours, or days, throughout a  season, or
over many years.  We can fit extreme clima tic events into two broad ca tegories based on
the ir sca le: d iscrete ca tastrophic events and d iffuse events.  D iffuse events are those tha t
cause pro longed stress ra ther than a sudden heavy impact.  They are typ ica lly subtle in the ir
action, a ffecting individua l growth and reproduction tha t eventua lly will be observed in popu-
la tion and community dynam ics.  C a tastrophes are those events tha t are large enough to
cause ecosystem-leve l d isturbances, such as floods tha t cause landslides and comp lete d is-
ruption of stream bottoms, hurricanes and tornadoes tha t cause large tree-fa lls in ma ture
forest, or hot wildfires resulting from an extreme ly wet year fo llowed by a drought year
(particularly in grassland/chaparra l hab ita t).  The resulting successiona l processes may drive
the system for years a fter the ca tastrophe .  G enera lly, the effects of e ither type of clima tic
extreme on na tura l systems lie not only in the immed ia te impact, but a lso shape the recovery
process.  Whether the system , once perturbed , recovers to its orig ina l sta te or evo lves to a
new composition depends on the strength and dura tion of the clima tic event as we ll as on
the inherent properties of the specific system .

Just as marg ina l popula tions are susceptib le to clima tic thresho lds, likewise , there may be
community-leve l thresho lds.  The past decade has seen a rea liza tion by eco log ists of the
importance of ca tastrophes, and thus a  reaction aga inst steady-sta te mode ls.  For instance ,
hurricanes are now viewed as potentia l agents for increasing trop ica l forest d iversity through
d isturbance .  Many types of extreme events, however, are pred icted to become more fre-
quent and intense with clima te change .  If d isturbance is essentia l to ecosystem hea lth, is
there a lso a po int beyond which irreparab le damage is done?  Rap id , strong recoveries
have fo llowed two recent ca tastrophes in large , na tura l systems: the massive Ye llowstone
Park fire and the Mt. St. He lens vo lcanic eruption.  However, na tura l ecosystems are becom-
ing increasing ly confined to sma ll parks and ma jor d isturbance events are increasing ly like ly
to result in such intense loca l damage tha t the system is unab le to recover.

The d iffuse events, which have more subtle effects than ca tastrophes on the success of
ind ividua ls, are more like ly to a ffect a  grea ter proportion of wild p lant and anima l life .
These events often have ma jor cascade effects on evo lution and eco logy, far beyond the
d irectly impacted species.  This cascade effect has been shown to go beyond na tura l systems
to impact human eco logy.  A recent examp le of this is the effect of heavy precip ita tion in the
1990s in the southwestern U. S. desert.  O ver severa l years, high precip ita tion events were
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corre la ted with subsequent lush vegeta tive growth in this reg ion, which in turn is corre la ted
with popula tion booms of a  rodent tha t feeds on seeds from these p lants.  Unfortuna te ly, this
wild rodent carries the hanta virus tha t is transm ittab le to humans and frequently results in
dea th.  At norma l popula tion densities, the rodent doesn’t come into contact with human
settlements and so transm ission of the d isease is low.  During these flood-induced popula-
tion booms, however, over-crowd ing results in massive d ispersa l of the rodents into human
settlements, with a ttendant human hea lth impacts.

Even more subtle extremes — runs of severa l days of unusua l wea ther for the season —
have ma jor impacts.  For examp le , the probab ility of wildfires is strong ly connected to sev-
era l weeks in which a fternoon tempera tures are above 30°C with re la tive hum id ity be low
50%.  H igher variab ility of clima te itse lf causes prob lems in wild popula tions.  For instance ,
a week of unseasonab ly warm tempera tures in the m idd le of winter (a “ fa lse Spring”) is
often sufficient to cause na tive p lants and anima ls to break winter dormancy.  O nce dor-
mancy is broken , the ind ividua l is in a much more frag ile sta te and a return to more norma l
tempera tures can result in dea th.  The effects of more fine-sca le clima te extremes are less
well studied in biologica l systems, but could become more important than ca tastrophic events
in a future with g loba l warm ing.

Data and Analyses Needs
To study the impacts of these deb ilita ting extreme events on na tura l systems, b io log ists need
a bevy of clima tic ana lyses on eco log ica l time and spa tia l sca les.  Raw clima tic da ta , in-
creasing ly ava ilab le through websites, has often not been tested for inhomogene ity (non-
na tura l clima tic signa ls such as those stemm ing from human error, changes in instrumenta-
tion or urbaniza tion) and as such, they are often not particularly useful to b io log ists.  Idea lly,
popula tion b io log ists would co llabora te with clima to log ists to obta in clima te ana lyses spe-
cific to the b io log ica l system in question, but there are clear lim its on the numbers of such
stud ies possib le via tha t route .

A more practica l approach is to inform clima to log ists of the needs of b io log ists to ensure
ana lytica l outputs will be produced tha t can be referenced by b io log ica l researchers.  This
would not necessarily mean more comp lex ana lyses.  For instance , includ ing ana lyses of
variab ility as we ll as mean trends would be simp le yet enormously more useful for app lica-
tion to b io log ica l stud ies.  Because the active part of the life-cycle of many organisms occurs
in only a portion of the year, seasona l and monthly trends in tempera ture and precip ita tion
are important.  O n an even finer sca le , abso lute numbers of extreme days in a month/
season are useful ind ices.  Further, the number of extreme days occurring in sequentia l runs
merits a ttention.  Fina lly, these ana lyses need to be conducted on a reg iona l sca le to ma tch
the sca le of b io log ica l stud ies as we ll as to ma tch rea l eco log ica l d ivisions (e . g. , the Sierra
Nevada mounta ins, the Mo jave desert, the Grea t Pla ins sta tes).

C oup ling of these more deta iled clima to log ica l ana lyses to b io log ica l processes will he lp
tease apart the re la tive impacts of specific facets of a  comp lex clima tic reg ime on wild
popula tions.  As those mechanisms become better understood , ma thema tica l mode ls will be
free to abandon yearly and monthly means in favor of more sophistica ted suites of clima tic
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variab les.  Eco log ica l and evo lutionary theories, such as those concerning physio log ica l
energetics, popula tion dynam ics, community structure and ultima te ly management p lans,
are like ly to ga in descriptive and pred ictive power by having a better fit between the clima tic
and b io log ica l variab les incorpora ted into the mode ls.
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Why is the Global
Warming Proceeding Much
Slower than Expected?
Lennart Bengtsson
E. Roeckner and M . Stende l
Max-Planck-Institut für Meteoro log ie
H amburg, G ermany

Upper a ir observa tions from rad iosondes and m icrowave sa te llite instruments do not ind i-
ca te any g loba l warm ing during the last 19 years, contrary to surface measurements where
a warm ing trend is be ing found .  This result is somewha t d ifficult to reconcile , since clima te
mode l experiments ind ica te the reverse of this, name ly tha t upper tropospheric a ir should be
warm ing faster than the surface .  To he lp understand this d ifficulty, we have undertaken
some specific experiments to study the effect on clima te due to the decrease in stra tospheric
ozone and the 1991 Mt. Pina tubo eruption.  The associa ted forcing was added to the forcing
from greenhouse gases, sulfa te aeroso ls (d irect and ind irect effects) and tropospheric ozone .
Then we undertook an ensemb le study in order to exp lore the na tura l variab ility of an ad-
vanced clima te mode l exposed to such a forcing over 19 years.

The results show tha t the reduction of stra tospheric ozone not only coo ls the lower stra to-
sphere but a lso the troposphere , in particular the upper and m idd le part.  In the upper
troposphere , the coo ling from stra tospheric ozone leads to a significant reduction of the
greenhouse warm ing.  The stra tospheric aeroso ls from Mt. Pina tubo genera te a clima te
response (stra tospheric warm ing and tropospheric coo ling) in good agreement with m icro-
wave sa te llite measurements.

Fina lly, the ana lysis of a  series of experiments with both stra tospheric ozone and the Mt.
Pina tubo effect shows considerab le variab ility in its clima te response , suggesting tha t an
evo lution having no warm ing in the period is as like ly as another evo lution showing a mod-
est warm ing.  However, based on the numerica l experiments it is suggested tha t e ither the
surface has warmed less than presently be ing cla imed or the upper a ir da ta should show a
slight warm ing trend instead of the coo ling trend we now find .

Background
Severa l papers have recently addressed the prob lem of whether a clima te warm ing caused
by the ongo ing increase in the a tmospheric concentra tion of greenhouse gases is detectab le
or not.  The genera l conclusion, as summarized by the la test IPC C report, is tha t there are
ind ica tions tha t such a warm ing is underway.  However, it appears tha t the warm ing is
proceeding slower than expected and some da ta sets, such as the sa tellite Microwave Sounding
Unit (MSU) da ta and rad iosonde observa tions do not show any warm ing for the time-period
1979-1997 but ra ther a slight coo ling.  O ther da ta sets, such as tempera tures from surface
wea ther sta tions and ocean ship and buoy da ta , show a warm ing trend of + 0 .15 ˚ K/de-
cade .  The d isagreement between on one hand the upper a ir and the surface observa tiona l
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records and on the other hand between the mode l ca lcula tions (showing a d istinct warm ing)
and upper a ir observa tions (showing a slight coo ling) has caused some consterna tion, and
from some quarters the accusa tion has been ra ised tha t mode l results are unre liab le in view
of the ir inab ility to reproduce the tempera ture trend over the last two decades, the only time
period with truly re liab le g loba l observa tions through the depth of the a tmosphere .

It is not the intention in this paper to ana lyse in depth the apparent inconsistency between
the surface tempera ture records and the m icrowave sound ing da ta and rad iosondes.  In-
stead , we will describe our experiments which included the effect of ozone reduction in the
stra tosphere and the influence of the Mount Pina tubo eruption which we be lieve will contrib-
ute towards clarifying the issue ra ised above .

These experiments are part of a  comprehensive clima te change study carried out over the
last two years a t the Max Planck Institute for Meteoro logy in H amburg.  The ma in part of this
investiga tion is be ing reported e lsewhere (Roeckner et a l., 1999).  It consists of three tran-
sient integra tions with the EC HAM4/ O PYC coup led mode l and an associa ted contro l inte-
gra tion considering the clima te effect of greenhouse gases, sulfa te aeroso ls and tropo-
spheric ozone .  These integra tions were started in the year 1860 and were exposed to
successive ly increased concentra tions of greenhouse gases, tropospheric ozone and sulfa te
aeroso ls as determ ined from observed da ta .  We will briefly summarize the results of these
experiments, and those of simula tions in which we rep laced the representa tion of stra to-
spheric ozone in the contro l experiment with the observed ozone va lues month by month for
the years 1979-1997 .  We will a lso present results from the simula tion of the Mount Pina tubo
eruption, using actua l da ta on geographica l d istribution of aeroso ls averaged monthly.  Fi-
na lly, we will summarize the results of a  series of perturba tion experiments investiga ting the
comb ined effect of stra tospheric ozone and the Mount Pina tubo eruption.

The Control Experiment
For these experiments we have used a coup led a tmosphere-ocean G CM (Roeckner et a l. ,
1996).  The a tmospheric and land surface component of the coup led mode l is the 4 th
genera tion MPI mode l, EC HAM4 .  The ocean and sea ice is based on the O PYC mode l
( O berhuber 1993).  The two mode l components are coup led through a mutua l exchange of
fluxes.  Fluxes of momentum are unconstra ined , while fluxes of hea t and wa ter vapor are
flux ad justed , but only as annua l averages.  The purpose is to assure tha t the annua l cycle of
the mode l can interact free ly with the coup led modes of the mode l.

Three ma jor transient clima te change experiments have been carried out, starting in the
year 1860 .
1)  In “ G H G ,” observed concentra tion of greenhouse gases and sulfa te aeroso ls have been

used until 1990 and therea fter changes accord ing to the IPC C scenario IS92a .  In this
study, we concentra te only on the time evo lution until present.  C oncentra tions of the
greenhouse gases C O 2 , C H4 , and N 2 O  are prescribed as a  function of time , as are a
series of industria l gases includ ing CFCs and H CFCs.  The absorptive properties of each
gas have been separa te ly ca lcula ted (unlike most previous clima te change stud ies where
the m inor greenhouse gases have been considered as proxy C O 2).  Furthermore , we
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have assured tha t the rad ia tive forcing is practica lly identica l to the narrow band ca lcu-
la tions.  This meant here an increase in the rad ia tive forcing by some 10% compared to
the actua l broad band ca lcula tion in the rad ia tion code of the mode l.

2)  In “ GSD” the greenhouse gases are trea ted as in G H G  but with the add itiona l incorpo-
ra tion of the tropospheric sulfur cycle as due to anthropogenic sources only.  N a tura l
b iogenic and vo lcanic sulfur em issions are neg lected , and the aeroso l rad ia tive forcing is
genera ted through the anthropogenic part of the sulfur cycle only.  Previous stud ies have
mostly considered the effect of sulfa te aeroso ls in a simp listic way by making use of an
independent ca lcula tion of equilibrium d istribution of sulfa te aeroso ls, and then from
this d istribution mod ified the surface a lbedo correspond ing ly.  In this study, we have
integra ted the full anthropogenic sulfur cycle in the a tmospheric mode l includ ing the
actua l geographica l emission of S O 2, chemica l transforma tion to sulfa te, semi-Lagrangian
transport of the sulfa te aeroso ls, and fina lly the dry and wet d isposition of sulfa te par-
ticles from the a tmosphere .

3) In the third simula tion, “ GSDI O ,” we have add itiona lly included the ind irect aeroso l
effect on cloud a lbedo as we ll as letting the tropospheric ozone d istribution change as a
result of the prescribed anthropogenic em ission of precursor gases.

Figure 51
Decada l mean changes in the g loba lly averaged surface tempera ture (K) in three d ifferent clima te
change experiments.  The observed surface tempera ture is ind ica ted by a heavy full line .
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The g loba l annua l mean tempera ture change from the three experiments is shown in Figure
51 .  As can be expected , the long term warm ing is largest in experiment G H G  and sma llest
in experiment GSDI O .  Until 1980 or so , the fluctua tions are more or less within the range of
na tura l variab ility.  The simula ted tempera ture pa tterns undergo large low-frequency varia-
tions on a multi-decada l time sca le in broad agreement with the estima ted observed tem-
pera ture pa ttern.  In the mode l simula tions there are pronounced ultra-low fluctua tions a t
higher la titudes of the Southern Hem isphere; it is not possib le to say whether these fluctua-
tions are rea listic or simp ly an artifact of the coup led mode l.

Since in this study we will d iscuss the evo lution of the g loba l tempera ture during the last two
decades, it is important to note tha t there are considerab le na tura l varia tions in the g loba l
tempera ture trend over such a short time-space .  As can be seen from Figure 52 , in the
period 1979-97 the warm ing in experiment G SD is actua lly less than in experiment GSDI O ,
while in the longer perspective , Figure 51 , the trend fo llows the rad ia tive forcing broad ly.
This makes it virtua lly impossib le to make any firm sta tements about the size of g loba l
warm ing from observa tiona l records from the two decades we are investiga ting here .  La ter,
we will estima te the magnitude of the na tura l variab ility of the period 1979-97 by means of
an ensemb le type experiment.  Fina lly, we a lso have the prob lem of the re liab ility of the
observa tiona l records themse lves (Hurre ll and Trenberth, 1996 and 1998 , Christy et a l. ,
1998).

However, there are severa l add itiona l factors which are important, name ly, the clima te effect
of the stra tospheric ozone reduction in the last decades and the influence of the 1991 Mt.
Pina tubo eruption.  Both of these occur in a period for which we have exce llent coverage of
g loba l observa tions through the depth of the a tmosphere ma inly due to measurements from
sa te llite observing systems, which were not ava ilab le before 1979 .  O f particular interest
here are observa tions from the MSU (Christy, 1995).  In sp ite of some critica l stud ies (Hurre ll
and Trenberth, 1997 and 1998), we find the eva lua tion by Christy and co-workers (Christy
et a l. , 1998) convincing.  There is a lso a lmost comp lete agreement between the MSU da ta
and rad iosonde observa tions.  If both the upper a ir da ta and the surface da ta are correct, it
is d ifficult to exp la in why the surface da ta and the SST da ta have a d ifferent trend than the
da ta of the lower troposphere .

We have comp iled the surface and the 500 mb tempera ture trend from the three experi-
ments, G H G , GSD and GSDI O , with the observa tions from MSU, rad iosondes and surface
tempera ture da ta .  The warm ing trend a t 500 hPa is clearly positive in a ll three experiments,
while both the rad iosondes and the MSU T2LT have a slightly nega tive trend , ind ica ting a
m inor g loba l tropospheric coo ling since 1979 .  The surface tempera ture warm ing trend of
the mode l experiments with greenhouse gases is slightly sma ller than a t 500 hPa , the en-
hanced warm ing with he ight presumab ly caused by feedback through the mo ist ad iaba tic
lapse ra te .  This is in d isagreement with the observed da ta , where in fact we have an oppo-
site re la tion: the surface is warm ing and the lower troposphere is coo ling.  Before we start to
question the re liab ility of the surface or upper a ir da ta , we will ana lyze the results from the
experiments incorpora ting the effect of the reduction of stra tospheric ozone and the effect of
the Mt. Pina tubo eruption.
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Stratospheric Ozone
In situ observa tions as we ll as sa te llite measurements, Stra tospheric Aeroso l and G as Ex-
periment (SAGE) and Tota l O zone Mapp ing Spectrometer (TO MS) have clearly demonstra ted
the reduction in stra tospheric ozone , in particular during the last two decades.  The ad justed
rad ia tive forcing for the period 1979-94 suggests a  nega tive overa ll va lue of 0 .20-0 .28
Wm-2.  The mechanism by which ozone depletion cools the surface is via reduction of longwave
rad ia tion to the surface due to coo ling of the loca l a tmospheric leve l.  O f particular impor-
tance is the ozone reduction near the tropopause , where ozone absorption is still strong due
to pressure broadening of the absorption bands.  The specific vertica l d istribution of ozone
is important and vertica l re-d istribution can change the result significantly.  We have made
use of a  comp iled da ta set produced month by month for the time period November 1978
to April 1993 and have linearized the trend for each month and for each la titude band and
extended it for the who le period 1979-97 .  This da ta set thus includes the geograph ica l
variab ility, so the effect of the Antarctic ozone ho le has been properly accounted for.

We have further undertaken two independent integra tions for the period 1979-97 starting
from slightly different initia l sta tes.  The reference integra tion has been the experiment GSDI O
and in the fo llowing we will consider this as the contro l experiment.

Figure 53 shows the tempera ture trend as an average of two rea liza tions of GSDI O  +
stra tospheric ozone , experiment GS O , as we ll as the d ifference between this experiment and
GSDI O .  The two experiments are ra ther sim ilar in the Southern Hem isphere and in the
Trop ics but d iffer substantia lly over the Northern Hem isphere .  This is found both in the
troposphere and in the stra tosphere stressing the high leve l of interna l dynam ica l variab ility
not least in the stra tosphere .  This is aga in an examp le of the samp ling prob lem , highlight-
ing the importance of undertaking ensemb le ca lcula tions for clima te change stud ies.

The Mt. Pinatubo Eruption
The vo lcanic eruption of Mt. Pina tubo on the Philipp ine Island of Luzon on June 15-16 ,
1991 was one of the b iggest in this century.  It is estima ted tha t 14-21 m illion tons of S O 2

were injected into the stra tosphere .  The vo lcanic cloud moved eastward by some 20 ms-1,
thus encircling the Earth in some three weeks, whereby S O 2 was converted into sulfa te aero-
so ls.  In the first month, most of the aeroso l mass was loca ted in a band between 20°S and
30°N and then gradua lly the cloud spread to fina lly encircle the who le g loba l stra tosphere .
Rad iosonde observa tions as we ll as measurements from the MSU ind ica ted a g loba l stra to-
spheric warm ing of about 2 ˚ K .  The observa tions a lso suggested a coo ling of the lower
g loba l troposphere and the surface of the earth by about 0 .5 ˚ K .  Whether the coo ling of the
troposphere was a  consequence of the Mt. Pina tubo eruption is not so easy to determ ine ,
since there are considerab le tempera ture varia tions caused for examp le by large sca le a ir-
sea interaction events such as El N iño .  However, a  coo ling of the lower troposphere by
about 0 .5 ˚ K is actua lly ca lcula ted by the coup led MPI-mode l.

There was a lso an extraord inarily high ozone reduction, which was detected in 1992 and
1993 .  At a  la ter stage we intend to carry through an experiment with this coup led mode l
incorpora ting the chem ica l processes occurring a t the surface of the aeroso l particles lead-
ing to an increase in active chlorine species and thus to ozone losses.  In an experiment
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described la ter in this paper, we used the observed ozone d istribution, but only as a  linear
trend , so we have only partly incorpora ted the clima te effect of this add itiona l ozone de-
struction.

We carried through three specific experiments, two using GSDI O  as the reference integra-
tion and a third using the GSDI O  with stra tospheric ozone as the reference integra tion.  The
vo lcanic aeroso ls (aeroso l density, size d istribution, chem ica l composition and three-d imen-
siona l d istribution) were inserted during the period June 1991 to June 1993 , but the integra-
tions were continued until the end of 1997 .  As seen in Figure 54 , a ll integra tions clearly
demonstra te a marked response of the Mt. Pina tubo eruption suggesting tha t the clima te
effect of a  ma jor vo lcanic eruption has a  pro longed influence on the clima te system due to
the de layed influence of the oceans.

Figure 52
Zona lly averaged cross sections of the decada l tempera-
ture trends for G H G  (a), GSD (b) and GSDI O  (c) va lid for
the period 1979-97 .  N ote tha t due to interna l stochastic
varia tions the warm ing in the GSD is less than in GSDI O .

Figure 53
Zona lly averaged cross sections of the decada l
tempera ture trends for GS O  (a) and the d iffer-
ence G S O - G SD I O  for the period 1979-97 .
Mean of two rea liza tions.  N ote the ma jor coo l-
ing in the lower stra tosphere a t high la titudes.
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Climate Change Evaluation
In order to obta in a pre lim inary estima te of an upper and lower bound of the tempera ture
trend for the period we have comb ined the stra tospheric ozone and the Pina tubo run into six
separa te rea liza tions.  A larger number of experiments would have been even better, but we
restricted it for computa tiona l reasons.  The six rea liza tions have been composed from the
three independent Pina tubo experiments and two independent stra tospheric ozone runs, a ll
integra tions initia lized in 1979 from the reference experiment G SDI O .  Figure 54 shows the
results from the d ifferent integra tions compared to the observed MSU-da ta .  The result of the
experiments have been expressed in terms of equiva lent MSU-da ta (Stende l and Bengtsson,
1997).

Figure 54
O bserved MSU tempera ture , shown as dashed line , for channe l 4 (top) for the period 1979-97 and the
equiva lent for the simula tions with Mt. Pina tubo and stra tospheric ozone .  The mean va lue obta ined
from the six rea liza tions is denoted by the so lid line , whereas the shaded area represents this va lue p lus
and m inus one standard devia tion of the ind ividua l simula tions, respective ly.  The same of channe l 2LT
(bottom).  N ote the steady response in the stra tosphere and the large variab ility in the lower tropo-
sphere .
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The simula ted stra tospheric warm ing is higher than the observed , with the d ifferences re-
la ted to an equa toria l coo ling associa ted with an easterly phase of the Q B O  (not yet pos-
sib le to simula te by the mode l) and to the fact tha t stra tospheric dep letion of ozone due to
the Mt. Pina tubo eruption was not incorpora ted .  The tropospheric coo ling is in broad agree-
ment with the sa te llite observa tions, suggesting the Mt. Pina tubo eruption coo led the lower
troposphere by some 0 .5 ˚ K .  The standard devia tion of the experiments is ind ica ted by
shad ing.  Note the stab le response of the Mt. Pina tubo eruption in the stra tosphere .

It should be stressed tha t in this perturba tion experiment we have only perturbed the initia l
sta te of the a tmosphere and not tha t of the oceans.  A rea listic perturba tion of the sta te of
the ocean circula tion is like ly to further increase the variance within the ensemb le .  In the
fo llowing we will show the mean of the six rea liza tions as we ll as the cases with the largest
and sma llest warm ing trend , respective ly.

Figure 55 shows three different zona lly averaged cross sections of the different experiments
including both Mt. Pinatubo and stratospheric ozone (mean, maximum and minimum trend,
respectively).  G H G and GSDI O  have rather similar patterns but with a reduced warming in
GSDI O .  The largest warming occurs in the upper tropica l troposphere and in the lower tropo-
sphere at high latitudes, particularly of the Northern Hemisphere.  A cooling takes place in the
stratosphere.  The reduced stratospheric cooling in GSDI O  is atypica l and happens only during
these two decades.  The effect of reduced stratospheric ozone is to reduce the warming signifi-
cantly, in particular in the stratosphere and the upper troposphere.  The pattern changes simi-
larly.  The three cross-sections a lso incorporate the effect of the Mt. Pinatubo eruption.  We show
here the two extreme rea lizations.  In the one with the minimum trend, the globa l trend is close to
zero and the Northern Hemisphere is actua lly cooling.

G eographica l pa tterns for the mean and the two extreme Mt. Pina tubo runs for 50 hPa , 500
hPa and the surface ind ica te tha t the stra tospheric coo ling a t high la titudes of both hem i-
spheres is strong ly pronounced , and the warm ing trend in the Trop ics is due to the Mt.
Pina tubo eruption.  At 500 hPa there are marked pa ttern varia tions between the d ifferent
rea liza tions due to the strong interna l variab ility of the coup led system .  The surface shows
sim ilar very strong varia tions between the d ifferent rea liza tions, in particular a t the surface .
O ver the Eurasian reg ion (40°N-70°N; 10°W-135°E) the d ifference in decada l trend be-
tween the warmest and the co ldest rea liza tion is as high as 0 .88K .  Assum ing now tha t the
rea l a tmosphere behaves in a sim ilar way, it is hard ly possib le to make any sta tements about
clima te warm ing or not by inspection of a tmospheric g loba l tempera ture records of this
length and even less possib le if we restrict the eva lua tion to certa in reg ions.

In fact, we have good reasons to be lieve tha t the variab ility is even higher.  We have here
used GSDI O  as a  reference case .  The period 1979-97 is a  period of rap id warm ing in the
GSDI O  run; in fact it is significantly stronger than GSD, which over a longer time , in consis-
tency with the stronger positive forcing, is warm ing more rap id ly.  If we only assume tha t
GSDI O  would behave in the same way as GSD over the period 1979-97 we m ight expect
tha t this would a lso a ffect the stra tospheric ozone and the Mt. Pina tubo run in a sim ilar
d irection.  In such a situa tion the stra tospheric ozone and Mt. Pina tubo run could then have
resulted in an overa ll coo ling trend .
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Figure 55
Zona lly averaged cross sections of the decada l tempera ture trend 1979-97 for the averaged stra to-
spheric ozone and Mt. Pina tubo run , GS O P (a), the same but for the case with m inimum tropospheric
warm ing (b) and the maximum tropospheric warm ing, respective ly.
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Conclusions
The purpose of these experiments was to clarify some of the perce ived inconsistencies be-
tween g loba l tempera ture observa tions over the last two decades and results from clima te
simula tions with a high reso lution, sta te-of-the-art g loba l coup led mode l.

Firstly, it is a  common result from ava ilab le coup led G CMs tha t they show a considerab le
variab ility on timesca les less than fifty years or so .  This variab ility is due to interna l dynam ic
processes and is in essence not possib le to pred ict.  Identica l clima te change integra tion
d iffering only slightly in the initia l sta te (we ll within the observa tiona l accuracy) genera te
pa tterns which a fter some time of integra tion are quite d ifferent from each other.  A typ ica l
standard devia tion in g loba lly averaged decada l trends for a 20-year time-interva l is of the
order of 0 .2-0 .3K .

Does na ture behave in a sim ilar way?  We have no reason to be lieve otherwise , a lthough for
some scientists and perhaps even more for non-scientists such a conclusion is hard to come
by.  It is not an uncommon a ttitude among investiga tors, in particular if inexperienced in
non-linear dynam ics, to ascribe any fluctua tion to a specific forcing mechanism a lso when
the forcing is modest and of a  lim ited time dura tion (less than severa l decades).  There is no
evidence from stud ies of comp lex systems, like Earth’s clima te , tha t supports such a simp lis-
tic view.  The history of meteoro logy and geophysics is filled with instructive evidence .  The
early but persistent and extensive ly documented exp lana tions of the quasi-b iennia l fluctua-
tion as the result of a  sub-interva l of the 11-year so lar cycle is perhaps one of the most
illum ina ting.  Another examp le of a  futile exercise is to search for tropospheric evidence of
the 11-year so lar cycle .  W ith the size of the signa l, the existence of interna l a tmospheric
decada l modes and the lim ita tions of the g loba l observing system , such an exercise is hard ly
like ly to lead to any useful results.

Second ly, we have exp lored the clima te effect of the ongo ing reduction of stra tospheric
ozone .  W ith the da ta-set we have used here , there is a  clear coo ling effect not only in the
lower stra tosphere but a lso in the troposphere .  The result is strong ly dependent on the
vertica l d istribution of the ozone reduction, so more stud ies are required .  It seems neverthe-
less tha t the stra tospheric ozone change is highly important to include in clima te change
experiments.  Due to the increased coo ling by a ltitude it a lso reduces the strong upper a ir
warm ing by the greenhouse gases in better agreement with observa tions.

Ma jor vo lcanic eruptions such as Mt. Pina tubo a lso have a recognizab le effect on clima te .
A lthough the d irect forcing may be lim ited in dura tion to a few years a t most, the effect on
clima te is longer due to the coo ling of the oceans.  In our experiments it appears tha t the
effect of Mt. Pina tubo lasted for 5-7 years.  The maximum tropospheric coo ling amounts to
about 0 .5K , in agreement with previous estima tes.

Based on six rea liza tions we ca lcula ted the decada l g loba l averaged surface tempera ture
trend during 1979-97 to be between + 0 .19 to + 0 .04 K when we used experiment G SDI O
as the reference .  It is not unlike ly tha t if we had instead used the GSD experiment, the va lues
could we ll have been further reduced .  In conclusion, therefore , it is certa inly not unlike ly
tha t even a slight coo ling could have taken p lace during 1979-97 in agreement with some
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of the mode l integra tions we have undertaken here .  The inconsistency we have noted ,
though, is tha t the surface warm ing as assessed from surface synoptic records is in a ll like-
lihood on the warm side or a lterna tive ly the MSU-da ta and the rad iosondes observa tions
are on the co ld side .  To clarify which of the da ta sets are most re liab le is the purpose of
another study.  The vertica l grad ient of the tempera ture trend in the mode l integra tions is
slightly reduced with he ight when we incorpora te the effect of stra tospheric ozone , but sig-
nificantly less than for the observa tions, 0 .02K compared to 0 .19K per decade .

It must fina lly be stressed tha t the fact the no warm ing may have taken p lace during the last
two decades can in no way be interpreted as evidence tha t there is no anthropogenic clima te
warm ing.  In fact, we may expect a  recovery of the stra tospheric ozone during the beg inning
of next century, which will reduce or e lim ina te the compensa tory coo ling effect.  Vo lcanic
eruptions are not pred ictab le , but the ir effect is lim ited in time .  Perhaps the most d ifficult
factors to consider are the aeroso l effects, the ir sca ttering a lbedo or even more the ind irect
effect such as the interaction with cloud a lbedo and possib le influence on cloud life-time .

Acknowledgement
The authors acknowledge the provision of ozone da ta from Dr. P. Fortuin, KNMI and the Mt.
Pina tubo aeroso l da ta from Dr. G . Stenchikov.  The authors a lso wish to thank O . Esher, K .
N ied l and N . Nore iks for technica l assistance .  The experiments were supported under the
EU C ontract No . ENV4- CT95-0099 .

References
Christy, J. R. , Tempera ture above the surface layer. C lim. Change 31:455-474 , 1995 .

Christy, J. R. , R. W. Spencer and E. S. Lob l.  Ana lysis of the merg ing procedure for the MSU
da ily tempera ture time series. Subm itted to J. C lima te, 1998 .

Hurre ll, J. W. and K . E . Trenberth.  Sa te llite versus surface estima tes of a ir tempera ture since
1979 . J. C lima te 9:2222-2232 , 1996 .

Hurre ll, J. W. and K . E. Trenberth.  Spurious trends in sa te llite MSU tempera tures from merg-
ing d ifferent sa te llite records. N a ture 386:164-167 , 1997 .

Hurre ll, J. W. and K . E. Trenberth. D ifficulties in obta ining re liab le tempera ture trends: Rec-
onciling the surface and sa te llite m icrowave sound ing unit records. J. C lima te 11, in press,
1998 .

O berhuber, J. M .  Simula tion of the Atlantic circula tion with a coup led sea ice-m ixed layer-
isopycna l genera l circula tion mode l. Part I: Mode l description. J. Phys. O ceanogr., 22:808-
829 , 1993 .

Roeckner, E . , J. M . O berhuber, A . Bacher, M . Christoph and I. Kirchner. ENS O  variab ility
and a tmospheric response in a g loba l coup led a tmosphere-ocean G CM . C lima te Dyn.,
12:737-754 , 1996 .

The fact the no

warming may have

taken place during

the last two decades

can in no way be

interpreted as

evidence tha t there

is no anthropogenic

clima te warming.



251

S E S S I  O N  2

S E S S I  O  N   2

C lima te Extremes: Changes, Impacts and Pro jections

Roeckner, E. , K . Arpe , L. Bengtsson, M . Christoph , M . C laussen, L. Dümenil, M . Esch, M .
G iorgetta , U. Schlese and U. Schulzweida . The a tmospheric genera l circula tion model EC HAM-
4 : Mode l  descr ip t ion and simu l a t ion o f  presen t-d ay c l im a te .  M ax-Pl anck-Inst i tu t für
Meteoro log ie , H amburg, 1996 .

Roeckner, E. et a l. C lima te change simula tions with a coup led a tmosphere-ocean G CM
includ ing the tropospheric sulfur cycle .  Accepted for pub lica tion, J. C lima te, 1999 .

Stende l, M . and L. Bengtsson. Toward monitoring the tropospheric tempera ture by means of
a genera l circula tion mode l.  J. G eophys. Res. 102:29779-29788 , 1997 .

A recovery of the

stra tospheric ozone

will reduce or

elimina te the

compensa tory

cooling effect.



A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 98252

S E  S S I  O  N   2

Extremes Validation at
the National Climatic
Data Center
Michael J. Changery
N a tiona l C lima tic D a ta C enter
Asheville , North C aro lina

The N a tiona l C lima te Extremes C omm ittee is cha ired by a representa tive of the N a tiona l
C lima tic D a ta C enter (N C D C) in Asheville , North C aro lina and extremes considered to be
new na tiona l records va lida ted by the C omm ittee are provided to the N C D C D irector for
fina l approva l.

The purpose of the N a tiona l C lima te Extremes C omm ittee (N CEC) is to assess the scientific
merit of extreme meteoro log ica l /clima to log ica l events and provide a recommenda tion to
N O AA management regard ing the va lid ity of the measurement.  The N CEC will a lso act to
d issem ina te N O AA’s recommenda tion of the event and coord ina te med ia inquiries with the
N a tiona l Wea ther Service Pub lic Affa irs O ffice .  The N CEC was estab lished in 1997 fo llow-
ing an investiga tion into a possib le 24-hour snowfa ll record a t Lake Montague , New York.

In add ition to the N C D C representa tive , the C omm ittee members include representa tives
from the N a tiona l Wea ther Service’s O ffice of Meteoro logy and the American Associa tion of
Sta te C lima to log ists (AASC).  The AASC member is the current president of the organiza tion.
D iscussions on the ro le of the C omm ittee and its interaction with the sta te clima to log ist
community is conducted annua lly a t the annua l meeting of the AASC .

The Federa l C omm ittee’s manda te is restricted to na tiona l extreme va lues of the e lements
listed in Tab le 12 .  The Tab le provides previously accepted na tiona l extremes through 1997 ,
a long with the loca tion and da te of each occurrence .  The C omm ittee’s manda te does not
include the reeva lua tion of the existing extreme va lues listed .  This list may be expanded as
additiona l element extremes, such as grea test monthly ra infa ll /snowfa ll are developed.  Some
e lements, such as ha il size and short-dura tion ra in ra tes, are frequently reported in the
med ia .  Because they are anecdota l and non-ob jective in na ture , the C omm ittee is not
responsib le for va lida ting reports of this na ture .

Extreme va lues which are not na tiona l in magnitude are va lida ted using current procedures.
Loca l da ily/monthly/ annua l records a t N a tiona l Wea ther Service (N WS), Federa l Avia tion
Adm inistra tion and possib ly m ilitary sites, are the responsib ility of on-site personne l.  Sta te
records for most listed e lements are ma inta ined a t N C D C and new records will be va lida ted
via communica tion between N C D C , N WS, and the sta te clima to log ist for the sta te in ques-
tion.  If the sta te does not have an active sta te clima to log ist program , coord ina tion will be
with the D irector of the Reg iona l C lima te C enter (RC C) covering the sta te .  N C D C will up-
da te the list of sta te records with any reports va lida ted through this procedure .
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Table 12
Currently Accepted U. S. Climate Extremes

Temperature ( ˚F)
Maximum 134 July 10 , 1913 Greenland Ranch, C A
Minimum -80 Jan 23 , 1971 Prospect Creek, AK
Max 24-hour 100 Jan 23-24 , 1916 Browning, MT
temp . change

Snow (inches)
Maximum 24-hour 75 .8 Apr 14-15 , 1921 Silver Lake , C O
Max Seasona l (Jul-Jun) 1122 1971-1972 Paradise RS, WA
Max Snow Depth 451 Mar 11 , 1911 Tamarack, C A

Rain (inches)
   Maximum 24-hour 43 Jul 25-26 , 1979 A lvin, TX
   Least Annua l 0 .00 1929 Dea th Va lley, C A
   Maximum Annua l 704 .83 1982 Kukui, HI
   Longest dry period 767 days O ct 3 , 1912-Nov 8 , 1914 Bagdad , C A

Wind (mph)
   Maximum G ust 231 Apr 12 , 1934 Mt Washington, N H

Pressure (mb / in)
   Lowest 892 .3 /26 .35 Sep 2 , 1935 Ma tecumbe Key, FL
   H ighest 1078 .6 /31 .85 Jan 31 , 1989 Northway, AK

If, in the judgement of the N WS, a  na tiona l extreme va lue warrants investiga tion, the N WS
will assemb le a team with the geograph ic and technica l expertise required to determ ine the
accuracy of the reported extreme .

For na tiona l extremes reported from N WS sites, the measurement will be exam ined for
comp liance with estab lished N WS guide lines and specifica tions.  Specifica lly, the investi-
ga ting team will assess observa tiona l procedures, instrument exposure and opera tion,
a long with reporting equipment ma intenance and ca libra tion.  At a  m inimum , the inves-
tiga ting team will be composed of personne l from the site in question (for WS O  sites) or
the N WS C oopera tive Program Manager for coopera tive sites, instrument and observa-
tiona l procedures specia lists from N WS Headquarters, and the sta te clima to log ist, or if
necessary, a  representa tive from the RC C covering the sta te in question.  Add itiona lly, the
sta te clima to log ist or RC C representa tive from the sta te with the current na tiona l record
will a lso be invited to participa te as a  member of the investiga ting team .

For na tiona l extremes reported from loca l meso-networks, the team should include the
mesonet service technician, head of the mesonet, the loca l N WS C oopera tive Program
Manager, instrument and observa tiona l procedures specia lists from N WS Headquarters,
and sta te clima to log ists or RC C representa tives covering the sta te with the current record
and potentia l record .
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For na tiona l extremes reported from a m ilitary loca tion, the O ffice of the Federa l C oor-
d ina tor for Meteoro log ica l Services will coord ina te communica tion between the m ilitary
instrument and observa tiona l specia lists, N WS personne l and the requisite sta te clima-
to log ist /RC C representa tives.

During the course of the investiga tion of a  na tiona l extreme , the N CEC will ma inta in lia ison
with the investiga ting team and will provide a coord ina ted response to the N WS Pub lic
Affa irs O ffice for the hand ling of med ia inquiries of the sta tus of the investiga tion and va lid-
ity of the report.  O nce the investiga ting team has fina lized its report, the N CEC will provide
a recommenda tion on the event to the D irector of the N C D C , who will in turn determ ine the
declara tion.  The N CEC will then report on the decision.

Since the C omm ittee was estab lished , the N CEC has reported on the va lid ity of prospective
wind and tempera ture records.  During the passage of Typhoon Paka over G uam in Decem-
ber 1997 , a  m ilitary reporting site reported a peak wind gust of 238 mph .  Ana lysis of site
damage and the reporting instrument led to a decision to d iscount the read ing.  The lack of
damage a t the site , the reported gust factor of 125% and the d iscovery tha t the wind instru-
ment was a  hot wire anemometer, which reports erroneously when impacted by heavy pre-
cip ita tion, were reasons documented to d iscount the report.  In the summer of 1998 , ex-
treme tempera tures a t Dea th Va lley (129 ˚ F) re-opened the controversy of the va lid ity of the
U. S. record of 134 ˚ F.  G iven the C omm ittee’s manda te to not reeva lua te historica l ex-
tremes, it was decided tha t the 129 ˚ F read ing was the highest verifiab le maximum tempera-
ture in the U. S. since the na tiona l record occurred .
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Evaluation of Insurance
Data and What It Can Tell
Us About Climate Extremes
David Changnon
Meteoro logy Program , Department of G eography
Northern Illino is University
DeKa lb , Illino is

A clima to log ica l assessment of a  series of exceptiona lly severe and damag ing storms during
1991-94 was pursued to put these events and the ir frequency and intensity into a tempora l
perspective .  Many reasons have been offered for the high frequency of severe wea ther
events and extensive econom ic losses includ ing an increased sensitivity of the na tion’s popu-
la tion to storm damage (Le C omte , 1993), unusua l wea ther cond itions (Rodenhuis, 1996),
and a possib le shift to a storm ier clima te , a  cond ition cla imed by some scientists to be
re la ted to the human-a ltered greenhouse effect on g loba l clima te (Leggett, 1993 , Karl et a l. ,
1996).  Review of past clima to log ica l stud ies of severe wea ther cond itions revea led tha t it
was d ifficult to se lect da ta to be ana lyzed for such compara tive purposes.  O ne , it is d ifficult
to obta in measures of the meteoro log ica l intensity of severe wea ther events based on ava il-
ab le physica l measurements such as pa tterns of high winds, d istribution of damag ing ha il,
or the area l extent of heavy ra infa ll amounts.  This situa tion makes a  physica lly-based com-
parison of severe wea ther events d istributed over many decades impossib le .  Furthermore ,
an important aspect of severe wea ther events is tha t they are defined in two ways: 1) by the ir
type (flood , ha il, hurricane , tornado , etc.) and physica l characteristics (wind , pressure , ra in-
fa ll ra te , etc.), and 2) by the amount of damage they cause (Changnon and Changnon ,
1996).

For these reasons, the recent severe wea ther events were assessed accord ing to the damage
they caused .  Incorpora tion of storm damages brings another uncerta inty about past events
into the p icture: the ever-chang ing sensitivity of society to storms.  In time , the cost of repa irs
changes, the do llar va lue shifts, the popula tion density in a loca tion varies, and structura l
methods and codes for build ings are a ltered .  Rea lizing sta te-by-sta te reporting of such
events varied significantly, Storm Da ta  could not provide comparab le numbers for spa tia l or
tempora l ana lysis.  Fortuna te ly, the wea ther insurance industry has deve loped and used two
sets of da ta tha t integra te the event types with the losses they caused (Changnon and
Changnon, 1990).  Importantly, the industry had deve loped processes for ad justing ind i-
vidua l storm losses to chang ing socioeconom ic cond itions.

O ne record provides the ad justed property losses crea ted by “ca tastrophic” events (Property
C la ims Services, 1995) so tha t losses from wea ther events in 1951 could be compared to
those in 1991 .  Three ad justment factors were used on each storm event, and the ir magni-
tude depended on storm da te , storm type , and the geographica l loca tion of the damage .
The first ad justment factor emp loyed integra ted changes with time of property va lues and
cost of repa irs.  The second ad justment factor addressed the re la tive growth in the size of the
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fixed property market in the area(s) a ffected by the storm between the year of its occurrence
and today ’s.  The third ad justment factor represented an estima te of the re la tive changes in
the share of the tota l property market tha t was insured aga inst wea ther perils between the
year of ca tastrophe occurrence and tha t of the current year.

The other record , which da tes back to 1948 , is an index of the amount of crop-ha il loss per
year (N C IS, 1995).  The crop-ha il insurance industry has co llected by sta te (and each crop)
informa tion about annua l liab ility, prem iums and losses.  The insurance da ta have been
ad justed for tempora l chang ing liab ility (coverage), do llar va lues, and other factors by using
the “ loss cost.”  The annua l loss cost va lue for a sta te is determ ined by d ivid ing the annua l
losses ($) by the annua l liab ility ($), and multip lying the resultant va lue by 100 .

Investigation of Catastrophes
A ll ana lyses were based on ad justed event va lues and two leve ls of ca tastrophe va lues were
se lected for study: a) those causing between $35 m illion and $100 m illion in losses (320
ca tastrophes), and b) those causing > $100 m illion in losses (189 ca tastrophes).  This cho ice
a llowed exam ina tion of the tempora l d ifferences between sma ll /modera te ca tastrophes and
the large events.

A. Catastrophes Producing $35 Million to $100 Million in Losses
Five-year average annua l va lues appear in Figure 56 , showing tha t the number re-
ma ined fa irly leve l a t four from 1950 through 1974 before increasing to a peak of 13
events, as the average number for the 1990-1994 period .  The five-year average annua l
losses caused by these 320 ca tastrophes (Figure 56) showed a sim ilar trend , increasing
from less than $200 m illion in the early years to $743 m illion during 1990-1994 .  Im-
portantly, the trends of both ca tastrophes’ frequency and amount of loss are sim ilar to
the trend in the na tion’s popula tion, especia lly a fter 1974 , as shown in Figure 57 .  Changes
in the U. S. population over the 45-year period were found to expla in 82% of the variations in
the average number of these catastrophes and 78% of the average losses (Changnon and
Changnon, 1998).  Interestingly, the annua l intensity (annua l losses/ annua l number of ca-
tastrophes) of such storms actua lly rema ined level or decreased during the 1949-1994 pe-
riod indicating that the storms in this category were not becoming more extreme and that the
increase in frequency and losses was related to either more storms or to increased societa l
vulnerability (risk) to these types of weather events over time.
B. Catastrophes Producing > $100 Million in Losses
The five-year average annua l frequency of these storms show a high-low-high, or U-
shaped d istribution (Figure 58), much d ifferent than tha t found for the sma ll /modera te
ca tastrophe (Figure 56).  Since an earlier study found a re la tionship between ca tastro-
phes > $100 m illion and the na tiona l frequency of extra trop ica l cyclones (Changnon
and Changnon, 1992), the curve based on these events was p lotted in Figure 58 .  The
two curves are somewha t sim ilar except the increases in large ca tastrophes since 1974
may a lso be re la ted to popula tion increases or shifts of the popula tion to more vulner-
ab le loca tions such as coastlines, urban centers, and the West.  The tempora l trend of
annua l losses for these ca tastrophes (Figure 59) is essentia lly unchang ing and marked
by five one-year peaks.  These peaks are associa ted with the occurrence of ma jor U. S.
hurricane strikes.  Furthermore , when the intensity of large ca tastrophes is considered ,
the annua l cost per event decreased from its peak in the early 1950s and has rema ined
nearly leve l since the m id-1970s.
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Figure 56
The average annua l va lues of the frequency of and losses from ad justed ca tastrophes (WX C ATS)
producing $35 m illion to $100 m illion in losses, based on five-year tota ls, for 1950-1994 (Changnon
and Changnon , 1998).

Figure 57
The five-year average U. S. popula tion for the period 1950-1994 (Changnon and Changnon, 1998).
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Figure 58
The average annua l number of ad justed ca tastrophes (WX C ATS) causing > $100 m illion in losses and
annua l number of N orth American cyclones for 1950-1994 , based on five-year tota ls (Changnon and
Changnon , 1998).

Figure 59
The annua l losses from ad justed ca tastrophes (WX C ATS) causing > $100 m illion in losses, 1950-1994
(Changnon and Changnon , 1998).
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Investigation of Crop-Hail Losses
The assessment of the na tiona l crop-ha il loss d istribution during the 1948-1994 period
revea led tha t the loss costs in 1992-1994 were re la tive ly high (Figure 60).  Past three-year
periods of high loss costs sim ilar to those in 1992-1994 were assessed .  The average loss
cost va lue for tha t period was $3 .25 , however the average loss cost was $3 .27 for 1954-
1956 and $3 .38 for 1961-1963 .  Thus, the recent high loss costs have been exceeded twice
in prior periods since 1948 .  C omparison of the annua l frequency of cyclones in the eastern
U. S. and the na tiona l loss costs for 1948-1994 yie lded a corre la tion coefficient of + 0 .62 ,
ind ica ting tha t the cyclone frequency exp la ined 38% of the variab ility in the loss costs.  This
weak correla tion could reflect the fact tha t ha il is genera lly produced from sma ll-sca le wea ther
systems (thunderstorms), those tha t may or may not occur in conjunction with larger sca le
extra trop ica l cyclones.

Figure 60
Annua l va lues of loss cost and liab ility for the U. S. , 1948-1994 (Changnon and Changnon , 1996).

Conclusions
Insurance-derived measures of property and crop losses due to severe storms during 1949-
1994 were assessed for use in studies of tempora l variability and change.  The results showed
tha t the 1991-1994 ca tastrophes (property losses) ranked high in number and amount of
loss.  However, storm intensity (losses d ivided by number of storms) was found to be higher
in the 1950s.

The frequency of losses re la ted to sma ll /modera te ($35 m illion to $100 m illion) ca tastro-
phes increased throughout the 1949-1994 period and were re la ted to the steady increase of
popula tion.  This result suggested tha t the ad justments app lied to these sma ller ca tastrophes
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by the insurance industry d id not adequa te ly norma lize for popula tion increases or societa l
vulnerab ility (risk) to these storms.

The 189 ca tastrophes causing > $100 m illion in losses had high frequency va lues in 1991-
1994 , however the number of these large ca tastrophes was a lso rela tively high in the 1950s.
Crop-ha il losses in the U. S. , as measured by the “ loss cost,” were high during 1992-1994 ,
but were higher in the 1950s and early 1960s.  The losses re la ted to the > $100 m illion
ca tastrophes exhib ited a fla t time d istribution with iso la ted peaks in those years when ma jor
hurricanes struck the U. S. coastline (1950 , 1954 , 1965 , 1989 , and 1992).  A lthough the
large ca tastrophes appeared to be somewha t re la ted to changes in extra trop ica l cyclone
frequency over North America there was still concern about whether the ad justments used
by the insurance industry were adequa te .

The annua l ad justed loss va lues for a ll 509 ca tastrophes ( > $35 m illion) were d ivided by
annua l U. S. popula tion va lues (interpo la ted from decada l census da ta) to norma lize for
popula tion changes (Figure 61).  This graph shows tha t other than the five years with ma jor
U. S. hurricane strikes, the annua l loss per person in this country has rema ined be low $20 .
These results revea l tha t the insurance ad justed technique emp loyed d id not adequa te ly
a llow for the influence of other factors includ ing non-fixed property, design standards,
build ing codes (and the ir enforcement), and persona l goods (Changnon and Changnon ,
1998).  Neverthe less, when norma lized for popula tion changes, this da ta set can be used
as an ind ica tion of potentia l changes in losses re la ted to damag ing storms.

Figure 61
N orma liza tion of ad justed ca tastrophe losses to U. S. popula tion , based on annua l va lues of loss due
to ad justed ca tastrophes (WX C ATS) causing > $35 m illion in losses d ivided by U. S. popula tion for
1950-1994 (va lues in do llars per person) (Changnon and Changnon , 1998).
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Invo lvement in numerous stud ies of how wea ther and clima te cond itions impact physica l
systems and society, accomp lished over the last 45 years, is the basis for most comments
here in.  These observa tions are meant to provide an overview of the key issues tha t face the
definition, study, and interpreta tion of impacts from wea ther/clima te extremes, includ ing
da ta and methodo log ica l prob lems, as we ll as to identify future research needs.  These are
offered as a  series of e ight prem ises.

Premise 1: Knowledge and definition of weather and climate impacts are
critically important.
Society everywhere in the 1990s is facing the possib ility of a  chang ing clima te due to g loba l
warm ing, and society is now more clima te sensitized as a result of the recent unusua l wea ther
cond itions in much of the world .  The pred ictions of monthly and seasona l wea ther out-
comes due to events like El N iño 1997-98 , and the scientific estima tes of future clima tes of
the 21st century genera ted by g loba l clima te mode ls, have crea ted interest and wide con-
cern as to the ir effects on environmenta l systems and impacts on society.  Unfortuna te ly, too
little definitive research has been accomp lished to quantita tive ly define most of the rea l and
potentia l impacts of the shorter-term El N iño-type varia tions or the longer-term potentia l
shifts in clima te .  Most of wha t we know about effects is qua lita tive .  Knowledgeab le reac-
tions to and decisions regard ing these types of clima te cond itions, e ither short-term or long-
term , require better informa tion than currently exists on the physica l effects as we ll as the
socio-econom ic impacts.  Furthermore , most ind ividua ls and decision makers in business
and government react to clima te fluctua tions from knowledge of the ir impacts ra ther than
from knowledge of the ir physica l effects.  Demonstra ting tha t a  24% decrease in hea ting
costs occurred in the Midwest during 1997-98 is more influentia l informa tion than showing
tha t it was a  2 .6 ˚ C  warmer winter.  Hence , the definition of wea ther and clima te impacts is
critica lly important if one seeks to influence the decision process a t a ll leve ls (Changnon,
1996a).

Premise 2: There is a continuum from weather extremes in physical effects, to
societal impacts, to societal responses, to delayed impacts, and to ensuing
adjustments.
Adequa te understand ing of the effects of wea ther and clima te extremes requires a  rea liza-
tion tha t wea ther extremes launch a comp lex series of impacts and responses tha t occur
from hours to years a fter the event.  A wea ther extreme such as a  heavy, pro longed ra infa ll
crea tes physica l effects such as flood ing and so il erosion, fo llowed by a myriad of impacts to
society, some good and many harmful.  These impacts bring about a  variety of responses to
recover from the damag ing impacts.  Some impacts and responses, such as rebuild ing
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structures or re loca ting a town a fter a flood continue for months and years a fter the event,
and some ad justments require many years.

Figure 63 illustra tes the sequences of outcomes, as measured in a comprehensive study of
impacts, of changed wea ther in the St. Louis urban and downwind rura l areas (Changnon et
a l. , 1981).  The a ltered clima te cond itions crea te severa l d irect physica l effects in the envi-
ronment, fo llowed by a wide variety of comp lex socio-econom ic impacts and responses.
Figure 62 shows, in schema tic fashion, the types of long-time responses and ad justments
tha t fo llowed the severe droughts of the 1930s and 1950s, revea ling tha t it took years and
even decades for various actions to deve lop loca lly, reg iona lly and na tiona lly.

1) Very rough approxima tion of re la tive leve ls of adoption .
2) Institutiona l arrangements for R&R (not payments).
3) Shape of curve genera lized from number of acres insured and amounts of loans in the

U. S. (d ip in the 1950s reflects lower adoption of insurance a t tha t time).
4) Based on tota l irriga ted acres in the U. S.

Figure 62
A schematic showing the rate of adoption of various responses to the major
droughts of the 1930s and 1950s, as accomplished at the local, regional and
national scales

Premise 3: All weather conditions cause impacts, and weather extremes are
events that cause unexpected losses in a region and sensitivities to a given
weather /climatological events vary regionally and seasonally.
There is often confusion and uncerta inty over the definition of wea ther extremes, particularly
if assessment beg ins with some measure of the devia tions of wea ther cond itions from the
norm .  This approach is often fraught with vagueness and unrea lity for decision makers and
non-a tmospheric scientists.  For examp le , definition of a  2-inch da ily ra infa ll as an extreme
wea ther event may be clima to log ica lly correct for the range of ra infa ll classes a t many U. S.
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loca tions, but a  2-inch ra infa ll during the Midwestern growing season is both an expected
and desired event tha t a ids crop production.  A 2-inch a ll-day ra in in winter in most parts of
the U. S. has some measurab le effect on streamflow but is not considered an extreme event
by hydro log ists.

There are two other ma jor lessons about extremes and the ir definition.  First, is the recogni-
tion tha t hour-by-hour and day-by-day wea ther cond itions cause a variety of physica l and
human impacts, without any extremes occurring.  Second , extremes become defined as
unusua l events in a g iven reg ion based on the area’s unique physica l setting and its own set
of sectora l sensitivities to the wea ther.  For examp le , a  run of days with maximum tempera-
tures above 95 ˚ F in Texas se ldom crea tes power interruptions or human hea lth prob lems,
but the same run of tempera tures in the north centra l U. S. , such as in Chicago , produces
numerous dea ths and grea t prob lems in the provision of e lectrica l power (Changnon, et a l. ,
1996).  The key po int tha t is not we ll understood by many is tha t extremes and the ir impacts
vary seasona lly and reg iona lly, and tha t these sensitivities define extremes.

Premise 4: The weather sensitivities of many physical systems and some
societal activities are well-known but are changing with time.
Research in a variety of d iscip lines over the last 100 years has defined , for most areas of the
U. S. , the e lements of the physica l-environmenta l system tha t are influenced by wea ther.
This includes wea ther effects on runoff, streamflow and crop production.  A lthough many of
the wea ther effects of extreme events are we ll known qua lita tive ly, many have not been
defined quantita tive ly.  Fortuna te ly, recent stud ies of ma jor U. S. wea ther extremes such as
the drought of 1998 (Riebsame et a l. , 1991), the flood of 1993 (Changnon, 1996b), and
Hurricane Andrew (Pielke , 1995) have provided a spectrum of quantita tive informa tion about
the variety of socio-econom ic impacts and responses to these events.  In summary, the
sectora l impacts and loca tions of impacts tha t can occur from the variety of wea ther/clima te
extremes are we ll known but in many instances have not been measured we ll quantita tive ly.
Furthermore , these impacts vary reg iona lly, as exp la ined in the prior prem ise , and must be
defined a t the reg iona l leve l for each extreme .  In add ition, changes in techno logy and
society a lter the impacts of extremes.  A hot-dry summer in Iowa in 1997 has d ifferent effects
on corn yie lds than the same cond itions had in 1947 or 1913 .

Premise 5: Precise definition of physical effects and socio-economic impacts of
weather extremes is impossible, and all data contains errors that must be
assessed.
Those a ttempting to understand and interpret the effects of wea ther/clima te extremes must
be aware tha t a ll da ta defining physica l effects and socio-econom ic impacts of wea ther is
less than precise and conta ins errors.  Sim ilarly, as has been we ll demonstra ted , a ll types of
wea ther and clima te da ta conta in errors due to a variety of prob lems associa ted with wea ther
instrumenta tion, p laces of measurement, continuity of da ta co llection, and changes in mea-
surements.

Awareness of the imprecision invo lved in defining impacts is important in interpreting the
accuracy of numbers tha t measure the effects of extremes.  For examp le , stream gauges tha t
measure river flows can crea te errors tha t many do not apprecia te .  The massive 1993 flood
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in the Midwest led to efforts to ca lcula te losses and costs during the flood and for severa l
years a fterwards.  These estima tes of tota l loss ranged from a low of $12 b illion, to $15
b illion, and eventua lly to a measured loss of $19 .2 b illion (Changnon, 1996b).  This illus-
tra tes tha t depend ing on how thoroughly an extreme event is stud ied and how good the da ta
used to assess the impacts are , the amount of estima ted loss can vary considerab ly.

Premise 6: Quality analyses of the physical effects and socio-economic im-
pacts of weather extremes are difficult and require multi-disciplinary talents.
The na ture of the wide spectrum of comp lex impacts from a wea ther extreme , such as a
drought or a hurricane , necessita tes careful study.  Impacts occur in various parts of the
environment includ ing the hydro log ic cycle , and spread through many e lements of society
and many sectors of the economy, lead ing to comp lex responses includ ing insurance or
government actions (Figures 62 and 63).  Thus, adequa te stud ies of the impacts of extremes
require skills from a variety of d iscip lines.  Unfortuna te ly, impact assessment has too often
been a ttempted with inadequa te efforts.  Adequa te fund ing and long-term comm itments by
U. S. federa l agencies to build multi-d iscip linary teams to accomp lish susta ined , qua lity
stud ies of wea ther impacts has not occurred .

Premise 7: Those responding to weather /climate extremes vary according to
the type of extreme.
Wea ther and clima te extremes bring about a  variety of responses to ad just and restore
societa l activities and to recover from damage to physica l systems.  Interesting ly, those who
pay for restora tion vary accord ing to the types of hazards.  For examp le , ma jor droughts
such as tha t of 1988-1989 , crea te ma jor impacts in the hydro log ica l and b iospheric systems
and in farm ing communities.  The grea test costs to respond to severe droughts typ ica lly fa ll
to the ind ividua l, to the federa l-sta te governments (crop re lief), and to loca l-sta te entities to
ad just or crea te wa ter supp ly systems (Riebsame et a l. , 1991).  C onverse ly, ma jor storms
such as Hurricane Andrew result in enormous expend itures by the priva te insurance sector
which pays for the excessive damages to property such as build ings and vehicles.  In ma jor
floods such as tha t of 1993 , federa l expend itures for restora tion are excessive , whereas
priva te sector insurance costs are re la tive ly sma ll (Changnon, 1996b).  Thus, build ing a
da tabase of the costs of wea ther/clima te extremes, includ ing both the d irect losses and the
costs of restora tion, must re ly on da ta invo lving the insurance industry, the loca l-sta te-fed-
era l government, and a samp ling of impacted ind ividua ls who suffer losses they must cover
a lone .  Such a da tabase is needed to provide better estima tes of the impacts of wea ther
extremes.

Premise 8: Environmental and economic losses due to weather extremes will
continue to escalate because societal vulnerability is growing.
There is concern tha t fluctua tions in the clima te , includ ing grea ter variab ility or more wea ther
extremes, will produce large stresses on physica l systems and society.  Regard less of g loba l
warm ing, we can sa fe ly pred ict tha t the clima te of the next 50 years in any part of the U. S.
will be d ifferent than tha t of the last 50 years.  D ifferences in precip ita tion between the first
and second ha lves of the 20 th century in large parts of the U. S. (Karl and Knight, 1998) are
sufficiently large to a ffect designs of certa in hydro log ic systems and to enhance wa ter sup-
p lies.

Environmenta l and

economic losses due

to wea ther extremes

will continue to

esca la te because

societa l vulnerability

is growing.



267

S E S S I  O N  2

S E S S I  O  N   2

C lima te Extremes: Changes, Impacts and Pro jections

Recent wea ther losses have ra ised concern tha t they are the result of a  shifting clima te
(Changnon et a l. , 1997).  Severa l stud ies of the impacts of recent extremes have found tha t
the recent increases in losses (and costs) are large ly a result of on-go ing shifts in societa l
factors (Pie lke , 1997; Changnon , 1998).  Key U. S. societa l factors tha t have been identified
as shifting and causing increased vulnerab ility to extremes include:

growth of popula tion causing a grea ter density of targets for damage;
demographic changes reflecting tha t many are moving into harms way, both into ever-
larger urban areas and a long vulnerab le coasts;
increasing wea lth in property and possessions lead ing to grea ter loss per event;
construction practices tha t are not adequa te to provide sa feguards from storm damages,
such as inadequa te roofing aga inst ha il;
techno log ica l shifts tha t have increased vulnerab ility to events such as power or commu-
nica tion outages.

Pred icting the future d irections of techno logy and society we ll into the 21st century is a  much
grea ter cha llenge than pred icting the clima te of tha t century and thus makes the estima tion/
pred iction of impacts of future wea ther extremes, say in the year 2050 , practica lly impos-
sib le .  Unfortuna te ly, current d irections of society ind ica te increased vulnerab ility to extremes
and this makes it sa fe to pred ict ever-increasing losses and costs from wea ther extremes into
the next few decades.

Conclusions
From many years of persona l research and study of the litera ture , I have learned some
lessons tha t re la te to the issue of wea ther and clima te extremes and the ir effects.

First, detecting  the effects of a  changed clima te on physica l and socio-econom ic systems
influenced by human actions is very d ifficult.  It requires skilled and careful comprehen-
sive ana lyses, but it is as important to society as any form of a tmospheric research.
Second , future changes in society are the key to adapta tion to a shifting clima te in the
21st century, and societa l and techno log ica l changes of the future are very d ifficult or
impossib le to pred ict with any certa inty.  This makes estima tion of the effects of shifts in
future wea ther and clima te extremes pure specula tion.
Third , if the past is a  pro logue to the future , societa l and environmenta l adapta tion to
future clima tic shifts seems the most like ly outcome , a t least for the next severa l decades
(Changnon, 1995).  The ma jor d ifficulties in adapting to these wea ther/clima te shifts will
come from changes in the variab ility and extremes of the clima te , not from shifts in the
mean or average cond ition.
Fourth, grea ter certa inty than exists in 1998 over future changes of clima te and its mag-
nitude and structure , such as extremes, could lead to ma jor savings in infrastructure
rep lacement and designs of wea ther-sensitive systems to ga in grea ter future flexib ility.
Grea ter flexib ility in wea ther-sensitive sectors is good business, particularly recognizing
tha t the clima te of the next 50 to 100 years will be d ifferent, regard less of cause , than the
clima te of the past 50 to 100 years.  Hopefully, grea ter understand ing amongst decision
makers will lead to the p lanning and expend itures to a tta in grea ter flexib ility in wea ther
sensitive systems.
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Variations and Trends in
Extreme Events in the U. S.
David R. Easterling
N a tiona l C lima tic D a ta C enter
N a tiona l O ceanic and Atmospheric Adm inistra tion
Asheville , North C aro lina

C lima te mode l estima tes of the potentia l impact of increases in rad ia tive ly-active trace gases
in the a tmosphere suggest tha t the g lobe will like ly experience a warm ing of 1-4 ˚ C , with
a ttendant increases in the vigor of the hydro log ic cycle over the next century.  Much of this
change will like ly manifest itse lf in the form of increases in the frequency of extreme events.
In this paper observed trends in g loba l and U. S. tempera ture and precip ita tion will be
d iscussed , both in terms of mean va lues and extreme tempera ture and precip ita tion events.
Recent work ind ica tes tha t 10 of the last 15 years (through 1997) have been the warmest
g loba l tempera tures on record , and tha t North America has experienced a precip ita tion
increase of 10-20% over the 20 th century.  In the U. S. and other countries much of the
precip ita tion increase can be a ttributed to increases in heavy and extreme precip ita tion
events.  These increases have occurred in both sing le-day and multi-day precip ita tion events.
Lastly, the U. S. has experienced a significant decline in the number of days where the
tempera ture d ips be low freezing, particularly in the spring.  This appears to be re la ted to
recently observed decreases in spring snow cover over North America .

The 1997-1998 period produced a number of clima te extremes in the United Sta tes.  The
strong El N iño event of 1997-1998 resulted in an exceptiona lly wet Southeastern U. S. which
then turned into an extensive drought.  For examp le , northeastern Florida experienced the
wettest November-March period ever, which was fo llowed by the driest April-June period on
record which resulted in extensive forest fire activity.  The Intergovernmenta l Pane l on C li-
ma te Change report (IPC C 1995) suggests tha t if the clima te changes due to human influ-
ences, more extremes of tempera ture and precip ita tion can be expected .  In this paper
trends in clima te extremes in the U. S. are exam ined .  In particular, trends in both sing le-day
and multi-day precip ita tion events, a long with trends in certa in types of tempera ture ex-
tremes for the U. S. are exam ined .

Precipitation Extremes
During recent years there have been a notab le number of ca tastrophic flood ing events.  In
1993 the upper Mississipp i river experienced exceptiona l flood ing due to a period of persis-
tent heavy precip ita tion.  The autumn of 1996 produced heavy flood ing in New Eng land , in
the winter of 1997 there was heavy flood ing in C a lifornia , and in the spring of 1997 heavy
flood ing occurred in the Red River va lley of North D akota , and a long the O hio river.  Precip i-
ta tion in the U. S. has been shown to be increasing over the 20 th century (Gro isman and
Easterling 1994a).  O ne question is: how much of this increase is due to increases in heavy
precip ita tion events?
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Recent work by Karl et a l. (1996) and Karl and Knight (1998) have exam ined changes in 24-
hour precip ita tion tota ls in the U. S. over the 20 th century.  Karl et a l. (1996) found tha t there
has been an increase in the proportion of area in the U. S. a ffected by heavy precip ita tion
events (defined as 24-hour tota ls grea ter than 50 mm).  Karl and Knight (1998) exam ined
changes in tota l annua l precip ita tion as a  function of changes in tota l number of ra in days
per year, and changes in the number of heavier precip ita tion events (defined as those events
fa lling in the highest percentile).  They found tha t changes in tota l precip ita tion in the U. S.
was a  result of both changes in the tota l number of days with precip ita tion ( +  6 days per
year), and increases in the intensity of precip ita tion events.  Large flood ing events are usu-
a lly the result of heavy precip ita tion over a number of days.  Kunke l, et a l. (1998) looked a t
trends in 7-day precip ita tion tota ls for the U. S. .  They found increases in events tha t ex-
ceeded the one-year recurrence thresho ld for most areas of the U. S.  Seasona lly, the borea l
autumn had the largest increases, and only winter had sta tistica lly insignificant increases.

Temperature Extremes
There have been re la tive ly few stud ies of tempera ture extremes in the U. S.  De G aetano
(1996) found increases in the number of days where the tempera ture exceeded 32 ˚ C  (90 ˚ F)
in the northeastern U. S.  Furthermore , C ooter and LeDuc (1994) found tha t the frost-free
season in the northeastern U. S. has increased by a lmost 11 days since 1950 .  Easterling
(1998) found tha t the number of days where the tempera ture fa lls be low freezing has de-
creased in the U. S. by a lmost 2 days per decade since the la te 1940s.  The largest decreases
are found in the northern Grea t Pla ins and Grea t Lakes reg ions.  Seasona lly the largest
decreases occur in the spring in these same two areas, which is like ly re la ted to the decrease
of spring-time snow cover documented in Gro isman, et a l. (1994b).
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Looking Ahead: How Can
We Efficiently Interrogate
the Climate Models?
Jenni L. Evans
Department of Meteoro logy
The Pennsylvania Sta te University
University Park, Pennsylvania

The basic message of this ta lk is tha t reg iona l clima te change assessment of monsoon and
trop ica l cyclone variab ility should comb ine informa tion on a ll of the dom inant processes
a ffecting the system variab ility using spa tia l and tempora l sca les we ll simula ted by the g lo-
ba l clima te mode ls (G CMs) used for these sensitivity ana lyses.

Reg iona l assessments of trop ica l cyclone activity have typ ica lly regarded the present doma in
of influence of trop ica l cyclones as be ing restricted a lmost exclusive ly to the g loba l trop ics.
We show (Figure 64) tha t extreme ra infa ll events (monthly ra in ≥ 200% of the long-term
mean) d irectly a ttributab le to trop ica l cyclone passage occur with a 5-7 year return period
over much of the northeast U. S.  Return periods reduce to as little as 2 .5 years when the
definition of an extreme ra in event is chosen as ≥ 150% of the long-term mean.  O bviously,
even in the present clima te , trop ica l cyclones contribute regularly to extreme wea ther events
in the northeast U. S.  They a lso have a m inor effect on western Europe (not shown).  These
ana lyses suggest tha t the comp lete life cycle of trop ica l cyclones, and not simp ly the ir early,
trop ica l phase , should be considered when assessing the ir impacts on the clima te system .

The re la tionship between SST > 28 ˚ C  and trop ica l cyclogenesis (G ray 1975) has been cited
as evidence tha t trop ica l cyclones are like ly to form further po leward and a t higher frequen-
cies in a warmer clima te than presently (e . g. , IPC C 1990).  However, the causa l link be-
tween this thresho ld (SST > 28 ˚ C) and trop ica l cyclone activity in the resent clima te has never
been clearly drawn .  We propose tha t this thresho ld corresponds to the reg ion of the g lobe
in which deep trop ica l convection is observed to extend through the depth of the tropo-
sphere .  G raham and Barnett (1987) demonstra te tha t environmenta l factors other than
ocean tempera ture (SST) govern the depth of trop ica l convection for SST > 28 ˚ C , but tha t it is
only in this SST reg ime in the present clima te tha t the deepest convective towers are ob-
served .  Acceptance of this hypothesis as the like ly exp lana tion of the link between SST and
trop ica l cyclone activity in the present clima te immed ia te ly suggests a  number of secondary
links to trop ica l cyclone activity.  It a lso ra ises a  number of questions on the robustness of this
numerica l thresho ld in other clima te reg imes.

We first address the like lihood tha t SST > 28 ˚ C  will rema in the numerica l thresho ld for deep ,
trop ica l convective activity.  G raham and Barnett (1987) p lotted outgo ing longwave rad ia-
tion ( O LR) aga inst SST for the g loba l trop ics.  We repea t this ana lysis for three GENESIS
clima te mode l simula tions to exp lore if the 28 ˚ C  thresho ld is robust across d iffering clima te
reg imes (Figure 65).  Equilibrium simula tions for (a) a  contro l simula tion; (b) 2xC O 2 equilib-
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rium simula tion; and (c) 4xC O 2 were ana lyzed .  C omparison of the contro l simula tion with
the observa tiona l study of G raham and Barnett (1987; not shown) revea ls a  rea listic re la-
tionship between O LR and SST in the mode l contro l run.  C omparison of the contro l simula-
tion with the other clima te rea liza tions suggests tha t the threshold of SST > 28 ˚ C  in the present
clima te for deep convective clouds in the trop ics may not be ma inta ined in other clima te
reg imes.  This important result ind ica tes tha t an understand ing of the true na ture of this
threshold to tropica l cyclogenesis is necessary to inferring likely tropica l cyclone activity changes
in d iffering clima te reg imes.

Figure 64
Return periods for extreme ra infa ll events (200% of norma l) derived from monthly sta tion da ta over the
northeast USA for the period 1930-1996 inclusive . N o C anad ian sta tions are included .  Events are only
included in this clima to logy if the extreme ra infa ll was d irectly a ttributab le to the passage of a  trop ica l
cyclone .

Mean Return Period (years): Doubling of Mean
Monthly Rainfall from a Tropical Cyclone (1930-1996)
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Figure 65
Re la tionship between sea surface tempera ture (SST) and outgo ing longwave rad ia tion ( O LR) for G CM
trop ica l convection in (a) contro l simula tion; (b) 2xC O 2 equilibrium simula tion; and  (c) 4xC O 2 equilib-
rium simula tion of the GENESIS clima te mode l.  C omparison of the contro l simula tion with the obser-
va tiona l study of G raham and Barnett (1987; not shown) revea ls a  rea listic re la tionship between O LR
and SST in the mode l contro l run .
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We now consider a number of environmenta l factors tha t have been identified as important
for trop ica l cyclogenesis.  While many theories on trop ica l cyclogenesis exist, requirements
for trop ica l cyclogenesis common to them a ll are: (a) an ab ility to support deep convection;
and (b) an incip ient seed d isturbance .  In most parts of the world , the cond itions correspond-
ing to the monsoon trough environment iso la te for deep convection.  Since the monsoon
trough is a  reg ion of low-leve l cyclonic vorticity, it is a lso a favorab le reg ion for deve lopment
of “seed” d isturbances, with over 90% of trop ica l cyclogenesis cases in the Austra lian and
western North Pacific O ceans be ing loca ted in the monsoon trough.  It is a lso the dom inant
genesis loca tion for Ind ian O cean trop ica l storms.  In the Atlantic O cean, easterly waves
provide the seed d isturbances for deve lop ing trop ica l cyclones in the vast ma jority of cases.
Thus, successful simula tion of trop ica l cyclogenesis suggests a  need for adequa te simula tion
of these seed systems.  C oncepts addressed here are illustra ted for the month of February
1993 .  Trop ica l SST for February 1993 is p lotted in Figure 66 .  SST > 28 ˚ C  is shaded and the
loca tions of a ll trop ica l cyclone genesis events for this month are ind ica ted by bulls eyes.
O bviously, trop ica l cyclone genesis loca tions are restricted to this SST reg ime , a lthough no
trop ica l cyclones form in the near-equa toria l reg ion where the SST are actua lly maximum .

Figure 66
Trop ica l SST for February 1993 . SST > 28 ˚ C  are shaded and the loca tions of a ll trop ica l
cyclone genesis events for this month are ind ica ted by bulls eyes.
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Deep trop ica l convection rises buoyantly through the a tmosphere and will be suppressed by
subsidence .  Hence , in reg ions of deep convection integra ted vertica l ve locity (vertica l mo-
tion, between 850-200mb , mass we ighted and summed) is expected to ind ica te deep as-
cent.  The integra ted vertica l ve locity for February 1993 is p lotted in Figure 67 and only
reg ions d iagnosed as undergo ing large-sca le ascent are shaded (once aga in, a ll trop ica l
cyclogenesis loca tions are ind ica ted).  A ll trop ica l cyclogenesis events are in reg ions of deep
ascent as expected .  C omparison of Figures 66 and 67 demonstra tes tha t in reg ions of
integra ted vertica l ascent, SST > 28 ˚ C .  (The narrow reg ion not shaded in the centra l Ind ian
O cean essentia lly integra tes to zero).  This co incidence between deep vertica l ascent and
SST > 28 ˚ C  is due to the incidence of deep trop ica l convection over wa ter of these tempera-
tures in the present clima te .  Intercomparison of these d iagnostics for a five-year time period
indica tes tha t the integra ted vertica l motion may be used as a proxy for regions with SST > 28 ˚ C
in the present clima te .

Two rema ining environmenta l factors have been shown to impact trop ica l cyclogenesis: high
re la tive vorticity and weak vertica l wind shear.  Each of the trop ica l cyclogenesis events were
observed to form in reg ions in which high re la tive vorticity va lues were observed a t least 12-
24h prior to genesis (not shown).

Large va lues of vertica l wind shear (d ifference between the horizonta l wind vectors a t 850mb
and 200mb) a t the time of genesis are expected to be detrimenta l to the deve lopment of the
vertica lly stacked trop ica l cyclone .  Vertica l wind shear fie lds for February 1993 are p lotted
in Figure 68 .  Reg ions d iagnosed with shear less than 15 ms-1 /(650mb) are shaded and a ll
trop ica l cyclogenesis events are ind ica ted . A lmost a ll genesis events are in reg ions with
shear less than 15 ms-1 /(650mb).

The overlap of shaded reg ions between Figures 66-68 co incides with the observed trop ica l
cyclone genesis loca tions.  Hence , the physica l impacts of these environmenta l factors are
observab le even on time sca les of a  month.  This is a  favorab le ind ica tor tha t such d iagnos-
tics may be comb ined as a  G CM “trop ica l cyclone frequency index.”

Conclusions
In summary, we have exp lored the reg ion of trop ica l cyclone impact, possib le cross-depen-
dencies between trop ica l cyclogenesis and SST, vertica l wind shear and deep vertica l ascent.
Results highlighted here include:
1) demonstra tion tha t the impact of trop ica l cyclones is not restricted to the trop ica l and

subtrop ica l reg ions, but extends deep into the m id la titudes in the form of intense ra in
and wind events.  The examp le of return period for extreme (≥ 200% of norma l) ra infa ll
events over the northeast U. S. (Figure 64) was used to illustra te this;

2) G CM sensitivity stud ies suggest tha t the thresho ld of SST > 27 ˚ C  presently regarded as
the m inimum SST for which trop ica l cyclogenesis can occur is like ly to vary with d ifferent
mean clima te sta te (Figure 65);

3) Reg ions of integra ted vertica l ascent in the trop ics are colloca ted with trop ica l SST > 28 ˚ C ,
a lthough there is not widespread ascent over the warmest equa toria l wa ters.  Since sub-
sidence in trop ica l cyclones is predom inantly restricted to the eye reg ion (sub-grid sca le
in these ana lyses) large-sca le integra ted vertica l ascent seems a  good proxy for “suffi-
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Figure 67
Integra ted vertica l ve locity (vertica l motion , between 850-200mb , mass we ighted and summed) for
February 1993 .  O nly reg ions d iagnosed as undergo ing large-sca le ascent are shaded and a ll trop ica l
cyclogenesis loca tions are ind ica ted .

Figure 68
Vertica l wind shear (d ifference between the horizonta l wind vectors a t 850mb and 200mb) for February
1993 .  Reg ions d iagnosed with shear less than 15 ms-1 /(650mb) are shaded and a ll trop ica l cyclogen-
esis events are ind ica ted .
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ciently warm” SST and has the advantage of having a clima te-independent thresho ld of
zero (separa ting ascent and descent);

4) Deep vertica l ascent and weak [ < 15ms-1 /(650hPa)] vertica l wind shear constra ints go
far in restricting the reg ion of the trop ics in which trop ica l cyclogenesis is viab le .  The
overlap between these reg ions and those with cyclonic re la tive vorticity captures most of
the variab ility of trop ica l cyclogenesis reg ions.

5) C omb ina tion of these three components — (1) deep vertica l ascent; (2) weak vertica l
wind shear; and (3) cyclonic re la tive vorticity — into a “trop ica l cyclone frequency index”
shows prom ise as a  large-sca le d iagnostic for G CM simula tions.  Some further refine-
ment is needed however, to ensure tha t the reg ions so defined do not include non-
genesis reg ions and tha t the intraseasona l and interannua l characteristics of trop ica l
cyclogenesis variab ility are captured by these d iagnostics.
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Heavy Precipitation in a
Changing Climate
Pavel Ya. Groisman
Thomas R. Karl, D avid R. Easterling, Richard W. Knight, Paul F. Jamason, Kevin J. Hennessy,
Ramasamy Supp iah , C her M . Page , Joanna W ib ig , Krzysztof Fortun iak , Vyacheslav N .
Razuvaev, Arthur Doug las, Eirik Førland , and Pan-Mao Zha i
N a tiona l C lima tic D a ta C enter/ N O AA
Asheville , North C aro lina

A simp le sta tistica l mode l of da ily precip ita tion app lied to the da ta of e ight countries shows
tha t the shape parameter of the precip ita tion d istribution rema ins reg iona lly and tempora lly
stab le , the number of days with precip ita tion rema ins more or less stab le , while the sca le
parameter is highly variab le in time and space .  This imp lies a  like lihood tha t changes in
mean monthly precip ita tion in these countries will be associa ted with d isproportiona te ly
large changes in the extremes.  When mean summer precip ita tion increases by 5%, sim ilar
to wha t has occurred in severa l reg ions during the past century, with no change in the
number of precip ita tion days and no change in the shape parameter of the precip ita tion
d istribution, there is a  20% increase in the probab ility of summer da ily precip ita tion over a
25 .4 mm thresho ld in northern countries (Russia , C anada , Norway, and Po land) or a 50 .8
mm thresho ld in m id-la titudes, trop ics, and subtrop ics (the United Sta tes, Mexico , China ,
and Austra lia).  Tha t is, the increase in the probab ility of “heavy” precip ita tion is four times
the increase in mean precip ita tion.  O ur results ind ica te tha t in a warmer and wetter world ,
as pro jected by clima te mode ls driven by increasing greenhouse gases, increases in heavy
precip ita tion are like ly to be d isproportiona te ly large compared to any change in the tota l
precip ita tion.  This is like ly to have important socio-econom ic and eco log ica l impacts.  This
fea ture of summer precip ita tion may a lready be manifested in recent increases in precip ita-
tion extremes over some reg ions, e . g., the United Sta tes and Austra lia (Karl et a l. 1995; Karl
and Knight 1998; Supp iah and Hennessy 1996 , 1998; Tab le 13).

Ana lyses of trends in mean precip ita tion during the past century revea l compe lling evidence
of the presence of trends over many reg ions of the world (IPC C 1996).  O f particular inter-
est, from both practica l and theoretica l considera tions, are the ana lyses of precip ita tion
change tha t revea l increases in extreme and very heavy precip ita tion from North America ,
Austra lia , Japan, and Europe .  G enera lly, clima te mode l simula tions a lso consistently pro ject
increases in g loba l precip ita tion due to g loba l warm ing stemm ing from increases in green-
house gases and an increase in heavy precip ita tion.  We focus on heavy precip ita tion during
the three warmest (and often wettest) summer months, which co incide with the period of the
primary growing season, and assess heavy precipita tion changes in eight countries: C anada ,
the U. S. , Mexico , the former Soviet Union, China , Austra lia , Po land , and Norway (Figure
69).  These constitute more than 40% of the g loba l land mass, and more than 80% of the
extra trop ica l land area .

A simp lest and wide ly recognized mode l was used to describe the d istribution of da ily pre-
cip ita tion tota ls.  Under this mode l, it is assumed tha t the occurrence of da ily precip ita tion
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events has a  b inary d istribution with the probab ility of a  sing le event Ppr and the d istribution
function of precip ita tion tota ls F(x) is expressed as:

F(x) =  P(X≤ x) =  (1-Ppr) + Ppr ∫
x

o
p(η, λ, τ) dt (1)

Figure 69
Maps of the sta tions with da ily precip ita tion time series used in this study for N orth America (C anada ,
the U. S. and Mexico), Austra lia , the former Soviet Union , Peop les Repub lic of China (PRC), N orway,
and Po land .  O nly the continenta l part of a ll these countries is shown .  Severa l sta tions from ad jacent
islands were a lso used in the ana lyses.  N ote the d ifferent spa tia l sca les in each map .  The da ta span 45
(PRC) to 100 (the U. S. , N orway, Austra lia) years.  The da ily precip ita tion time series were qua lity
contro lled and homogen ized (where necessary) before the ir use .

The precip ita tion amount during this event is considered to have a two-parameter gamma-
d istribution, p(η, λ, τ ).  For this mode l, we have three parameters: Ppr, η and λ.  The η-
parameter defines the shape of the d istribution, while the λ-parameter characterizes the
sca le / intensity of precip ita tion during the days with precip ita tion.  We app lied this mode l to
da ily precip ita tion tota ls over Eurasia , Austra lia , and North America but beforehand , we
tested the fit of mode l (1) for estima tes of the probab ility of heavy ra ins in the reg ions with a
dense network of long-term homogeneous precipita tion observa tions with a sufficient amount
of precip ita tion events (Eastern U. S. , Eastern Austra lia , European Russia , Southern Norway).

In a warmer and

wetter world, increases

in heavy precipita tion

are likely to be

disproportiona tely

large compared to any

change in the tota l

precipita tion.  This is

likely to have

important socio-

economic and

ecologica l impacts.

La
t i t

ud
e,

 N
L a

t i t
ud

e,
 N

L a
t i t

ud
e,

 N

L a
tit

ud
e

La
tit

ud
e,

 N
La

tit
ud

e,
 N

Long itude , W

Long itude , E

Long itude , E Long itude , E

Long itude , E

Long itude



281

S E S S I  O N  2

S E S S I  O  N   2

C lima te Extremes: Changes, Impacts and Pro jections

We ca lcula ted emp irica l estima tes of the probab ility of “heavy” precip ita tion (i. e . , above a
g iven thresho ld), compared them with ca lcula tions based on mode l (1), and found tha t for
the thresho lds under considera tion, mode l (1) reproduces the pa ttern and abso lute va lues of
probab ility reasonab ly we ll.  Ana lysis of spa tia l and tempora l variab ility of the parameters
of mode l (1) shows tha t the η-parameter is less variab le in space and time .  It varies but little
in the march of seasons, between wet and dry summers a t the same loca tions, and spa tia lly
over the continents.  This suggests tha t in modera te clima tic change this parameter will
probab ly stay intact and not contribute significantly to the changes in mean precip ita tion
over the reg ions with mean da ily precip ita tion above 1 mm per day.  O ver the U. S. , Norway,
and Austra lia , we found an increase in summer precip ita tion frequency (i. e ., Ppr) over the
past century.  But when the same ana lyses are repea ted only for the post-World War II
period , they do not show sta tistica lly significant trends in Ppr over a ll e ight countries.

The mean , µ, variance , σ2, and the coefficient of varia tion Cv of this d istribution are defined
by Ppr, η, and λ parameters.  For examp le , the mean precip ita tion in mode l (1) is a  product:

µ =  Pprη/λ (2)

and its change can be a result of the contribution of a ll three parameters.  We are interested
in the changes in the probab ility of heavy ra ins tha t can accompany changes in mean
precip ita tion.  Therefore , we tested the sensitivity of this probab ility to changes in µ tha t are
introduced by the varia tion of each of these three parameters.  In the reg ions with mean
da ily summer precip ita tion above 1 mm per day for typ ica l comb ina tions of η, λ, and Ppr,
the change in the probab ility of exceed ing heavy precip ita tion thresho lds with a change in µ
was ana lyzed .  The strongest changes in heavy precip ita tion probab ility occur when the
changes in µ are associa ted with varia tion of sca le parameter, λ, and the sma llest changes
occur when the changes in µ are associa ted with varia tions of Ppr.  For examp le , the prob-
ab ility of exceed ing a 50 .8 mm day-1 thresho ld over the eastern two-thirds of the contiguous
U. S. with a 10% increase in µ changes by approxima te ly 40%, 20%, and 10%, if this in-
crease in µ is produced in Eq . 2 by an appropria te change in λ, η, or Ppr respective ly.
O bviously, an increase /decrease in Ppr produces a  linear 1:1 increase /decrease in probab il-
ity to exceed any g iven thresho ld .  Changes in the two other parameters produce d ispropor-
tiona te ly high changes in the probab ility of extreme precip ita tion compared to the corre-
spond ing changes in mean precip ita tion (Figure 70).

We presume tha t for da ily precip ita tion described by (1), the changes in λ, η, or Ppr which
have occurred interannua lly and in the seasona l cycle during the past century as we ll as the ir
spa tia l variab ility conta in informa tion about the stab ility of these parameters in modera te
clima te and wea ther varia tions.  Then , using this informa tion, we can app ly a p lausib le
scenario of the mean precip ita tion change and derive va luab le informa tion about the most
probab le change in precip ita tion extremes.  We consider scenarios of the sma ll /modera te
increase of mean precip ita tion tha t ma tch the precip ita tion changes during the past 100
years over the countries under considera tion.  We estima te parameters of mode l (1) for the
period of the mass da ta ava ilab ility and then use them to test the present and future tenden-
cies in heavy precip ita tion (Figure 71 , Tab le 14).  For examp le , in Figure 71 we define
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“heavy” precip ita tion, Pheavy, as a  da ily precip ita tion exceed ing the 25 .4 mm thresho ld in
northern countries (Russia , C anada , Norway, and Poland) and exceeding the 50 .8 mm thresh-
o ld in m id-la titudes (the U. S. , Mexico , China , and Austra lia) and estima te the d ispropor-
tiona te increase in precip ita tion for heavy precip ita tion ra tes, compared to a 5% increase in
mean precip ita tion, if the shape of the precip ita tion d istribution and the probab ility of a
precipita tion event do not change.  Table 14 presents a scenario of the most-probable changes
in the probab ility of summer heavy ra infa ll, Pheavy, above 25 .4 mm over Norway derived
from the recent varia tions in m , and Ppr.

Figure 70
Changes in the probab ility of heavy ra ins, Pheavy, (above 50 .8 mm) in G uangzhou, PRC (Ppr = 0 .6; η =
0 .56; λ =  0 .04 mm-1; µ =  8 mm day-1) with a 10% increase /decrease in mean summer precip ita tion ,
µ, assum ing tha t η does not change and the changes in µ are due to changes in Ppr and λ.  Because µ
= Pprη/λ, the changes in λ in these scenarios are a  function of Δµ ( =  ± 10%) and ΔPpr and are not
shown .  This figure shows tha t depend ing upon the ra tio of changes in these two parameters to the
change in µ, Pheavy, can change
• with a higher than linear ra te , when changes in Ppr are less than the changes in µ by abso lute va lue;
• linearly, when changes in µ are so le ly due to changes  in Ppr (fixed λ);
• with a lower than linear ra te or inverse ly (in this examp le , when abso lute va lues of ΔPpr are above

17%), when changes in Ppr are higher than the changes in µ by abso lute va lue .
Therefore , in constructing scenarios of a  future clima te change , we have to judge wh ich of these three
parameters will be responsib le for the change in the mean precip ita tion .  This will substantia lly a ffect
the behavior of precip ita tion extremes in these scenarios and , in turn , will have important socio-eco-
nom ic and eco log ica l consequences.  A lthough this figure shows a  variety of Pheavy changes depend ing
upon changes of the ra tio of Ppr and λ, in our ana lyses, only one comb ina tion/rea liza tion has been
observed in each reg ion where we have sufficient homogeneous precip ita tion da ta on a century time-
sca le (the eastern two-thirds of the U. S. , coasta l reg ions of southeast Austra lia , European part of the
former USSR, and southern N orway): the changes in Ppr are of the same sign and less than the changes
in µ by abso lute va lue .  This imp lies (accord ing to our mode l) tha t the changes in Pheavy will be in the
same d irection as changes of µ with a higher than linear ra te .  This is exactly wha t we have observed in
our emp irica l estima tes of Pheavy.
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In a ll eight countries
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Figure 71
Percentage change of the probab ility of summer da ily precip ita tion exceed ing the heavy ra infa ll thresh-
o lds, Pheavy, (defined in text) when the mean da ily precip ita tion increases by 5% assum ing tha t  Ppr and
h do not change .  The change is expressed as a  ra tio Pheavy (scenario)/Pheavy (clima te).  In a ll e ight
countries considered (except China) a t least a  5% increase in mean summer precip ita tion has been
documented during the past 100 years (IPC C , 1996 , 1998).  In three countries (U. S. ,  Austra lia , and
N orway) we found a century-long increase in heavy precip ita tion frequency and in Ppr.  In other coun-
tries, where we have shorter and /or insufficient da ta , the d irect detection of systema tic changes in
heavy precip ita tion using observa tiona l da ta is more d ifficult.  Therefore , we exp lo it our find ings about
the stab ility of η and Ppr (the tempora l stab ility of Ppr is, however, dependent on the period of interest)
and use various assumptions about how the mean precip ita tion may (or d id) change to ana lyze the
effect of these changes on extreme precip ita tion .  As an examp le of this type of ana lysis, in this figure
we present the effect of a  5% increase in mean precip ita tion on the precip ita tion above se lected thresh-
o lds assum ing a scenario of no changes in η and Ppr.  We app ly this scenario to a ll e ight countries
a lthough summer precip ita tion in some of them (Russia , C anada , Austra lia , N orway, Mexico) has in-
creased a t a  higher ra te during the past century, while over eastern China it decreased .  Particularly, in
the eastern U. S. , in reg ions with mean summer precip ita tion above 2 mm per day,  an increase in
mean da ily precip ita tion by 5% yie lds an increase in the probab ility of da ily precip ita tion above 50 .8
mm (2 inches) by approxima te ly 20%.  In the M ississipp i River Basin , up to ha lf of the increase in mean
summer precip ita tion is contributed by heavy ra ins.  This he lps exp la in why recent stud ies by Karl et a l.
(1995) and Karl and Knight (1998) were ab le to detect significant increases in extreme precip ita tion
over the contiguous U. S. , while the century-long increases in summer precip ita tion tota ls over the same
reg ion were non-significant.
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Table 13
C ountry-wide linear trends of the number of summer days with heavy precip ita tion over the contiguous
U. S. , Austra lia , European part of the former Soviet Union , and N orway.  Asterisk ind ica tes a  sta tistica lly
significant  d ifference from zero a t the 0 .05 significance leve l.

Country Period Threshold Average Linear trend Linear trend
used to number of day/10years % /10years
define days with

“heavy” rain heavy rain

C ontiguous 1910-1996 50 .8 mm 0 .4 0 .007* 1 .7*
U. S.

Eastern two- 1910-1996 50 .8 mm 0 .6 0 .010* 1 .7*
thirds of the
contiguous U. S.

European 1936-1994 20 mm 1 .8 0 .069* 3 .9*
part of the
former USSR

Austra lia 1910-1996 50 .8 mm 0 .7 0 .018 1 .1

C oasta l 1900-1996 50 .8 mm 0 .4 0 .019* 4 .6*
reg ions of
N ew S. Wa les
and Victoria

N orway 1901-1996 25 .4 mm 2 .0 0 .04 1 .9

Table 14
Scenario of the most-probab le changes in the probab ility of summer heavy ra infa ll, Pheavy above 25 .4
mm over N orway derived from the recent (past 60 years) varia tions in mean precip ita tion , µ, and
frequency, Ppr. In these scenarios we continue to fix η.  Average numbers of days with heavy ra infa ll and
the ir linear trends estima ted from the century-long homogeneous time series for period 1901-1996 are
a lso shown .  In order to better ma tch the observed precip ita tion changes for this country we should sp lit
the observed increase in mean precip ita tion between increases in intensity and frequency.  In this Tab le
we present our best guess scenarios for extreme precip ita tion changes in N orway.  A scenario be low is
based on the ana lysis of the summer mean precip ita tion and frequency changes over the past century:
a 7% increase in mean summer precip ita tion in the “windward” part of the country (a ll northern N or-
way and coasta l ocean-front part of southern N orway) and a 5% increase in the number of ra iny days;
a  7% decrease in mean summer precip ita tion in a “ leeward” part of the country (interior and southeast-
ern part of southern N orway, south of 62 .5 ˚ N  and east of 6 ˚ E) without any changes in precip ita tion
frequency.  Under this scenario changes in Pheavy are less prom inent but, neverthe less, still higher than
the changes in mean precip ita tion .  Emp irica l estima tes of century-long trends in the number of days
with heavy ra infa ll support this ana lysis and the order of magnitude of these trends is consistent with
theoretica l estima tes of changes in Pheavy.

Region ΔµΔ Pp ΔPheavy Average number and their
(%) (%) (%) of days with linear trend

heavy rains % /100 years

W indward part + 7 + 5  12 2 .9 14
of the country

Leeward part -7 0 -26 1 .3 -20
of the country
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The scenario results have been favorab ly compared with d irect estima tes of trends in heavy
precip ita tion during the past 100 years over the U. S. , Austra lia and Norway.  For these
countries, we possess sufficient century-long homogeneous time series of da ily precip ita tion
to eva lua te the trends in heavy precip ita tion d irectly, i. e . , without the he lp of mode l (1).
These da ta support our conclusions about the century-long d isproportiona te increases in
heavy precip ita tion.  To be conclusive , ana lyses of country-wide trends in heavy precip ita tion
have to be based on a more dense network than sim ilar ana lyses for mean precip ita tion,
because of the low ra tio of signa l to no ise in the da ta .  However, the approach used in
scenarios shown in Figure 71 can hand le the da ta paucity prob lem .
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Climate Extremes:
Selected Review and
Future Research Directions
Thomas R. Karl
N O AA/ NESDIS/ N a tiona l C lima tic D a ta C enter
Asheville , North C aro lina

Trends and multi-decada l varia tions of wea ther and clima te extremes have only recently
rece ived a ttention from the clima te community.  Interest has stemmed from exponentia lly
increasing economic losses rela ted to clima te and wea ther extremes, and apparent increases
in dea ths a ttributed to these events, suggesting tha t key decision makers need a better un-
derstand ing of the potentia l uses of clima te informa tion.  The need for da ta on clima te
extremes in d isaster m itiga tion activities such as the Interna tiona l Decade for N a tura l D isas-
ter Reduction a lso has provided another motiva tion for focus in this area .

The losses cited above ra ise questions as to whether extreme wea ther events are actua lly
increasing in frequency, whether society as a  who le is becom ing more vulnerab le to extreme
wea ther events, whether pub lic perception has been unduly influenced by enhanced med ia
a ttention, or some comb ina tion.  G iven these questions, of particular interest here is the
extent to which we can document changes in clima te and wea ther extremes.  Attribution of
ongo ing trends to specific clima te forcings, such as anthropogenic effects or other factors
re la ted to na tura l clima te variab ility are still equivoca l.  For some areas and variab les,
increases in the frequency of extreme events are apparent, while in other areas there are
suggestions of declines in these events.  A review of this informa tion suggests tha t further
understand ing of the cause(s) of the apparent changes in clima te and wea ther extremes is
strong ly dependent upon progress in our ab ility to monitor and detect these multi-decada l
trends.  Based on these ana lyses we show tha t this will like ly require increased a ttention in
the fo llowing areas:
1) The deve lopment of more effective interna tiona l da ta exchange for high reso lution his-

torica l clima te and wea ther records;
2) Increased emphasis on rescuing da ta with appropria te reso lution from deteriora ting

manuscripts and other non-e lectronic med ia ;
3) A grea ter emphasis on removing inhomogene ities, which are defined as  changes and

varia tions in the record tha t are non-clima tic or are not representa tive of the time and
space sca les of interest, e . g. , urban hea t island effects are clima te-re la ted , but are not
the sca les of interest for g loba l tempera ture change ana lyses of the instrumenta l record
and ongo ing wea ther monitoring programs (tha t provide much of our informa tion about
changes and varia tions of wea ther and clima te extremes);

4) More effective use of space-based measurements and reana lysis products derived from
mode ls;

5) More robust monitoring of loca l extreme wea ther events such as tornadoes, ha il, light-
ning, and wind; and

6) More effective means to integra te and communica te informa tion about wha t we know
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and do not know about changes in clima te extremes.  Progress in each of these areas is
reviewed in context with outstand ing rema ining cha llenges, and the benefits tha t can be
expected if we meet these requirements.

The Context
Each year extreme clima te and wea ther events take tens of thousands lives, cause unto ld
human hardship , and result in enormous econom ic losses.  Since the la te 1980s the insur-
ance and re-insurance industry has po inted out an exponentia l increase in econom ic losses
due to these events (Munich Re , 1996).  In many countries the genera l pub lic has a lso
become concerned as press reports, first-hand experience , and anecdota l informa tion a ll
appear to suggest an increase in the frequency and severity of extreme events.  O ver the
g lobe , econom ic losses have continued to increase during the 1990s, and a lthough the
number of d isaster-re la ted dea ths has increased over the past 25 years (IFRCRCS 1997), the
re la tive increase in wea ther-re la ted dea ths has not been as drama tic as the rap id increase in
economic losses.  For example, the enormous loss of life from the 1991 floods in Bangladesh,
where an estima ted 140 ,000 dea ths occurred , was still considerab ly fewer than the 300 ,000
during the 1970 ca tastrophic floods.  It is quite like ly tha t improvements in communica tions
and warning systems have p layed an important ro le in moving peop le out of harms way.
Human infrastructure however, is not so mob ile .

There is little doubt tha t our vulnerab ility to extreme events is increasing as society continues
to inhab it and deve lop vulnerab le areas such as coasta l marg ins and floodp la ins, and exist-
ing popula tions in these types of areas increase .  A lthough there is some controversy as to
whether urban areas are overly vulnerab le to na tura l d isasters (e . g., see Mitche ll 1990 and
Knovitz 1990) by na ture of the fact tha t cities are areas of high popula tion concentra tion
with comp lica ted interdependent infrastructure , there is little doubt tha t they are vulnerab le
to exceptiona l extreme wea ther events such as hurricanes, heavy flood ing, or extreme tem-
pera ture events.  Moreover, changes in the na tura l landscape associa ted with human-built
infrastructure , (roads, parking lots, build ings, reservo irs, dams, a ltera tions in streamflow,
sewage and storm wa ter routing, runoff, etc.) can often contribute to ma jor ca tastrophes
during extreme ra infa ll events and flood ing situa tions.  The United N a tions estima tes tha t
nearly ha lf of the world’s popula tion lives in cities, up from 30% in 1950 , and tha t by 2025 ,
60% of the world’s popula tion is expected to reside in urban areas.

In light of these socio-econom ic trends there are four fundamenta l issues re la ted to varia-
tions and changes of clima te extremes tha t are reviewed in this paper:

C an we detect any change in clima te and wea ther extremes?
Are these changes unusua l in light of na tura l clima te variab ility?
Is there any evidence to link observed changes in extremes to anthropogenic effects?
Wha t priorities are needed to reduce uncerta inties?

Observed Trends
The concern over potentia l impacts of clima te change by various parts of society  has been
he ightened by increases in wea ther re la ted impacts tha t have occurred in recent years.
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Understand ing potentia l clima te change both in terms of trends, and changes in extreme
events is critica lly important for a wide range of po licy decisions (Pie lke and Landsea 1998).
Therefore , it is useful here to first exam ine observed trends in various parts of the clima te
tha t may have an impact, e ither d irectly or ind irectly, on society.  Furthermore , it should be
made clear tha t a  trend in one ind ividua l variab le , such as the annua l g loba l tempera ture ,
does not necessarily confirm tha t clima te change is occurring.  However, it is the continued
documenta tion of trends and changes in a number of key variab les tha t adds to the body of
evidence tha t there is a  d iscernab le anthropogenic impact on the clima te .

In the fo llowing sections we exam ine trends in various aspects of tempera ture , precip ita tion
and storms, particularly as they re la te to clima te extremes.  Due to a shortage of ava ilab le
da ta and subsequent ana lyses there currently is not strong evidence tha t on a g loba l basis
extreme wea ther events are increasing in severity or frequency.  However, in some reg ions
where da ta are ava ilab le to exam ine these types of events, there is clear evidence of changes
in some extremes and overa ll clima te variab ility (IPC C 1996).  Lastly, it is becom ing increas-
ing ly evident tha t human society is go ing to have to learn to live with wha tever clima te is
produced by a substantia l increase in C O 2.  A lthough there is still deba te , it is possib le tha t
the Earth may see a doub ling or even a trip ling of a tmospheric C O 2 sometime around the
turn of the next century (Schne ider 1998).  If this is the case , then continued documenta tion
of clima te trends, particularly in terms of clima te extremes, will be critica l for decision mak-
ers in the future as they dea l with environmenta l changes and the ir impacts.

Temperature
There is now clear evidence for an observed increase in g loba l average tempera tures of
about 0 .5 ˚ C  since the start of the 20 th century (IPC C , 1996).  It is not as we ll apprecia ted
however, tha t on reg iona l sca les, especia lly over land , the observed ra tes of tempera ture
change are often severa l times larger.  C learly, if there are large changes in the mean ,
changes in the extremes of tempera ture are a lso like ly (IPC C 1996).  A recent ana lysis of
50% of the g loba l landmass by Easterling et a l. (1997) shows tha t indeed , the mean da ily
maximum and m inimum tempera tures are both increasing, but the ra te of increase of the
m inimum tempera ture for the 1950-1993 period is more than twice the increase of the
maximum (1 .8 ˚ C /100 years versus 0 .8 ˚ C /100 years).  The increase in the mean m inimum
tempera ture has been demonstra ted to have a ffected the length of the frost-free period ,
which has potentia l impacts for a number of sectors such as agriculture (growing season
length and pest contro l) and power genera tion and consumption.  For examp le , C ooter and
LeDuc (1995) report tha t in the northeastern U. S. over the 1950-1994 period the frost-free
period beg ins about 11 days earlier in the 1990s compared to the 1950s, and Easterling
(1998) has shown tha t for the 1948-1995 period , the northern Grea t Pla ins and Grea t
Lakes reg ions have experienced a decline of nearly 3 days per decade in the number of days
where the m inimum tempera ture is be low freezing.  Evidence for a significant reduction in
the number of Twentieth C entury frost-days in many portions of Austra lia has been docu-
mented in severa l reports, e . g. , Plummer et a l. (1999); Karl et a l. (1997).  Sa linger (1997)
a lso reports a  decrease in the number of frost days over much of New Zea land during the
Twentieth C entury.
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In Austra lia , the increase in the annua l mean m inimum tempera ture is quite consistent with
reduced frost days, but in the Northeast U. S. the change in the mean m inimum tempera ture
is quite sma ll re la tive to the change in the Spring frost da te .  This is not an unusua l circum-
stance , and po ints to the danger of broad genera liza tions based on changes in the mean .
For examp le , the work of Rogers and Rohli (1991) and Downton and Miller (1993) docu-
ment an increase in the frequency of ma jor freezes a ffecting Florida during the la te 1970s
and 1980s, yet the mean m inimum winter tempera ture during tha t time was comparab le to
va lues during the 1950s and early 1960s.  Nonethe less, in New Zea land , Sa linger (1997)
reports a  good re la tionship between the mean annua l tempera ture and the number of days
be low freezing or above 30 ˚ C .

Extreme high tempera ture events are a lso responsib le for highly pub licized wea ther impacts
such as hea t-wave morta lity.  Karl and Knight (1997) found tha t e leva ted nighttime apparent
tempera tures (an index of both tempera ture and hum id ity) coup led with a variety of societa l
factors (Changnon, et a l. 1996) were responsib le for the impacts of the unusua l and dead ly
hea t wave tha t gripped Chicago , Illino is during the summer of 1995 .  Prior to 1995 the
trends of e leva ted nighttime apparent tempera tures had only slightly increased in the C en-
tra l U. S. , making the 1995 event even more unusua l.

Aside from the few examp les cited above , there is a  surprising dearth of ana lyses addressing
changes in extreme tempera tures.  Perhaps partly because tempera ture is genera lly re-
garded as fo llowing a norma l d istribution, re la tive ly few ana lyses of changes in growing
seasons and tempera ture extremes have been undertaken.  Many who have addressed this
issue (Karl and Knight, 1997; Ka tz and Brown , 1992 , Mearns et a l. , 1984) have genera lly
app lied norma l d istribution functions to the ir ana lyses, and made inferences about changes
in the extremes of tempera ture , based on changes in the mean .

So , perhaps the grea test uncerta inty about changes in tempera ture extremes for any specific
loca tion re la tes to the properties of extremes themse lves.  A lthough it is true tha t tempera-
tures approxima te a norma l d istribution, where the behavior of extremes ought to be we ll-
approxima ted from changes in the mean , the da ta suggest tha t such inferences cannot
consistently be re lied upon .  For examp le , desp ite and increase of mean tempera tures in the
U. S. of about 0 .4 ˚ C  over the past C entury, annua l extreme maximum has decreased by
0 .2 ˚ C , while the annua l extreme m inimum increased by the same amount.  In the former
USSR, the contrast is a lso most apparent during the spring.  For examp le , Karl et a l. (1991)
found an increase in the spring mean m inimum tempera ture , averaged across the country,
of 1 .4 ˚ C from 1951-1986 , but the 1-day extreme minimum tempera ture increased by 2 .2 ˚ C ,
and both increases were sta tistica lly significant.  This suggests tha t even a re la tive ly m inor
increase in mean tempera ture may result in more frequent extremes, for examp le more hea t
waves or more extreme co ld events.

For extremes, Ka tz and Brown (1992) po int out tha t changes in the variab ility are more
important than changes in the mean.  IPC C (1996) comprehensive ly d iscusses wha t is known
about changes in tempera ture variab ility.  Since variab ility of tempera ture can be defined in
severa l ways it is important to understand wha t aspects of variab ility are be ing ana lyzed .
For examp le , the variance of the two series of 5 ,5 ,5 ,0 ,0 ,0 ,-5 ,-5 ,-5 and 5 ,-5 ,0 ,5 ,-5 ,0 ,5 ,-5 ,0
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representing annua l anoma lies are identica l, but the abso lute va lue of the interannua l an-
nua l d ifferences are quite d issim ilar ind ica ting a d ifference in persistence .

In a g loba l study, Parker et a l. (1994) compared spa tia lly averaged variances of annua l
tempera ture anoma lies between the two periods 1974-1993 and 1954-1973 and found
evidence for an increase in tempera ture variab ility in the 1974-1993 period of between 4
and 11% depend ing on the season.  In some areas the increase was considerab ly larger,
especia lly over North America .  Karl, et a l. (1995) ana lyzed changes in variab ility on a
variety of times-sca les from 1-day to 1-year for much of the Northern Hem isphere (U. S. ,
China , and the former USSR) during the Twentieth C entury.  The ir ana lysis was based on the
abso lute va lue of time-averaged d ifferences from one period to the next.  Using this sta tistic
they found evidence for a decrease in tempera ture variab ility on short time-sca les (e . g. , up
to a few days), but no broad sca le increases in interannua l variab ility.  Therefore , a lthough
the year-to-year variab ility may not be a ffected , this could have imp lica tions for the length of
certa in types of multi-day events such as hea t waves or co ld snaps.

Precipitation
Intense Precipitation
There have been a number of large flood ing events in the 1990s in Europe , Asia , and the U.
S. tha t have highlighted a renewed emphasis on changes in precip ita tion extremes.  Work
resulted from this renewed emphasis is beg inning to suggest tha t there have been some
important changes and varia tions re la ted to a variety of precip ita tion extreme sta tistics.
Recent work by Gro isman et a l. (1999) provides a  framework for understand ing a number
of recent ana lyses tha t have po inted toward an increase in precip ita tion extremes in North
America , portions of Europe , Japan , Austra lia , South Africa , the former Soviet Union, and
e lsewhere (IPC C , 1996).  G ro isman et a l. (1999) demonstra te , using da ily precip ita tion
da ta from North America , a  large portion of Asia , portions of Europe , and Austra lia tha t any
change in the mean monthly tota l precip ita tion will influence the extremes more than any
other precip ita tion ra te .  W ith an increase in tota l precip ita tion, a  d isproportiona te increase
in precip ita tion for higher da ily precip ita tion ra te is expected , compared to more modera te
precip ita tion ra tes. However, changes in the tota l number of ra in days rema ins somewha t
inconclusive .

IPC C (1996) has demonstra ted tha t precip ita tion has genera lly increased across much of
the m id-to-high la titude land areas during the past C entury.  Karl and Knight (1998) find a
very significant increase in extreme precip ita tion events during the Twentieth C entury in the
U. S.  The increase has occurred due to both an increase in the frequency of very heavy and
extreme precip ita tion events as we ll as an increase in the ir intensity.  Sim ilar ana lyses have
now been run for C anada (since 1941), the former Soviet Union (since 1967), and Austra lia
(since 1910) with less striking changes than those seen in the U. S. , but clear evidence for an
increase in heavy and extreme precip ita tion events.  Extensions (Supp iah et a l. , 1997) of
earlier work by Supp iah and Hennessy (1996), show tha t in Austra lia , the 90 th, 95 th, and
99 th percentiles of da ily precip ita tion tota ls have increased by 20%, 6%, and 4% respec-
tive ly, when averaged across the country.  In a recent ana lysis of six long-term sta tions in
G ermany, an increase in da ily extreme precip ita tion amounts has a lso been detected in a ll
but one of the sta tions, and the trends are sta tistica lly significant a t three of the sta tions with
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increases during the Twentieth C entury of over 25mm/day (Rösner et a l. , 1997).  O ver South
Africa , Mason et a l. (1998) ind ica te tha t significant increases in extreme ra infa ll events have
taken p lace between the two 30-year periods, 1931-60 to 1961-90 .  The intensity of the 10-
year high ra infa ll event has increased by over 10% over large areas of South Africa .  Mason
et a l. (1998) find tha t percentage increases are largest for the heaviest ra infa ll events.
Iwashima and Yamomota (1993) a lso found an increase in the like lihood of extreme pre-
cip ita tion events in recent decades in Japan .

There are reg ions however, were little or no change in the intensity or frequency of extreme
precip ita tion events has been identified .  For examp le , an ana lysis of 1-day, 2-day, and 3-
day precip ita tion tota ls in Ind ia do not revea l any genera l trend toward more intense events
(Kumar, et a l. 1997), as increases in the west are ba lanced by decreases in the east.  Sim i-
larly, for China , Zha i et a l. (1999) do not find evidence for an increase in precip ita tion
extremes for 1 and 3-day events, and there is little change in tota l annua l precip ita tion in
China .  Ana lyses of changes in short-term precip ita tion extremes for the former Soviet Union
have been lim ited to da te due to da ta inhomogene ity prob lems (Karl and Knight, 1995), but
IPC C (1996) suggests a  net overa ll increase in precip ita tion for this reg ion of the world ,
which suggests tha t extreme precip ita tion amounts may have increased prior to 1967 (the
beg inning da te of the Karl and Knight ana lysis).

Droughts and Floods
IPC C 1990 concluded tha t ana lyses a t tha t time showed little suggestion of an increase in
the area of the g lobe a ffected by droughts and floods.  More recent work however (e . g. ,
Karl et a l. , 1995) ind ica tes tha t in the U. S. the increase in precip ita tion during the past few
decades lead ing to more wet spe lls and floods has not been accompanied by commensu-
ra te decrease in the frequency or intensity of droughts.  In other words, a t least in the U. S. ,
there has been an increase in the percent area of the country experiencing a clima te ex-
treme .  In a broader ana lysis, D a i et a l. (1998) find tha t there has been an increase in the
frequency and intensity of droughts or wet spe lls in areas tha t are influenced by ENS O .  This
is especia lly notab le in the trop ics and subtrop ics.  Furthermore , Mantua , et a l. (1998) have
recently identified a long-period oscilla tion centered over the m id-la titude northern Pacific
basin they have termed the Pacific inter-Decada l O scilla tion (PD O ).  The PD O  signa ture
appears to be an irregular, but robust pa ttern of clima te variab ility tha t varies on interannua l
to interdecada l time sca les tha t is clearly re la ted to ENS O .  However it appears to be a
longer period oscilla tion tha t envelopes shorter-period ENS O  events, such tha t the la te 1970s
shift to more frequent and intense ENS O s may be a manifesta tion of the PD O  (Mantua , et
a l. 1998).

Storms
In this section a d istinction is made between trop ica l and extra trop ica l cyclones.  A lthough
both systems are associa ted with reg iona l-sca le cyclonic surface wind circula tions around a
low pressure system , trop ica l cyclones are not associa ted with fronta l systems whereas extra-
trop ica l cyclones feed off such fronta l boundaries.  Trop ica l cyclones are very much depen-
dent on evapora tion and sensib le hea t fluxes from the oceans for the ir energy sources.
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Tropical cyclones
Trop ica l cyclones are the costliest na tura l d isasters around the world .  Landsea et a l. (1997)
provide a comprehensive review of the Twentieth C entury changes in trop ica l cyclone fre-
quency and intensity around the world .  IPC C (1996) and Landsea (1999) find tha t trop ica l
cyclone frequency is not genera lly increasing or decreasing when considered across the
g lobe , but there is significant decada l variab ility associa ted with both the number and inten-
sity of trop ica l cyclones.  O n a reg iona l basis there is evidence for a significant increase in
trop ica l cyclone frequency in the Northwest Pacific since the 1970s, but records back to
1960 suggest tha t trop ica l cyclone frequency was a lso high during the 1960s (Landsea ,
1999).  O n average , this basin is responsib le for over 30% of the g loba l trop ica l cyclones
tha t form each year. In the Atlantic basin, which contributes to about 12% of the g loba l tota l
number of trop ica l cyclones each year, there has been a decrease in hurricane intensity
since the m id-1940s (when reasonab ly re liab le records beg in), but since the turn of the
C entury there is no overa ll trend in hurricane frequency.  Sim ilarly, for land-fa lling hurri-
canes a ffecting the U. S. , there are large inter-decada l varia tions, but little evidence for any
systema tic trends.  This decrease since the 1940s is consistent with the increase in ENS O
activity tha t occurred in the la te 1970s.  Landsea and Gray (1992) po int out tha t during an
El N ino event trop ica l cyclone activity in the Atlantic tends to be suppressed due to increased
shear in the lower and m idd le troposphere .  In the North Ind ian O cean, da ta suggest a
significant downward trend in trop ica l cyclone frequency (Landsea , 1999).  In the Austra lian
reg ion the da ta ind ica tes little change in the number and frequency (N icho lls, 1999) of
intense trop ica l storms since records began in the 1960s.  However, less intense storms
show a decline tha t is a ttributab le , a t least in part, to inhomogene ities in the record (N icho lls,
1999).  Sim ilarly, no change in trop ica l cyclone varia tions have been detected in the South-
west Ind ian O cean or the Southwest Pacific since the 1960s.

Extratropical cyclones
O nce aga in there is a  dearth of ana lyses on the trends of intense extra trop ica l cyclones, and
some ana lyses have shown conflicting results.  O nly recently does there seem to be some
consistency regard ing an overa ll increase in the intensity of the strongest cyclones.  For
examp le , an increase in storm intensity during the la te 1980s and first ha lf of the 1990s has
been found by a number of investiga tors for the North Atlantic O cean, e . g., Ste in and
Hense (1994), Kushnir et a l. (1997).  There appears to be an abrupt shift toward more
intense storms in the northern ha lf of the basin (with the exception of the past two winters),
but a  decrease in intensity in the southern ha lf over the past severa l decades.  Lambert
(1996) ana lyzed intense cyclones in the North Pacific and Atlantic and found evidence to
support a  strong increase in intensity during the past severa l decades.  Sim ilarly, Bard in
(1994) reported tha t the size and intensity of cyclones has increased since 1980 .  D avis and
Dolan (1993) find an increase in the number of intense cyclones over eastern North America ,
but decada l variab ility in this reg ion is grea t, making it d ifficult to separa te out a  sta tistica lly
significant trend .

Loss Reduction Prospects
Reducing the human suffering and econom ic losses tha t result from extreme wea ther and
clima te is a  high priority for the Interna tiona l Decade of N a tura l H azard Reduction.  A
critica l step toward reaching this goa l re la tes to better knowledge of wha t the future clima te
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m ight bring in the way of these na tura l hazards.  Improved pro jections and confidence in
them are dependent on understand ing the causes of varia tions within the modern instru-
menta l record .  This requires considerab le a ttention be g iven to the linkages between ob-
served changes and specific causes (the a ttribution issue).  It is a lso important to ensure
proper utiliza tion of existing and new da ta and informa tion about expected changes in
clima te extremes in long-range p lanning and infrastructure ma intenance .  Both of these
activities are critica lly dependent on our ab ility to monitor changes in clima te and wea ther
extremes.

Attribution of Trends
C learly many, a lthough not a ll, of the changes in tempera ture extremes we have exam ined
here are re la ted to increases in the g loba l mean tempera ture .  Since the overa ll increase in
g loba l mean tempera ture is like ly to be a t least partia lly a result of increases of greenhouse
gases (IPC C , 1996) there is reason to be lieve tha t the changes in tempera ture extremes may
be re la ted to these increases as we ll.  The re la tionship of the anthropogenic greenhouse
effect to changes in tempera ture variab ility is less certa in, but there is some suggestion from
clima te mode ls with enhanced concentra tions of a tmospheric C O 2 tha t short-term tempera-
ture variab ility would decrease , and this has been detected in severa l reg ions (Karl and
Knight, 1995).  Nonethe less the mode ls are not entire ly consistent in this regard (IPC C ,
1996).

Perhaps one of the most critica l a ttribution issues for changes in clima te and wea ther ex-
tremes re la tes to the hypothesis tha t the hydro log ic cycle should intensify as g loba l warm ing
progresses.  Trenberth and Shea (1996) provide a conceptua l mode l for such a hypothesis
(see Figure 72).  There are some ind ica tions, a lthough by no means is the argument un-
equivoca l, tha t the hydro log ic cycle is growing more intense .  In many instances the da ta is
based on just a  few decades with incomp lete g loba l coverage , so it is d ifficult a t this stage to
be comprehensive .  Nonethe less, it is important to consider the changes and varia tions tha t
have been observed re la ted to an intensifica tion of the hydro log ic cycle .  These changes are
summarized be low.

An increase in evapora tion from the trop ics (IPC C , 1996)
Increase in convective clouds and re la ted cirrus (IPC C , 1996)
Increased continenta l cloud cover contributing to reduced d iurna l tempera ture range
and reduced evapora tion from wa ter surfaces over land (IPC C , 1996; D a i et a l. , 1997)
Increased precip ita tion in the m id-and high-la titude land areas contributing to enhanced
evapora tion and more runoff (D a i et a l. , 1997)
Increased a tmospheric wa ter vapor over North America , China , and trop ica l reg ions
(IPC C , 1996; Ross and Elliott, 1996; Zha i and Eskridge , 1997)
Increased precip ita tion intensity in many portions of the Northern Hem isphere (Karl and
Knight, 1997; Gro isman et a l. , 1999; Karl et a l. , 1997)
An increase in extra trop ica l storm severity (Lambert, 1996)

Many of these changes are consistent with the conceptua l mode l (Figure 72) put forward by
Trenberth and Shea (1996), and many of the changes have been pro jected to occur as
g loba l tempera tures increase due to increases in a tmospheric greenhouse gases, e . g. ,
increased precip ita tion intensity, more precip ita tion in the m id- and high-la titudes, increased
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a tmospheric wa ter vapor etc.  Currently, there are a number of imped iments preventing us
from more effective ly understand ing the linkages between changes in clima te extremes and
na tura l hazards to anthropogenica lly-induced clima te change .  C erta inly, mode l deficien-
cies are high among the list, but just as important is our lack of long-term re liab le clima te
da ta .  Time and time aga in, we find tha t our observing systems and da ta sets often have
large systema tic b iases of uncerta in magnitude casting doubt on our ab ility to detect multi-
decada l changes.  This is why efforts like the G loba l C lima te O bserving System (G C O S) are
so critica l.

Figure 72
C onceptua l mode l of the effect of greenhouse gases and g loba l warm ing on the hydro log ic cycle and
phenomena associa ted with many clima te extremes (from Trenberth and Shea , 1996).

Better Use of Existing Data
It is becom ing increasing ly apparent tha t even in the absence of clear a ttribution of the
causes of the observed changes in the frequency and intensity of clima te extremes we do not
know how to address the prob lem of designing infrastructure for the next severa l decades in
a clima te tha t is clearly demonstra ting tha t it is not sta tionary, even on decada l time sca les.
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For examp le , wha t guidance can the clima te community provide eng ineers who are design-
ing for 100 and 200 year events?  C learly, one responsib ility of the clima te community is to
convey to users of clima te informa tion tha t clima te sta tistics, such as return period ca lcula-
tions, are based on past clima te , and in some instances on re la tive ly short periods.  There-
fore , the sta tistics do not conta in any informa tion on how these sta tistics may change in the
future .  As a lready po inted out, the extremes are far more sensitive to changes than changes
in the mean .  O ne can argue tha t it is now less desirab le to design and p lan for clima te
extremes by assum ing the Twentieth C entury clima te will be a useful guide to the future ,
compared with pro jecting a d ifferent clima te .  C learly, we have not exp lored the imp lica tions
of such scenarios in terms of cost-benefit ra tios.  When does it pay to pro ject modest changes
versus strong changes or no change a t a ll.  This is an area of research tha t has not rece ived
adequa te a ttention.

Improved Monitoring and Detection of Changes in Extremes
Improved monitoring, da ta management, and da ta d iagnostics, as d iscussed in both IPC C
(1990) and IPC C (1996) are critica l to understand how the clima te has changed and is
chang ing or varying.  The prob lem is even more sensitive for changes in clima te extremes
than changes in other clima te sta tistics.  There are a number of chronic prob lems re la ted to
long-term clima te monitoring (Karl, 1995) tha t are now becom ing acute .  These are de-
scribed and summarized be low.

Interna tiona l da ta exchange is be ing hampered due to cost recovery po licies for high reso-
lution historica l clima te records needed to estima te g loba l changes of clima te extremes.  A
step toward reso lving this issue was recently taken by the jo intly sponsored G C O S/ CLIVAR
interna tiona l workshop on “Ind ica tors and Ind ices for Changes in C lima te Extremes.”  There
is now an incip ient effort to build jo int da tabases suitab le for ana lysis of changes in clima te
extremes includ ing na tura l d isasters.  An institutiona l framework to encourage this fledg ling
effort has been requested by the scientists invo lved .  Another suggestion proposed tha t the
list of G C O S G loba l Surface Sta tions be used as a  basis to deve lop and upda te a set of
ind ices.  They would provide considerab le informa tion about changes in clima te extremes.
These sta tions would have to provide sta tistics on a t least da ily reso lution, upda ted annua lly.

C onsiderab le da ta on a variety of short-term (less than one month) wea ther and clima te
events rema ins inaccessib le due to an absence of e lectronic d ig ita l da ta .  An increase in
emphasis on rescuing past measurements, with appropria te reso lution, from deteriora ting
manuscripts and other non-e lectronic med ia is required to adequa te ly quantify past changes
in clima te extremes.  There are enormous co llections of high reso lution da ta re la ted to
precip ita tion, tempera ture , freezes, sea leve l pressure , etc. in add ition to the metada ta re-
quired to interpret these da ta tha t still reside in inaccessib le med ia .  C loser scientific linkages
with projects like World Meteorologica l O rganization’s (WM O ’s) Data Rescue Project are ca lled
for to improve our information about changes in high resolution climate extremes.

Whether trop ica l cyclones occurrences are chang ing or precip ita tion is becom ing more in-
tense , the ma jor prob lem a ffecting virtua lly every ana lysis re la tes to undocumented or un-
known effects of inhomogene ities in da ta sets.  A grea ter emphasis on removing inhomoge-
ne ities in the instrumenta l record and ongo ing wea ther monitoring programs (tha t provide
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much of our informa tion about changes and varia tions of wea ther and clima te extremes)
should be a high priority.  Until wea ther observing networks and da ta management systems
adopt and adhere to a set of clima te monitoring princip les it is unlike ly the situa tion will
improve .  Such a set was recently recommended a t a  G C O S in-situ/space-based ca libra tion
va lida tion meeting (Sept. 1996).  A set of clima te monitoring princip les m ight include the
fo llowing characteristics:
1) Prior to imp lementing any changes in existing observing or da ta processing and man-

agement systems, an assessment should be comp leted re la ted to the impact on our
ab ility to monitor environmenta l varia tions and changes.

2) O verlapp ing measurements, both in time and space for o ld and new observing systems
should be standard practice for critica l environmenta l variab les whenever imp lementing
changes in order to deve lop appropria te transfer functions from one system’s measure-
ments to the other.

3) C a libra tion, va lida tion, processing a lgorithms, knowledge of instrument, sta tion and/or
p la tform history, and any other informa tion re levant to interpreting wha t is be ing mea-
sured are essentia l for da ta interpreta tion and use . This informa tion should be recorded
as a  manda tory part of the observing routine and be archived with the orig ina l da ta .

4) Routine assessment of both random and systema tic errors is necessary to adequa te ly
monitor environmenta l varia tions and change .

5) Environmenta l assessments tha t require knowledge of environmenta l varia tions and
change should be we ll integra ted into stra teg ies for deve lopment and ma intenance of
G loba l O bserving Systems.

6) O bserva tions with a long uninterrupted record should be ma inta ined , and every effort
should be made to protect the da ta sets tha t document long-term homogeneous obser-
va tions.

7) The highest priority in the design and imp lementa tion of new environmenta l observing
systems should be g iven to da ta-poor reg ions, variab les and reg ions sensitive to change ,
as we ll as key measurements with inadequa te tempora l reso lution.

8) Network designers, opera tors, and instrument eng ineers must be provided environmen-
ta l monitoring requirements a t the outset of network design.  Instruments must have
adequa te accuracy with b iases sma ll enough to reso lve environmenta l varia tions and
changes of primary interest.

9) Much of the deve lopment of new observa tion capab ilities and much of the evidence
supporting the va lue of these observa tions stem from research-oriented needs or pro-
grams.  Stab le , long-term comm itments to these observa tions, and a clear transition
p lan from research to opera tions, are two requirements in the deve lopment of adequa te
environmenta l monitoring capab ilities.

10) D a ta management systems tha t facilita te access, use , and interpreta tion are essentia l.
Freedom of access, low cost, mechanisms which facilita te use (directories, ca ta logs, browse
capabilities, ava ilability of metada ta on sta tion histories, a lgorithm accessibility and docu-
menta tion, etc.) and qua lity contro l (both random errors and systema tic b iases) should
guide da ta management.  Interna tiona l coopera tion in a ll these areas is critica l.

Some of the most effective means to monitor extreme wea ther and clima te events re la te to
more effective use of space-based measurements and reana lysis products derived from
clima te mode ls.  Re-ana lysis products may be quite effective in ana lyses of extreme extra tro-
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p ica l cyclones.  This is clearly critica l in the area of monitoring trop ica l cyclones, but im-
proved estima tes of precip ita tion from sa te llite and radar coverage are like ly with careful
integra tion of in-situ measurements.  If programs such as the G loba l Precip ita tion Pro ject
were encouraged to focus more on time series of high reso lution precip ita tion events this
would he lp in identifying changes in clima te extremes.

At the present time there are very few ana lyses of loca l extreme wea ther events such as
tornados, ha il, lightning, and wind .  This a t least partia lly reflects the ina ttention tha t has
been g iven to these phenomena as part of multi-decada l clima te monitoring.  Since these
phenomena are of vita l importance to society and ecosystems, they must rece ive grea ter
clima to log ica l emphasis in routine wea ther monitoring.  At the present time for examp le , it
is impossib le to ascerta in whether there has been any change in tornado frequency because
of the inhomogene ities in reporting tornadoes during the past severa l decades.  New net-
works, such as lightning detection conta in many time-re la ted b iases due to chang ing con-
figura tions.

There are few venues a t present to integra te and communica te informa tion about wha t we
know and do not know about changes in clima te extremes.  A step forward has been taken
in this area with the jo int sponsorship (G C O S/ CLIVAR) of the recent meeting on “Ind ica tors
and Indices for Changes in C lima te Extremes” which brought together an interna tiona l group
of scientists, and representa tives from industry, a ll focused on deve lop ing da ta and informa-
tion to document changes in clima te extremes.  The continua tion and deve lopment of this
initia l effort, and others like it, are critica l for effective da ta and informa tion exchange out-
side of specia lty fie lds.

Conclusions
Severa l important questions have been posed regard ing clima te extremes and na tura l haz-
ards; we do not yet have sa tisfactory answers to some of these .  Existing da ta ind ica te tha t
the clima te is becom ing more extreme in some areas and for some variab les, but a t this time
it is d ifficult to unamb iguously link such changes to anthropogenic effects.  Nonethe less,
some hints are emerg ing tha t the g loba l hydro log ic cycle may be intensifying in response to
g loba l tempera ture increases.  Inadequa te da ta access and poor clima te monitoring prac-
tices are two primary issues tha t must be improved if we expect to make much progress in
this area .  C lima te monitoring can no longer be re lega ted to wea ther opera tions; the scien-
tific basis, ra tiona le , and oversight for long-term monitoring of clima te and wea ther ex-
tremes must be g iven high priority.
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Intensities with
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as Simulated Using the GFDL
Hurricane Prediction System

Thomas R. Knutson
C lima te Dynam ics G roup
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Princeton, New Jersey

How would future hurricanes be a ffected by clima te warm ing due to increased greenhouse
gases?  In this study, we exam ine primarily the question of possib le C O 2-induced changes in
the intensities of strong hurricanes.  We do not address possib le changes in storm frequen-
cies or loca tions of occurrence .  O bserva tiona l stud ies of hurricane intensities versus sea
surface tempera ture (SST) suggest an increase in the upper lim it intensities of trop ica l cy-
clones with increasing SST.  However, such an emp irica l SST/ intensity re la tionship can not be
re liab ly extrapo la ted to the question of hurricane intensity changes under C O 2-induced
warm ing, since other environmenta l factors, such as the vertica l structure of the a tmospheric
tempera ture changes, wind shear, and large-sca le reg ions of ascent and descent, may a lso
change in various ways reg iona lly.

To address this prob lem quantita tive ly, we use the G eophysica l Fluid Dynam ics Labora tory
(G FDL) reg iona l high-reso lution hurricane pred iction system to simula te the behavior of
samp les of hurricanes under both present day and high C O 2 clima te cond itions.  The hurri-
cane mode l is the one presently used for opera tiona l hurricane pred iction a t the N a tiona l
Centers for Environmenta l Prediction (N CEP) and was developed a t G FDL by Kurihara , Tuleya
and Bender.  The mode l focuses in on the near storm reg ion using movab le nested grids of
increasing reso lution.  The inner-most grid has reso lution of about 18 km , a llowing the
mode l to simula te more rea listic hurricane structure and very strong intensities — fea tures
which cannot be simula ted using the present genera tion of g loba l clima te mode ls.  The high
reso lution grids move with the storm during the experiments so tha t enhanced reso lution can
be ma inta ined in the near-storm reg ion without be ing required in the entire doma in.

In our case study approach, 51 northwest Pacific storm cases under present-day clima te
cond itions are simula ted with the reg iona l mode l, a long with 51 storm cases for high C O 2

cond itions.  To run the reg iona l mode l experiments requires a  set of initia l cond itions and
boundary cond itions, such as SST.  These are derived from contro l and transient C O 2 in-
crease experiments with the G FDL R30-reso lution g loba l coup led clima te mode l, which has
much lower reso lution than the reg iona l hurricane pred iction mode l.  For each storm case ,
the reg iona l mode l is integra ted forward for five days without ocean coup ling (i. e ., the
storm is not a llowed to influence the underlying SST).  The northwest Pacific basin was cho-
sen for emphasis in the study because the g loba l clima te mode l provides a  more rea listic

We examine primarily

the question of

possible C O 2-induced

changes in the

intensities of strong

hurricanes.



303

S E S S I  O N  2

S E S S I  O  N   2

C lima te Extremes: Changes, Impacts and Pro jections

simula tion of the occurrence of warm-core trop ica l-storm-like fea tures in the northwest
Pacific than in certa in other trop ica l storm basins (particularly the northwest Atlantic).

Figure 73
Top: a  trop ica l storm as simula ted in the g loba l clima te mode l.  Shown are surface tempera ture
(shad ing), pressure and winds.  Bottom: the same storm case , but as simula ted with the hurricane
pred iction mode l.  Shown are surface winds and precip ita tion on the inner grid of the hurricane
mode l.  The vector spacing illustra tes the reso lution of the two mode ls ( ~ 250 km for the g loba l mode l
versus ~ 18 km for the hurricane mode l.)
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The high C O 2 storms, with SSTs warmer by about 2 .2 ˚ C  on average , are more intense than
the contro l storms by about 3 to 7 meters per second (5% to 12%) for surface wind speed
and 7 to 23 m illibars for centra l surface pressure .  The simula ted intensity increases are
sta tistica lly significant accord ing to most of the sta tistica l tests conducted and are robust to
changes in storm initia liza tion methods.  Near-storm precip ita tion is 28% grea ter in the high
C O 2 samp le .  In terms of storm tracks, the high C O 2 samp le is quite sim ilar to the contro l,
consistent with the ra ther sim ilar large-sca le mean a tmospheric circula tion in the contro l
and high C O 2 clima tes of the g loba l mode l.  The storm tracks from the low-reso lution
g loba l mode l have a more po leward tra jectory than those of the high-reso lution mode l,
suggesting tha t in add ition to storm structure and intensity, storm tracks may a lso be a ffected
by the mode l reso lution.

More idea lized experiments were a lso performed in which an initia l storm d isturbance was
embedded in highly simp lified flow fie lds using time mean tempera ture and mo isture cond i-
tions from the g loba l clima te mode l.  These idea lized experiments support the case study
results and suggest tha t, in terms of thermodynam ic influences, the results for the northwest
Pacific basin are qua lita tive ly app licab le to other trop ica l storm basins.

Figure 74
Maximum surface windspeeds for the hurricanes simula ted for contro l (thin line) and high C O 2 (thick
line) cond itions.  Unit: meters per second .
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The results of the experiments can be compared with theories of maximum potentia l intensi-
ties (MPIs) of trop ica l cyclones.  These MPI theories (deve loped by Dr. Kerry Emanue l of MIT
and la ter by Dr. G reg Ho lland of CSIR O  in Austra lia) both ind ica te an increase in the upper
lim it intensities of trop ica l cyclones in a high C O 2 clima te , with the amount of pred icted
intensifica tion be ing fa irly sim ilar to tha t simula ted in our study.  Both the MPI methods and
our simula tion approach (as app lied to the northwest trop ica l Pacific), yie ld fa irly rea listic
geographica l distributions and magnitudes of the strongest hurricane intensities in the present
clima te .  These results suggest tha t our methodo logy may provide a useful approxima tion to
the actua l sensitivity of strong hurricane intensities to a C O 2-induced g loba l warm ing.
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Regional Variations in
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and Precipitation Trends
in the U. S.
Kenneth E. Kunkel
Illino is Sta te Wa ter Survey
Champa ign, Illino is

In recent years, extreme clima tic events have caused ma jor impacts in the U. S.  Perhaps one
of the most devasta ting events was the 1993 flood in the upper Mississipp i River basin tha t
resulted in an estima ted $18 b illion in damages.  O ther very serious floods occurred in
C a lifornia and Nevada in January 1997 , Q uebec in July 1996 , and the Red River Basin in
April 1996 .  A severe hea t wave in July 1995 killed more than 500 peop le , primarily in the
Chicago area .  These events illustra te tha t society rema ins vulnerab le to clima tic extremes.
They a lso ra ises question about whether there are long-term trends in the frequency of these
types of extreme events.  This ta lk presents recent results of an ana lysis of trends in heavy
precip ita tion events tha t are re la ted to flood ing, and in extreme hea t and co ld ep isodes.

Ana lysis was performed on da ta from sta tions with nearly comp lete (less than 5% m issing)
da ta for the period 1931-1996 .  Ana lysis was a lso performed for the period 1896-1997 on
da ta from a set of 246 sta tions for 9 sta tes in the m idwestern U. S.  This ana lysis provides
insight into trends in the early part of the 20 th century.

Heavy Precipitation Events
For heavy precip ita tion events ana lysis, I defined “extreme” events as 7-day periods with
precip ita tion tota ls exceed ing a thresho ld for a 1-year recurrence interva l.  This definition of
heavy precip ita tion events was chosen because such events are highly corre la ted with hydro-
log ic flood ing in some reg ions of the U. S.  I recognize tha t events defined in this way may
not be as close ly re la ted to flood ing in other reg ions.  For simp licity, I have app lied a com-
mon definition across the entire U. S.  For each sta tion, the annua l number of events of 7-
day dura tion exceed ing the 1-year thresho ld was identified .  To assess reg iona l trends for
the conterm inous U. S. , sta tion va lues were arithmetica lly averaged for clima te d ivisions.
C lima te d ivision va lues were then averaged with area we ighting to derive reg iona l and
na tiona l va lues.  The Kenda ll tau sta tistic was used to test for trends.  This nonparametric test
is useful for ana lysis of extreme clima tic events which are not necessarily norma lly d istrib-
uted .

A composite time series of 7-day, 1 year events for the conterm inous U. S. was assemb led
(see Figure 75).  The time series is notab le for large interannua l and decada l-sca le variab il-
ity.  Severa l clima te events noted for severe drought or mo isture surp luses are easily evident
in this extreme event time series.  For examp le , droughts in the 1930s, early 1950s, 1963 ,
1976 , and 1988 were characterized by a low number of heavy precip ita tion events.  In
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severa l years in the 1990s, as we ll as 1941 and 1957 , the U. S. experienced a high number
of heavy precip ita tion events.  Decada l-sca le variab ility is substantia l.  Periods of be low
average frequency in the 1930s and 1950s were separa ted by a period in the 1940s of
above average frequency.  The 1960s and 1970s were characterized by genera lly low
interannua l variab ility and near to slightly above average frequency.  Increased interannua l
variab ility is observed in the 1980s and 1990s with many years experiencing above average
frequency.   A linear trend ana lysis using the Kenda ll tau sta tistic ind ica tes tha t the overa ll
trend is upward a t a  ra te of about 3% per decade (see stra ight line in Figure 75).  This trend
is highly sta tistica lly significant.

Figure 75
C omposite index of the frequency of heavy precip ita tion events of 7-day dura tion exceed ing a 1-year
recurrence interva l for 1931-1996 .  A linear fit to the da ta is shown by the stra ight line .

The linear trend ana lysis was app lied to the clima te d ivision time series.  Significant upward
trends (25% to more than 100%) have occurred over a broad reg ion extend ing from the
southwest U. S. , across the centra l G rea t Pla ins and the m idd le Mississipp i River basin and to
southern Grea t Lakes basin.

The composite time series for each of nine clima tic reg ions in the U. S. , shown in Figure 76 ,
genera lly show upward trends.  O nly the northwest and southeast U. S. have experienced
overa ll downward trends.

The time series of tota l annua l precip ita tion for the U. S. , shown in Figure 77 , shows an
upward trend of about 1 .3% per decade , which is sta tistica lly significant.  The lower curve
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shows the annua l precip ita tion a fter removing the precip ita tion from the heavy precip ita tion
events as defined here .  These events account for about 15% of the tota l precip ita tion, but
about 30% of the overa ll trend .  Tha t is, the upward trend in heavy precip ita tion events
makes a  d isproportiona te contribution to the overa ll trend in tota l precip ita tion.

Figure 76
Frequency of 7-day 1-year heavy precip ita tion events for 1931-1997 for the 9 clima te reg ions of the U.
S.  The stra ight line shows a  linear fit to the da ta .

A longer perspective on the changes on heavy precip ita tion events was provided by assem-
b ling a 101-year time series for the Midwest.  This time series shows tha t the Midwest has
experienced sizab le multi-decada l variab ility in the frequency of heavy precip ita tion events.
Around the turn of the century, the frequency was re la tive ly high.  The frequency decreased
to a m inimum in the 1930s and has genera lly increased since then .  Thus, there is substan-
tia l century-sca le variab ility in the frequency of heavy precip ita tion events.

Most of these heavy events tend to be clustered in time and space .  Many sta tions experience
a heavy precip ita tion simultaneously due to large sca le systems.  An ana lysis was performed
by reg ion on the top 20 periods with the most widespread ep isodes of extreme precip ita tion.
Figure 78 shows the average 500 m illibar (mb) he ight fie ld , expressed as standard ized
departures, for the top 20 heavy precip ita tion events occurring in the C entra l Reg ion.  The
flow pa ttern is highly merid iona l over the entire western hem isphere , reflecting extra trop ica l
wave activity.  An exam ina tion of ind ividua l events ind ica tes tha t these heavy precip ita tion
ep isodes are caused by a slowly progressive long wave pa ttern with 2 to 3 short waves
circula ting around an upper leve l low, which brings severa l periods of modera te to heavy
precip ita tion.  This results in large precip ita tion accumula tions over a 7-day period .
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Figure 77
Average tota l annua l precip ita tion for the U. S. for 1931-1997 (heavier line).  The stra ight line shows a
linear fit.  The average annua l precip ita tion m inus tha t invo lved in 7-day l-year heavy precip ita tion
events is shown in the lower curve .

Heat and Cold Waves
The ana lysis of co ld waves and hea t waves used a sim ilar approach regard ing the definition
of event, which was defined by a return period and a dura tion.  A return period of 10 years
was used to se lect only the most extreme tempera ture events.  A four-day dura tion was used ,
which is sufficiently long to cause ma jor hea lth impacts, as illustra ted by the 1995 hea t
wave .  A na tiona l index of hea t wave and co ld wave occurrence for the period of 1931 to
1997 ind ica tes tha t there was high frequency of co ld wave events in 1963 , 1983 , and 1989 .
There is no obvious trend .  W ith regard to hea t waves, the highest frequency occurred in
1936 fo llowed by 1934 and 1931 .  The extreme hea t experienced during severa l years in
the 1930s dom ina tes the time series of hea t wave .  There is no obvious upward or down-
ward trend since the 1930s.

The time series of

tota l annua l

precipita tion for the

U. S., shown in Figure

77 , shows an upward

trend of about 1 .3%

per decade, which is

sta tistica lly significant.



A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 98310

S E  S S I  O  N   2

Figure 78
The averaged standardized departure in the 500 mb height field (m) for the
20 7-day periods in the central region of the U. S. with the most widespread
occurrence of heavy precipitation events for the period 1947-1994.
The shaded reg ions are those with loca lly sta tistica lly significant departures from the norma l, with dark
gray ind ica ting nega tive departures and light gray, positive .

A look a t reg iona l trends in co ld wave frequency revea ls substantia l variab ility among the
reg ions.  Sta tistica l tests ind ica te a significant increase in co ld wave frequency in the East
North- C entra l and C entra l Reg ions.

Looking a t reg iona l trends of hea t wave frequency, in many reg ions, the 1930s stand out for
the high frequency of extreme hea t.  There have been some recent ep isodes of extreme hea t
in the Southeast (1980s), Southwest (1990 and 1994), and the Northwest (1994).
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Conclusions
There is considerab le reg iona l variab ility in the trend of extreme clima te events.  Much of the
U. S. has experienced an upward trend in the frequency of heavy precip ita tion events over
the past 67 years.  This trend is most notab le in a be lt extend ing from the southwest towards
the centra l and northeast U. S.  Most reg ions of the U. S. have not experienced an upward or
downward trend in frequency of co ld waves.  W ith regard to hea t waves, the 1930s stand
out on a na tionwide basis as a  singular period of extremes.

These results ra ise some fundamenta l questions tha t deserve further research.  These ques-
tions are as fo llows:

Wha t are the causa l mechanisms for the observed decada l to century sca le variab ility in
a frequency of extreme precip ita tion events?
Wha t are the accuracies of G CM simula tions of current clima te with respect with the
occurrences of the infrequent high amp litude wave activity responsib le for some of the
ma jor extreme precip ita tion ep isodes?
Wha t are the causa l mechanisms for the most d isruptive extreme events of the century,
the 1930s hea t waves and droughts?
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The Importance of Changes
in Climate Extremes
for the National Assessment of the Potential
Consequences of Climate Variability and
Change for the United States

Michael C. MacCracken
N a tiona l Assessment C oord ina tion O ffice
U. S. G loba l Change Research Program
Washington, D C

As part of its responsib ility of fulfilling the G loba l Change Research Act of 1990 tha t estab-
lished the U. S. G loba l Change Research Program (USG CRP), a  na tiona l assessment has
been organized to eva lua te and summarize the potentia l consequences of clima te variab ility
and change and capab ilities for adapting and cop ing with such cond itions.  The assessment
is be ing conducted under the leadership of the N a tiona l Assessment Synthesis Team (NAST),
which has been chartered as a  federa l advisory comm ittee .  Sponsorship and conduct of the
assessment on beha lf of the USG CRP are coord ina ted by the N a tiona l Assessment Working
Group (NAW G).

To provide insight into the rich reg iona l and sectora l comp lexities of how variab ility and
change can a ffect environmenta l and socio-econom ic aspects of the United Sta tes, twenty
reg iona l assessment teams and five sectora l assessment teams have been organized .  The
reg iona l teams are using workshops and assessment activities to focus on consequences
re la ted to where one is loca ted .  They are accomp lishing this by invo lving community and
industria l stakeho lders to he lp inquire , eva lua te , and synthesize informa tion on the loca l
aspects of clima te variab ility and change and its imp lica tions for reg iona l activities and
resources.  Five sectora l teams, focusing on agriculture , forests, human hea lth, wa ter re-
sources, and the coasta l environment and marine resources, have been formed to consider
the na tiona l sca le aspects of these issues.  A ll of these teams are led by scientists and a ll are
working to close ly invo lve stakeho lders who are or in the future may be a ffected by g loba l
sca le environmenta l variab ility and change .

The focus of the assessment is be ing driven by a number of interre la ted themes.
The first is tha t clima te variab ility and change must be judged in the context of multip le
stresses ra ther than as a  separa te issue , apart from how the world will be chang ing and
how other stresses may be acting on the environment and society.  By looking a t clima te
in the context of multip le stresses, the assessment is in some ways moving towards a
focus on long-term susta inab ility in future assessments.
The second theme is time-sca le .  The assessment is striving to draw a ttention to timesca les
of 25 to 100 years, so working to focus a ttention on long-term issues tha t rare ly rece ive
sufficient a ttention in p lanning and reg iona l deve lopment.
The third theme is to focus a ttention on the potentia l for adapting and cop ing ra ther than
on just the consequences and vulnerab ilities in the absence of a  response .
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The fourth key aspect is tha t the assessment is be ing designed to address prob lems and
questions tha t are of particular interest to stakeho lders — those who have a d irect eco-
nom ic or other stake in wha t the outcome of the assessment will be .
The fifth key aspect is to ma inta in scientific cred ib ility, a  requirement, tha t when com-
b ined with the previous ones, makes clear why the assessment must be a continuous and
on-go ing effort tha t seeks to build a d ia logue with stakeho lders a t the same time tha t
there are enhanced and focused efforts to improve the sta te of scientific understand ing.

The assessment effort is using a scenario-based approach to stimula te thinking and investi-
ga tion of the potentia l importance of clima te varia tions and change for the United Sta tes.  In
add ition to posing a set of scenarios for socio-econom ic, techno log ica l, and demographic
change and deve lopment tha t a llows for a range of future cond itions in the U. S. , three
approaches are be ing used as a  means of considering the future clima tic cond itions tha t
society may face .

First, participants in the assessment are be ing asked to consider the potentia l conse-
quences of a  return of clima tic fluctua tions and varia tions tha t have occurred in the past
(e . g. , wha t would be the compara tive effects today were the clima tic cond itions tha t led
to the 1930s drought to return).
Second , participants are be ing asked to consider the potentia l consequences for the U. S.
of cond itions tha t are pro jected to occur in a number of lead ing clima te mode l simula-
tions (e . g. , wha t if the mode l-pred icted warm ing and shifts in precip ita tion were to
occur).
Third , participants are be ing asked to identify the types of changes tha t, were they to
occur, would put especia lly severe stra ins on the environment and on na tura l resource
and/or societa l system (e . g. , while C a lifornia may have designed its wa ter system to
withstand a 7-year drought, a  12-year drought may be the cond itions tha t would have
truly d isastrous consequences for the sta te ís agricultura l productivity).  To provide esti-
ma tes of the like lihood of such situa tions, participants are be ing asked to exam ine very
long mode l simula tions, the pa leoclima tic record , and other ind ica tors to a ttempt to
estima te the potentia l for such extra-severe clima tic cond itions to occur.  W ith this set of
comb ined efforts, it is hoped tha t the vulnerab ility of the environment and of socio-
econom ic activities can be identified , and perhaps cop ing actions can be identified tha t
would he lp to enhance resilience to the varia tion or change .

A lthough the effort is still in its forma tive stages, a  number of interesting and useful insights
are emerg ing, many of which make clear why it is so important to enhance our understand-
ing of the range of varia tions of the clima te tha t are possib le due to na tura l factors and wha t
changes in clima tic varia tions, includ ing in extremes, m ight be possib le as a  result of hu-
man-induced clima te change .  The insights are presently arising through stories from par-
ticular reg ions or sectors; it will be la ter in the process when genera l conclusions may be
ab le to be drawn . For now, a  few stories:

Industrial Vulnerability
Because re liab ility is so important to ma inta ining the ir customers and market share , many
industries design the ir infrastructure and opera tions to be resilient to a ll but the most ex-
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treme cond itions — they find tha t it pays to protect aga inst re la tive ly low probab ility hazards
because the loss of market share during down times can have long-term consequences on
the ir econom ic hea lth.  Such industries want informa tion on when clima tic extremes may
occur and how the range of clima tic extremes may change over time so they can continue to
make money in sp ite of the clima tic fluctua tions and changes tha t m ight occur.

Coastal Vulnerability
While one way of estima ting the impacts of rising sea leve l is to consider the slow, long-term
rise in sea leve l and its gradua l impact on the coastline , it turns out tha t most of the erosiona l
force of the rising ocean leve ls occurs during extreme cond itions such as when trop ica l
storms stir up ocean waves and crea te storm surges.  The sta te of Louisiana is losing about
30 square m iles of wetlands each year due to subsidence and sea leve l rise causing inunda-
tion; these coasta l wetlands are the “shock absorber” tha t slows the windspeed and absorbs
the onslaught of waves as hurricanes churn offshore and over the reg ion. It is vita l to under-
stand how the frequency, intensity, d irection, and dura tion of trop ica l storms may vary in
order to understand the risk posed to coasta l and near-coasta l communities such as New
O rleans.

Flooding and Droughts — Southeast
Some reg ions of the U. S. turn out to depend on re la tive ly period ic varia tions in wet and dry
periods.  For Florida , the varia tions caused by El N iños can lead to some reg ions first be ing
inunda ted with ra ins tha t overwhe lm the lim ited runoff and groundwa ter capacities of the
reg ion (causing floods) and then the reg ions can experience extended dry spe lls during
which the lim ited groundwa ter capacity cannot supp ly the reg ion’s vegeta tion with sufficient
mo isture , exposing the reg ion to increased potentia l for fires (as happened in Florida in
1998).  Understand ing better how such varia tions arise and whether they m ight intensify or
subside would be particularly va luab le for estima ting the potentia l risk for various reg ions.

Flooding and Drought — Great Plains
In the northern Grea t Pla ins, as we ll as over mounta in reg ions in the west, the build-up of
snow in the winter and then its rap id me lting in the spring can crea te flood ing even in the
absence of contemporaneous ra infa ll — and if ra in acce lera tes the snowme lt, the situa tion
is much worse .  Whether ra in or snow fa lls is thus very important, and this can depend on
very subtle changes.  Tha t the annua l cycle of precip ita tion may change , with tempera tures
be ing d ifferent as this happens, a lso ra ises the potentia l for quite significant changes in
particular reg ions.  If precip ita tion is snow and it suddenly me lts, flood ing can result; if
precip ita tion comes as ra in and runs off immed ia te ly, then the snowpack will not be there to
provide summertime runoff and so drying may result.  G a ining better insight into how these
thresho lds and non-linearities work is particularly important.

Hurricanes
The focus of recent stud ies about how clima te change may a ffect hurricanes has been on
potentia l changes in frequency and windspeed; these stud ies do not yet seem to be in agree-
ment, with d iffering stud ies g iving d iffering results for changes in these variab les.  However,
the ma jor cause of environmenta lly induced dea th in La tin America , for examp le , is actua lly
the flooding ra ins tha t can result from tropica l storms and hurricanes, and the ra infa ll amount
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(which can exceed 20 inches in 24 hours) is not particularly dependent on the peak windspeed
tha t determ ines the destructive ca tegory of the hurricane .  An initia l study by G FDL scientists
Thomas Knutson and Robert Tuleya suggests tha t, a lthough the peak windspeed may not
change by much, the ra infa ll ra te could increase drama tica lly as the world warms.  This is a
consequence of the a tmosphere having to do more work to overcome the increase in sta tic
stab ility caused by the rad ia tive effects of the rising greenhouse gas concentra tions — and
the a tmosphere gets this energy by precip ita ting more mo isture; basica lly, in a warmer
world , the a tmosphere swea ts more in order to get the hurricane up to the same or slightly
higher peak windspeed .

These examp les provide just hints a t the wide range of reasons tha t there is interest in getting
better estima tes of the changes tha t may occur in clima tic fluctua tions and extremes and in
the thresho lds to which society has been ab le to make itse lf resilient.  If society is to make
itse lf further resistant to fluctua tions and varia tions — whether present leve ls or a ltered leve ls
in the future — it is important to have improved estima tes of wha t these leve ls may be . It is
for this reason tha t those working on the U. S. N a tiona l Assessment are particularly inter-
ested in the results of this Aspen G loba l Change Institute (AG C I) summer science session —
it is clima tic extremes tha t have the most impact on society and only by understand ing them
can we enhance our resilience to them .
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Linda O. Mearns
Environmenta l and Societa l Impacts G roup
N a tiona l C enter for Atmospheric Research
Boulder, C o lorado

The occurrence of clima tic extremes is the ma in way in which human society experiences
damage from clima te , and it is usua lly the ma in focus of a ttention of the news med ia in
reports on clima te  (e . g., The New York Times Magazine, August 2 , 1998).  Yet we know very
little about how clima tic extremes may change in the future under cond itions of greenhouse
gas induced warm ing.  This is large ly due to the uncerta inties in the ab ility of the ma jor too l
for investiga ting clima te change , g loba l clima te mode ls, to correctly simula te processes
responsib le for producing clima tic extremes.  In this paper I investiga te two aspects of the
uncerta inty of trying to determ ine changes in the the frequencies of extremes with future
clima te change .

Through an investiga tion of two d ifferent spa tia l reso lutions of clima te change scenarios
and through incorpora tion of changes in tempora l variance in add ition to changes in the
mean of clima te variab les, I exp lore the effects of spa tia l and tempora l reso lution on the
frequencies of clima te extremes under clima te change cond itions.  I a lso present results of
va lida tion of clima te mode ls for the reproduction of observed extremes.

In the context of this investiga tion I consider two d ifferent aspects, or perhaps, definitions of
extremes.  O ne is the like lihood of exceed ing certa in thresho lds of a  clima te variab le , known
to have significant effects on a particular human resource system .  These thresho lds are
usua lly a lso extremes from the po int of view of the d istribution of the clima te variab le .  A
good examp le of thresho ld extremes is high tempera ture extremes tha t a ffect growth of
agricultura l crops.  For many crops (e . g., corn, whea t), if certa in high tempera ture extremes
are exceeded during certa in pheno log ica l stages (e . g., tempera tures grea ter than 35 ˚ C
during flowering), serious damage to the crop (particularly in fina l yie ld) can occur (Raper
and Kramer, 1983).  Under cond itions of clima te change , the probab ility of exceed ing a
g iven high tempera ture thresho ld would like ly increase , and thus become less “extreme” in
the sta tistica l sense .
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Another way of looking a t extremes is to identify them sta tistica lly as an aspect of the vari-
ab le d istribution a lone .  Extremes fa ll in the ta ils of d istributions.  For examp le , for a da ily
precip ita tion extreme , this could be the va lue of the 90 th percentile of precip ita tion intensity,
which, depend ing on loca tion, may or may not have a significant impact on human re-
sources.  However, knowledge of a  large change in this quantity can still be useful in terms
of how the clima te is chang ing and can be connected to impacts further down the line .  For
examp le , the 90 th percentile of da ily precip ita tion intensity for Des Mo ines, Iowa in June is
25 mm/day.  This means tha t on a ra in day, there is about a  10% chance tha t precip ita tion
would equa l or exceed this amount.  This amount (about an inch of ra in) may or may not be
prob lema tic for flood ing in this loca tion.  However, a  change in this 90 th percentile to say,
80 mm/day (more than 3 inches in one day) like ly would cause ma jor flood damage in Des
Mo ines.  Both po ints of view are emp loyed in the fo llowing d iscussions.

Spatial Resolution
To illustra te the effect of spa tia l reso lution I exam ine the output of clima te change experi-
ments from reg iona l clima te mode l contro l and doub led C O 2 runs over the centra l G rea t
Pla ins, which have a spa tia l reso lution of 50 km; and the results of the G enera l C ircula tion
Mode l (G CM) (contro l and doub led C O 2) tha t provided initia l and la tera l boundary cond i-
tions for the reg iona l mode l experiments.  The reg iona l mode l (Reg CM2) deve loped by
G iorg i et a l. (1993a ,b) was app lied to a doma in encompassing the western two thirds of the
continenta l U. S.  The initia l and la tera l boundary cond itions used to drive the reg iona l
mode l were provided by the C ommonwea lth Scientific and Industria l O rganiza tion (CSIR O )
G CM , which has a  horizonta l reso lution of 3 .2 ˚ la titude by 5 .6 ˚ long itude , equiva lent to
about 400 km (Wa tterson et a l. , 1995).  Five years of contro l and doub led C O 2 runs were
genera ted .  For a re la ted pro ject on agricultura l impacts of clima te change (Mearns et a l.,
1999a), we genera ted a gridded clima te da ta set made up of 11 years of da ily da ta , cover-
ing four of the CSIR O  grids in the Grea t Pla ins.  The da ta were gridded on the 50 km sca le
of the Reg CM grids within the larger CSIR O  grids, each of which conta ins about 60 Reg CM
grid boxes (Figure 79).

Validation Over Time and Space
I first compared the observed frequency of certa in extremes of tempera ture and precip ita-
tion with the contro l run of the Reg CM2 .  For examp le , I exam ined the probab ility of the
maximum da ily tempera ture equa ling or exceed ing 35 ˚ C .  In the western part of the do-
ma in, the probab ility was underestima ted by 0 .05 to 0 .15 and was overestima ted in the
eastern part of the doma in by up to 0 .15 .  Since the observed probab ilities are re la tive ly
sma ll to beg in with, some of these errors are re la tive ly large from the po int of view of
percentage error.  These errors are reflected partia lly in the errors in mean maximum tem-
pera ture .  The mode l underestima tes the mean maximum tempera ture over about 55% of
the doma in, and overestima tes it over about 45%.  However, a  grea ter proportion of the
doma in showed errors of overestima ting the probab ility of the extreme than underestima t-
ing it (60% compared to 40%).  The contrast in these re la tive percentages can be exp la ined
by looking a t the error in da ily variance which a ffects the ca lcula tion of the probab ility of the
extreme .  In July, the mode l in genera l overestima tes the da ily variance of tempera ture , and
thus produces too many extremes, even when the error in the mean is very sma ll or even an
underestima tion.  Such contrasts can a lso be demonstra ted for precip ita tion.
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Figure 79
CSIR O  G CM ~ 400 km grids (heavy line) and Reg CM 50 km grids in the U. S. G rea t Pla ins.  Each
CSIR O  grid box conta ins about 60 Reg CM grid boxes.

I then produced clima te change da ta sets on two d ifferent spa tia l reso lutions.  These two
d ifferent scenarios were formed by add ing monthly d ifferences (doub led C O 2 run com-
pared to the contro l run) in tempera ture or ra tios of precip ita tion, to the observed da ily da ta .
In one set, the changes in clima te reso lved a t the Reg CM sca le were added , and in the other
the changes from the coarser grid CSIR O .  Thus, in the southeast CSIR O  grid box, for ex-
amp le , in the coarse reso lution scenario , the same monthly changes are appended to the
observed da ta a t each Reg CM sca le; in the fine reso lution case , a  d ifferent set of changes
are added to each Reg CM grid box.  It should be noted tha t for tempera ture , the changes in
the da ta sets are very stra ight forward .  For a mean tempera ture increase of 3 ˚ C , for ex-
amp le , 3 ˚  are added to each da ily observed va lue .  This changes the mean of the observed
time series, but has no effect on the variance of the time series.  W ith precip ita tion, the
situa tion is quite d ifferent.  A ra tio of 2xC O 2 to contro l run precip ita tion is app lied to the
da ily va lues of precip ita tion.  This has the effect of chang ing the mean by tha t ra tio , but a lso
changes the variance of the intensity of precip ita tion by the ra tio squared .  No change in the
frequency of precip ita tion occurs.  The use of d ifferences and ra tios for tempera ture and
precip ita tion, respective ly, is the classic manner in which changed clima te da ta sets have
been deve loped for use as input to impact mode ls, such as crop mode ls.
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Change in Temperature Extremes
In both the CSIR O  and Reg CM2 changed da ta , the increased frequency of the extreme event
was very pronounced .  Across the doma in, in the observed case , the probab ilities range
from 0 .0 to 0 .35 .  In the clima te change cases, the probab ilities range from 0 .3 to 0 .95 .
This large increase in the probab ilities of extremes when the increase in the mean was only
about 3 ˚ C , is a  fea ture of the nonlinear re la tionship between means and extremes (Mearns
et a l., 1984); tha t is to say, tha t a  re la tive ly sma ll increase in the mean results in a re la tive ly
large increase in the frequency of extremes.  There was not, however, much d ifference in the
d istribution of the extremes based on the sca le of the clima te change scenario .  This reflects
the fact tha t tempera ture d istribution over space is a  re la tive ly smooth fie ld .

Change in Precipitation Extremes
For precip ita tion we exam ined changes in the 90 th percentile of precip ita tion intensity, be-
tween the observed and the two sca les of clima te changes.  In April, for examp le , the 90 th
percentile of the observed precip ita tion ranged from 10 to 35 mm/day across the spa tia l
doma in.  In both clima te change cases, precip ita tion genera lly increased , but the pa ttern of
the change in extremes is quite d ifferent between the two .  The CSIR O  clima te change re-
sulted in a much larger increase in the 90 th percentile in the southern parts of the doma in
(to over 50 mm/day) than d id the changes from the Reg CM2 , which were on average 25
mm/day.  A lso , the Reg C M2 clima te changes were more heterogeneous across space .
Changes in the spa tia l d istribution of extremes could have important imp lica tions for the
impacts of extreme events.  These d ifferences fo llow large ly from d ifferences in the changes
in mean precip ita tion between the two scenarios, which are d iscussed in G iorg i et a l. (1998)
and Mearns et a l. (1999b); but aga in, the d ifferences in extremes are more substantia l than
those for the means.  Note a lso tha t the means of a ltering the observed precip ita tion da ta
sets exaggera tes changes in extremes, since no change in the frequency of precip ita tion is
taken into account.

Temporal Resolution
By the effect of tempora l reso lution, I am referring to the effect of not only changes in the
mean of a  variab le , but a lso changes in the higher order moments, e . g., the variance .
Changes in variance are very important in determ ining the changes in the frequencies of
extremes.  As Ka tz and Brown (1992) demonstra ted , changes in the variance of a  time series
has a  larger effect on changes in the frequencies of extremes than does the change in the
mean of tha t series.  To demonstra te the importance of change in variance , I a ltered time
series accord ing to the mean changes only determ ined from the clima te change scenarios
ca lcula ted from the Reg iona l C lima te Mode l described above , and then a lso accord ing to
changes in both the mean and variance and then ca lcula ted the changes in the frequency of
certa in extremes, such as the probab ility of the maximum tempera ture equa ling or exceed-
ing 37 .8 ˚ C  on any day during the summer months.  Changes in means and variance were
accomp lished by a ltering the parameters of a  stochastic wea ther genera tor (Mearns et a l.,
1997).

For this set of reg iona l clima te runs, there were some very d istinctive changes in the da ily
variance of tempera ture .  Variance large ly decreased substantia lly in winter months, and
increased in summer months.  This seasona l pa ttern of change in variance of da ily tempera-
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ture has been found in a number of reg iona l and g loba l mode l runs with increased green-
house gases, in m id-la titude reg ions (G regory and M itche ll, 1995; Mearns et a l., 1995 ,
1999b; Boer et a l., 1999).  I provide one typ ica l examp le from a grid box in Iowa .  For the
grid box tha t corresponded with the loca tion of Des Mo ines, Iowa , I ca lcula ted tha t probab il-
ity for the two d ifferent changed da ta sets.  For July, for examp le , the observed probab ility
was about 0 .02 .  W ith the mean changed clima te it was 0 .2 (an order of magnitude higher),
but with the add ition of the change in variance , this probab ility increased further to 0 .27 .  In
this case , the change in the mean more strong ly a ffected the change in probab ility because
the re la tive change in the mean was much larger than the change in the standard devia tion.
The mean increased by 4 .4 ˚ C  and the standard devia tion by 1 .7 ˚ C .

In the case of precip ita tion, the changes tha t occur in the characteristics of the observed da ta
sets when comb ined with the clima te changes, are more comp lex than for tempera ture .  It is
often (a lthough not a lways) the case tha t the classic mean change method exaggera tes the
change in the extremes of precip ita tion intensity, since only change in intensity (and not
occurrence) is taken into considera tion.  When stochastica lly genera ting the changed pre-
cip ita tion time series, changes in both mean and variance of intensity and the probab ility of
precip ita tion can be taken into account.  For examp le , for the Des Mo ines loca tion, I gener-
a ted the changes aga in for the summer months.  In August, for examp le , the observed 90 th
percentile is 27 .8 mm , with the mean change only  75 .3 mm , and with the mean and
variance change 63 .3 mm .  W ith the variance change included , the va lue returns to some-
thing like ly more reasonab le .  This is because the frequency of precip ita tion increases in the
case of the variance change , and a lthough the intensity increases, it doesn’t increase as
much as in the mean change case .

In the case of precip ita tion, the contrast I present is more like two ways of chang ing higher
order moments, ra ther than a mean change only versus mean p lus variance change .  How-
ever, I pose it in the la tter manner because this aga in is how the ra tio approach has been
described , as producing a mean change a lone .

Summary and Conclusions
To summarize , in the cases of va lida ting clima te mode ls for reproduction of extreme events,
the errors in reproduction of extremes can be decomposed into errors in the reproduction of
the mean , variance , and other higher order moments (e . g., skewness) of the d istribution.
The effect of spa tia l reso lution of clima te change scenarios may have a grea ter effect on the
determ ina tion of extremes in da ily precip ita tion than in extremes of da ily tempera ture .  This
fo llows from the grea ter spa tia l variab ility of precip ita tion.  And fina lly changes in higher
order moments (e . g., variance) contribute importantly to changes in the frequency of ex-
tremes.  To not consider these changes in construction of clima te change scenarios could
lead to serious under or overestima tes of extremes.

References
Boer, G . J. , G . Fla to , M . C . Reader, and D. Ramsden, 1999 .  A transient clima te change
simula tion with greenhouse gas and aeroso l forcing: pro jected clima te for the 21st century.
subm itted to C lima te Dynamics.

The effect of spa tia l

resolution of clima te

change scenarios may

have a grea ter effect

on the determina tion

of extremes in da ily

precipita tion than in

extremes of da ily

tempera ture.



321

S E S S I  O N  2

S E S S I  O  N   2

C lima te Extremes: Changes, Impacts and Pro jections

G iorg i, F. , M . R. Marinucci, and G . T. Ba tes, 1993a .  Deve lopment of a  second genera tion
reg iona l clima te mode l (REG CM2).  Part I: Boundary layer and rad ia tive transfer processes.
Monthly Wea ther Review, 121:10 , 2794-2813 .

G iorg i, F. , M . R. Marinucci, G . De C anio and G . T. Ba tes, 1993b .  Deve lopment of a  second
genera tion reg iona l clima te mode l (REG CM2).  Part II: Cumulus cloud and assim ila tion of
la tera l boundary cond itions. Monthly Wea ther Review, 121:10 , 2814-2832 .

G iorg i, F. , L. Mearns, S. Shie lds, and L. McD anie l, 1998: Reg iona l Nested Mode l Simula-
tions of Present D ay and 2xC O 2 C lima te over the C entra l G rea t Pla ins of the United Sta tes.
C lima tic Change 40:457-493 .

Gregory, J. M . and J. F. B. Mitche ll, 1995 .  Simula tion of da ily variab ility of surface tempera-
ture and precip ita tion over Europe in the current and 2xC O 2 clima te using the UKM O  cli-
ma te mode l.  Q . J. R. Meteorol. Soc. 121:1451-1476 .

Ka tz, R. W. , and B. G . Brown, 1992 .  Extreme events in a chang ing clima te: Variab ility is
more important than averages. C lima tic Change,

Mearns, L. O . , R. W. Ka tz, and , S. H . Schne ider, 1984:  Extreme high-tempera ture events:
Changes in the ir probab ilities with changes in mean tempera ture .  J. C lim. App l. Meteor.,
23:1601-1613 .

Mearns, L. O . , F. G iorg i, , C . Shie lds, and L. McD anie l, 1995:  Ana lysis of the d iurna l range
and variab ility of da ily tempera ture in a nested mode ling experiment: comparison with ob-
serva tions and 2xC O 2 results.  C lima te Dynamics 11:193-209 .

Mearns, L. O . , C . Rosenzwe ig, R. G o ldberg, 1997 .  Mean and Variance Change in C lima te
Scenarios: Methods, Agricultura l Applica tions, and Measures of Uncerta inty.  C lima tic Change,
35:367-396 .

Mearns, L. O . , W. Easterling, C . H ays, 1999a .  C omparison of Agricultura l Impacts of C li-
ma te Change C a lcula ted from H igh and Low Reso lution C lima te Mode l Scenarios: Part I.
The Uncerta inty of Spa tia l Sca le . Subm itted to C lima tic Change .

Mearns, L. O . , F. G iorg i, S. Shie lds, and L. McD anie l, 1999b .  Eva lua tion of H igh Frequency
Variab ility of C lima te in Reg iona l C lima te Mode l Experiments over the U. S. G rea t Pla ins: An
Impacts Perspective .  In prepara tion for J. C lima te.

Raper, C . D.  and P. J. Kramer (eds.), 1983 .  Crop Reactions to Wa ter and Tempera ture
Stresses in Hum id , Tempera te C lima tes.  Westview Press. Boulder.

Wa tterson, I. G . , M . R. D ix, H . B. G ordon, and J. L. Mc Gregor, 1995 .  The CSIR O  nine-leve l
a tmospheric genera l circula tion mode l and its equilibrium and doub led C O 2 clima tes.  Aust.
Met. Mag., 44:111-125 .

In both the CSIR O

and RegCM2

changed da ta , the

increased frequency

of the extreme event

was very pronounced.



A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 98322

S E  S S I  O  N   2

Linda Mearns d iscusses how mode l reso lution a ffects the portraya l of clima te extremes.
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Climate Anomalies
Associated with Future
El Niño Events
Gerald A. Meehl
C lima te & G loba l Dynam ics D ivision
N a tiona l C enter for Atmospheric Research
Boulder, C o lorado

C lima te extremes associa ted with El N iño events have been shown to significantly a ffect
society in many loca tions of the world .  For examp le , extremes associa ted with El N iño
events in the past have included droughts in Ind ia , South Africa , Southeast Asia , Austra lia ,
and Micronesia ; torrentia l ra infa ll in equa toria l eastern Africa and the centra l and eastern
equa toria l Pacific includ ing coasta l Ecuador and Peru; and coo l and wet cond itions across
the southern tier of sta tes in the U. S. (e . g., see Rope lewski and H a lpert, 1987).

When d iscussing possib le future changes of clima te extremes associa ted with El N iño events,
there are a number of factors tha t a ffect the manifesta tion of El N iño effects.  For examp le ,
a number of stud ies have shown tha t observa tions of sea surface tempera tures (SSTs) since
World War II are characterized by an “El N iño-like” pa ttern on the decada l timesca le (e . g.
Zhang et a l. , 1997;  Lau and Weng, 1998; Meehl et a l. , 1998).  Thus, the El N iño pa ttern
fam iliar on the interannua l timesca le , with warmer SST anoma lies in the centra l and eastern
equa toria l Pacific than in the far western Pacific with associa ted eastward shifts of heavy
precip ita tion, is seen in a sim ilar form on the decada l (9-20 year) timesca le .  There has a lso
been a long term trend in the observed SSTs since WW II tha t has an El N iño-like pa ttern
(Lau and Weng, 1998).  Add itiona lly, future clima te experiments with g loba l coup led clima te
mode ls with increased C O 2 have shown an El N iño-like pa ttern so le ly as a  mean clima te
system response to those increases of C O 2 (e. g., Meehl and Washington, 1996; Timmermann
et a l. , 1998).  Thus, the El N iño-like pa ttern seems to be a fundamenta l response of the
clima te system on a number of d ifferent timesca les and from severa l d ifferent forcings.  This
comp lica tes considerab ly an assessment of clima te a ffects associa ted with future El N iño
events.

There are other d ifficulties as we ll.  An El N iño “event ” is defined in re la tion to some long
term mean clima te average .  If the clima te is non-sta tionary, tha t is, if the mean clima te is
slowly chang ing, there are prob lems with eva lua ting a future El N iño event in re la tion to
some mean clima te sta te tha t may not be the same as present (Meehl et a l. , 1993).  Thus, is
it better to assess effects of future El N iño events in re la tion to the present-day mean , or in
re la tion to the future mean clima te?  Here we exam ine present-day El N iño simula ted by a
g loba l coup led clima te mode l, and then look a t future El N iño events in a clima te where
there has been an increase in C O 2 and sulfa te aeroso ls.  We show El N iño anoma lies for
present-day events in re la tion to present-day mean clima te , and future El N iño anoma lies in
re la tion to future mean clima te .  Then we perform d ifferences of those anoma lies (and
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thereby remove the mean clima te change) to show changes in future El N iño anoma lies
compared to today’s El N iño anoma lies.

The g loba l coup led clima te mode l has an R15 a tmosphere (roughly 4 .5 degrees la titude by
7 .5 degrees long itude) with 9 leve ls in the vertica l.  The dynam ica l g loba l ocean component
has 1 degree by 1 degree horizonta l reso lution with 20 leve ls in the vertica l.  Sea ice is
simula ted with both dynam ica l and thermodynam ica l formula tions.  There are no correc-
tions to the fluxes of hea t, momentum or fresh wa ter (referred to as flux corrections or flux
ad justments) between the a tmosphere and ocean components.  A description of the mode l
is g iven in Meehl and Washington (1995).

The clima te mode l is ab le to represent the two timesca les of El N iño-like variab ility men-
tioned above (interannua l and decada l), with somewha t reduced amp litude (Meehl et a l. ,
1998).  The experiments ana lyzed here are from a 75-year period in the contro l run with
constant present-day C O 2 amounts, and from a future clima te change experiment from
1995 to 2035 .  The concentra tions of C O 2 and sulfa te aeroso ls were first added as ob-
served and the mode l was run with those concentra tions from the period 1900 to 1995 .
After 1995 , C O 2 was increased a t 1% per year and sulfa te aeroso ls increased reg iona lly as
described by Mitche ll et a l. (1995).  By the year 2035 , the g loba lly averaged tempera tures
warmed over 2 ˚ C  compared to the pre-industria l (around the year 1900) va lues in the
mode l, while the SSTs in the trop ica l Pacific have warmed more in the eastern equa toria l
Pacific (nearly 3 ˚ C) compared to the western Pacific (about 1 .5 ˚ C) (Meehl et a l. , 1998).  This
change in future clima te base sta te due so le ly to the changes in anthropogenic forcing a lso
includes a  deepened A leutian low pressure center, lower pressure over the eastern trop ica l
Pacific, a  deeper south Pacific trough, and higher pressure over trop ica l Austra lasia .

Present-day El N iños are characterized by many of the same fea tures listed above for the
change in base sta te for the future clima te (Meehl and Arb laster, 1998).  Therefore , in
comparing the simula ted present-day El N iños from the mode l (defined here as area-aver-
aged monthly SST anoma lies in the N iño3 reg ion — 90 ˚ W-150 ˚ W, 5 ˚ N-5 ˚ S — above
0 .5 ˚ C  for the first year or rema ining above 0 .5 ˚ C  for a full year go ing from May to the
fo llowing May; 10 El N iño events in the 75 years of contro l run are ana lyzed) there are
positive SST anoma lies in the centra l and eastern equa toria l Pacific, positive precip ita tion
anoma lies in the centra l equa toria l Pacific and nega tive precip ita tion anoma lies over
Austra lasia (Figure 80 , shown for December-January-February [DJF] midway through a com-
posite El N iño event).

Future El N iño events are taken from the future clima te change experiment with increasing
C O 2 and sulfa te aeroso ls for the period 2005-2035 .  For tha t period , monthly N iño3 SST
anoma lies are detrended and 5 El N iño events are chosen as defined above .  Anoma lies for
the composite events are computed re la tive to the mean clima to logy for the period 2005-
2035 and shown in Figure 81 for the comparab le DJF season as in the present-day El N iños
in Figure 80 .  Sim ilar fea tures to those noted above for the present-day events in Figure 80
are evident for the future El N iño events in Figure 81 .
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To exam ine the change in El N iño clima te anoma lies in the future clima te compared to the
present clima te , we compute the d ifference , future El N iño anoma lies m inus present El N iño
anoma lies, and plot those differences in Figure 82 .  The amplitude of changes in SST anoma-
lies in the trop ics is on the order of only a few tenths of a  degree in Figure 82a (ind ica ting
tha t the size of El N iño events in the future is not much d ifferent from today), but there is an
apparent enhancement of precip ita tion anoma lies in the trop ica l Ind ian and Pacific reg ions.
Tha t is, there are anoma lously drier areas in future El N iño events over Austra lasia , and
anoma lously wetter areas over the centra l Pacific.  These are in areas a lready a ffected with
precip ita tion extremes with those signs in present day events (Figure 80).  In future El N iño
events in the tropica l Indian and Pacific regions, anoma lously dry areas get drier, and anoma-
lously wet areas get wetter.  There is an intensifica tion of precip ita tion extremes in future El
N iño events in those reg ions.  This has been noted to occur due to the warmer mean SSTs in
the future clima te and the nonlinear re la tionship between surface tempera ture and evapo-
ra tion (Meehl et a l. , 1993).

The change in te leconnection pa ttern over the North Pacific and North America a lso bears
noting in the SLP p lot in Figure 82c.  The A leutian low in the North Pacific is intensified and
shifted southward in the future El N iño events (as ind ica ted by the nega tive SLP d ifferences in
Figure 82c west of C anada , and comparing the southward shift in the maximum nega tive
SLP anoma lies in the future events in Figure 81c compared to the present events in Figure
80c in the North Pacific reg ion).  This shift of the SLP anoma lies there has consequences for
the precipita tion and tempera ture extremes associa ted with El N iño events over North America .
In the future events, the anoma lously warm surface tempera tures over C anada in Figure
80a shift southward over the western U. S. in Figure 81a , while the anoma lously wet cond i-
tions over most or southern North America in present events in Figure 80b weaken in the
future events in Figure 81b .

This southward shift of the anoma lous low pressure in the North Pacific has been shown to
be associa ted with the changed base sta te of the clima te in the Northern Hem isphere (Meehl
et a l., 1993).  Tha t is, with the increase of precip ita tion in the future clima te over the trop ica l
Pacific, the Rossby wave response in the northern m id la titudes causes a  mean change in the
longwave pa ttern in the future clima te .  When the anoma lous convective hea ting in the
centra l Pacific during an El N iño event is superimposed on tha t changed base sta te in the
future clima te , the Rossby wave response is mod ified such tha t the A leutian low is intensified
somewha t further south than in present-day El N iño events.  This then changes the clima te
extremes accord ing ly over North America .

Summary
The manifesta tion of clima te extremes associa ted with El N iño events is a ffected by interannua l,
decada l and longer (trend) timesca les, a ll with sim ilar spa tia l fea tures (“El N iño-like”).  As-
sessment of effects of future El N iño events is further comp lica ted by changes of mean
clima te .  Tha t is, an “event ” is defined as an anoma ly in re la tion to some mean sta te , and
when the mean sta te is chang ing, it confuses how to define the clima te effects associa ted
with such “events” .  Changes in future frequency and magnitude of El N iño events is d ifficult
to quantify without ensemb les of clima te change scenario experiments.  However, due to an
anticipa ted warmer mean clima te in the future due ma inly to an increase of C O 2 , clima te
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mode l results show tha t a  g iven El N iño , superimposed on the warmer mean clima te sta te ,
will like ly be associa ted with intensified trop ica l Ind ian and Pacific precip ita tion anoma lies
(anoma lously wet areas in present-day events get wetter in future El N iños, and anoma-
lously dry areas become drier), with some shifts in extra trop ica l te leconnections over the
North Pacific and North America .
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Global Warming and
Species Movement:
The Case of Butterflies
Camille Parmesan
N a tiona l C enter for Eco log ica l Ana lysis & Synthesis
University of C a lifornia , Santa Barbara
Santa Barbara , C a lifornia

O ne of the least controversia l pred icted responses to a g loba l clima tic warm ing trend is tha t
species will shift the ir ranges po leward and upward in a ltitude .  Mean g loba l tempera tures
have risen significantly this century (see e . g., IPC C 1995 , 1998).  Re la tive ly sedentary or-
ganisms like butterflies are a good cho ice for tracking long term trends in wild life range
shifts in response to clima tic warm ing.  Most butterflies live in one popula tion for many
genera tions.  A range shift northward is a  process which takes decades.  As clima tic shifts
make the most southern reg ions less suitab le and the far northern reg ions more suitab le ,
butterfly popula tions a t the southern end of the range go extinct while new popula tions are
crea ted northward of the previous boundary.

G ood evidence for recent range shifts has been stud ied for Ed ith’s Checkerspot butterfly
(Euphydryas ed itha) in western North America (Parmesan 1996).  This particular species was
chosen because numerous independent stud ies have shown E. ed itha  to be very sensitive to
clima te: subtle m icro-clima tic influences (such as slope aspect) a ffect popula tion growth and
stab ility, and popula tions have been observed to go extinct fo llowing extreme clima tic events
(Singer and Thomas 1996 , Thomas et a l. 1996 , We iss et a l. 1988 , Ehrlich et a l. 1980 ,
Singer and Ehrlich 1979).

By determ ining where popula tion extinctions had occurred , the mean loca tion of popula-
tions of Ed ith’s Checkerspot butterfly was found to have shifted northward by 92 km and
upward by 124 meters since the beg inning of the century (Figure 83).  In the same geo-
graphic area as this species range , ana lyses of clima tic records covering the same time
frame show tha t clima tic isotherms have shifted northward by 105 km and upward by 105
meters (Karl et a l. 1996).  Further, the a ltitud ina l cline in frequency of popula tion extinction
had a breakpo int a t 2 ,400 meters, with the trend be ing for lowered extinction ra tes a t the
highest e leva tions (Figure 84).  This breakpo int corre la ted to tha t for trends in snowpack
depth and tim ing of snowme lt, with significant trends towards increased depth and la ter
me lt-da te above 2 ,400 meters, and the opposite trends be low 2 ,400 m (Johnson 1998).

Human a ltera tion of the landscape is a lso known to be a ma jor driver of changes in modern
species’ d istributions.  Though the Ed ith’s Checkerspot study was observa tiona l, it focused
on responses to clima te change by contro lling for hab ita t degrada tion: only sites which were
still suitab le hab ita t were se lected , whether or not E. ed itha still existed .  An ana lysis of more
genera l hab ita t destruction over the species’ range showed tha t loss of hab ita t in the sur-
round ing reg ion was uncorre la ted with the na tura l la titud ina l and a ltitud ina l clines in popu-
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la tion extinction.  Therefore , hab ita t destruction has ne ither overtly nor covertly influenced
the northward and upward range shift found (Parmesan, unpub lished).

Figure 83
The mean loca tion of popula tions of Ed ith’s Checkerspot butterfly has shifted northward by 92 km and
upward by 124 meters since the beg inning of the century.

A lthough these two large pa tterns of change ma tch in magnitude , cla ims tha t reg iona l cli-
ma tic warm ing has caused the range shift  of E. ed itha can be criticized on two grounds:  1)
the da ta are corre la tion and so the ma tch in trends could be co incidence , and 2) Ed ith’s
Checkerspot is known to be extreme ly clima tica lly sensitive and so may not be representa-
tive of responses of other butterfly species, or of wild life in genera l, to the current g loba l
warm ing trend .  Since the g loba l warm ing trend is increasing ly be ing seen as due to human
greenhouse gas production and therefore like ly to continue , it is of grea t importance to
know whether e ither of these criticisms are va lid .
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Figure 84
The a ltitud ina l cline in frequency of Checkerspot popula tion extinction had a breakpo int a t 2 ,400
meters, with the trend be ing for lowered extinction ra tes a t the highest e leva tions.

To answer these criticisms, we are in the process of rep lica ting this study with other species
and other geograph ic reg ions.  Europe has a  strong history of butterfly co llecting and so has
good da ta sets and modern monitoring schemes.  Europe has experienced a mean warm ing
trend of 0 .36°C , a long with increased cloud iness, a  reduction in the d iurna l tempera ture
range (DTR), and an increase in precip ita tion in the North.  We have stud ied d istributions of
up to 32 butterfly species in northern and southern reg ions of Europe and found tha t,
overa ll, 80% have shifted the ir ranges northward and /or upward .  There is a  grea ter ten-
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dency for movement a t the northern edges than a t the southern edges.  This d ifference is
consistent with the d ifferences in clima tic warm ing these two reg ions have experienced:
warm ing has been more pronounced in the northern countries (IPC C 1998 , European work-
shop on clima te change 1994 , Finnish report 1996).  This grea ter stab ility a t the southern
edge may a lso be due to the grea ter topographic d iversity of the reg ion; even if species were
respond ing to a clima te signa l, they wouldn’t have far to move because they could simp ly
shift from a south-facing slope to a north-facing slope .  D a ta ind ica te tha t the butterfly
species are moving by 50-100 km , which is in line with the ~ 0 .4°C observed warm ing.

It is a lso important to po int out tha t it is not simp ly mean clima te warm ing but changes in
extreme events tha t are important to wild p lant and anima l life .  F light seasons for butterflies
occur in Spring and Summer and last 4-6 weeks.  The tota l active period of each species
beg ins 4-8 weeks before flight season and contiunues for 4-6 weeks a fter flight season.
Shifts in mean tempera ture and frequency of extreme clima tic events tha t take p lace during
this growing season have significant effects.  It is a lso possib le tha t trends towards warmer
winters may a lso stress insects in hiberna tion by causing them to increase the ir metabo lic
ra tes a t a  time of the year when no food is ava ilab le: in other words, warm winters can cause
starva tion.  Eco log ists require better da ily da ta on extremes during the growing season of
ind ica tor species, as we ll as better da ta on sequences of wea ther events — comb ina tions of
one extreme event fo llowed by another.  For instance , among p lant and anima l popula tions,
one extreme day (e . g. very high maximum tempera ture) may be to lera ted , but four extreme
days in a row are like ly to cause large popula tion crashes, or even loca l extinctions.

A fina l po int is tha t options for species m igra tion are becom ing more lim ited by human land
use change .  For examp le , the best hab ita t for the southern race of E . ed itha , (the Q uino
Checkerspot), lies in Mexico , but 80% of the popula tions there have gone extinct.  H ab ita ts
just to the north in southern C a lifornia , which theoretica lly they could move into , have been
destroyed by urbaniza tion.  Thus, the comb ina tion of land use change and clima te change
is causing significant prob lems, particularly for endangered species and subspecies tha t are
a lready hab ita t-lim ited .

References
C lima te Varia tions in Europe, R. He ino , ed . , (1994).  Proceed ings of the European Workshop
on C lima te Varia tions, Acad . of Finland .

Easterling, D. R. , B. Horton, P. D. Jones, T. C . Peterson, T. R. Karl, D. E. Parker, M . J. Sa linger,
V. Razuvayev, N . Plummer, P. Jamason, C . K . Fo lland .  (1997).  Maximum and m inimum
tempera ture trends for the g lobe .  Science 277:364-367

Ehrlich, P. R. , D. D. Murphy, M . C . Singer, C . B. Sherwood , R. R. White . I. L. Brown (1980).
Ext inc t ion ,  reduc t ion ,  st a b i l i ty a nd incre ase :  the responses o f  C heckerspo t  bu t terf ly
(Euphydryas) popula itons to the C a lifornia drought.   O ecolog ia  46:101-105 .

The Finnish Research Programme on C lima te Change , J. Roos, ed . , (1996).  Fina l Report,
Acad . of Finland .

Da ta indica te tha t the

butterfly species are

moving by 50-100

km, which is in line

with the ~ 0 .4°C

observed warming.



333

S E S S I  O N  2

S E S S I  O  N   2

C lima te Extremes: Changes, Impacts and Pro jections

Intergovernmenta l Pane l on C lima te Change , (1996) C lima te Change 1995: Second Assess-
ment Report, working groups I and II, C ambridge University Press,

Intergovernmenta l Panel on C lima te Change (1998) The Regiona l Impacts of C lima te Change,
C ambridge University Press

Johnson, T. (1998)  Snowpack accumula tion trends in C a lifornia .  Master ’s thesis, Bren
Schoo l of Environ. Sci. ,  Univ. of C a l. a t Santa Barbara

Karl, T. R. , R. W. Knight, D. R. Easterling, & R. G . Q uayle  (1996)  Ind ices of C lima te Change
for the United Sta tes.  Bull. Amer. Meteor. Soc. 77(2):279-292

Parmesan, C . (1996)  C lima te and species’ range .  N a ture  382:765-766 .

Singer, M . C . & P. R. Ehrlich  (1979)  Popula tion dynam ics of the Checkerspot butterfly
Euphydryas ed itha .  Forschr. Zool. 25:53-60 .

Singer, M . C . & C . D. Thomas  (1996)  Evo lutionary responses of a  butterfly metapopula tion
to human-and clima te-caused environmenta l varia tion.  Amer. N a tura list  148, supp l:S9-
S39 .

Thomas, C . D. , M . C . Singer, & D. A . Boughton  (1996)  C a tastrophic extinciton of popula-
tion sources in a butterfly metapopula tion. Amer N a tura list  148:957-975 .

We iss, S. B. , D. D. Murphy, R. R. White  (1988).  Sun, slope , and butterflies: topographic
determ inants of hab ita t qua lity for Euphydryas ed itha . Ecology 69(5):1486-1496

The combina tion of

land use change and

clima te change is

causing significant

problems, particularly

for endangered

species and

subspecies tha t are

a lready habita t-

limited.



A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 98334

S E  S S I  O  N   2

Trends in Flood and
Hurricane Impacts in
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The impacts of extreme wea ther events are of growing interest to decision makers.  O ne
reason for this interest is growth in the abso lute amounts of clima te damage in recent de-
cades.  Some have specula ted tha t growing damages are the result of clima te changes,
while others specula te to a growth in societa l vulnerab ility.  Recent work a t the Environmen-
ta l and Societa l Impacts G roup a t the N a tiona l C enter for Atmospheric Research has sought
to understand the factors underlying trends in impacts.  This paper reviews some of this
recent work in the context of flood and hurricane impacts in the U. S.

“ We do not know. . . for sure tha t the warm ing of the Earth is responsib le for wha t seems to be
a substantia l increase in highly d isruptive wea ther events, but many peop le be lieve tha t it is,
and tha t we have to keep looking into it. . . If there is a  larger cause which can be eased in the
future , we ought to go a fter tha t so lution as we ll.”  – President Bill C linton, April 22 , 1997

This sta tement by President Bill C linton reflects two common perceptions.  First, it reflects a
sense tha t the econom ic impacts associa ted with extreme wea ther events have increased in
recent years.  Second , a  perception exists tha t the recent increase in wea ther-re la ted events
is due to changes in clima te re la ted to g loba l warm ing.  In recent years, these perceptions
have resulted in a lmost every extreme event be ing a ttributed , by someone , to g loba l warm-
ing.

The perceptions are more than simp ly id le specula tions — they underlie po licy decisions
with important socia l, econom ic and po litica l ram ifica tions.  For instance , in December of
1997 representa tives from na tions around the world met in Kyoto , Japan to d iscuss and
deba te imp lementa tion of the Framework C onvention on C lima te Change .  Because po licy
is based on the perceptions tha t po licymakers ho ld about clima te , it is worth determ ining the
va lid ity of the two perceptions.

In the case of econom ic damages associa ted with floods and hurricanes, there is a  trend of
increasing losses in recent decades in the U. S.  Thus, the first perception is demonstrab ly
va lid .  There is, however, little re liab le evidence to da te to support the perception tha t recent
trends in econom ic losses in the U. S. are large ly a ttributab le to changes in clima te .  C learly,
clima te has varied reg iona lly with respect to particular phenomena , however, this varia tion
is d ifficult to d iscern in the historica l record of societa l impacts (e . g. , do llar losses).  Instead ,
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the strongest signa l present in the historica l record is tha t increased societa l vulnerab ility is
the primary cause of recent increases in documented econom ic losses.  Note tha t this find-
ing in no way refutes the g loba l warm ing hypothesis.  Ra ther, it refutes the cla im tha t the
growth in losses can be large ly a ttributed to the increased frequency or magnitude of hurri-
canes or precip ita tion.  This is consistent with the find ings of the Intergovernmenta l Pane l on
C lima te Change , pub lished in 1996 .

This review d iscusses trends in da ta on flood and hurricane impacts in the U. S. and recent
research seeking to link these trends with clima te and societa l informa tion.  Arguab ly, hurri-
canes and floods are the two phenomena tha t societa l impacts researchers best understand
from the standpo int of trends and impacts.

Floods
When clima to log ists d iscuss floods, they typ ica lly are referring to hydro log ic floods; but
when po licymakers d iscuss floods, they are typ ica lly referring to damag ing floods.  This
situa tion is prob lema tic as hydro log ic floods are not we ll corre la ted with damag ing floods.
The poor re la tionship between wha t clima to log ists, hydro log ists, and other physica l scien-
tists ca ll floods and those floods which actua lly cause damage , has lim ited wha t can be
re liab ly sa id about the causes of observed trends in damag ing floods.  To focus research on
the societa l impacts of floods, this paper defines a  damag ing flood as a  flood in which
society suffers losses re la ted to the event.

By any measure , floods have a significant impact on society.  The Red Cross estima tes tha t
over the 25-year period end ing in 1995 , more than 1 .5 b illion peop le worldwide have fe lt
the impact of floods.  O f tha t tota l, more than 318 ,000 peop le were killed and more than
81 m illion were made home less.  In add ition, over the period 1991-1995 , flood-re la ted
damages tota led more than US$200 b illion (not infla tion ad justed) worldwide , representing
close to 40% of a ll econom ic damages a ttributed to na tura l d isasters over the period .

While recent research has focused on deve lop ing a better quantita tive understand ing of
extreme wea ther impacts re la ted to the inter-re la tionship of a tmosphere and society in the
context of hurricanes and other extreme events, an understand ing of floods has rema ined
e lusive .  Re liab le and accura te knowledge of the science of floods clima to logy, hydro logy
and meteoro logy is important because it p lays a  ro le in many po licy decisions, includ ing
land use , insurance , and the a lloca tion of scarce pub lic resources.  Yet, in sp ite of the large
and growing impacts of floods on society, most d iscussion of the science and po licy of floods
is characterized by unexam ined assumptions and imprecise language — not a  recipe for the
transla tion of science into effective po licies.

An examp le of this can be found in recent d iscussion about clima te and floods.  Recent
research has found tha t “the proportion of tota l precip ita tion derived from extreme precip i-
ta tion events reflects large increases in such events during the warm season over the United
Sta tes” (Karl et a l. 1995).  This has been popularized as “ increasing ly, when it ra ins, it
pours” and has led to conclusions such as the fo llowing, presented in The New York Times in
1997: “heavy ra instorms have become more common, making damaging floods more likely”
(Stevens 1997).  Such conclusions have been repea ted by government officia ls, scientists,
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and the med ia .  However, a  closer inspection of the da ta shows tha t the measure of “ex-
treme precip ita tion” used in the Karl et a l. 1995 study (a 2-inch ra infa ll thresho ld) is not we ll
re la ted to the flood damage record in the U. S.

O ther factors re la ted to damag ing floods include popula tion, deve lopment and federa l po li-
cies.  Emp irica l evidence from a number of cases clearly shows tha t clima te , popula tion
growth and deve lopment, and po licy each p lay a ro le in trends in damag ing flood ing in the
U. S. , but the sta te of knowledge is such tha t the re la tive contribution of each factor is poorly
understood .

At first b lush, one m ight be tempted to assert wha t seems obvious: precip ita tion (i. e ., ra in or
snow) causes damag ing floods.  But the re la tionship between precip ita tion and damage is a
comp lex one , particularly when one aggrega tes precip ita tion and flood damage over more
than a sing le dra inage basin.  The re la tion between precip ita tion and damages is shaped by
countless intervening factors such as land use , river channe l mod ifica tions, structura l and
non-structura l m itiga tion measures, etc.  C onsequently, in a lmost a ll cases, a  damag ing
flood results from a comb ina tion of physica l and societa l processes.  Losses would not occur
without the presence of the flood wa ters, and sim ilarly, human occupancy of the floodp la in.
Therefore , to understand the causes of damag ing floods requires knowledge of the interre-
la ted physica l and societa l factors which underlie the physica l and societa l processes.

A na tiona l flood damage record is kept by the N a tiona l Wea ther Service for the period
1903-present, and sta te leve l da ta 1983-present.  The reported losses are for “significant
flood events” and include only d irect damages due to flood ing tha t results from ra infa ll and /
or snowme lt.  (Flood ing due to winds, such as coasta l flood ing from storm surges, is not
included .)  The annua l losses are based on “wa ter years,” O ctober to September.  The
da tabase can certa inly be improved , but for present purposes, the Federa l Emergency Man-
agement Agency has concluded tha t the da taset can be used for trend ana lysis.

At the na tiona l leve l, ten precip ita tion-re la ted measures were se lected:
(1) tota l precip ita tion (USKPR)
(2) number of wet days per sta tion (USWET)
(3) number of extreme precip ita tion days ( > 2 inches) per sta tion (USEXT)
(4) number of 2-day heavy precip ita tion events per sta tion (USHP2)
(5) number of 3-day heavy precip ita tion events per sta tion (USHP3)
(6) number of 5-day heavy precip ita tion events per sta tion (USHP5)
(7) number of 7-day heavy precip ita tion events per sta tion (USHP7)
(8) percentage of the conterm inous U. S. area with much above norma l co ld season ( O ct.-

April) precip ita tion (HPC O LD)
(9) percentage of the conterm inous U. S. area with the number of wet days much above

norma l (ABN WET)
(10) percentage of the conterm inous U. S. area with much above norma l proportion of tota l

annua l precip ita tion from 1-day extreme events (ABNEXT)

Measures (1)-(7) were obta ined from Illino is Sta te Wa ter Survey.  Methods used to compute
the partia l-dura tion time series for measures (4)-(7) are described in Kunke l et a l. (1996).
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Note tha t thresho lds for measures (2), (3) and (9) are based on abso lute leve ls of da ily
precip ita tion (grea ter than 1 or 2 inches).  In contrast, the thresho lds for measures (4)-(8)
and (10) are based on precip ita tion which is usua lly high compared to norma l amounts a t
each wea ther sta tion.  In measures (4)-(7) the thresho ld for “heavy precip ita tion” is based on
a 5-year recurrence interva l, tha t is, the thresho ld for a specific sta tion is the N-day precip i-
ta tion amount tha t is exceeded on average once every five years (for N = 2 , 3 , 5 , or 7 ,
respective ly).  In measure (8), “much above norma l” is defined as be ing within the upper
10% of a ll co ld season va lues a t a  g iven sta tion.  In measure (10), 1-day extreme events are
defined as those in the upper 10% of da ily precip ita tion amounts a t a  g iven sta tion.  The
ana lysis is confined to 1932-1997 because of da ta lim ita tions.

Person product-moment corre la tion coefficients are used to test for a linear re la tionship
between pa irs of variab les.  Frequency d istributions of each da ta series were tested for
norma lity and , if necessary, transformed to best approxima te a norma l d istribution.  Most of
the da ta series were found to conta in sta tistica lly significant increasing trends over time .  As
a first step , corre la tions were computed between the orig ina l da ta series.  Then, linear trends
were removed using simp le linear regression and corre la tions were computed aga in using
the detrended series.

The flood damage da ta were converted to a norma l d istribution by the use of a  log transfor-
ma tion.  Precip ita tion measures (1)-(7) and (10) do not devia te significantly from norma lity,
based on the Shap iro-W ilk test.  However, measure (8) required a log transforma tion, and
measure (9) required a square root transforma tion.

The re la tionship of damage , D, with the ten precip ita tion-re la ted measures is d isp layed in
Tab le 15 .  The second co lumn shows the orig ina l corre la tions, and the third co lumn shows
the corre la tions a fter the linear trend has been removed from each variab le .  A lthough the
corre la tions are reduced somewha t a fter detrend ing, a ll measures except (3), (8) and (9),
are significantly re la ted to D.  In both co lumns, D is shown to be most highly corre la ted with
2-day and 5-day heavy precip ita tion events.

Table 15

Variable Name Correlation Correlation After Variance
Detrending Explained

USKPR 0 .477* 0 .381* 14 .5%
USWET 0 .484* 0 .353* 12 .5%
USEXT 0 .354* 0 .267 —
USHP2 0 .507* 0 .424* 18 .0%
USHP3 0 .441* 0 .358* 12 .8%
USHP5 0 .495* 0 .419* 17 .6%
USHP7 0 .425* 0 .352* 12 .4%

HPC O LD 0 .305 0 .221 —
ABN WET 0 .340* 0 .308 —
ABNEXT 0 .457* 0 .350* 12 .3%

*significantly d ifferent from zero (α =  0 .01)
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The coefficient of varia tion is commonly used to estima te the proportion of variance tha t is
exp la ined by a pred ictor.  The last co lumn of Tab le 15 shows the percentage of variance in
D exp la ined by each pred ictor, a fter detrend ing.  These figures ind ica te tha t, a fter linear
trends are removed , the number of 2-day heavy precip ita tion events per sta tion (measure
(4)) exp la ins 18% of the variance in D, while tota l precip ita tion (measure (1)) is somewha t
less strong ly re la ted to D, exp la ining 14 .4% of the variance .  Multip le regressions comb ining
other pred ictors with measure (4) show tha t none of the other pred ictors significantly im-
prove the mode l fit achieved with measure (4) a lone .

It has been suggested tha t “ intense precip ita tion” or “heavy downpours” are most like ly to
lead to floods.  But how should “ intense” or “heavy” ra infa ll be defined?  Should it be based
on an abso lute amount of ra infa ll, as in measure (3), or an amount re la tive to norma l
ra infa ll leve ls in a g iven area?  O ur results ind ica te tha t measure (3), based on a fixed
thresho ld of 2 or more inches of ra infa ll, is not we ll re la ted to flood damage .  The measures
which are most strong ly re la ted to flood damage , i. e ., the 2-day and 5-day heavy precip i-
ta tion events, are defined re la tive to historica l ra infa ll a t each sta tion.  This suggests tha t
flood damage may be more influenced by short-term ra infa ll amounts tha t are re la tive ly
high compared to an average for a g iven area , as compared to ra infa ll amounts exceed ing
a fixed thresho ld .  A grea t dea l of unexp la ined variance rema ins.  Loca l factors, both socia l
and wea ther-re la ted , must be taken into account in exp la ining the damages inflicted by
floods.  The reader is urged to exercise caution in the interpreta tion of this ana lysis as it is
pre lim inary.  Further informa tion can be found in Pie lke et a l. (1999).

Hurricanes
A fundamenta l prob lem in understand ing hurricane losses is tha t historica l losses a t d iffer-
ent points in time are not comparable because the underlying socia l conditions have changes.
For examp le , it is meaning less to compare the losses associa ted with the devasta ting 1926
Grea t Miam i Hurricane with those re la ted to Hurricane Andrew in 1992 .  Even a fter ad just-
ing for infla tion, Miam i is a  far d ifferent p lace in 1992 than in 1926 .  Even the Miam i of
1999 is not d irectly comparab le to tha t of 1992 .

Norma liza tion methods provide a means to p lace historica l losses on a comparab le basis.
The fo llowing description is based on norma lized hurricane losses from Pie lke and Landsea
(1998).  In princip le , a  sim ilar methodo logy could be app lied to any time series of ca tastro-
phes.

To norma lize past hurricane losses to a base year ’s va lues, it is assumed tha t losses are
proportiona l to three factors: infla tion, wea lth and popula tion.  O f course , it is possib le tha t
these factors would be rep laced and/or comp lemented by others which represent changes
to the insurance industry (e . g., changes in deductib les, po licy types, etc.).   The result of
norma lizing the da ta will be to produce the estima ted impact of any storm as if it had made
landfa ll in (this case) 1995 .

Infla tion is accounted for using the imp licit price defla tor for Gross N a tiona l Product, as
reported in the Econom ic Report of the President.  Wea lth is measured using an econom ic
sta tistic kept by the U. S. Bureau of Econom ic Ana lysis ca lled “Fixed Reproducib le Tang ib le
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Wea lth” and includes equipment and structures owned by priva te business, owner-occup ied
housing, nonprofit institutions, durab le goods owned by consumers, as we ll as government-
owned equipment and structures.  Wea lth is accounted for in the norma liza tion using a ra tio
(infla tion-ad justed) of today’s wea lth to tha t of past years (end of year gross stock).  Because
the measure of wea lth is based on na tiona l figures, we have ad justed it back to per cap ita by
removing from it the re la tive changes in the entire U. S. popula tion.  Wea lth da ta are ava il-
ab le from 1925 , consequently the norma liza tion beg ins with tha t year.  The fina l factor is
popula tion change based on da ta from the U. S. C ensus for each of the 168 coasta l coun-
ties tha t lie a long the coast from Texas to Ma ine .

The genera lized norma liza tion method is determ ined as fo llows:
NLpresent = a storm’s losses norma lized to present va lues

y = year of storm’s impact
c = county(ies) of storm’s maximum intensity a t landfa ll

Ly = storm’s losses in year y, in current do llars (i. e . , not ad justed for infla tion)
Iy = infla tion factor, determ ined by the ra tio of the present imp licit price

defla tor for G DP to tha t of year y
Wy = wea lth factor, determ ined by the ra tio of the infla tion ad justed

present fixed reproducib le tang ib le wea lth expressed as per
cap ita to tha t of year y

Py,e = popula tion factor, determ ined by the ra tio of the change in
the popula tion of the coasta l county(ies) most a ffected by the
storm from year y to present

The genera l formula for y =  1925 to the present is thus:
NLpresent =  Ly * Iy * Wy * Py,e

For examp le , the 1938 New Eng land hurricane made landfa ll as a  C a tegory 3 hurricane
through the sta tes of New York, C onnecticut, Rhode Island , and Massachusetts causing an
estima ted $306 m illion damage .  The popula tion of the 11 coasta l counties impacted a t tha t
time was 2 .336 m illion, while the 1995 estima ted popula tion had increased to 4 .860 m il-
lion, a  factor of 2 .08 .  The infla tion and wea lth factors are 11 .75 and 2 .224 , respective ly,
between 1938 and 1995 .  Thus, the norma lized damage tha t would be a ttributed to the
1938 New Eng land hurricane if it struck in 1995 is the fo llowing:

$306 m illion (1938) x 11 .75 x 2 .224 x 2 .080 =  $16 ,629 m illion (1995)

The norma lized trend da ta on annua l hurricane impacts from 1925-1995 is shown in Figure
85 .  It shows the estima ted losses associa ted with each year ’s hurricane activity, as if each
year ’s storms had made landfa ll in 1995 .  It presents a  much d ifferent p icture than the non-
norma lized da ta .  It shows tha t in the 1940s, 1950s, and 1960s, more frequent and costly
landfa lls occurred than in the 1970s and 1980s, consistent with the clima to logy of hurricane
landfa lls.  The norma lized da ta a lso show tha t years with multi-b illion do llar losses have
been the norm ra ther than the exception.

In terms of the norma lized da ta , in aggrega te , hurricanes caused > $339 b illion in losses
over 71 years, or an annua l average of about $4 .8 b illion, with a maximum of > $74 b illion
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in 1926 and numerous years with no reported damage .  O f the 71 years, 35 years (about
50%) had less than $1 b illion in damages.  There were 19 years (about 25%) with a t least $5
b illion and 13 years (about 18%) with a t least $10 b illion.  From this ana lysis, a ll e lse be ing
equa l, each year the U. S. has a t least a  1 in 6 chance of experiencing losses re la ted to
hurricanes of a t least $10 b illion (in norma lized 1995 do llars).  O f course , in particular
years, clima te pa tterns can significantly a lter these odds (G ray et a l. 1997), and in every
year beyond 1995 the stakes rise due to inexorab le coasta l popula tion growth and deve lop-
ment.  The 1940s had 8 years with more than a b illion in damages, as compared to the
1980s with only 3 .  Perhaps more importantly, it shows tha t the 1940s-1960s had 7 years of
grea ter than $10 b illion in damages, as compared with 1 in the 1970s and 1 in the 1980s.
Through 1995 , the 1990s have unfo lded more like the 1940s than the 1980s.  However, it
does seem tha t the U. S. has been fortuna te with respect to the more extreme losses from the
standpo int of re la tive ly few hurricanes making landfa ll during the recent period of grea test
deve lopment.  See Pie lke and Landsea (1998) for more informa tion.

Figure 85
U. S. Normalized Hurricane Damage, 1925-1995
Time series of U. S. hurricane-re la ted losses (d irect damages in m illions of 1995 U. S. Do llars) from
1925 to 1995 in norma lized 1995 damage amounts (utilizing infla tion , coasta l county popula tion
changes and changes in wea lth).

The intense hurricanes (Sa ffir-Simpson 3 , 4 and 5) make up only about 21% of the U. S.
landfa lling trop ica l cyclones, yet account for about 83% of the norma lized damage .  The 52
intense hurricanes tha t struck the U. S. from 1925-1995 resulted in an average of $5 .5
b illion in damages per storm .
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Conclusion
In conclusion, the se lected research reported here suggests tha t it is possib le to ana lyze da ta
on societa l impacts to d iscern re la ted , underlying clima to log ica l and societa l trends.  In the
case of hurricanes, the recent growth in losses is entire ly a ttributed to growth in popula tion
and wea lth.  The norma lized da ta suggest tha t recent decades have been less severe than
those of the more d istant past.  In the case of damag ing floods, a  more comp lex p icture
emerges.  First, it does seem clear tha t precip ita tion is re la ted to damage a t a  na tiona l leve l,
but of the ten measures exam ined , none exp la in more than 20% of the observed variance in
damages.  This leads to severa l tenta tive conclusions.  First, it is necessary to move beyond
tota l damages to per cap ita , or preferab ly, per floodp la in-cap ita .  Second , it would be useful
to extend the ana lysis to a more reg iona l basis, as d ifferent types of precip ita tion m ight be
more close ly re la ted to damag ing floods a t sma ller sca les.  Thus, the one clear p icture tha t
emerges is tha t changes in precip ita tion a t a  na tiona l leve l are not sufficient to exp la in
changes in damag ing floods.  In this area , more research is required to deve lop more
definitive conclusions.  For a broader survey of the re la tionship of societa l and clima to log i-
ca l trends and impacts, see Kunke l et a l. (1999).
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There are four ma jor issues within wa ter management in the western United Sta tes which
can produce critica l cond itions for p lanners, decision-makers and managers.  They are
extreme drought and floods; large-sca le inter-basin transfers; quantifica tion of triba l wa ter
rights, and; an energy crisis.  These are sensitive to and exacerba te ongo ing socia l dynam ics
of increasing popula tion and consumption, deteriora ting wa ter qua lity, environmenta l wa ter
a lloca tion, reserved wa ter rights, ground-wa ter overdra ft, ag ing urban wa ter infrastructures,
the chang ing na ture of Federa l, Sta te and loca l interaction, and varia tions in sta te laws.  The
result has been, until recently, an a lmost tota l lack of reg iona l capacity to imp lement p lans
re la ting to the impacts of clima te variab ility and change .

As these socia l trends evo lve , extreme-event impacts research and app lica tions are expected
to assume grea ter immed iacy with foci includ ing impacts in urban areas, the pub lic sector,
scheduling, opera tions, and performance of various priva te sector activities, and assess-
ment of users (Changnon, 1995).  This paper focuses on the last three issues in particular
re la tion to manag ing clima tic risks in a multi-actor setting, the C o lorado River Basin a t G len
and Grand C anyons, during the El N iño-Southern O scilla tion (ENS O ) event of 1997-98 .
The study forms part of a  more comprehensive pro ject on decision-making and participa-
tion a t the reg iona l leve l in the C o lorado River Basin in the face of clima te varia tions and
pub lic goa ls (Pulwarty and Me lis, 1999 , in prep .).

The C o lorado River system exhib its the characteristics of a  “closing wa ter system” (Kennedy,
1994) where , management of interdependence becomes a  pub lic function, deve lopment of
mechanisms to get resource users to acknowledge interdependence and to engage in nego-
tia tions and b ind ing agreements become necessary, and , imp lementa tion of such mecha-
nisms does not appear to be viab le without focusing events.  H istorica l wa ter a lloca tion
based on abso lute quantities (made a fter the anoma lously wet period of 1900-1925) ra ised
significant concerns for geopo litica l equity among the Basin Sta tes (and Mexico) through the
20 th C entury.  This resulted in the G len C anyon D am be ing built about 20 m iles above the
Grand C anyon in 1963-64 , effective ly crea ting Lake Powe ll (Ingram et a l 1990).  The C o lo-
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rado River now dries up some 10-20 m iles before reaching the Sea of C ortez (G ulf of
C a lifornia).

Management decisions in the C o lorado River Basin cross many tempora l and spa tia l sca les
(Tab le 16).

Table 16
Examples of cross-scale issues in Colorado River water management

Temporal scales
Indeterm ina te Flows necessary to protect endangered species

Long-term Inter-basin a lloca tions and those a lloca tions among basin sta tes
Decade Upper Basin delivery obliga tions, life-cycle of humpback chub (G ila cypha)

Year Lake Powell fill obligations to achieve equa lization with Lake Mead storage
Seasona l peak hea ting and coo ling months

D a ily-monthly Flood contro l opera tions, Kanab ambersna il impacts
Hourly Western Area Power Adm inistra tion’s power genera tion decisions

Spatial scales
G loba l C lima te influences, G rand C anyon N a tiona l

Park World Heritage Site
N a tiona l Western wa ter deve lopment: irriga tion,

Grand C anyon Protection Act (1992)
Reg iona l Prior appropria tion, Upper C o lorado River

C omm ission, Upper and Lower Basin
Agreements, energy grid

Sta te D ifferent agreements on wa ter marketing
within and out-of-sta te , Wa ter D istricts

Municipa l-
community-

househo ld

This paper describes the response of na tura l resource managers and opera tions on the
C o lorado River a t G len C anyon D am to unanticipa ted spring runoff and flood-flow events
of 1983 , 1984 , and 1995 , in the context of management ob jectives for maximum storage
based on periods of drought (such as the 1930s, 1950s, 1977 , and 1987-92).  It shows the
ways in which d ifferent lessons were used from these events to prepare for like ly impacts
re la ted to the 1997-98 ENS O  event.  It a lso describes how new management approaches in
the C o lorado River Basin facilita ted responses while still meeting seasona l and long-term
ecosystem , cultura l, inter-basin wa ter resources and hydropower needs.

Adaptive Management
The a im of Adaptive Management (AM) is to increase the flexib ility of a  “managed” system
to adapt to or recover from unforeseen consequences or “surprise” and for learning to
recover from de libera te and passive (“na tura l”) perturba tions of the system .  The most com-
monly emp loyed method has been experimenta tion with flow reg imes (such as the much-
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pub licized Spring 1996 re leases) as a  mechanism for ma inta ining eco log ica l and cultura l
integrity of the system while still meeting econom ic requirements.  The key princip les of
opera tion for AM to occur are (Lee 1993):
1) C oopera tive management (shared decision-making authority)
2) A llowing for loca l varia tions in management stra teg ies
3) Systema tic learning using experimenta l designs

To facilita te achieving these requirements, the Adaptive Management Program (AMP) in the
G len/ Grand C anyon reg ion is composed of three equa lly ba lanced e lements (1) a  technica l
process, includ ing the G len C anyon Monitoring and Research Group (G CMRC), the Techni-
ca l Working Group (TW G) and externa l peer review, (2) an adm inistra tion coord ina tion
process tha t is headed by the Secretary ’s designee and (3) a decision process for making
recommenda tions to the Secretary through his/her designee Adaptive Management Work-
ing Group (AMW G), approva l by two-thirds consensus).  The deve lopment of this program
is considered e lsewhere .

The da ta emp loyed in this study include the results of 32 interviews, ana lyses of clima te and
streamflow da ta and mode l runs, historica l and institutiona l ana lyses of wa ter management
in the basin, and participa tion and organiza tion in severa l p lanning and decision-making
meetings carried out by the G CMRC under the ausp ices of the AMW G .  Interviews were
carried out with TW G  and AMW G  representa tives from:
1) C oopera ting Federa l and Sta te agencies invo lved in preparing the O pera tions of G len

C anyon Dam – Fina l EIS (1995), tha t have management jurisd iction in the a ffected ar-
eas, includ ing Bureau of Reclama tion, Bureau of Ind ian Affa irs, U. S. Fish and W ild life
Service , N a tiona l Park Service , Western Area Power Adm inistra tion, Arizona Department
of G ame and Fish, and the Upper C o lorado River Basin C omm ission;

2) Six tribes: Hop i Tribe , Hua lapa i Tribe , N ava jo (D ine) N a tion, San Juan Pa iute Tribe , South-
ern Pa iute C onsortium , Pueb lo of Zuni;

3) The seven C o lorado River Basin sta tes: Arizona , C a lifornia , C o lorado , Nevada , New
Mexico , Wyom ing, and U tah;

4) Environmenta l groups, recrea tion interests, and contractors who purchase Federa l power
from G len C anyon D am through the Department of Energy, includ ing American Rivers,
Grand C anyon Trust, G rand C anyon River G uides Associa tion, Trout Unlim ited , and the
C o lorado River Energy D istribution Associa tion.

Personne l with responsib ilities for streamflow forecasts a t the N a tiona l Wea ther Service’s
River Forecast C enter and opera tions of G len C anyon D am a t the Bureau of Reclama tion
(B O R) were a lso included in the interview process.  Streamflow da ta for 27 po ints (1905-
1990) in the CRB, (and 1898-1998 a t Lee Ferry) were obta ined from B O R and clima te da ta
for the entire reg ion were obta ined from N O AA .

The Climate Forecast Issue
Trad itiona lly, the idea l opera ting p lan of G len C anyon D am from a hydropower perspective
would enab le Lake Powe ll to fill each year and meet downstream requirements, without
risking flood flows.  The two factors most often used for spring streamflow forecasts prior to
the spring runoff period are: (1) snowpack cond itions, includ ing snow-wa ter-equiva lent,
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accumula ted over the winter-season months (December through March), and (2) anteced-
ent cond itions as ind ica tors of so il mo isture (wa ter retention capacity).  The clima te-re la ted
parameters tha t govern forecasts issued monthly and upda ted every two weeks during  the
ma in Spring runoff period (April through July) are: (1) the variab ility and extreme precip ita-
tion from the end of the accumula tion season (e . g. , 1 April); (2) tempera ture extremes and ,
(3) the historica l tim ing of Spring snowme lt and its magnitude and dura tion includ ing snow-
pack-runoff re la tionships.

W ith respect to opera tions of G len C anyon D am , the lowest po int of storage in Lake Powe ll
during the wa ter year usua lly occurs in March as a  result of January-March re leases be ing
grea ter than inflow.  It is thus the storage by the end of March tha t actua lly prepares the
reservo ir for the spring runoff period .  More recently, the Bio log ica l O p inion (D O I, 1994) for
the C o lorado River be low G len C anyon D am , requires tha t cond itions suitab le for endan-
gered and other na tive fish species be provided by eva lua ting hydro log ic pa tterns sim ilar to
the pre-dam hydrograph .

Hydrologic Triggers
During wa ter year 1998 , hydro log ic triggering criteria for spring Beach/ H ab ita t-Build ing
Flows (BHBF) were deve loped by the TW G  as fo llows: H igh flows would be re leased:
1) If the January forecast for the April-July unregula ted spring runoff into Lake Powe ll ex-

ceeds 13 m illion acre feet (MAF) (about 140 percent of norma l) when the January 1
storage is 21 .5 MAF (i. e . , when the sum of forecasted runoff and reservo ir storage
exceeds 34 .5 MAF on January 1), or

2) If any la ter monthly forecast for spring runoff into Lake Powell would require a powerp lant
monthly re lease grea ter than 1 .5 MAF.

Either of these triggers imp licitly recognizes tha t there is a  significant risk of a  flood flow
during the peak of spring runoff.  Flood flows occur when power p lant capacity is exceeded .
Sp ill risk is thus higher if the reservo ir is filled during the preced ing year.

To Every Season there are Extremes:
The Problem of Extreme Event Management
A ma jor “ focusing event ” in the basin was clearly the 1983 flood ing tha t occurred through-
out the C o lorado River Basin.  The years of reservo ir filling from 1964-1980 left Lake Powe ll
and the entire C o lorado River storage system full just prior to the extreme ly high runoffs in
la te Spring through early Summer 1983 .  Variab ility was thus removed from the flow system
as Lake Powe ll and other reservo irs were filled .  This period of filling of the largest capacity
reservoirs a llowed for continued development and human encroachment into the flood pla ins
of the river in the Lower Basin (Rhodes et a l. 1984) with a lmost no risk from flood flows.  The
“memory” of widespread uncontro lled flood ing in 1983-84 , with potentia l for dam-fa ilure
a t G len C anyon in 1983 (D irector, Upper C o lorado River Basin C omm ission, pers. comm .)
still causes concern among managers in the reg ion, even among those who were not in
management positions a t tha t time .  Whether or not extreme tota l runoff in 1983 was owed
so le ly to the 1982-83 ENS O  event is still unclear.  The most important factor in add ition to
extreme la te-spring precip ita tion was the anoma lous co ld wea ther tha t persisted through
July and kept snowpacks on the higher e leva tions into early summer.
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Informa tion in Tab le 17 illustra tes tha t simp ly forecasting or showing a trend in extreme
event occurrence is not enough to lead to useful ad justment actions tha t managers are ab le
to imp lement.  The forecast prob lems for 1983 and 1984 (24 .0 and 24 .5 MAF, respective ly
— the two wettest years on record) were comp lete ly d ifferent with respect to runoff tim ing,
a lthough both events occurred under full reservo ir storage cond itions.  As a  result, these
extreme events were anticipa ted and responded to very d ifferently by dam opera tors and
other re la ted managers.  For examp le , by early winter (January), based on accumula ted
snowpack, it was clear tha t 1984 was go ing to be a high runoff year, and the forecast turned
out to be quite accura te .  In contrast, each of the 1983 monthly forecasts during the first four
months of tha t year ind ica ted tha t  average or be low norma l April through July runoff would
occur.  In la te spring 1983 runoff began to increase from 117% in May to 210% in June .
A lthough a sim ilar runoff and runoff scenario occurred in spring 1995 (20 .5 MAF), when the
error for the January forecast was 5 MAF (in a 14 MAF system), sim ilar consequences re-
la ted to pro longed flood flows were avo ided only because Lake Powe ll had been drawn
down, a  result of severa l low runoff years between 1987 and 1995 .  However, the la te inflow
scenario of 1995 was the extreme event tha t a llowed for Lake Powe ll to approach storage
capacity aga in a fter nearly a decade .  The lack of pub lic awareness about the la te , high-
magnitude runoff in 1995 , like ly owed to the fact tha t the risk of flood re leases was zero
because of large reservo ir storage capacity due to previous drought.

Tota l storage within Lake Powe ll is over three times the annua l Upper Basin a llotment, or
about 25 MAF.  However, large forecast errors associa ted with snowme lt-runoff transforma-
tions during periods when antecedent storage cond itions are near capacity mean tha t a
forecast of winter precip ita tion a lone is inadequa te to meet user needs, especia lly for flood
contro l, and other resource management issues associa ted with the AMP.

Table 17
F lows since closure of G len C anyon D am near or above Power Plant C apacity 31 ,500 cub ic feet per
second (cfs) tha t have (bo ld) or m ight have produced flood flows (JFM = Jan-Feb-Mar, AMJ = Apr-May-
Jun)

April-July Runoff
million acre feet 700 mb Temp.

cfs Forecast ˚C anomaly
Year Peak Flow 000s Jan 1 Apr 1 Observed JFM AMJ

1965 May-June 65 9 .6 11 .4 11 .3  -1 .5 0 .5
1973 June 33   10 .1   9 .0 11 .3  -1 .0  -2 .0
1983 June- July 96.2   7.8  7.9 14.8 0.8 -2.0
1984 June 50  13.0 11.5 15.4 -1.8 -1.5
1985 May 55   11 .5  10 .3 11 .7 -1 .8   0 .5
1986 June 48   10 .6  10 .8 12 .6 1 .5 0 .5
1995 May- June 66   6.0  8.3 11.7 1.5 -2.0
1996 March-April 45 6 .3   8 .9 7 .3  1 .0   1 .0
1997 Feb-July 27  12 .0 12 .0 11 .4 1 .5  -0 .5
1998 May- July 25 6.6 6.8 7.7 0.8 -0.8
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Operations in Water Year 1998
Wa ter year 1998 experienced near-norma l hydro log ic cond itions in the basin with near
norma l precip ita tion transla ting into average snowpack (A O P, 1998 , 1999).  At the beg in-
ning of the runoff season the basin-wide snowpack was 100% of norma l but so il-mo isture
cond itions and winter runoff were above norma l owing to wetter than norma l cond itions
throughout 1997 .  G rea t med ia and pub lic a ttention focused on the strong ENS O  anoma ly
present in the equa toria l reg ion of the Pacific O cean and the potentia l effect this m ight have
on the C o lorado River Basin, particularly the Upper Basin, with respect to spring runoff
magnitude .  Few C o lorado River managers or forecasters focused a ttention on potentia l for
drama tic seasona l shifts in snowpack accumula tion, de layed runoff or like lihood for high-
e leva tion tempera ture anoma lies, a ll lessons tha t should have been learned from the 1982-
83 ENS O  (the only other event of comparab le magnitude within recent experience).  How-
ever, add itiona l reservo ir draw-down of Lake Powe ll was an exceptiona l move by B O R, in
tha t opera tors heeded historica l da ta on both precip ita tion and tempera ture , particularly
with respect to 1983 and 1995 , ra ther than opera te so le ly on the basis of the early, be low-
average runoff forecasts.  During the winter of 1998 , scheduled re leases from G len C anyon
D am rema ined above those suggested by the forecast from January through March.  This
resulted in an add itiona l drawdown of about 1 MAF above the storage tha t would have
otherwise been ava ilab le a t the end of the spring runoff season.  This action constituted a
unique and conserva tive management stra tegy intended to prepare for potentia l high and
la te spring runoff on the basis of prior experience (learning).  While wa ter year 1998 d id not
have the extreme ly high spring precip ita tion, and the large warm winter-co ld spring d iffer-
ences tha t characterized wa ter year 1983 , it posed a forecast and management prob lem in
a d ifferent way.  The decision to make high re leases had to be made by la te-December
1997 , a  time when most forecasts are like ly to assume norma l cond itions based on histori-
ca l mean da ta .

All Extremes Will Not Remain Equal
Extremes result in d isasters when they exceed organiza tiona l capacity to respond .  After the
end of the 1998 wa ter year, it was clear tha t if re leases, a t constant powerp lant flows above
25 ,000 cfs, were not made from G len C anyon D am (G C D) during January-March, a  sp ill
event (e ither exceed ing power-p lant capacity or of 0 .5 MAF) would have like ly occurred a t
the beg inning of summer (R. Peterson, B O R O pera tions, pers. comm .).  In add ition, if an
event sim ilar to the 1983 flood had occurred , damages would have been m inima l by com-
parison.  This is a  case of having the anticipa ted event (extreme ly high runoff) not be ing as
large as expected , but of managers still having to make hedges and ad justments before-
hand in accordance with the d iverse needs within the river system .  Factors tha t actua lly led
to and facilita ted actions are summarized in Tab le 18 .  River managers faced considerab le
pressure from both power and environmenta l groups not to a llow higher than norma l (fore-
casted) flow re leases during winter and early spring 1998 .  Environmenta l groups fe lt tha t if
re leases continued , then the triggering criteria would not be met (m isunderstand ing of the
hydro log ic triggering criteria by some stakeho lders).  Meanwhile , hydropower interests were
concerned about the like lihood of a  drier than norma l summer tha t would restrict d iurna l
powerp lant opera tions.  D iscussion of other AMP ob jectives and an ana lysis of the ro le of
the AM process is provided in Pulwarty and Me lis (1999).
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The re la tive ly dry period of 1987-1992 and in 1994 had reduced somewha t the sense of
urgency immed ia te ly a fter the 1983 floods.  However, the initia l under-forecasting of the
high runoff year 1995 (20 .8 MAF) ra ised concern not among the pub lic, but ma inly among
the G C D reservo ir managers who are ob liga ted to use forecasts to schedule monthly and
annua l opera tions.

The spring 1995 scenario and continued higher than norma l runoff for 14 consecutive
months in 1996 through 1997 , he lped set the stage for mutua l coopera tion between the
clima te research community (a t the N O AA C lima te D iagnostics and C lima te Pred ictions
C enters) and wa ter managers (B O R) on the C o lorado River.

Conclusions
In many case-stud ies of extreme event impacts it is still d ifficult to determ ine how or whether
present management approaches have used lessons accumula ted over previous events.
Even a fter the events of 1983 , the Phase II, G C D Fina l EIS (D O I, 1995) (which has become
the base line for AM mode ling efforts in the C o lorado River Basin) was carried out during
virtua lly the same period as the 1991-1995 ENS O  event.  A lthough  an extreme ly persistent
ENS O  event was documented during the 1991-1995 period , no AMP representa tive re-
ca lled exp licit considera tion of the long-term event as crea ting an anoma lous background
aga inst which base line stud ies were be ing carried out when interviewed .  It should be noted
however tha t the G CMRC is now considering the exp licit use of clima te informa tion within
the ir AMP conceptua l simula tion mode l deve lopment.

As is evident from this study, moving beyond the commonly he ld assumptions of clima te
informa tion use as a  one-way or even two-way linear communica tion from researchers to
practitioners and po licymakers,  the la tter somewha t pe jora tive ly referred to under the um-
bre lla of “users,” requires a  m ix of prob lem so lving and interactionist approaches (see Tab le
18).  This illustra tes the necessity of understand ing the context of use , an apprecia tion of the
ways in which informa tion becomes acceptab le for use , and the need for refram ing ques-
tions from the po ints of view of those a ffected , ra ther than by simp ly specifying the physica l
risk.

Table 18
Factors in the decision to prepare for the 1997-98 ENS O  event and to use clima te informa tion in Spring
1998 a t G C D

1) Previous Events:
1983 as a  focusing event for pub lic and priva te concerns: Associa tion of high, la te

runoff with 1982-83 ENS O  and forecasts of lower than norma l runoff
1984 magnitude , tim ing and forecast of high runoff
1995 as a  focusing event for G C D managers: 5 MAF forecast error for la te-spring,
1997 antecedent high runoff cond itions 140% inflow to Lake Powe ll,

2) Consequences of flood events seen (by managers) as more direct than single year drought:
Reservo ir capacity has 2-4 year buffer for dry periods,
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3) ENS O  1997-1998
reg iona l /na tiona l pressures to “do something about El N iño ,”
concern about an exceptiona l event or a “surprise ,”

4) Trust in Reservo ir Manager by Upper Basin interests: Sta tes River C omm ission,
and Power marketers,

5) Acceptab ility of clima te informa tion. Enab led by:
increased cred ib ility of clima te informa tion providers by interaction throughout the
wa ter year and exp licitly addressing concerns/doubt
willingness of clima te researchers to deve lop an apprecia tion of the context and pro-
cedures of decisions within the basin (e . g. ro le of RFC  vis-a-vis B O R, power, flood
contro l, environmenta l needs etc.),
exp licitly addressing known barriers to informa tion use obta ined from previous stud-
ies (Pulwarty and Redmond , 1997),
communica ting key components of clima te variab ility in reg ion through da ta presen-
ta tion to stakeho lders, and exercises in clima te da ta ana lysis with reservo ir opera tions
personne l,
identifying thresho lds (tha t ma tter) passed in year to da te (a lso other reg ions),
judgment and experience of reservo ir opera tor in using pred ictions, e . g. , rea lizing
tha t more informa tion may not he lp , and making decisions under uncerta inty,

6) Flexib ility and process for interaction a llowed through the Adaptive
Management Process.

While there is now the needed focus on trends in extreme event occurrence and decada l
sca le varia tions, there is still lim ited knowledge of how the evo lution of responses between
events shapes the use of informa tion and preparedness.  Indeed , while there are increasing
numbers of stud ies on the potentia l losses of past events in the context of present day prop-
erty exposure , such estima tes of losses, of necessity, present a  dynam ic view of exposure but
a sta tic view of the evo lution of responses and other forms of vulnerab ility.  Ne ither loss
estima tes nor m itiga tion or ad justment should be assumed to be the same over time .

Precision of a  forecast or pred iction may be less important than making sure tha t ma jor
factors are not left out of the ana lysis (see Tab le 19).  As in this case , the new requirements
to ba lance econom ic interests, environmenta l management ob jectives on the C o lorado and
the need to find mutua lly re inforcing ways of do ing so , are d irectly the result of chang ing
socia l va lues and views about environment-society interactions.  These factors can only be
d istilled from compara tive appra isa ls of current and past practices, eva lua tion of the deci-
sion processes emp loyed , and by carrying out experiments in informa tion use .  An assess-
ment of forecast “va lue” should be evident in a change in decision stra tegy (both cautious or
opportunistic) and in ra ising the leve l of task performance .
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Table 19
Some factors identified as a ffecting the degree of clima te informa tion utiliza tion (see a lso Pulwarty and
Redmond , 1997; Changnon et a l. , 1996 , G lantz, 1994).

The na ture of informa tion and its deve lopment
Identifica tion of competitive users
Identifica tion of actua l and potentia l users and awareness of informa tion ava ilab le
Ro le of the user in determ ining the re levance of informa tion produced and the deve lop-
ment of products: wha t is provided and wha t is actua lly be ing asked for?
The communica tion process and the communica tor experience
The characteristics of the user and the acceptab ility of informa tion
The na ture of decisions and context of use
C lear identifica tion of benefits
Eva lua tion of consequences of use and a lterna tives
Measures of refinement and interaction over time , i. e . learning and innova tion among
user, provider and intermed iary
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Is There a Discernible
Influence of Climate
Change On Wildlife?
Terry Root
Schoo l of N a tura l Resources and Environment
University of Michigan
Ann Arbor, Michigan

The d istribution and abundance pa tterns of wild life are not only of intrinsic interest to b io lo-
g ists, but are part of fo lklore and cultura l va lues in most, if not a ll, societies.  Because
clima te has long been known to be a powerful force he lp ing shape wild life pa tterns, any
changes in clima te would na tura lly be expected to be reflected in a ltera tions to the abun-
dance and range lim its of many species.  Moreover, because many species of wild life de-
pend on vegeta tion for food , she lter and nesting sites, clima tic impacts on vegeta tion can
have secondary impacts on wild life via a ltera tions to vegeta tion pa tterns.  Vegeta tion and
anima ls m ight respond a t d ifferent ra tes to a g iven clima tic change event, thereby imp lying
tha t communities of species could be d isaggrega ted .  This possib le “tearing apart ” of com-
munities may in turn a ffect the “services” ecosystems provide to humans (e . g., spruce bud-
worm preda tion by b irds).  A lthough econom ic arguments based on the cost of the d isrup-
tion of such services do contribute somewha t to the concerns tha t have been expressed
about d isruptions to na tura l communities by clima tic changes, the high va lue p laced by
most cultures on wild life preserva tion for aesthetic, ethica l, recrea tiona l, and hunting crite-
ria , as we ll as many other services not yet taken into account, requires us to vigorously
investiga te possib le impacts.

I have undertaken an investiga tion of possib le impacts of clima tic trends on wild life using an
informa l da ta set (co llected by a professiona l na tura list) of 30 years of arriva l times of b irds
m igra ting in the Spring to G ermfask, which is in the Upper Peninsula of Michigan.  Some of
these m igra ting b irds over-winter in the trop ics, while others stay only a few hundred kilome-
ters south of G ermfask, which means tha t time of arriva l is d ifferent for these various b irds,
because the ir trave l-time is quite d ifferent.  Not only d id the da ta set a llow me to look for the
variab ility due to time , but I could a lso look for possib le changes in arriva l times over the
years, searching for any possib le systema tic pa tterns.

The da ta set was first checked for obvious b iases due to possib le record ing gaps.  No such
significant prob lems were found .  Both passerines (songb irds, there were 31 such species)
and non-passerine (e . g., ducks, cranes, grouse) species were recorded , making a tota l of
47 species with Spring arriva l da tes recorded frequently enough over the 30-year period to
comfortab ly consider the da ta as re liab le .  Four pa tterns were observed to have occurred
between 1965 and 1994:

extension of ranges northward:  i. e ., b ird ranges expanded and such m igrant
species (e . g., Mourning Dove) became permanent residents (8 .5%)
earlier arrivals:  i. e . , the da te of the first spring arriva l occurred a t least 7 days earlier
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in 1994 than it d id in 1965 (32%)
no significant change in arrival dates:  i. e . , the first arriva l times d id not change
more than 6 days earlier or la ter over the 30 year period (57 .5%)
later arrivals:  i. e ., first ind ividua l seen of a  m igra ting b ird arriving a t least 7 days
la ter over the same period of time (2%)

O ne possib le clima tic ind ica tor, which integra tes many of the eco log ica lly most important
aspects of clima te (e . g., tempera ture , so lar rad ia tion, snow fa ll), is the thawing of ponds
and lakes.  The “ ice-off ” da tes for the lake in G ermfask over the same 30-year period show
a trend towards earlier thawing.  Indeed , there was a  significant corre la tion between these
ice-off da tes and the da tes of those m igrants arriving earlier.  Thus, these associa tions are a t
least suggestive of a  clima tic cause of the highly significant d ifference between the percent-
ages of earlier (32%) and la ter (2%) arriving species.

But if this corre la tion is ind ica tive of a  clima tic cause , how could species in C entra l America
know wha t the clima tic cond itions in Michigan were?  To study this top ic, I d ivided the ear-
lier-arriving species into short- (northern boundary of wintering range be low 35 ˚  N  la ti-
tude), med ium- (be low 30 ˚  N  la titude) and long- (be low 25 ˚  N  la titude) d istance m igrants.
Birds in a ll three ca tegories arrived on average around 18 to 20 days earlier in 1994 than in
1965 .  Notab ly, b irds wintering closer, in say Kentucky, where clima tic anoma lies in Michi-
gan m ight be corre la ted with its anoma lies, arrived nearly three week earlier, while b irds
flying from south of the U. S. border a lso arrived around three weeks earlier.  The mecha-
nism for this sim ilarity in earlier arriva l trends from m igrants wintering in such d ifferent
loca tions cannot be unique ly determ ined from only one observing po int in Michigan.  Thus,
future research p lans are to exam ine b ird netting da ta from a ll over the country to see if
waves of m igra tion can be detected and da ted .

But one may specula te in the fo llowing manner based on these results, even a t this stage .
Suppose a warm ing trend resulted in earlier greening of vegeta tion and me lting of ponds,
which were detected by ind ividua l short-d istance m igrants “eager” to arrive on the breed ing
ground before a ll of the best territories are filled by other ind ividua ls.  This could possib ly
crea te a large wave of earlier arriving b irds tha t would increase the probab ility of a  detec-
tion of first arriva l in G ermfask.  Ind ividua ls of the same species tha t winter farther south
(usua lly fema les and younger b irds) fo llow the lead of the earlier b irds (usua lly ma les) but
severa l days la ter.  Meanwhile , as b irds m igra ting from longer d istances beg in interacting
with fewer short-d istance m igrants on the ir wintering grounds, they beg in to a lso leave the ir
wintering areas earlier.  In essence , this “dom ino theory of m igra tion” could exp la in how
m igrants thousands of kilometers away from the ir breed ing ground would “get the word”
tha t cond itions in Michigan perm it earlier m igra tion.  In essence , such a message is te le-
graphed by the earlier departures of short-d istance m igrants to med ium-d istance m igrants
and in turn to longer-d istance m igrants.  This specula tion is bo lstered by the fact tha t the
abso lute arriva l da tes (not trends in arriva ls) of short d istance m igrants are typ ica lly a few
weeks earlier (in 1994 around April 1) than med ium- and long-d istance m igrants (in 1994
around April 30).
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In short, while much work yet rema ins to be done to confirm these significant results from
only a p ilot study, they certa inly do suggest tha t there is a  d iscernib le influence of clima te
change on wild life .

A second examp le of both the impacts of clima te on wild life and the potentia l for associa ted
loss of ecosystem services is the warb ler/spruce budworm interaction.

Price (persona l communica tion) has mapped the breed ing ranges of most North American
b ird species, and corre la ted these to a number of clima tic pred ictors.  Very significant fits
were obta ined by this corre la tive procedure for most species.  Price then pro jected future
range d istributions for a doub led carbon d ioxide world based on the clima te change pro-
jected by the C anad ian C lima te C enter clima te mode l.  He pro jects a  significant decline in
warb ler species richness in heavily forested areas of C anada currently vulnerab le to spruce
budworm a ttacks.  Because warb lers can contro l more than 80% of the budworm larva l
popula tion in non-outbreak years, a  loss of warb ler popula tions or the passage during
m igra tion of budworm-ea ting species a t the wrong time re la tive to budworm deve lopment
stages could trigger a change in the like lihood of ma jor outbreaks of this number one forest
pest in C anada .  Price’s ca lcula tions ra ise the obvious possib ility of such cascad ing effects
through econom ica lly and aesthetica lly important ecosystems as a  result of typ ica lly pro-
jected clima tic changes.

O f course , severa l cavea ts are in order.  First, the technique used to pro ject future range
d istributions from clima tic changes is corre la tive , not a  physio log ica lly-based mechanistic
exp lana tion (see Root and Schne ider, 1995 for a d iscussion of various mode ling approaches
and the ir advantages and d isadvantages).  This means tha t add itiona l stud ies to test the
re liab ility of the pro jections for each species are needed before a high leve l of confidence
should be assigned to the pro jected outcomes.  Second , b irds are not the only factor influ-
encing budworm outbreaks, nor is clima te the only factor contro lling b ird m igra tion times or
popula tion sizes.  Neverthe less, these results do clearly ind ica te a p lausib le cha in of events
stretching from human activities tha t mod ify a tmospheric cond itions to responses by some
b irds, which in turn a ffect specific insects, which in turn influence forest hea lth, which in turn
could a ffect humans aesthetica lly and monetarily, by increasing costs both of pesticides
(which have the ir own cascad ing events) and timber.

A third examp le of the kinds of impacts clima te change could have on wild life arises in the
Pra irie Potho le Reg ion of the Grea t Pla ins.  This reg ion is known by duck enthusiasts and
hunters as the prime North American breed ing grounds — 50% of wa terfowl breed in this
reg ion, mostly in ephemera l spring ponds.  The U. S. Fish and W ild life Service has found tha t
yearly fluctua tions in duck popula tions correspond close ly with yearly number of so-ca lled
May ponds.  If clima te change were to crea te , as typ ica lly pro jected , increasing tempera-
tures in this part of the world , then only if there were a substantia l increase in precip ita tion
could the extra evapora tion associa ted with a warmer clima te prevent a  drying trend for the
May ponds — and like ly reduction in duck popula tions.
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Sorenson et a l. (1998) investiga ted this possib ility by corre la ting the duck popula tion da ta
with a d irect measure of clima te: the Pa lmer Drought Severity Index (PDSI).  This corre la tion
was even more striking than tha t between duck popula tions and May Pond counts.  They
then ca lcula ted the PDSI for scenarios of clima tic change embracing va lues typ ica lly pro-
jected for the m id 21st century: warm ing of severa l degrees and precip ita tion increases or
decreases of ten to fifteen percent.  These sensitivity ana lyses showed tha t only very low
tempera ture increase and high precip ita tion increase scenarios prevent a  loss of duck popu-
la tions, but for more than a few degrees warm ing and no precip ita tion increase the current
duck popula tions (estima ted a t about 5 m illion breed ing pa irs on average) could be drasti-
ca lly reduced .  If precip ita tion were to decrease as we ll, even by only a few percent, then the
average duck popula tion could decrease to less than ha lf the present average .  A lthough
some ducks m ight breed farther north, as they have in the past in dry years in the Potho le
reg ion, nesting success is lower.

Therefore , like the spruce budworm/warb ler decline hypothesis, the wa terfowl loss/drying
associa tion requires further study, but a lready commands a ttention to the p lausib ility of
significant impacts of clima te change on wild life .  The stud ies of b ird-arriva l da tes in Michi-
gan, which show arriva ls weeks earlier over the past thirty years, are para lle led by stud ies of
egg laying da tes in Eng land (Crick et a l. , 1997), upslope b ird m igra tions in C osta Rica
(Pounds et a l. , 1999 , Still et a l. , 1999) and butterfly range lim it changes in C a lifornia and
Europe (Parmesan, 1999) d iscussed by Parmesan in this AG C I vo lume .  Taken together,
these early p ieces of evidence do not prove , but certa inly strong ly suggest, tha t there may
a lready be a d iscernib le influence of clima te change on wild life .
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Climate Change Signal
in the Annual Cycle of
Temperature, Diurnal
Temperature Range
and Precipitation
Results from Several ECHAM4/ OPYC3
Climate Change Experiments

Reiner Schnur
Max-Planck-Institute of Meteoro logy
H amburg, G ermany

In terms of its impact on society and eco log ica l systems, a  possib le clima te change due to
human activities is more adequa te ly described by extremes ra ther than (g loba l) mean va lues
of, for instance , surface tempera ture .  Ind ices which describe extreme events in the clima te
system are e . g., the contrast between the seasons, d iurna l tempera ture range , and fre-
quency and strength of ra infa ll events.  In this presenta tion, the clima te change signa ls as
simula ted by a set of experiments using a G enera l C ircula tion Mode l (G CM) were therefore
considered for the annua l cycle of near surface tempera ture , d iurna l tempera ture range
(DTR) of near surface tempera ture and precip ita tion sta tistics.  First, a  reg iona l comparison
for these parameters was presented , then the G CM-derived pa tterns of clima te change were
used for (optima l) detection of externa lly forced clima te change .

The G CM experiments were performed a t the Max-Planck-Institute of Meteoro logy, H am-
burg using the ir newest T42 mode l version, EC HAM4/ O PYC 3 , with a horizonta l reso lution
of approxima te ly 2 .5° x 2 .5° (Röckner et a l., 1998).  The 19-layer EC HAM4 a tmospheric
mode l (Röckner et a l., 1996) was coup led to the O PYC 3 ocean mode l with 11 interna l
isopycna l layers using flux ad justment for the annua l means of hea t and freshwa ter.  Besides
a 300-year contro l simula tion of the present-day clima te (CTRL) three clima te change ex-
periments starting in 1860 have been considered using observed concentra tions of we ll-
m ixed greenhouse gases and sulfa te aeroso ls until 1990 and changes accord ing to IPC C
scenario IS92a (IPC C , 1992) therea fter: G H G  (until 2100) was forced with changes in green-
house gases only, GSD (until 2050) incorpora ted the d irect (rad ia tive) effect of sulfa te aero-
so ls in add ition to changes in greenhouse gases, and GSDI O  (until 2050) used the forcing
of GSD p lus changes in tropospheric ozone and the ind irect effect of sulfa te aeroso ls on
cloud a lbedo (see Röckner et a l. , 1998 and Bengtsson et a l. , 1998 for a more deta iled
description of forcing scenarios).

Regional Climate Change
Six reg ions have been se lected to present comparisons between the annua l cycle of ob-
served and simula ted parameters (averaged over the respective reg ion): C entra l / Northern
Europe and five reg ions proposed by IPC C , 1990 , C entra l North America , Southern Asia ,
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Sahe l, Southern Europe and Austra lia (see Cubasch et a l., 1995 for definition of reg ions).
For near surface tempera ture the annua l cycle of monthly means simula ted by EC HAM4/
O PYC 3 (CTRL, and G H G , GSD, GSDI O  for 1950-79) agrees fa irly we ll with an observed
monthly clima to logy for 1950-79 , except for a slight underestima tion of mode l tempera-
tures over Southern Asia and the Sahe l.

For monthly precip ita tion tota ls the phase of the annua l cycle is simula ted fa irly we ll except
over C entra l / North Europe whereas the largest observed versus mode led d ifferences in the
amp litude occur for C entra l / North America , Southern Asia and C entra l / North Europe .  For
DTR and precip ita tion intensities a  comparison to observa tions was not possib le since no
observed clima to log ies were ava ilab le a t the time of the presenta tion.

A ll three clima te change experiments simula te increasing tempera tures over the six reg ions
throughout the year for the period 2020-2049 .  The largest change in the annua l cycle
occurs over C entra l / North Europe with an increase of 4 .5 ˚ K in winter and 2 ˚ K in summer
for G H G .  Tempera tures over C entra l North America increase by about 4 ˚ K in summer and
3 .5 ˚ K in winter.  These changes are sma ller for the sulfa te aeroso l experiments G SD and
GSDI O .  DTR decreases in G H G  over a ll reg ions throughout the year, except for an increase
over C entra l North America by about 0 .4 ˚ K in summer and an increase over Europe by
about 0 .1 ˚ K in la te summer.  Aga in, these changes are sma ller in the sulfa te aeroso l experi-
ments.  The most prom inent changes for monthly precip ita tion are increases over Southern
Asia and the Sahe l throughout the year in a ll three experiments (up to 1 mm/day over
Southern Asia in summer), an increase over C entra l / North Europe in winter and a decrease
over Austra lia in winter.

In terms of precip ita tion-re la ted parameters events of heavy ra infa ll are more important for
clima te change impacts than mean monthly precip ita tion.  Figure 86 shows a  comparison of
the share of e ight intensity classes on the tota l monthly precip ita tion between the periods
1960-1991 and 2020-2049 in G H G  for four of the six reg ions.  O ver Austra lia the share of
a ll intensity classes stays re la tive ly stab le .  O ver C entra l North America the share of heavy
ra infa lls increases throughout the year, especia lly in summer.  In Southern Asia and the
Sahe l the increase of precip ita tion tota ls in a ll months is caused by increases in heavy ra in-
fa ll.  O ver Europe (not shown) the re la tive share of heavy ra infa ll a lso increases.

Climate Change Detection
O p t im a l  f ingerpr in t  me thods h ave  been used for the de tec t ion a nd a t tr ibu t ion o f
anthropogenica lly caused clima te change in observa tiona l records of near surface tempera-
ture (e . g., Hegerl et a l. , 1996).  O nly more recently, other geophysica l parameters are
included in detection stud ies.  A lso , these techniques have been mostly app lied to decada l,
annua l or seasona l averages.  As an extension of these stud ies, the optima l fingerprint
method as proposed by H asse lmann (1993) was therefore app lied to annua l means and the
annua l cycle of tempera ture , DTR and precip ita tion.  The optima l fingerprint method con-
sists of rota ting a spa tia l pa ttern of expected clima te change (guess pa ttern) in d irections of
low clima te no ise to maxim ize the signa l-to-no ise ra tio .  The pro jection of observed (moving
window) trend pa tterns onto this optim ized fingerprint pa ttern (detection variab le) is then
tested aga inst na tura l clima te variab ility to infer unusua l changes (i. e ., changes grea ter
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than to be expected from na tura l variab ility within a certa in confidence lim it) in the recent
record (see Hegerl et a l. , 1996 for deta ils).  The extension of this approach to a multi-
fingerprint ana lysis which can be used for the a ttribution of clima te change to d ifferent
causes (see e . g., Hegerl et a l., 1997) is not d iscussed here .

Figure 86
Share of e ight intensity classes (legend on right, in mm/day) on the tota l monthly precip ita tion (y-axis in
mm/day) between the periods 1960-91 (left bars) and 2020-49 (right bars) in experiment G H G  (green-
house gases only) for four of the six reg ions.

In the presenta tion only the non-optim ized version of this approach was d iscussed where the
fingerprint pa ttern is set equa l to the guess pa ttern.  In this summary, though, the optim ized
ana lysis is a lso presented .  A lso , instead of representing the annua l cycle as the cosine and
sine coefficients of the first harmonic, an amp litude/phase representa tion is used here fo-
cusing on the amp litude of the annua l cycle only.  The annua l cycle was derived from the
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respective da ta fie lds by comp lex demodula tion fo llowed by the app lica tion of a  low-pass
filter.  O nly the amp litude of the tempera ture annua l cycle is d iscussed in this section for
brevity deferring the other parameters to the conclusions.

Figure 87 shows a  first guess of the expected clima te change for the amp litude of the annua l
tempera ture cycle as g iven by the dom inant Emp irica l O rthogona l Function (E O F) of the
G H G  experiment (anoma lies re la tive to the 1961-1990 mean).  Throughout the ana lysis a ll
fie lds are sub jected to an observa tiona l mask ind ica ting where sufficient observa tions are
ava ilab le in the last five decades.  As ind ica ted by the correspond ing Principa l C omponents
(not shown) the first E O F carries most of the clima te change signa l whereas a ll other E O Fs
represent clima te no ise .  The prom inent fea tures of the guess pa ttern are a decrease of the
amp litude over most of the continents except for an increase over the Western U. S. , South-
ern Europe , Southern South America and parts of Austra lia .  Note tha t the amp litude of this
guess pa ttern is not important for the optima l fingerprint ana lysis so tha t the E O F can be
interpreted as a  trend pa ttern of expected change derived from the first 1000 years of a
contro l simula tion performed with the H amburg EC HAM3/LSG  mode l (starting in year 301).
The d ifference between the guess pa ttern and the resulting optima l fingerprint (not shown) is
ma inly an a ttenua tion of the amp litude decrease over the northern high la titudes and an
amp lifica tion of the amp litude increase over Southern Europe .  To reduce the number of
degrees of freedom and thereby a llowing for a re liab le estima tion of the covariance ma trix,
a ll time series of 31-year trends were pro jected onto the first 10 E O Fs of the GSDI O  simula-
tion prior to the ana lysis.

Figure 87
Dominant Empirical Orthogonal Function of the amplitude of the annual cycle
of near surface temperature in GHG (guess pattern).
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Figure 88 shows the detection variab le derived by pro jecting the time series of 31-year
(moving window) trend pa tterns of the amp litude of the annua l cycle of observed near sur-
face tempera ture (Jones and Parker observed tempera ture da ta set; Parker et a l. , 1994)
onto the optima l fingerprint pa ttern, name ly the last 700 years of the EC HAM3/LSG  contro l
experiment and the EC HAM4/ O PYC 3 contro l simula tion.  It can be seen tha t the observed
detection variab le leaves the 95% confidence band for the most recent observa tiona l record
ind ica ting tha t the trends were larger than is to be expected from interna l na tura l causes
a lone .  The most recent trends are thus not inconsistent with the hypothesis tha t they are
caused by externa l factors (anthropogenic or na tura l externa l forcings).  A lso ind ica ted in
Figure 88 are the detection variab les computed for the G H G , GSD and GSDI O  experiments.
They more or less agree with the observed trends ind ica ting tha t greenhouse gas and /or
sulfa te aeroso l forcings m ight be possib le exp lana tions for the unusua l increase .  However,
to d istinguish between the d ifferent causes a  multi-fingerprint approach has to be app lied .

Figure 88
Detection variable for 31-yr trends of the observed amplitude of the annual
temperature cycle (solid).
The horizonta l lines represent twice the standard devia tions of the same detection variab le derived from
the second 1000 years of the EC HAM3/LSG  and from the EC HAM4/ O PYC 3 contro l experiments, re-
spective ly. A lso shown are the detection variab les derived from 31-yr trend pa tterns of the G H G  (long-
dashed), GSD (short-dashed) and GSDI O  (dotted) clima te change experiments.  The time axis corre-
sponds to the m idd le of the 31-yr trend windows.  The un it on the y-axis is arb itrary.  N ote tha t the
detection variab les correspond to 31-yr trends, periods of constant detection variab les therefore still
ind ica te increasing amp litudes.
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Conclusions
The clima te change signa ls as simula ted by severa l clima te change experiments performed
with the newest H amburg EC HAM4/ O PYC 3 clima te mode l have been eva lua ted for a few
parameters re la ted to clima te extremes: annua l means and the annua l cycle of near surface
tempera ture , d iurna l tempera ture range and precip ita tion.  First, a  reg iona l comparison
was carried out for six reg ions over the g lobe .  The most significant change probab ly is an
increase of the re la tive share of heavy ra infa lls on the monthly precip ita tion tota ls in the
greenhouse gas only experiment (G H G), especia lly over C entra l North America in summer
and over Southern Asia and the Sahe l.

Second ly, pa tterns of expected clima te change derived from the mode l experiments were
used in an optima l fingerprint a lgorithm for clima te change detection.  C lima te change is
detectab le in this study for annua l means and the amp litude of the annua l cycle of near
surface tempera ture and for the annua l means of precip ita tion, but not for the annua l cycle
of precip ita tion nor annua l means or the annua l cycle of d iurna l tempera ture range .  A
prob lem with the ana lysis for DTR is the low coverage in time as we ll as in space of the
ava ilab le observa tions.  However, caution is ca lled-for in the interpreta tion of the results
presented .  The results are still pre lim inary, and a more deta iled ana lysis of the uncerta inties
in the detection ana lysis is needed incorpora ting inter- and intra-mode l uncerta inties, uncer-
ta inties in the observa tiona l records and uncerta inties in estima ting na tura l variab ility.
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fur cycle . MPI Report No . 266 , Max-Planck-Institute of Meteoro logy, Bundesstr. 55 , 20146
H amburg, G ermany, 48 pp (subm itted to J. C lima te).
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Communicating Climate
Science to Decision-Makers,
with Special Reference to
the Policy Community
Anthony Socci
U. S. G loba l Change Research Program
Washington, D. C .

The Importance of Effective Communication
Virtua lly every po ll tha t a ttempts to assess and understand peop les’ preferences and con-
cerns and wha t influences these , clearly underscores the importance of effective communi-
ca tion.  Thus it should come as no surprise tha t the print and te levision news med ia , in
particular, have a decided influence on society’s preferences and concerns, as well as society’s
understand ing of important issues.  Simp ly put, society requires informa tion to make deci-
sions and p lan for the future .  Yet in order for tha t informa tion to have societa l va lue , it must
first be fundamenta lly inte llig ib le .

Unfortuna te ly, a t a  time when concerns about the sta te of the environment loom large on the
po litica l and socia l fronts, the science community has genera lly been slow in recognizing
and com ing to grips with the importance of effective ly communica ting the results of socia lly-
re levant scientific research to decision-makers, the med ia , and society a t large .  In a soon-
to-be re leased summary of a  C ongressiona l report known as the “Science Po licy Pro ject,”
the science community is cited as having historica lly fa iled to effective ly communica te its
scientific concerns to C ongress and other decision-making bod ies in a clear, simp le , and
understandab le manner.  The report ca lls upon the science community to remedy this situa-
tion .

Vice President G ore has long ca lled for “clarity” from the science community.  In a June 1 ,
1998 White House Executive Memorandum ca lling for government regula tions to be written
in p la in language , the Vice President sta ted tha t “ C larity he lps advance understand ing and
understand ing can he lp advance trust.”  More recently, on August 4 , 1998 , a  group of
senior scientists announced the crea tion of an innova tive new program to tra in “scientist
communica tors” for the future and hopefully improve the flow of accura te , cred ib le scientific
informa tion to po licy makers and the genera l pub lic on critica l issues of the environment.
Supported by a $1 .5 m illion, 5-year grant from the Packard Founda tion, the new Eco log ica l
Society of America program ca lls for some of the N a tion’s lead ing scientists to become “A ldo
Leopo ld Leadership Fe llows” and share the ir environmenta l science expertise with loca l com-
munities, the news med ia , po litica l leaders, and loca l, sta te , and federa l po licy makers.

In short, effective communica tion of socia lly-re levant scientific research is not only essentia l
to the hea lth and we ll-be ing of society, but it is arguab ly as important as the conduct of the
research itse lf.
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Background
It would appear tha t the one e lement common to most po lls designed to assess peop le’s
sensitivity, concerns, and a ttitudes toward a range of issues is tha t a  large ma jority of the U.
S. citizenry seems to be genuine ly concerned about the sta te of the environment.  However,
when po lled about the ir primary sources of informa tion and understand ing of environmen-
ta l issues, the ma jority of peop le cite the print and te levision news med ia (see , for examp le
the July 28 , 1998 po ll, “The Impact of the Fa ll 1997 Deba te About G loba l Warm ing on
American Pub lic O p inion” by Krosnick and Visser, Resources for the Future , Washington,
D C).  G iven the short, punchy and simp le style of communica tion, as we ll as the ub iquitous
and convenient access to these forms of med ia , one can a t least partia lly understand why
most peop le have come to re ly on them as the ir primary sources of environmenta l informa-
tion .

O n the other hand , one could a lso make a reasonab le case tha t the preferences cited above
are a t least partia lly linked to the science community having historica lly frustra ted large
segments of society by rendering science virtua lly uninte llig ib le and therefore , seem ing ly
unre la ted to peop les’ day-to-day lives and concerns.  Perhaps A lbert Flagg, a  loca l deve l-
oper from Tucson, Arizona sa id it best when, a t a  recent clima te workshop in Tucson, fo llow-
ing a morning of scientific presenta tions, he sta ted “ a lthough it ’s clear tha t the clima te issue
is an important one , I understood nothing tha t was sa id this morning.”

I subm it tha t to some unknown extent, the science community has abd ica ted its responsib il-
ity, e ither by oversight or ind ifference , to effective ly and substantive ly communica te socia lly
important and re levant scientific results to society.  The net effect is tha t society has come to
re ly a lmost exclusive ly on those outside of the science community, those who , ironica lly, are
least fam iliar with science and the “scientific method ,” to communica te to the pub lic a t
large , e ither by default and /or opportunity, those e lements of science tha t appear to have
important societa l imp lica tions or consequences.

Not surprising ly, sim ilar preferences are a lso evident in C ongressiona l circles, g iven tha t
C ongress is by-and-large a representa tive cross-cut of American society.  However, unlike
society a t large , C ongress and the White House have been quite voca l about the ir frustra tion
with the seem ing inab ility or ind ifference of scientists to communica te science effective ly to
decision-makers.  In a soon-to-be-re leased summary report on the C ongressiona l “Science
and Po licy Pro ject,” C ongress exp licitly ca lls upon the science community to communica te
science more effective ly to po licymakers, using p la in, clear language devo id of scientific
jargon.

O ne of the key shortfa lls of this sta te of a ffa irs is tha t there is presently a form idab le and
ever-growing body of “scientific mytho logy” tha t has crept into the na tiona l psyche , some of
which has no doubt been purposeful, driven by an assortment of se lf-interested po litica l
agendas.  And this growing scientific mytho logy has served to grea tly confuse the pub lic.  It
is not uncommon to hear frequent cries within the science community tha t the results and
imp lica tions of important scientific research have often been m is-sta ted , m is-characterized ,
or worse , comp lete ly m isrepresented , by te levision and print med ia .  It cannot be sa id tha t
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such characteriza tions of scientific results are necessarily born pure ly out of poor reporting
practices, ma lice , or questionab le motives, but are more like ly due to a fundamenta l lack of
understand ing or fam iliarity with the science a t hand .

While I am not suggesting tha t every scientist should be required to become a more effective
communica tor, I ma inta in tha t those scientists who venture out into pub lic and po licy forums
have a specia l ob liga tion and responsib ility to effective ly communica te scientific results to
those aud iences in clear and simp le terms.  Unfortuna te ly, fa ilure to effective ly communica te
science in pub lic and po licy forums is not without risk.  Ineffective communica tion can often
have lingering repercussions tha t can carry an inord ina te ly high cost — unwitting ly breed ing
confusion and frustra tion, and ra ising leg itima te questions of socia l re levance and cost.

Suggestions to the Science Community for More Effective
Communication of Science to a Broad Array of Decision-Makers,
Particularly in the Policy Arena

It ’s Not Academic
Making use of a  “recycled” academ ic presenta tion in a po licy setting will like ly result in
confusing the issue a t hand and having your aud ience turn away comp lete ly out of frustra-
tion with your inab ility (or in the worst case , ind ifference) to effective ly communica te using
clear and simp le language .  Lack of clarity breeds susp icion and frustra tion and is a  recipe
for troub le .

Customize Your Presentation
Se lect visua l a ids to suite your aud ience .  A scientific presenta tion before a po licy aud ience ,
for examp le , will require an investment of time and energy in preparing your presenta tion
and associa ted graphics.  Use ind ividua l figures, charts, tab les, etc., to convey a sing le
message or idea .  Keep visua l a ids simp le , uncluttered , easy to read , and easy to under-
stand .  Do not assume tha t your aud ience understands any specific visua l a id , but ra ther,
wa lk your aud ience through the meaning and significance of your visua l a ids.  Mine your
visua l a ids for a ll of the ir richness, content, and significance , as this is your responsib ility not
the aud ience’s.

Engage in a Conversation
Think of your presenta tion as a  short conversa tion.

Present Your Key Messages or Findings Up Front
From a po licy perspective the aud ience is especia lly interested in one’s key messages or
find ings and why they are important.  It ’s especia lly important in a po licy setting tha t you
present your key conclusions or “ bottom line messages” right up front.

Do Not Engage in Prescribing Policy
A thoughtful and carefully cra fted presenta tion, p itched a t the appropria te leve l, will grea tly
facilita te bring ing forth the po licy imp lica tions and re levance of the research.  Inform the
po licy process but do not prescribe po licy, as this will like ly be taken to mean tha t you are
promoting an agenda and not re la ting the results of your research in an ob jective , “scien-
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tific” manner.  Prescrib ing po licy will like ly render yourse lf, as we ll as your scientific results,
suspect.  It may a lso result in casting some susp icion on the motives of those who may have
sponsored your presenta tion.

As a  case in po int, as recently as July of 1998 , there were ca lls in some C ongressiona l
quarters for drawing a sharp d istinction between educa tion and advocacy activities on the
part of certa in federa l agencies, the la tter activity be ing illega l and potentia lly carrying se-
vere budgetary consequences.  A July 17 , 1998 version of House Report 105-610 of the
Veterans Adm inistra tion/ Housing and Urban Deve lopment and Independent Agencies Ap-
propria tions Bill for 1999 , the b ill tha t governs C ongressiona l fund ing to research agencies
such as the N a tiona l Science Founda tion (NSF) and the N a tiona l Aeronautics and Space
Adm inistra tion (NASA), sta ted: “ While the C omm ittee recognizes the importance of educa t-
ing the pub lic on environmenta l issues, there can be a very fine line between educa tion and
advocacy of an issue .  The Agency (the Environmenta l Protection Agency) and the CE Q
(White House C ouncil on Environmenta l Q ua lity) are thus d irected to refra in from conduct-
ing educa tiona l outreach or informa tiona l sem inars on po licies underlying the Kyoto Proto-
co l until or unless the Protoco l is ra tified by the Sena te .”

A lthough this particular language was la ter amended on July 23 , 1998 , the genera l senti-
ment rema ins tha t agencies should pay close a ttention to the line between educa tion and
advocacy.  The C ongressiona l Record of July 23 , 1998 (Page H6219) sta tes tha t “Assum ing
adoption of the amendment (the amendment a ltering the above language), I would still
encourage the EPA and the CE Q  to pay close a ttention to the line between educa tion and
advocacy and stay on the right side of tha t line .”

Adopt a Simple, Qualitative Method of Expressing Confidence or
Certainty, or the Lack of It
Most peop le and most decision-makers do not necessarily think “scientifica lly.”  Making use
of a  rig id , sta tistica lly-derived confidence leve l of 95%, for examp le , as a  criterion for ex-
pressing confidence , or the lack thereof, for various conclusions, pro jections, observa tions,
etc., has little or no counterpart in the rea lm of po licy, business, and the day-to-day lives of
most peop le .  O utside of the scientific community, many po licy- and business-re la ted deci-
sions are routine ly made with little or no reference or adherence to any degree of sta tistica l
certa inty or confidence .  Making use of sta tistica l leve ls of confidence tends to confuse non-
scientific aud iences, often leaving them with the impression tha t scientists typ ica lly have little
or no confidence in the ir results, when in fact, this is often not the case .  A lthough a lack of
clarity often breeds susp icion, peop le understand and accept the notion of uncerta inty.  Make
use of a  qua lita tive means of expressing certa inty, uncerta inty, confidence , etc., such as
g iving “ betting odds.”

“Debate” is a Loaded Word
A scientific deba te in non-scientific circles is unlike ly to be a contest of inte llects and perspec-
tives where reason preva ils.  Engag ing in a so-ca lled “deba te ,” especia lly in a po litica l
setting, can often be fraught with any number of unforeseen p itfa lls.  I subm it tha t the word
“deba te” is presently hard-wired into the American psyche to mean tha t 50% of the peop le
in question are on one side of an issue and 50% are on the other side .  In other words, a
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“deba te” imp lies tha t there can only be two sides to an issue , and tha t the sides are imp licitly
d ivided equa lly, and the issue is therefore , very much undecided .  Thus, the mere act of
agree ing to engage in a deba te , before any words are uttered , is often interpreted to mean
tha t the issue a t hand is still very much undecided .

In add ition, once invo lved in a “scientific deba te ,” one may find onese lf p itted aga inst ind i-
vidua ls with tra ining in pub lic re la tions, and we ll-versed in the art of making effective use of
short, punchy sound-b ites, and engag ing in po litica l thea ter.  Unless one is sim ilarly skilled
and experienced , one may find onese lf in a very awkward situa tion tha t could have serious,
unforeseen consequences.

W ith few exceptions, the genera l pub lic, po licy-makers, and other decision-makers are un-
fam iliar with the “scientific method .”  In particular, the po licy community, for examp le , has
little or no understand ing of, or sensitivity to , the deba tes and d isagreements tha t routine ly
occur in the peer-review and pub lica tion processes, as fundamenta l components of the
“scientific method .”  In other words, most peop le outside of the science community are
unaware of the fact tha t through the processes of scientific peer-review and pub lica tion,
most pub lished ideas have a lready survived intense scrutiny and deba te a t the hands of
those who have the tra ining and background to genuine ly eva lua te the scientific merits, or
lack thereof, of one’s conclusions and results.  I contend therefore , tha t the rea l scientific
deba te has a lready occurred during the processes of peer-review and pub lica tion in re-
spected scientific journa ls.  C onsequently, engag ing in subsequent “science” deba tes out-
side of scientific circles is like ly to result in pub lic confusion, not clarifica tion.

A lthough ca lls for a “scientific deba te” appear reasonab le a t first g lance , and often e licit
notions of fa ir p lay and a democra tic process in the eyes of many outside of the scientific
community, the rea lity of the situa tion is far d ifferent.  Few onlookers to a such a deba te are
in a position to be ab le to judge the scientific merits of anyone’s case .  C onsequently, and
unfortuna te ly, a ll too often a so-ca lled “scientific deba te” p layed out in a pub lic or po licy
forum produces little more than sound b ites and confusion.  Under the circumstances, a  so-
ca lled “scientific deba te” is scarce ly more than po litica l thea ter.  And a ll too often invita tions
to engage in a such a deba te are rea lly invita tions to engage in po litica l thea ter surrounded
by seasoned actors.  Thus we must we igh the merits of engag ing in such deba te very care-
fully.

Conclusions
While I am not suggesting tha t improved communica tion of socia lly important and re levant
scientific results will like ly result in immed ia te or sweep ing improvements in understand ing
of key environmenta l issues among decision-makers, the med ia , and the genera l pub lic,
clarity is, nonethe less, a  requisite first step in facilita ting understand ing and trust.  Nor is
there any reason to suppose tha t improved communica tion will necessarily influence po liti-
ca lly-entrenched , se lf-interested , or agenda-driven viewpo ints.  The science community must
a lso be careful to resist undue po litica l pressures from a ll sides.
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A Canadian Perspective
on Extremes
Roger B. Street
Environmenta l Adapta tion Research Group
Atmospheric Environment Service
Environment C anada
Downsview, O ntario , C anada

C anada is sub ject to a variety of na tura l hazards and d isasters.  An historica l survey of
C anad ian d isasters shows tha t 44% are wea ther or clima te re la ted , tha t a lmost one-third of
a ll d isasters have occurred a t sea , and tha t 80% of those were wea ther re la ted .  A closer
exam ina tion of these d isasters in the past two decades, however, shows tha t a ll of C anada’s
costliest na tura l d isasters in recent years have been wea ther re la ted .  The top ten insured
losses reported in C anada are:

Eastern C anada Ice Storm 1998 $2 b illion ( + )
Saguenay floods 1996 $500 m illion

Red River flood 1997 $500 m
C a lgary ha ilstorm 1991 $360 m
B. C . snowstorm 1996 $200 m
W innipeg floods 1993 $160 m

Edmonton tornado 1987 $149 m
C a lgary ha ilstorm 1996 $140 m

W innipeg ha ilstorm 1996 $120 m
Saska toon ha ilstorm 1994 $100 m

Losses in C anada have been increasing and have reached record leve ls in 1998 .  This year,
like ly for the third consecutive year, estima ted losses to the C anad ian economy from storms
and dry wea ther are expected to exceed $3 b illion do llars (Ice Storm 1998 losses are a l-
ready in excess of $2 b illion).

N a tura l d isasters are the extreme events tha t result when na tura l hazards and socia l vulner-
ab ility co incide to crea te ma jor d isruptions.  The costs C anad ians incur from such events are
a function of our adaptive decisions.  Unsa fe cond itions result from a number of socia l
forces which are rooted in re la tive access to utilities, econom ic resources and the na ture of
econom ic and po litica l decisions.  The costs of na tura l d isasters can be broken down into
socia l, environmenta l and econom ic costs.

Social Costs
In terms of socia l costs the fo llowing sta tistics g ive some ind ica tion of the overa ll magnitude:

Transportation
Decreasing trend of wea ther re la ted a ircra ft accidents from approxima te ly 60 /year in
1985 to less than 20 /year since 1992
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Though there have been few fa ta lities, there have been a significant number of wea ther
re la ted ra ilway accidents averag ing 20-40 per year, however, 100-120 occurred in 1990
and 1991
Typ ica lly 300-400 wea ther-re la ted marine accidents each year (note: 1990 was the worst
of the past 10 years with slightly less than 500 wea ther-re la ted marine incidents)
Ma jor road accidents result ma inly from wet cond itions, fo llowed by ice , snow, slush, and
mud .  In 1992 , wea ther-re la ted road accidents resulted in 298 fa ta lities, over 23 ,000
persona l injuries, and over 72 ,500 property damage incidents.

Deaths
C anad ians occasiona lly d ie as a  result of a tmospheric hazards.  Most dea ths occur as a
result of co ld .  In the past decade , however, the number of dea ths from co ld has shown a
gradua l decrease , while those resulting from other a tmospheric causes (e . g. , lightning)
have rema ined fa irly constant.

Dislocation
D isloca tion during and as a  result of the hazard , job loss, business loss customer loss

Health costs
Hea lth costs, includ ing loss of access to med icine and med ica l services, and psycho log ica l
stress

Environmental Costs
po llution of the environment through the re lease of waste and chem ica ls into the envi-
ronment during the na tura l hazard (septic tanks, chem ica l storage and manufacturing
facilities, etc.)
loss of hab ita t and food for wild life and wild fowl
d isloca tion of wild life and wild fowl popula tions

Economic Costs
There are two fundamenta l econom ic costs associa ted with na tura l hazards — adaptive
costs and impacts, response and recovery costs.  Adaptive costs are those associa ted with
protection, reduction of vulnerab ility or risk, educa tion, and research.  These costs are d iffi-
cult to estima te and little research has been devoted to increasing our understand ing of
these costs.  O ne pre lim inary estima te of C anad ian adapta tion costs suggests tha t $13 .7
b illion is spent annua lly; however, this is like ly an underestima te of actua l costs.

Impacts, response and recovery costs are those incurred when protection fa ils, no adaptive
response is taken, or the a ffected systems are ma ladapted and , therefore , cannot dea l with
the anoma lous stress accompanying the na tura l hazard .  Some examp les for C anada in-
clude:

Forest fires
Forest fires can have a d irect impact due to loss of na tura l resources (unclear how to
account for these losses as fire is an essentia l part of the na tura l eco log ica l cycle), cost of
fire fighting, loss of build ings and associa ted infrastructure , and evacua tion costs.
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The annua l area burned suggests an upward trend with 1995 be ing by far the worst year
with over 7 m illion hectares burned , fo llowed by 1989 .  This year (1998) seems headed
to reach a sim ilar, if not grea ter number, with warm and dry cond itions crea ting idea l
burning cond itions across most of western and centra l C anada .
A ll provinces incur costs re la ted to fire management (annua l costs peaked in 1995 a t
over $450 m illion).  O ver the past decade , O ntario spent over $1 b illion, more than any
other province .

Hydro Companies
Wea ther-re la ted costs are highly variab le as ind ica ted by those for O ntario Hydro which
has annua l wea ther-re la ted costs rang ing from zero to $3 m illion, and averag ing $1 .4
m illion/year.
Ice swe lled power lines to three times the ir size and topp led stee l transm ission towers as
if they were paper clips during the ice storm of 1998 .  The we ight of the ice over the
O ttawa- C arleton reg ion was estima ted a t 3 .7 trillion tonnes (75 ,000 Titanics).  More
than 120 ,000 km of transm ission and d istribution lines — enough to circle the g lobe
three times — were pulled down by the weight of the ice and by fa lling trees and branches.
The damage in eastern O ntario and southern Q uebec was so severe tha t ma jor rebuild-
ing, not repa iring, of the e lectrica l grid had to be undertaken.

O pportunities arising as a  result of na tura l d isasters include job opportunities and econom ic
benefits associa ted with clean up , repa ir and retrofitting.

Recent Weather-Related Natural Disasters in Canada
By far the worst ca tastrophe in 1996 was the flood ing and mud slides in Q uebec’s Saguenay
River va lley in m id-July — C anada’s first b illion do llar p lus na tura l d isaster.  O n July 18 , a
huge storm curving up from the C aribbean sta lled over Eastern C anada .  In under 36 hours,
the storm produced the largest overland deluge in C anada this century — an amount equiva-
lent to a two-month flow over N iagara Fa lls.  W ith the so ils a lready sa tura ted as a  result of
two weeks of ra in, a  surge of wa ter, rocks, trees and mud was triggered , killing ten peop le
and forcing 12 ,000 residents to flee the ir homes.  The sca le of the tragedy was staggering.
Many of the reg ion’s roads and bridges and de livery systems for power and wa ter simp ly
d isappeared .  Includ ing insured and uninsured losses and ind irect costs to the economy,
tota l losses have been estima ted as be ing in excess of $2 b illion.

Last year, it was the Red River tha t reeked havoc on the peop le of Manitoba .  Red River va lley
residents are accustomed to see ing the river rising in the spring — in fact the Red River va lley
sees some order of flood ing on average of once every two years.  The 1997 spring flood ,
however, was the highest wa ters rose in the past 150 years.  O nce aga in a comb ina tion of
events, this time snow, snowme lt, ra in, and sa tura ted so ils brought flood wa ters to the Red .
In C anada a lone , impacts, response and recovery costs from this na tura l d isaster exceeded
$450 m illion.

Than came 1998 and the storm from he ll.  From la te Sunday, January 4 to Sa turday, Janu-
ary 10 , freezing ra in lashed eastern O ntario and southwestern Q uebec (and the northern
New Eng land sta tes) before head ing into C anada’s Atlantic provinces.  In O ntario , the storm
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dumped 85 mm of freezing ra in on O ttawa , 73 mm on Kingston, and 108 mm ravaged
Montrea l and parts of the province’s south shore .  By January 18 , 25 C anad ians in the
storm’s pa th were dead .

Emergency crews worked around the clock respond ing to reports of trees pulling down
power po les and ice topp ling transm ission pylons.  C lose to 110 ,000 homes, farms and
businesses (“customers”) in eastern O ntario were without e lectricity.  In Q uebec, 1 .4 m illion
customers lost power — transla ting into roughly three m illion peop le or ha lf the province’s
popula tion.  At the he ight of the storm (January 9), more than 10% of C anad ians were
without e lectricity.

The worst of the devasta tion stretched more than 300 kilometers from O ttawa / C arleton
through Montrea l to Drummonville , Q uebec.  Scores of municipa lities and townships in the
a ffected area declared a sta te of emergency and the federa l government mob ilized over
15 ,500 so ld iers in the b iggest peacetime dep loyment of the C anad ian Armed Forces in the
country ’s history.

Freezing ra in during the six-day ep isode ranged from 60-100 mm (2-4 inches).  Previous
ma jor ice storms in the reg ions deposited 30-40 mm of ice tops — about ha lf the thickness
from the 1998 ice storm .  During Ice Storm 1998 , it ra ined ice on six days, but not continu-
ously.  The number of hours of freezing ra in and drizzle was in excess of 80 — aga in, nearly
doub le tha t experienced during previous “ma jor” events.  Add ing to this, no appreciab le
me lting occurred during the six days.

In the past ten years in C anada , the list of ravag ing wea ther ca tastrophes seems end less
with extreme wea ther becom ing the norm with more clima tic odd ities and freakish wea ther.
Accord ing to the Insurance Bureau of C anada , it a ll began on July 21 , 1987 (the “Black
Friday” tornado in Edmonton was C anada’s second worst with 27 dea ths and nearly $250
m illion in damage) and the number of multi-m illion do llar losses from wea ther d isasters has
been on the rise ever since .

Should we be concerned by a ll this clima to log ica l mayhem?  It is not long term change in the
mean tha t threa tens us most — we have the capacity to adapt to such slow change .  But
sma ll changes in the mean can cause large changes in extreme wea ther events and thus
cause more na tura l d isasters.  This is the chief cause for concern.

Sma ll changes in the

mean can cause large

changes in extreme

wea ther events and

thus cause more

na tura l disasters.

This is the chief

cause for concern.



A  S P  E  N    G  L O  B A  L   C  H  A N  G  E   I  N  S T I  T U  T  E

Element s o f Change 19 98372

S E  S S I  O  N   2

U. S. Disasters and
Climate Research
Richard T. Sylves
Department of Po litica l Science & Interna tiona l Re la tions
University of De laware
Newark, De laware

Scientific ana lysis of clima te and wea ther extremes requires va lid da ta streams and high
confidence pred ictive mode ls.   C lima te and meteoro log ica l researchers may want to con-
sider a new record of clima te change — the presidentia l declara tion of ma jor d isaster or
emergency.  Such a da ta source represents about a  45 year time line of human d imensions
of wea ther extreme impacts.  This ana lysis a ims to provide introductory guidance and infor-
ma tion filtering capacity to those who m ight incorpora te this type of da ta into the ir clima te
mode ls.

From 1953 , the year the first presidentia l d isaster declara tion was issued , to September
1989 , the United Sta tes never experienced a d isaster costing more than $1 b illion in federa l
re lief funds.  Since September 1989 , the U. S. has suffered a t least ten ma jor d isasters, each
much exceed ing $1 b illion in federa l re lief costs.  From May 1953 through May 1997 there
have been some 2 ,000 guberna toria l requests for presidentia l declara tion of ma jor d isaster
or emergency.  About one-third of these requests were denied by presidents from Eisenhower
to C linton.  O f the 1 ,299 requests approved in tha t interva l, about 90% were for ma jor
d isaster and 10% for emergency.  Wea ther events are the primary incident cause of no less
than 1 ,216 of these declara tions (ma jor d isaster and emergency comb ined).  This repre-
sents 93 .6% of the tota l declara tions issued by the president (More can be found on these
records in University of De laware Sea Grant, Sylves, 1998).

Note tha t each declara tion is issued to a sta te which has within it one or more counties
declared as d isaster sites.  Some d isaster events (e . g. , hurricanes, b lizzards, floods, etc.)
a ffect more than one sta te and so genera te multip le declara tions for a sing le event.  Decla-
ra tions embody hard evidence of na tura l d isaster in many instances.  However, they do not
necessarily corre la te with insured d isaster losses or various sta te and loca l losses ine lig ib le
for federa l d isaster re lief.  There is a  record of county inclusion in the 44-45 year h istory of
presidentia l declara tions, but it is beyond the scope of this study to ana lyze tha t record .  An
ana lysis of declara tion informa tion is pub lished in a 1996 book (Sylves, 1996 , Ch. 2 , 26-
45).

These are the fundamenta l definitions of ma jor d isaster and emergency used in presidentia l
declara tions:

Major Disaster means any na tura l ca tastrophe (includ ing any hurricane , tornado , storm ,
high wa ter, wind-driven wa ter, tida l wave , tsunam i, earthquake , vo lcanic eruption, land-
slide , mudslide , snowstorm or drought), or, regard less of cause , any fire , flood , or exp losion
in any part of the U. S. , which, in the determ ina tion of the president, causes damage of
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sufficient severity and magnitude to warrant ma jor d isaster assistance under the Sta fford Act
to supp lement the efforts and ava ilab le resources of sta tes, loca l governments, and d isaster
re lief organiza tions in a llevia ting the damage , loss, hardship , or suffering caused thereby.

Emergency means any occasion or instance for which, in the determ ina tion of the presi-
dent, federa l assistance is needed to supp lement sta te and loca l efforts and capab ilities to
save lives and to protect property and pub lic hea lth and sa fety, or to lessen or avert the
threa t of a  ca tastrophe in any part of the U. S.

There is usua lly a $5 m illion federa l spend ing cap on “emergencies.”  Incidents which re-
quire more than $5 m illion in federa l assistance ord inarily require a request for “ma jor
d isaster.”  “Emergency Actions” invo lve emergency work essentia l to save lives and protect
property and pub lic hea lth and sa fety performed under Section 306 of the D isaster Re lief Act
of 1974 (U. S. Sena te , Bipartisan Task Force , 1995).

Disaster Frequency and Costs
D isasters and emergencies impose numerous kinds of costs on the ind ividua l, the society
and the na tion.  Monetary or econom ic damages are an exp licit part of d isasters and emer-
gencies, but d isaster’s socia l and human costs may a lso be severe .  From a socia l perspec-
tive , the loss of human life and the suffering resulting from loss of life , loss of home , security,
etc., has the potentia l to be grea ter than econom ic loss.  Moreover, environmenta l costs in
terms of the loss of land and ecosystems in genera l, or more accura te ly the change in land
and ecosystems (which may never be truly restored), are a lso part of the metric of d isaster
loss.  In recent years, as the number and magnitude of d isasters and emergencies has
increased , these forms of d isaster cost have risen as we ll.

Why the increase in d isaster incidence and cost?  N a tura l cycles, wea ther anoma lies, p la te
tectonics associa ted with se ism ic and vo lcanic activity, El N iño currents, and arguab ly “g lo-
ba l warm ing’s” impact on clima te change and sea leve l rise have been a few of the factors
cha lleng ing scientific investiga tion and pred iction.  The Wa ll Street Journa l reported tha t the
re insurance industry is concerned because its members get the loss cla ims from vio lent
storms, floods, and other na tura l d isasters (Fia lka , 1997).  Thomas Karl, a  scientist a t the
C ommerce Department ’s N a tiona l O ceanic and Atmospheric Adm inistra tion, thinks more
losses will loom as the tempera ture rises.  In a Scientific American article he is quoted as
pred icting tha t killer hea t waves, severe droughts, more cloudbursts and heavier snow-
storms in northern clima tes, and rising ocean tempera tures will result.  Knutson, Tuleya , and
Kurihara are among a body of scientists who posit from mode ling experimenta tion tha t a
C O 2-warmed clima te may increase hurricane intensities, making them more destructive
once they make landfa ll (Knutson, et a l. , 1998).

Compounding natural factors are social factors.
1) Increasing Popula tion Density:  The popula tion of the U. S. , increases every day with

many more peop le living in metropo litan areas and more deve lopment a ttend ing tha t
settlement.

2) Increased Settlement in H igh-Risk Areas:  More peop le reside in coasta l areas which are
hurricane prone or se ism ica lly active areas, because of favorab le clima tes and the ava il-
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ab ility of work or they live in reg ions or areas vulnerab le to na tura l d isasters.  Pie lke , Jr.
and Landsea document the increasing vulnerab ility of U. S. coasta l areas stemm ing from
popula tion growth, immense and continuing deve lopment, and the cost of property a t
risk.  They demonstra te tha t annua lized U. S. hurricane damage is esca la ting even if
there is little evidence of increase in hurricane frequency over the past 50 years for the
Atlantic and G ulf reg ions (Pie lke , Jr. and Landsea , 1998).

3) Increased Techno log ica l Risks:  Large-sca le use of hazardous techno log ies which d id not
exist in prior centuries have added to d isaster risk and vulnerab ility (Petak, 1985).

Vitousek, et a l. , cla im tha t between one-third and one-ha lf of the land surface has been
transformed by human action while the carbon d ioxide concentra tion in the a tmosphere has
increased nearly 30% since the beg inning of the Industria l Revo lution, thus making it clear
tha t “we live in a human-dom ina ted p lanet” (Vitousek, et a l. , 1997 , pp . 494).

Likewise , deve lopment in flood p la ins, the destruction of wetlands, the over-farm ing of land ,
deforesta tion owing to deve lopment, the paving of roads and parking lots, etc., have a ll
served to increase the run-off from heavy ra infa ll.  In add ition, heavy eng ineering of flood
contro l works sometimes lulls communities into a fa lse sense of security and encourages
inappropria te risk-taking.  Ever-expand ing sewer systems ra ise the probab ility tha t sewage
p lants will be inunda ted by flood wa ter and tha t systems will back-up , thus flood ing base-
ments and low-lying areas.

The fo llowing po ints are illum ina ting:
Every sta te is a t risk from flood ing, and some 21 ,000 communities face significant flood
risk.  The 1993 M idwest Floods resulted in $15-20 b illion in losses.  Annua l flood dam-
age is on the order of $4 b illion.
In 1992 , Hurricane Andrew resulted in $30 b illion in damages in Florida and Louisiana .
More than 50 m illion Americans live near hurricane-prone coastlines.
Every sta te is a t risk from wildfires, though C a lifornia and the Northwest are especia lly
vulnerab le .  More than 9 ,000 homes have been consumed by wildfire in the last decade .
The record year for wildfire damage was 1996 when some 84 ,200 fires burned an
estima ted 5 m illion acres.  The previous record was 1994 when 79 ,000 wildfires were
reported (U. S. Sena te , Bipartisan Task Force , 1995 , Sec. 1 , pp . 1-16).

In exam ining d isaster laws and po licy one needs to understand tha t they reflect grea ter
overa ll trends in po litics and po licy making in the United Sta tes.  A lthough d isasters and
emergencies represent unique events, government ’s invo lvement in them is sim ilar to the
way it has approached many other po licy issues.  This is true with respect to the na ture of
events as we ll as the governmenta l actions tha t have been designed to dea l with them
(Sylves, Chap . I, 1996).

O ne could make the case tha t government ’s increased invo lvement in d isasters is a  mani-
festa tion of a  larger trend towards grea ter pub lic sector responsib ilities.  The U. S. has under-
gone a tremendous growth in terms of the size and scope of government.  For examp le , in
1992 pub lic expend itures were approxima te ly $2 .5 trillion, while in 1942 they were only
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about $47 b illion.  In add ition to spend ing more money, the government has a lso chosen to
address more issues and prob lems while a lloca ting more money to them .

American d isaster po licy has demonstra ted grea ter involvement by the na tiona l government
re la tive to the sta te and loca l leve ls.  The federa l government began to p lay a more active
ro le is d isaster po licy during the 1930s and enacted leg isla tion in 1950 which estab lished a
basic framework for d isaster po licy under which the federa l government was a llowed to
d irect and coord ina te efforts in the event of severe d isasters.  Tha t function, and ro le of the
federa l government, was expanded through the 1970s and in 1979 , the U. S. Federa l Emer-
gency Management Agency (FEMA) was estab lished to conso lida te and coord ina te those
actions.  The crea tion of FEMA was a  clear sign tha t the issue of d isasters had become a
permanent add ition to the federa l government ’s po licy agenda .

The h istory of government invo lvement in d isasters a lso revea ls the reactive na ture of
policymaking in this doma in.  Ma jor d isasters have often served as stimulants of change and
reform in d isaster po licy.  This was evident in the early history of d isaster po licy when a id was
tied to specific leg isla tion passed a fter every event.  Today mega-d isasters requiring enact-
ment of large supp lementa l appropria tions compe l C ongress to enact new post-d isaster
laws.  Through these and other measures federa l d isaster po licy is expanded and clarified .

Grea t d isasters ca ll for an immed ia te pub lic sector response since the pub lic wants some-
thing done immed ia te ly.  In the same manner, however, these events do not susta in long-
term pub lic or governmenta l interest and invo lvement.  O nce action has been taken or
norma lcy returns, the pub lic and government tend to move on to other ma tters.

Neverthe less, ever-present incrementa l decision making a lso continues.  Past po licies be-
come entrenched and they provide the founda tion for future government activity.  Incremen-
ta lism is a  pervasive , lim iting force in governmenta l d isaster-re lief po licy making.  Moreover,
pub lic sentiment may deter pub lic officia ls from pursuing a lterna tive po licies, those tha t
stress more preventive stra teg ies.  Peop le may not want the government to enact stronger
and more effective build ing codes and zoning laws if they are be lieved costly or intrusive , as
m ight occur when government prohib its deve lopment in hazard-prone areas.

D isasters which used to cost thousands or m illions of do llars and a ffect only scores of victims
now sometimes cost many b illions of do llars and a ffect many thousands of victims.  In 1994 ,
the federa l cost of d isaster re lief was $4 .4 b illion.  In tha t year there were 16 ,272 loca lly
declared d isasters.  O f this tota l, 299 became sta te declared emergencies, and 37 were
federa lly declared .  G enera lly, 2-3% of loca l d isasters tha t require significant assistance by a
sta te are declared emergencies by the governor.  In Fisca l Year 1995 , there were 28 presi-
dentia lly declared d isasters, the federa l cost of which was over $3 b illion.  The trend contin-
ues.  During just the first six months of 1996 , 43 ma jor d isaster declara tions were issued .  In
contrast, in 1978 there were “ just ” 9 declara tions [N a tiona l Emergency Management Asso-
cia tion, 1996].
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After a Presidentia l Declara tion has been issued severa l types of federa l d isaster assistance
become ava ilab le .  Under ma jor d isaster or emergency circumstances, sta tes rece ive from
FEMA a ma tch supported subsidy (75%/ 25%) to provide supp lementa l assistance to ind i-
vidua ls and fam ilies adverse ly a ffected .  This is defined as ind ividua l assistance.  While some
forms of ind ividua l assistance such as temporary housing are managed exclusive ly by FEMA ,
others such as loans to businesses and farm loans are managed by the Sma ll Business
Adm inistra tion (SBA) and the U. S. Department of Agriculture (USDA) respective ly.  FEMA
a lso provides pub lic assistance to sta te and loca l governments or certa in priva te , not-for-
profit organiza tions, on a 75 /25 cost sharing basis, to he lp restore pub lic services and to
provide infrastructure support.  Note , tha t the president has the authority in law to increase
the federa l share of the ma tch beyond 75%, and up to 100%, when he determ ines this to be
necessary.  Extra money comes to sta tes and loca lities through FEMA’s H azard Mitiga tion
Assistance program .  This he lps sta te , loca l and other e lig ib le parties lessen or avert the
threa t of future d isasters through fund ing pro jects a imed a t reducing or e lim ina ting future
d isaster vulnerab ility (Sylves, Chap . I & II, 1996).

Table 20
Coastal vs. Non-Coastal States by Type of Disaster Incident, Number of
(Presidential) Declarations*, and Federal Disaster Relief Spending** in
constant 1994 dollars from May 1953 to May 1997.
* Presidentia l declara tions for ma jors d isasters ands emergencies.
** Spend ing in 1994 U. S. Do llars.  D isasters which have occurred within the last ten years still incur
spend ing, so do llar amounts are a  snapshot as of May 1997 .

There are 30 coasta l sta tes and 20 inland sta tes.  Therefore , coasta l sta tes represent three
fifths of the tota l sta tes.  If territories and the D istrict of C o lumb ia are included , coasta l
jurisd ictions jump to 39 and inland to 21 .  Presidentia l d isaster declara tions run from the
first in May 1953 to a tota l of 1 ,299 in June 1997 with ma jor d isasters and emergencies
included together.  Reca ll tha t emergencies are very sim ilar to ma jor d isasters except the ir
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re lief spend ing is capped a t $5 m illion in federa l expend itures.  C onstant do llar base year of
1994 was used since this was the last year of da ta in the orig ina l da ta set supp lied by FEMA .
Defla tors were used for federa l spend ing in the years 1995 , 1996 and 1997 in order to
incorpora te cost da ta up to June 1997 .  Reca ll tha t federa l re lief spend ing is for FEMA and
predecessor agencies only and excludes other federa l d isaster re lief programs not funded
by the President ’s D isaster Re lief Fund (e . g., Sma ll Business Adm inistra tion d isaster loans,
U. S. Department of Agriculture crop insurance , Housing and Urban Deve lopment d isaster
a id , Department of Transporta tion d isaster a id , etc.)

Hurricanes
O ne would expect coasta l sta tes to experience hurricanes more frequently than inland sta tes.
C onsequently it is no surprise tha t the 39 coasta l jurisd ictions secured 92 declara tions for
hurricane to only 2 for inland sta tes (see Tab le 20).  Wha t is remarkab le is tha t more than
$7 .3 b illion in federa l re lief went to coasta l jurisd ictions representing about 27% of the
$27 .6 b illion tota l constant do llars spent by the federa l government for a ll coasta l sta te
d isaster re lief over the interva l 1953-1997 .  C orrespond ing ly, tha t $7 .3 b illion is 23% of the
$31 .8 b illion spent on a ll presidentia lly declared d isasters in the interva l.  About ha lf of the
$7 .3 b illion was for Hurricane Andrew’s devasta tion a lone .  Remember, Hurricane Andrew
re lief spend ing extends we ll beyond June 1997 and continues a t this writing.  O nly $14
m illion went to inland sta tes for post-hurricane d isaster re lief from m id-1953 to m id-1997 .

Moreover, hurricane and typhoon declara tions together bring the 44-year tota l of these
primary incident declara tions to 131 (129 coasta l and 2 inland) or about 10% of a ll decla-
ra tions for ma jor d isaster and emergency.  If the 37 declara tions for typhoon are added to
the hurricane tota ls, federa l re lief spend ing for hurricane / typhoon declara tions jumps to
over $8 b illion or nearly 30% of a ll coasta l sta te constant do llar federa l d isaster re lief and
25% of a ll constant do llar federa l d isaster re lief.

An extraordinary share of the na tion’s disaster declara tions and federa l disaster relief spending
flow from hurricanes and typhoons.  It is worth emphasizing tha t for the 44 year period , 30%
of a ll coasta l sta te constant do llar federa l re lief spend ing is for hurricane / typhoon and 25%
or a quarter of the constant do llar federa l re lief spend ing is for hurricane / typhoon.  Adm it-
ted ly, about ha lf of each of these percentages are a ttributab le to Hurricane Andrew a lone .
However, should the na tion aga in suffer Andrew-sca le hurricane damage , the percentages
of post-hurricane / typhoon re lief will be skewed even more drama tica lly upward .

Figure 89 shows tha t peak hurricane / typhoon federa l constant do llar re lief fund ing occurs
from 1989-94 , with another sizab le sp ike in the 1995-97 interva l.  Hurricane Andrew in
1990 and Hurricane Hugo in 1989 , respective ly produce the largest peaks.  Note tha t the
spend ing on a ll of these declara tions is a  June 1997 snapshot with fund ing on each event
assumed to be te lescoped back into the year of the declara tion.  C learly, this record is not a
perfect compend ium of hurricane / typhoon frequency or impact, but it does represent an
artifact of human d imensions of na tura l d isaster hurricane / typhoon impact which can be
factored into clima te change research and mode ling.
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Figure 89
Total Combined Hurricane and Typhoon Disaster Spending
in 1994 Constant Dollars, May 1953 to May 1997.
A ll do llars represent federa l d isaster re lief fund ing from the President ’s D isaster Trust Fund ,
the ma in repository of federa l d isaster re lief budget authority.

Floods
Tab le 20 demonstra tes tha t inland and coasta l sta tes frequently experience flood ing.  Reca ll
tha t Tab le 20 da ta is for presidentia l declara tions of ma jor d isaster and emergency.  Not a ll
floods win such designa tions.  C onsequently the da ta used in this study are not a  perfect
meteoro log ica l record , but instead constitute a po litica l-adm inistra tive record of presiden-
tia l declara tions in which flood is the primary incident in the declara tion.  The Tornado and
Severe Storm section be low emp loys a  ca tegory FEMA labe ls “Flood and Tornado .”  C onse-
quently, there are about 104 “Flood and Tornado” declara tions excluded in this flood-fo-
cused section which are taken up la ter.  Moreover, the tab le is based on “primary” incident
frequency not on second or third order incidents.  For examp le , floods are often a conse-
quence of hurricanes and typhoons, as we ll as coasta l storms.  However, this section only
concerns the narrow ca tegory in which “Flood” is the primary incident.  A grea t number of
other primary incidents beside “ flood” include flood devasta tion.

In sp ite of these qua lifica tions, the number and constant do llar 44 year damage tota ls for
floods is incred ib ly high.  No less than 628 of the 1 ,299 declara tions in Tab le 20 are for
primary incident “ flood .”  W ith three fifths of the sta tes in the coasta l ca tegory, 59% of the
declara tions are d irected to coasta l sta tes.  Therefore coasta l sta tes do not win a d ispropor-
tiona te ly large number of declara tions for “ flood” primary incident d isasters.  C oasta l sta tes
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do secure 70% of the federa l d isaster re lief constant do llar fund ing for primary incident
“ flood” declara tions in the 44 year interva l.  This aga in, is not d isproportiona te ly large ,
especia lly when one considers tha t the territories, a ll coasta l jurisd ictions, are included in the
coasta l sta te set.

Figure 90
Total Flood Disaster Spending by the Federal Government
in 1994 Constant Dollars, Coastal vs. Inland States, May 1953 to May 1997
The peak year is 1994 , the year of the Grea t Midwestern F lood , which ma inly impacted inland sta tes.
The next highest peak is for coasta l sta tes in 1973 .  The pa ttern of constant do llar flood re lief suggests
tha t 1993-95 , 1996-97 , 1973 , and 1978-80 were periods of tremendous flood d isaster loss for the
na tion as a  who le .  Remarkab ly, coasta l and inland sta tes show huge increases in flood d isaster re lief
a lmost consistently from 1991-97 with the exception of 1996 .

As before , federa l re lief spend ing is in 1994 constant do llars and percentages are ca lcu-
la ted from Tab le 20 .  It is remarkab le tha t for coasta l sta tes, primary incident flood declara-
tion federa l re lief spend ing is 24 .6% of a ll coasta l federa l d isaster re lief from 1953 to 1997 .
Primary incident flood declara tions for coasta l sta tes yie lds 21 .3% of a ll federa l d isaster
re lief over the same period .  By contrast, inland sta te primary incident flood declara tion
federa l d isaster re lief is a  mammoth 69 .6% of a ll inland federa l d isaster re lief from 1953 to
1997 .  However, non-coasta l (inland) sta te primary incident flood declara tion d isaster re lief
is only 9 .2% of a ll federa l d isaster re lief for the 44 year era .

These find ings suggest tha t flood d isasters, in terms of primary incident declara tions, gener-
a te a substantia l but modest share of coasta l sta te constant do llar federa l d isaster re lief.
Tab le 20 revea ls tha t hurricane and earthquake genera te higher sums of constant do llar
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federa l d isaster re lief for coasta l sta tes than do floods.  However, for coasta l sta tes, the
comb ined “ flood” and “ flood and tornado” primary incident ca tegories produce a constant
do llar re lief amount grea ter than the ind ividua l quake and hurricane ca tegories.  The ma in
po int is tha t flood is a  paramount form of d isaster damage for coasta l sta tes, but in the
aggrega te , hurricane and earthquake riva l and exceed flood in terms of constant do llar
federa l re lief expend itures for the 44 year interva l.  For inland sta tes, flood is far and away
the most costly d isaster agent if share of constant do llar federa l d isaster re lief spend ing is
considered .

Tornados and Severe Storms
Unlike earthquakes and hurricanes, tornados and severe storms do not automa tica lly trig-
ger presidentia l d isaster declara tions.  Tornados have occurred in virtua lly a ll 50 sta tes, but
most in the centra l and eastern U. S. C oasta l sta tes are as vulnerab le to tornado and severe
storm damage as inland sta tes are .

The United Sta tes experiences more tornado activity than any other country.  The N a tiona l
Wea ther Service (N WS) considers tornados to be na ture’s most vio lent wea ther phenom-
enon.  Some tornados have been clocked with wind speeds we ll over 200 mph .  Maximum
tornado winds are extreme ly d ifficult to measure because metering equipment is usua lly
destroyed by the force of the winds themse lves.  Tornados have resulted in an average of 80
dea ths and 1 ,500 injuries each year.  For 1995 , there were 30 tornado fa ta lities.  This was
less than ha lf of 1994’s tota l of 69 , and significantly lower than the 30-year average dea th
to ll of 73 .  However, tornado fa ta lities soared in 1998 , with Florida suffering over 200 a lone
for tha t year.  The number of fa ta lities from tornados is in part a ttributab le to tornado
unpred ictab ility and rap id speed of onset.  C lima te researchers may want to incorpora te the
long itud ina l record of tornado devasta tion into the ir ana lyses.

Tab le 20 conta ins the primary d isaster incident ca tegory “ flood and tornado .”  The separa te
“ flood” primary incident ca tegory in the tab le has been previously d iscussed .  The umbre lla
term “ flood and tornado” means a  tornado was the primary incident and flood may have
been a co incident manifesta tion of the d isaster or tha t flood and tornado together represent
the primary incident.  FEMA does have a “tornado” primary incident ca tegory.  As before , we
are d iscussing primary incidents in Tab le 20 .  It must be understood tha t tornados may be
secondary or tertiary d isaster agents in other d isasters.  For examp le , many hurricanes spawn
tornados as secondary agents of devasta tion.  So the “ flood and tornado” ca tegory captures
some , but not a ll tornad ic damage included in presidentia lly declared ma jor d isasters and
emergencies.

Tab le 20 revea ls tha t coasta l sta tes have rece ived 71% of federa l d isaster re lief (constant
1994 do llars)  expended for “ flood and tornado” primary incident declara tions.  This is not
highly d isproportiona te g iven tha t coasta l sta tes are 60% of a ll sta tes and 65% if coasta l
sta tes and territories are comb ined (as they are in Tab le 20).  Primary incident “ flood and
tornado” declara tions for coasta l sta tes yie ld only 4% of tota l coasta l federa l d isaster re lief
(constant 1994 do llars) and are 7 .7% of a ll coasta l sta te declara tions for the 44 year period .
Primary incident “ flood and tornado” declara tions for inland sta tes yie lds a  10 .7% share of
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tota l inland federa l d isaster re lief (constant do llars) and are 8 .6% of a ll inland sta te declara-
tions for the same period .

Re la tive ly speaking, “ flood and tornado” in the context of this ana lysis is substantia lly equa l
for inland sta tes and coasta l sta tes vis-a-vis declara tions issued .  Moreover, the share of
federa l d isaster re lief (constant do llars) a ttributed to “ flood and tornado” primary incident
declara tions for coasta l and inland sta tes is sim ilar.  Wha t is noteworthy is the 10 .7% share
of tota l inland federa l d isaster re lief (constant do llars) stemm ing from “ flood and tornado”
primary incident declara tions.

Severe thunderstorms are a lso cause for concern, especia lly because tornados and highly
damag ing winds are sometimes produced from them .  Thunderstorms a ffect re la tive ly sma ll
areas when compared with clima te events such as hurricanes and winter storms.  The typ ica l
thunderstorm is 15 m iles in d iameter and lasts an average of 30 m inutes.  Nearly 1 ,800
thunderstorms are occurring a t any moment around the world .  Desp ite the ir sma ll size , a ll
thunderstorms are dangerous.  Every thunderstorm produces lightning, which kills more
peop le each year than tornados.  Heavy ra in from thunderstorms can result in flash flood-
ing.  Strong winds, ha il, and tornados are a lso dangers associa ted with some thunder-
storms.  The N a tiona l Wea ther Service reports tha t of the estima ted 100 ,000 thunderstorms
tha t occur each year in the U. S. , only about 10% are classified as severe .

“Severe Storms” are a ca tegory of primary incident in the d isaster declara tion process.  Tab le
20 , as exp la ined , presents a ll do llar amounts in 1994 constant do llars.  Tab le 20 makes it
clear tha t tota l federa l d isaster re lief for primary incident “severe storms” ($1 .73 b illion)
actua lly exceeds tota l federa l d isaster re lief for “ flood and tornado” primary incidents ($1 .56
b illion).

In the ma tter of coasta l vs. inland sta tes, coasta l sta tes win a d isproportiona te ly larger share
of federa l d isaster re lief fund ing (84%) than do inland sta tes for severe storms.  However,
when it comes to the number of declara tions issued for “severe storms” primary incidents,
coasta l and inland sta tes have ba lanced shares (70%), with coasta l sta tes winning only 5%
more than the ir proportiona l representa tion.  Neverthe less, another primary incident ca t-
egory must be considered and tha t one is “ C oasta l Storm .”

Tab le 20 shows tha t for the 9 “coasta l storm” primary incident declara tions, unsurprising ly
a ll went to coasta l sta tes.  If the $102 m illion in constant 1994 do llar federa l d isaster re lief
for these declara tions is added to the coasta l “severe storm” primary incident federa l d isas-
ter re lief ca tegory, coasta l sta te storm d isasters yie ld about $1 .55 b illion in federa l re lief for
the interva l stud ied .  Tota l “storm damage” federa l re lief then jumps to about $1 .83 b illion
and the coasta l sta te share of tha t amount is 84 .7%.  A lso , if the 64 coasta l sta te “severe
storm” declara tions are comb ined with the 9 “coasta l storm” declara tions, coasta l sta tes
jump to 72 .3% of a ll “storm” declara tions, an amount which beg ins to exceed its propor-
tiona l share .

This pa ttern of coasta l sta te predom inance is even more pronounced if “snow/ ice” primary
incident declara tions are considered .  Tab le 20 shows tha t coasta l sta tes won 79% of a ll
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snow/ ice declara tions issued in the 44-year period .  Since no territories have won declara-
tions for primary incident snow/ ice (a ll are in trop ica l or sub-trop ic zones), the poo l of
coasta l sta tes stands a t 30 or 60% of the 50 sta tes.  About $1 .17 b illion in federa l d isaster
re lief (constant 1994 do llars) has been pa id out on snow/ ice primary incident declara tions.
C oasta l sta tes rece ived 80% of this $1 .17 b illion sum .

If “coasta l storm ,” “severe storm ,” and “snow/ ice” primary incident declara tions are com-
bined , there were 198 declara tions or 15 .2% of the tota l 1 ,299 pool of declara tions.  Coasta l
sta tes secured 150 declara tions, or 75 .6% of the 198 declara tions of the poo l.  For these
150 declara tions, coasta l sta tes rece ived (aga in in 1994 constant do llars) about $2 .5 b il-
lion, or of the approxima te ly $3 b illion spent in this poo led ca tegory.  This means coasta l
sta tes secured 83% of the constant 1994 do llar federa l d isaster re lief fund ing expended for
“coasta l storm ,” “severe storm ,” and “snow/ ice” primary incident d isaster declara tions is-
sued from m id-1953 to m id-1997 .  In other words, coasta l sta tes have won a d isproportion-
a te ly large share of declara tions, and federa l d isaster re lief, for the comb ined “storm-snow-
ice” ca tegories.

Tab le 20 d iscloses tha t there have been 43 declara tions for drought from May 1953 through
May 1997 genera ting about $266 m illion in federa l d isaster re lief.  Drought spend ing is
included in Figure 91 and is not d ifferentia ted from “ flood and tornado ,” “tornado ,” “severe
storm ,” “coasta l storm ,” and “snow/ ice .”  A key qua lifica tion is tha t these da ta do not in-
clude U. S. Department of Agriculture drought d isaster assistance program spend ing.

Figure 91
Total Severe Storm/Tornado* Disaster Spending in 1994 Constant Dollars,
Coastal vs. Inland States, May 1953 to May 1997
*Severe Storm/Tornado includes the fo llowing d isaster ca tegories: F lood and Tornado , Tornado , Severe
Storm , C oasta l Storm , Snow/ Ice , and Drought.
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Figure 91 is one of the clearest ind ica tors of the ramp up in federa l d isaster re lief costs and
incidents this researcher has encountered .  C oasta l sta tes especia lly have experienced huge
run-ups in federa l d isaster re lief spend ing for the primary incident Figure 91 d isaster types
included from 1989 through 1997 .

Conclusions
Presidentia l declara tions of ma jor disaster and emergency offer a promising source of wea ther
event human loss da ta for clima te researchers.  Efforts should be made to corre la te tem-
pera ture and precip ita tion extremes research with the archive of declara tions ava ilab le from
1953 to the present.  It is possib le to contro l for some types of socia l factors in conducting
this research (e . g., use of constant do llars, incorpora tion of census da ta regard ing popula-
tion change variab les and settlement pa tterns for decada l periods, assessed va lua tion of
property by county and sta te over time , etc.)
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Changes in Climatic
Extremes: Towards an
Assessment for the
Australian Region
Peter Whetton
C lima te Impact G roup
CSIR O , Atmospheric Research
Victoria , Austra lia

In many areas, the effects of clima te change will be fe lt d irectly through changes in the
frequency and intensity of extreme events.  This has been very evident to members of CSIR O ’s
C lima te Impact G roup as we have endeavored to serve the clima te change da ta needs of
impact assessment work in Austra lia in recent years.  For examp le , in a current pro ject,
assessing the risk to transport infrastructure due to clima te change , seven of the e ight key
clima tic factors identified as critica l were extreme wea ther events (flood ra ins, extreme high
tempera tures, dust storms, storm surges, etc.).  In this presenta tion, I consider extreme event
simula tion in some current CSIR O  clima te mode ling, the key uncerta inties which app ly to
these results, and a methodo logy for dea ling with uncerta in clima te change informa tion in
impact assessment.

Simula ting extreme wea ther events in a rea listic way puts high demands on clima te mode l-
ers.  Current g loba l clima te mode ls (G CMs) have a horizonta l reso lution of around 200-
500 km , which is not fine enough to adequa te ly simula te clima te a t the reg iona l to loca l
sca le .  This is true for mean clima te , and more particularly for extreme events, which are
often highly loca lized in na ture .  Furthermore , mode ls of this reso lution cannot simula te the
intensity of sma ller sca le circula tion fea tures associa ted with extreme wea ther, such as trop i-
ca l cyclones.  Use of much finer reso lution for g loba l mode ls is lim ited by computer power,
but techniques exist for econom ica lly obta ining finer reso lution mode l da ta .  The method
be ing used a t CSIR O  is to run a fine reso lution reg iona l clima te mode l nested in a G CM for
the reg ion of interest.

Recently, CSIR O  has undertaken an experiment with the CSIR O  reg iona l clima te mode l,
DARLAM (Mc Gregor, 1997), nested in the CSIR O  coup led a tmosphere-ocean G CM .  Two
stages of nesting were used to g ive a simula tion with reso lution of 125 km over the Austra-
lian reg ion and one with 60 km reso lution over the more populous southeast corner of
Austra lia .  The simula tion covered the period 1961-2100 using observed C O 2 forcing to
1990 and a m id-case scenario of increasing C O 2 to 2100 .  This simula tion period (140
years) is much longer than tha t typ ica lly used in high reso lution mode ling, and is very suit-
ab le for the ana lysis of more rare ly occurring extreme events.  To da te , the 60 km run has
been ana lyzed for pa tterns of change in extreme da ily ra infa lls, the frequency of frosty and
hot days, and the frequency of very dry or very wet seasons.  For these clima tic components,
DARLAM’s current clima te simula tion (1961-1990) is quite rea listic, and much superior to
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tha t of the host G CM .  DARLAM is a lso ab le to simula ted trop ica l cyclone-like vortices (Wa lsh
and Wa tterson, 1997) and work has begun on ana lysis of simula ted change in the ir charac-
teristics in the 125 km run .

The mode l simula tes very marked decreases in the frequency of frosty days in winter (days
with a m inimum tempera ture of less than 0°C) and marked increases in the frequency of hot
days in summer (defined as days with a maximum tempera ture of 35°C or over).  In the
examp le shown (Figure 92 , southeastern New South Wa les) a ll but four of the first 40 winters
(1961-2000) have a t least 10 frosty days, but there are no winters a fter the year 2050 with
a t least this many frosty days.  The frequency of hot days nearly doub les by la te in the
simula tion period .  These changes in extremes are primarily a consequence of the simula ted
mean warm ing (1 .7°C by 2050).  Changes in the standard devia tion of tempera ture are
very sma ll re la tive to the change in the mean , and have little impact of the occurrence of
extremes.

Figure 92
Simulated extreme temperature occurrence in southeastern New South Wales.
Frosty days are defined as days with a m inimum tempera ture less than 0°C , and hot days as days with
maximum tempera ture grea ter than 35°C .

Increases in the frequency of days with high maximum tempera ture may lead to grea ter
hea t-stress in humans, livestock, ecosystems, agriculture and build ing ma teria ls; increased
bushfire potentia l; and higher energy demand for a ir-cond itioning.  Less frequent frosty
days may lead to a ltered crop-sowing da tes to suit a  longer frost-free season; reduced
frequency and intensity of frost damage to frost-sensitive crops; reduced qua lity and quan-
tity of horticultura l crops due to inadequa te winter chilling for norma l bud-burst; reduced
dormancy for pests and d iseases; and reduced energy demand for hea ting.

Substantia l changes in the frequency of wet years and dry years are a lso produced .  These
too are mostly due to simula ted changes in mean ra infa ll, a lthough the effect of changes in
variab ility is more significant than it is for extreme tempera ture occurrence .  Figure 93 shows
simula ted summer ra infa ll and frequency of wet years in southern New South Wa les.  As a
result of an increase in mean ra infa ll of 10%, the frequency of the current one-in-ten year
wet summer doub les by 2050 .
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Figure 93
Simulated summer total rainfall and the frequency of wet summers per
twenty year period in southern New South Wales.
(Wet summers have ra infa ll above the 4 th wettest summer in period 1961-2000 .)

There is a  marked increase in the simula ted frequency of days of very heavy ra infa ll, and in
the magnitude of da ily ra infa ll events of a  g iven frequency.  For examp le , in some parts of
the doma in, and in some seasons, the magnitude of the one-in-twenty year event increases
by as much as 50% (Figure 94).  It is notab le tha t increases in the magnitude of the heaviest
ra infa ll events are commonly simula ted even in those areas where mean ra infa ll decreases.
Previous G CM-based stud ies have observed this tendency in enhanced greenhouse simula-
tions with coarse reso lution g loba l clima te mode ls (e . g., Hennessy et a l. , 1997), and it
presumab ly reflects the increased potentia l of a  warmer a tmosphere to ho ld mo isture .  In-
creases in the frequency and magnitude of high ra infa ll events have important imp lica tions
for agriculture , wa ter and land management, flood contro l and emergency services.

Simula ted changes in extremes such as these constitute a p lausib le scenario of future re-
g iona l clima te change ra ther than a pred iction.  Desp ite the rap id improvement in mode ling
too ls in recent years, reg iona l clima te change pro jection is still a ffected by various uncer-
ta inties.  A lthough it is possib le to a llow for uncerta inties associa ted with future greenhouse
gas em issions and the sensitivity of the g loba l clima te system by the use of sca ling tech-
niques, less easily quantified uncerta inties rema in.  These include:

Whether current clima te mode ls adequa te ly simula te clima te changes re la ted to the El
N iño-Southern O scilla tion (a ma jor cause of year-to-year ra infa ll variab ility over Austra-
lia , and e lsewhere).
Whether the pa ttern of warm ing a t the ocean surface is adequa te ly simula ted .  C lima te
(particularly ra infa ll) in the Austra lian reg ion is very sensitive to the oceanic response to
enhanced greenhouse cond itions (through changes in sea surface tempera ture pa tterns).
Whether clima te processes a t the land surface are adequa te ly simula ted .  There is evi-
dence tha t ra infa ll results are sensitive to the representa tion of so il and vegeta tion over
the continents.
Tha t na tura l clima tic variab ility a t the yearly to decada l time sca le may partia lly (or
who lly) mask enhanced greenhouse changes in clima te for some decades into the future
both in the mode l and in the rea l world .  This variab ility introduces significant uncerta inty
into the pro jection of reg iona l clima te change , particularly for extreme event occurrence .
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Whether changes in sulfa te aeroso l po llution (which would occur ma inly in the northern
hem isphere) would a ffect Austra lian clima te .  This has not been included in the CSIR O
simula tions for southeastern Austra lia as yet, a lthough based on G CM results from some
other mode ling centers, and a very recent CSIR O  G CM study, the impact is not expected
to be large .

Figure 94
Simulated heavy daily rainfall return periods averaged over southwestern
New South Wales.
O pen squares are for the present (1961-2000) and so lid squares are for 40-years centered on 2050 .
Changes in mean seasona l ra infa ll (Ave) are a lso shown .

A lthough the current high reso lution simula tion is the most rea listic ava ilab le a t present for
Austra lia for assessing possib le changes in extremes, further revisions to reg iona l clima te
pro jections may be expected in the future as new simula tions are undertaken using im-
proved mode ls.  A lthough in time we expect uncerta inties to be significantly narrowed , it is
inevitab le tha t clima te change informa tion will continue to encompass a  range of possib le
changes in clima te .  Therefore , it may be best to consider clima te change and its impacts in
a risk assessment framework in which the probab ility of various future clima tes are esti-
ma ted and the risk of exceed ing key impact thresho lds is assessed .  This a llows informa tion
on future clima te change to be read ily incorpora ted into p lanning for the future while mak-
ing due a llowance for uncerta inty.  However, quantifying the probab ility of various clima tic
sta tes (which in many cases will need to be defined in terms of the frequency and intensity of
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various extreme events) represents a  ma jor cha llenge .  The risk-based approach to clima te
change impact assessment is currently be ing researched in CSIR O  (Pittock and Jones, 1998).
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Changes in Annual
Extremes under
Equilibrium and
Transient Climate Change
Francis W. Zwiers
and Via tcheslav V. Kharin
C anad ian C entre for C lima te Mode lling and Ana lysis
Victoria , BC , C anada

This paper briefly describes changes in annua l extremes surface properties (2-meter screen
tempera ture [shie lded or “screened” from the e lements] and precip ita tion) simula ted in an
equilibrium clima te change simula tion and an ensemb le of 3 transient clima te change simu-
la tions performed with C anad ian C entre for C lima te (C C C) G CM2 .  The equilibrium change
experiment (Boer et a l. , 1992) was performed with a version of G CM2 tha t is coup led to a
m ixed layer ocean mode l (McFarlane et a l. , 1992).  The transient change experiments for
1850-2100 (Boer et a l. , 1998a ,b) were performed with a version of G CM2 tha t is coup led
to a mod ified version of the G FDL Modular O cean Mode l and a thermodynam ic sea-ice
mode l (Fla to et a l. , 1998).  The effective C O 2 and aeroso l forcing prescription used in these
transient simula tions is described by Mitche ll et a l. (1995).  The manner in which the d irect
aeroso l effect is imp lemented in the mode l is described in Reader and Boer (1998).  Further
deta ils on the mode l and output from both experiments are ava ilab le from the C C C ma web
site (http: / /www.cccma .bc.ec.gc.ca).  A deta iled description of the changes in extremes in
the equilibrium experiment is g iven by Zwiers and Kharin (1998; here a fter “ZK”).  A manu-
script describ ing changes in the transient experiments is in prepara tion (Kharin and Zwiers,
1999; here a fter “KZ”).

Extreme value analysis methodology
Extreme va lue ana lyses were conducted with samp les of annua l extremes of screen tem-
pera ture m inima and maxima , annua l maximum 24-hour precip ita tion amounts.  Ana lyses
have a lso been performed on annua l maximum 1000 hPa wind speed , but these are not
d iscussed here (see ZK and KZ for deta ils).  Samp les of 20 annua l extremes were obta ined
from the contro l and doub led C O 2 runs tha t comprise the equilibrium change experiment.
Samp les of 63 annua l extremes were extracted from the transient experiments for each of
three 21-year windows representing 1975-1995 , 2040-2060 and 2080-2100 .  (Each member
of the ensemb le of three simula tions provides a  samp le of 21 annua l extremes for each of
the time windows, so tha t there is a  comb ined samp le of 63 annua l extremes for epoch.)
Tempera ture and precip ita tion extremes were derived a t run time by samp ling these fie lds a t
every time-step of the simula tions.  W ind speed extremes, on the other hand , were derived
from va lues archived a t 12-hour interva ls.  Sta tistica l estima tes derived from the la tter are
therefore sub ject to some add itiona l uncerta inty because samp ling is incomp lete .

The genera lized extreme va lue (GEV) d istribution was fitted to the annua l extremes a t each
grid po int using the method of L-moments (Hosking, 1990).  Return va lues were estima ted
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for various return periods.  A bootstrapp ing method was used to determ ine the uncerta inty
of the derived estima tes.  Because the greenhouse-gas signa l is sma ll in precip ita tion and
wind-speed , an a ttempt was made to use a spa tia l smoothing approach to decrease the
uncerta inty of estima ted changes in return va lues under equilibrium and transient clima te
change .  This worked we ll for precip ita tion because its varia tions are not strong ly coherent
spa tia lly.  However, we were not ab le to reduce the uncerta inty of the estima ted changes in
wind speed extremes with this technique .  Methodo log ica l deta ils are g iven in ZK and KZ
describes further refinements.

Extremes in the equilibrium control climate
The va lida tion of extremes simula ted by clima te mode ls is d ifficult on a g loba l sca le because
re liab le gridded observed da ta comparab le to tha t produced by the mode l is scarce .  We
therefore lim ited our comparison on the g loba l sca le primarily to N CEP-N C AR reana lysis
da ta for 1979-95 (Ka lnay et a l., 1996).  We a lso compared simula ted extremes over C anada
with estima tes derived from C anad ian tempera ture da ta (about 160 sta tions with an aver-
age record of about 50 years) and precip ita tion da ta (approxima te ly 500 sta tions with an
average record of about 25 years; Hogg and C arr, 1985).

Screen Temperature
The mode l d id a cred ib le job of simula ting 20-year return va lues of da ily m inimum tem-
pera ture .  In comparison with the reana lysis, extremes over po lar and northern land masses
are we ll simula ted , while those over western Europe are somewha t too warm .  The mode l
reproduced return va lues estima ted from C anad ian sta tion da ta quite we ll in the southern
ha lf of the country, but mode l derived estima tes tend to be 5 ˚ C  to 8 ˚ C  too low over northern
C anada .

The mode l’s ab ility to simula te extreme warm tempera tures was more d ifficult to assess on a
g loba l sca le because of a  prob lem in the reana lysis tha t led to some excessive ly warm
tempera ture extremes (see ZK and references there in).  In comparison with C anad ian sta-
tion da ta , the mode l tended to under-simula te extreme warm tempera ture by about 5 ˚ C .

Precipitation
Estima ted 20-year return va lues of da ily precip ita tion in the equilibrium contro l clima te is
d isp layed in Figure 95 .  A correspond ing map derived from N CEP-N C AR reana lysis is not
d isp layed because the la tter does not appear to reproduce observed precip ita tion variab ility
very we ll, particularly in the trop ics, perhaps because of d ifficulties associa ted with mode l
sp in-up .

Return va lues in the trop ics and sub-trop ics in the mode l reflect the large-sca le d ivergent
trop ica l circula tions of the simula ted clima te .  The loca tions of the upward (high return
va lues) and downward (low return va lues) branches of these circula tions are easily d iscern-
ib le .  The very large simula ted return va lues (more than 200 mm/day) in the western trop ica l
Pacific are like ly overestima ted since C C C G CM2 simula tes more precip ita tion in the Asian
summer monsoon outflow area than is observed .
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Figure 95
Twenty-year return values for daily accumulated precipitation simulated by
CCC GCM2 in the equilibrium control run.  C ontour interva l: 25 mm/day.

Figure 96
The estimated change in smoothed 20-year return values for daily
accumulated precipitation simulated by CCC GCM2 under CO2 doubling
in the equilibrium runs.   C ontour interva l: 10 mm/day.

1 x CO2 20-Year Return Values (MM) — GEV, LM

2 x CO2 - 1 x CO2 20-Year Return Values (MM) — GEV, LM, SM
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Estima ted return va lues derived from C anad ian sta tion da ta (not shown) illustra te tha t, on
large spa tia l sca les, the mode l simula tes p lausib le va lues over much of C anada .  Extremes
over Atlantic C anada appear to be underestima ted , as are sma ll sca le fea tures tha t are
associa ted with loca l orography.

Changes under equilibrium climate change
Screen Temperature
The equilibrium change under C O 2 doub ling in the estima ted 20-year return va lues of the
da ily m inimum and maximum tempera ture , TMin,20 and TMax,20 respective ly, are not equa l.
For examp le , the g loba l mean change for TMax,20 is 3 .14 ˚ C  whereas tha t for TMin,20 is 5 .0 ˚ C .

The changes in TMin,20 and TMax,20 apparently occur for a variety of reasons.  O ver the
trop ica l and tempera te oceans both increase by an amount tha t is roughly equa l to the
change in the mean screen tempera ture .  This is physica lly reasonab le since screen tem-
pera ture is large ly determ ined by surface tempera ture over the oceans.

Elsewhere (over land masses and po lar reg ions) there are changes in both the loca tion and
the shape of the screen tempera ture d istribution.  Increases in TMax,20 over continents (except
Antartica) are of the order of 5 ˚ C  and range up to 10 ˚ C .  The larger va lues occur in reg ions
of North and South America and Eurasia which experience a substantia l decrease in so il
mo isture in the simula tion.  Reduced so il mo isture means tha t maximum surface tempera-
tures are less like ly to be modera ted by evapora tive coo ling.

Increases in TMin,20 over North America and Western Asia are larger than the correspond ing
increases in TMax,20 .  This presumab ly occurs because snow cover is reduced in the warmer
world .  Increases in TMin,20 over Siberia (which rema ins snow covered in winter under C O 2

doub ling) are roughly comparab le to the increases in TMax,20.  Changes in both quantities
are a lso roughly comparab le over Africa .  O ver South America however, increases in TMin,20

are sma ller than those in TMax,20, perhaps because of a  decrease in so il mo isture and clouds.

O nly sma ll increases in TMax,20 occur in po lar reg ions which reta in some sea ice .  Presum-
ab ly tempera ture maxima are strong ly constra ined here by the co ld wa ter which is exposed
as leads and thus conta ins me lting ice .  For the same reasons (increased leads and thinning
of the sea ice) large increases are observed in TMin,20 .  This occurs because the a tmosphere
is in better contact with the ocean in the 2 x C O 2 clima te .

Precipitation
Smoothed estima tes of the change in the 20-year return va lues of 24-hour precip ita tion are
d isp layed in Figure 96 .  (The smoothing technique used is described in ZK .)  The change is
positive a lmost everywhere .  The largest increases, over 50 mm/day, is found over the north-
west coast of Ind ia where there is intensifica tion of the Asian summer monsoon under C O 2

doub ling.  G loba lly averaged , 20-year return va lues increase 9 mm/day (11%) while the
da ily mean ra te increases by only 4% (0 .11 mm/day).  O ver C anada , 20-year return va lues
increase approxima te ly 7 mm/day (14%) which transla tes in a 50% reduction in the mean
wa iting time between 1 x C O 2 extreme events in the 2 x C O 2 world .  ZK provides more
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deta il, includ ing an ana lysis of the change in intensity and frequency of precip ita tion in the
warmer world .

Changes under transient climate change
A sim ilar approach was used to estima te changes in the extremes tempera ture and precip i-
ta tion in the transient clima te change simula tions a t the time of C O 2 doub ling re la tive to the
present (i.e . , 2040-2060 vs. 1975-1995) and a t the time of trip ling (2080-2100 vs. 1975-
1995).  G loba lly averaged changes in the means and the 20-year return va lues a t the time
of doub ling and trip ling in the transient experiment and a lso in the equilibrium experiment
are summarized in the fo llowing tab le . As can be seen, changes a t the time of doub ling are
re la tive ly modest when compared with those for the equilibrium experiment.

Tm in ( ˚ C) Tmax ( ˚ C) P (mm/day)

Δ2 ,tr Δ3 ,tr Δ2 ,eq Δ2 ,tr Δ3 ,tr Δ2 ,eq Δ2 ,tr Δ3 ,tr Δ2 ,eq

Mean 1 .93 4 .12 3 .67 1 .79 3 .87 3 .37 0 .03 0 .10 0 .11
20-yr 2 .33 5 .13 5 .06 1 .82 3 .94 3 .14 6 .82 12 .27 9 .03

Table 21
The change in the g loba l average of the annua l mean and 20-year return va lues of da ily m inimum
tempera ture , da ily maximum tempera ture and 24-hour precipita tion a t the time of C O 2 doubling (2040-
60; denoted Δ2 ,tr) and trip ling (2080-2100; denoted Δ3 ,tr re la tive to the present (1975-95) as simula ted
in the C C C ma ensemb le of transient greenhouse gas p lus aeroso l experiments (Boer et a l. , 1998a ,b).
C orrespond ing va lues from an equilibrium change experiment (Boer et a l. , 1992; denoted Δ2 ,eq are
a lso d isp layed .

Temperature
In genera l, the pa ttern of change in the 20-year return va lues a t the time of doub ling is
sim ilar to tha t a t the time of trip ling.  Both pa tterns are a lso sim ilar to tha t in the equilibrium
experiment, with modera te increases over oceans and larger increases over land masses.

The grea test change in the return va lues of da ily maximum tempera ture is found in centra l
and southeast North America , centra l and southeast Asia and trop ica l Africa where there is
a large decrease in so il mo isture content.  Large extreme tempera ture increases are a lso
seen over the extreme ly dry surface of north Africa .  In contrast, the west coast of North
America is a ffected by increased precip ita tion resulting in mo ister so il and more modera te
increases in extreme tempera ture .  There are sma ll areas of decrease in the Labrador Sea
and Southern O cean tha t are associa ted with changes in ocean circula tion.

As in the equilibrium change experiment, the changes in the return va lues of da ily m inimum
tempera ture are larger than those of da ily maximum tempera ture over land areas and high
la titude oceans where snow and ice retrea t. In a g loba l sense , m inimum tempera ture ex-
tremes a t the time of trip ling are comparab le to those under C O 2 doub ling in the equilib-
rium experiment.  However, somewha t larger changes are found over land masses and the
Arctic while sma ller increases in extreme m inimum tempera tures occur a t the marg ins of the
po lar oceans.
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Figure 97
The estimated change in smoothed 20-year return values for daily precipita-
tion in the transient runs under CO2 doubling (upper panel) and tripling
(lower panel).  C ontour interva l: 10mm/day.  Zero line is om itted .

2 x CO2 - 1 x CO2 PCP 20-Year Return Values (MM) — GEV, SM, ANN

3 x CO2 - 1 x CO2 PCP 20-Year Return Values (MM) — GEV, SM, ANN
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Precipitation
G loba lly averaged , there is little change in the annua l mean amount of precip ita tion a t the
time of doub ling and only a modest increase a t the time of C O 2 trip ling (Tab le 21).  How-
ever, there are substantia l shifts in the spa tia l d istribution of precip ita tion tha t are associa ted
with a warm ing pa ttern tha t is rem iniscent of a  gradua lly strengthening permanent El N iño .

There are associa ted increases in extreme precip ita tion a lmost everywhere (Figure 97).  The
largest increase in 20-year return va lues occurs in the trop ica l Pacific.  While changes of less
than 10 mm are evident over extra-trop ica l land masses a t the time of doub ling, large
areas, includ ing eastern North America , are a ffected by substantia lly larger increases in the
size of these extremes a t the time of trip ling.

Summary
We have briefly described an extreme va lue ana lysis of equilibrium and transient change
experiments performed with C C C G CM2 , and its coupled version which is known as C G CM1 .
A lim ited comparison with C anad ian observa tions and N CEP-N C AR reana lysis da ta suggest
tha t the mode l-simula ted extremes bear a t least some resemb lance to those of the rea l
world .  There are re la tive ly sma ll d ifferences in extreme tempera ture changes simula ted in
the equilibrium and transient runs tha t are associa ted with d ifferences in the response of the
ocean and sea-ice to the forcing changes.  There are re la tive ly larger d ifferences in the
extreme precip ita tion changes simula ted in the two experiments which are associa ted with
d ifferences in the mean tempera ture response , particularly in the trop ica l Pacific.
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