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7 . The economi cs of gl obal
envi r onment al r i sks

Gr aci el a Chi chi l ni sky *

1 I NTRODUCTI ON

Uncer t ai nt y i s par t and par cel of t he human condi t i on . The need t o manage
cl i mat e r i sk has shaped human i nst i t ut i ons f or many cent ur i es, gi vi ng r i se t o
i nsur ance i n agr i cul t ur al soci et i es and t o pat t er ns of l and hol di ngs acr oss
medi eval Eur ope. I Today' s concer n about gl obal cl i mat e change br eaks new
gr ound . I t chal l enges convent i onal wi sdomi n t wo ways. One i s t he wor l d-
wi de scope of t he changes consi der ed . We ar e concer ned wi t h pot ent i al
cat ast r ophes, such as changes i n t he sea l evel and gl obal shi f t s i n t he avai l -
abi l i t y of wat er and f er t i l e soi l . No soci et y can i gnor e such r i sks . The second
chal l enge i s t hat t hese changes appear t o be dr i ven by human act i vi t y, whi ch
has now r eached l evel s at whi ch i t can af f ect t he ear t h' s f undament al
pr ocesses, such as i t s at mospher e and i t s cl i mat e . These t wo newel ement s,
t he gl obal and endogenous nat ur e of t hese r i sks, have ext ended human
uncer t ai nt y bot h qual i t at i vel y and quant i t at i vel y.

Tr adi t i onal f or mul at i ons of uncer t ai nt y no l onger pr ovi de an adequat e
basi s f or anal ysi s . As shown bel ow, cat ast r ophi c r i sks ar e not t r eat ed ade-
quat el y by convent i onal r i sk anal ysi s, nor ar e t he t ype of r i sks t hat
humans i nduce t hr ough t hei r economi c act i vi t y . Cl i mat e r i sks can be t he
bypr oduct of human act i vi t y . Thi s adds a new di mensi on t o t he uncer -
t ai nt y about ear t h pr ocesses . To t he ext ent t hat we cannot pr edi ct human
act i ons, we cannot pr edi ct t hei r pot ent i al envi r onment al i mpact . I cal l
t hi s phenomenon endogenous uncer t ai nt y . I t i s a si gn of t he t i mes, and
char act er i zes our age. For t he f i r st t i me i n hi st or y, humans ar e pl ayi ng a
pr edomi nant r ol e i n det er mi ni ng t he wor l d' s ecosyst ems, on l and and
wat er , and can i nf l uence t he pl anet ' s at mospher e.

Our i mpact on t he ear t h' s pr ocesses i s unknown . Thi s i mpact encom-
passes much mor e t han t he t r adi t i onal concer ns about wher e humans

* Resear ch suppor t f r omUNDP, Fondazi one Mat t ei , UNESCO, Sl oan Foundat i on and t he
US Nat i onal Sci ence Foundat i on i s gr at ef ul l y acknowl edged .

235



236

	

The I nt er nat i onal Year book of Envi r onment al and Resour ce Economi cs

deci de t o set t l e, whet her t hey set t l e i n vul ner abl e ar eas such as coast s or

near vol canoes . The i ssue i s how we ar e af f ect i ng t he over al l bi odi ver si t y

of t he pl anet , how we may be changi ng t he pl anet ' s at mospher e and i t s

soi l f er t i l i t y acr oss t he di f f er ent cont i nent s and bodi es of wat er . These

changes ar e of t en caused by economi c consumpt i on f r om f ar - away

human set t l ement s . 3 The economi c use of t he ear t h' s r esour ces t oday

coul d i nduce t he mai n r i sks t hat humanki nd f aces i n t he f ut ur e .

Envi r onment al st r ess may be a sympt om r at her t han a di sease.

Hi st or i cal ci r cumst ances have l ed t o an uneven spr ead of t he i ndust r i al

r evol ut i on acr oss t he wor l d . The wor l d cont ai ns r egi ons wi t h ver y

di f f er ent i nst i t ut i ons, such as di f f er ent pr oper t y r i ght s and mar ket s.

Devel opi ng count r i es have common pr oper t y on r esour ces such as

f or est s and mi ner al s ; i n i ndust r i al count r i es t hese t end t o be pr i vat el y

owned. Thi s di f f er ence pl ays a maj or r ol e i n t he ext r act i on of r esour ces

and t he pr oduct i on of r esour ce- i nt ensi ve pr oduct s - f ossi l f uel s, f or est -

based pr oduct s . Di f f er ences i n pr oper t y r i ght s l ead devel opi ng

count r i es, many of whi ch ar e st i l l agr i cul t ur al soci et i es, t o over ext r act

nat ur al r esour ces and t o expor t t hemt o i ndust r i al nat i ons at pr i ces t hat

ar e bel ow r eal cost s ( Chi chi l ni sky 1994a, 1996b) . Low pr i ces l ead t o

over consumpt i on wor l dwi de . The gl obal envi r onment al pr obl emwe f ace

t oday r ef l ect s di st or t ed pr i ces and an uneven use of t he ear t h' s

r esour ces . The mat t er i s f ur t her compl i cat ed by t he emphasi s

on r esour ce- i nt ensi ve gr owt h advocat ed by t he Br et t on Woods

i nst i t ut i ons and by many t r adi t i onal economi st s i n t he West er n hemi -

spher e si nce t he end of t he Second Wor l d War ( Chi chi l ni sky 1996b ;

I nst i t ut e f or Pol i cy St udi es 1996) . Thi s i s bel i eved t o be at t he r oot

of t he car bon emi ssi ons pr obl em, t he dest r uct i on of bi odi ver si t y, and

t he at t endant cl i mat e r i sks ( Chi chi l ni sky 1994a, 1996b) . Bef or e we

can sol ve t he envi r onment al pr obl em we need t o devel op economi c

i nst i t ut i ons t hat val ue pr oper l y t he ear t h' s r esour ces and t he wel f ar e of

t he humans t hat ar e t hei r st ewar ds .

Thi s chapt er f ocusses on gl obal envi r onment al r i sks such as cl i mat e

change, an i ssue t hat must be conf r ont ed as we move i nt o t he f ut ur e. I t

pr oposes sound pr i nci pl es of r i sk management t hat make sense i n

t oday' s soci et y gener al l y, goi ng beyond t hei r r ol e of aver t i ng and hedg-

i ng cl i mat e r i sks . Thi s chapt er i s about t hese and r el at ed quest i ons. I n

at t empt i ng t o answer t hem, i t deal s wi t h di f f er ent aspect s of t he t heor y

of r i sk- bear i ng . I expl ai n cur r ent r esponses t o gl obal change, f ocusi ng

on t he new chal l enges : human- i nduced or endogenous r i sks, i ncl udi ng

pot ent i al l y cat ast r ophi c r i sks, whi ch ar e not adequat el y t r eat ed by t r adi -

t i onal economi c anal ysi s .
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Ther e ar e f i ve key aspect s of r i sk whi ch r ecur i n t he anal ysi s . As
al r eady ment i oned, t wo of t hemar e essent i al l y new: t hese r i sks ar e dr i ven
by human act i vi t y and coul d have cat ast r ophi c consequences . The gl obal
r i sks t hat we f ace ar e i nf l uenced by our act i ons and ar e t hus endogenous . 4
Our act i ons have become an i mpor t ant det er mi nant of t he r i sks we f ace.
The chapt er anal yses mar ket s wi t h endogenous uncer t ai nt y, as wel l as
gr owi ng economi es wher e t oday' s economi c act i vi t y det er mi nes t omor -
r ow' s l and pr oduct i vi t y . I n bot h cases pr act i cal pol i ci es ar e r ecommended .
The ot her new aspect of cl i mat e r i sks i s t hat t hey coul d have cat ast r ophi c

consequences : t hey i nvol ve smal l pr obabi l i t i es of event s wi t h maj or ,
negat i ve consequences . Cl assi cal deci si on t heor y has negl ect ed deci si on-
maki ng i nvol vi ng cat ast r ophi c r i sks . Based on Chi chi l ni sky ( 1996f ) I
pr esent a r i gor ous t r eat ment of deci si onmaki ng under cat ast r ophi c r i sks
and pr opose pr act i cal sol ut i ons .

Ther e ar e t hr ee, mor e convent i onal , aspect s of cl i mat e r i sks t hat have
been negl ect ed i n t he economi c l i t er at ur e and ar e anal ysed her e . The f i r st
concer ns t he di f f i cul t y i n assessi ng r i sks. Most cl i mat e- r el at ed r i sks ar e
di f f i cul t t o quant i f y . I ndeed, i n a st at i st i cal sense t he pr obabi l i t i es
descr i bi ng t hem appear t o be unknowabl e . We may never be abl e t o
det er mi ne exper i ment al l y t he pr obabi l i t y of gl obal cl i mat e change i n t he
r el at i ve f r equency sense . Such event s ar e i nher ent l y uni que. I t i s possi bl e
t o eval uat e t he f r equency of occur r ence of a heal t h r i sk f r om mor bi di t y
or mor t al i t y dat a, as t he out comes of r epeat ed exper i ment s ar e avai l abl e .
However we cannot eval uat e t he r i sks f r om C02 emi ssi ons i n t hi s way. 5
The chapt er pr oposes new f i nanci al i nst r ument s f or hedgi ng opt i mal l y
agai nst t hi s t ype of uncer t ai nt y, whi ch I cal l ` sci ent i f i c uncer t ai nt y' .
These i nst r ument s ar e cal l ed ` cat ast r ophe bundl es' , and wer e i nt r oduced
i n Chi chi l ni sky ( 1995, 1996a, 1997a and 1998) . The second convent i onal
aspect i s t he cor r el at i on of r i sks . Event s such as cl i mat e change coul d
af f ect l ar ge number s of peopl e i n t he same way. A r i se i n sea l evel coul d
af f ect l ow- l evel coast al communi t i es i n most count r i es. I nsur ance i n t he
t r adi t i onal sense of r i sk- pool i ng wor ks best f or l ar ge number s of smal l
st at i st i cal l y i ndependent or ` i ndi vi dual ' r i sks . We have t o ask what t ypes
of mar ket s wor k best wi t h par t l y i ndi vi dual and par t l y col l ect i ve r i sks.
Thi s chapt er pr oposes a way t o sol ve t hi s pr obl em.

I r r ever si bi l i t y i s t he f i nal i ssue . I n t hi s ar ea, many maj or economi c deci -
si ons and t hei r consequences ar e l i kel y t o be i r r ever si bl e, or i f r ever si bl e
t hey i nvol ve ver y l ar ge cost s and l engt hy t i me scal es . Cl i mat e change, t he
mel t i ng of i ce caps, deser t i f i cat i on and speci es ext i nct i on ar e al l pr ocesses
not easi l y r ever si bl e wi t hi n r el evant t i me scal es . Thi s l eads t o opt i on val ues .
The possi bi l i t y t hat f ut ur e gener at i ons wi l l have di f f er ent pr ef er ences f r om
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us can al so l ead t o opt i on val ues, but of a di f f er ent nat ur e ( Bel t r at t i ,

Chi chi l ni sky and Heal 1998) . Thi s chapt er expl or es t hi s quest i on.

I n summar y, we ar e deal i ng wi t h r i sks t hat have t wo maj or newchar -

act er i st i cs : t hey ar e endogenous and pot ent i al l y cat ast r ophi c . I n addi t i on,

cl i mat e r i sks have t hr ee mor e convent i onal f eat ur es : t hey ar e poor l y

under st ood, cor r el at ed and i r r ever si bl e . I n al l cases, t hi s chapt er pr oposes

ways t o advance our under st andi ng of t he pr obl ems . I n pol i cy t er ms,

t he nat ur e and ext ent of uncer t ai nt y about gl obal cl i mat e change i mpl y

t hat soci et y' s posi t i on wi l l be domi nat ed by quest i ons such as : zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

" What cost i s i t wor t h i ncur r i ng t o r educe t he poor l y under st ood r i sk of

cl i mat e change, or t o i mpr ove our under st andi ng of t hat r i sk? and

" Howmay exi st i ng soci al i nst i t ut i ons, such as i nsur ance cont r act s and

secur i t i es mar ket s, be used t o pr ovi de t he most ef f i ci ent al l ocat i on of

t he r i sks associ at ed wi t h gl obal cl i mat e change?

Thi s chapt er pr oposes ways t o eval uat e deci si ons under endogenous

and pot ent i al l y cat ast r ophi c r i sks, and i ncor por at es of t en negl ect ed f ea-

t ur es of cor r el at ed, poor l y under st ood and i r r ever si bl e r i sks. The anal ysi s

pr oposed her e opens new ways of t hi nki ng and at t he same t i me poses

newchal l enges . At t he end I i ndi cat e new ar eas of r esear ch .

2 SCI ENTI FI CUNCERTAI NTY

The uncer t ai nt y about cl i mat e has sever al sour ces. Ther e i s uncer t ai nt y

about basi c sci ent i f i c r el at i onshi ps, such as t he l i nk bet ween gaseous

emi ssi ons and gl obal mean t emper at ur e. Ther e i s al so uncer t ai nt y about

t he connect i on bet ween gl obal mean t emper at ur e and cl i mat e. Cl ear l y i t

i s cl i mat e, a var i abl e encompassi ng wi nd pat t er ns, humi di t y and r ai n pat -

t er ns, and not j ust t emper at ur e, t hat mat t er s f r om an economi c

per spect i ve. The f l oods of 1993 i n t he US and Bangl adesh have r emi nded

us of t he pr of ound vul ner abi l i t y of human set t l ement t o cl i mat e, as has

hur r i cane Andr ew, whi ch l ed t o about $20 bi l l i on of l osses i n t he sout h-

er n US at about t he same t i me. Cl i mat ol ogi st s l i nk t hese t o El Ni no, t he

ocean cur r ent of f t he coast of Chi l e, conf i r mi ng t he gl obal l i nkages

wi t hi n t he ear t h' s cl i mat e syst em.

Fut ur e emi ssi ons of gr eenhouse gases and f ut ur e cl i mat e ar e al so

hi ghl y uncer t ai n . Fur t her mor e, as al r eady poi nt ed out , t hese emi ssi ons

can be dr i ven by economi c act i vi t y and by pol i cy measur es : hence t he

r i sks f aced ar e endogenous .
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Soci et i es can r espond t o t he r i sks associ at ed wi t h such uncer t ai nt y. One

way i s mi t i gat i on . The ot her i s i nsur ance . We can t hi nk of t hem as br oadl y

equi val ent t o pr event i on and cur e, r espect i vel y, i n t he medi cal f i el d .

Mi t i gat i on means t aki ng measur es t o r educe t he possi bl e damage .

One way of doi ng t hi s i s t o t ake st eps t hat mi ni mi ze t he damage i f t he

har mf ul event occur s . Bui l di ng l evees, canal s and f l ood dr ai nage sys-

t ems t o r educe t he i mpact of f l ood wat er s i s an exampl e. An al t er nat i ve

appr oach t o mi t i gat i on i s t o r educe t he i nci dence of har mf ul event s . Of
cour se, i f st eps ar e t aken t o r educe t he r i sk of cl i mat e change, t hen t he

r i sks become endogenous, det er mi ned by our pol i cy measur es . Thi s con-

t r ast s wi t h most model s of r esour ce al l ocat i on under uncer t ai nt y, i n

whi ch pr obabi l i t i es ar e about act s of nat ur e and ar e t her ef or e exoge-

nous . 6 I n a t r adi t i onal mar ket appr oach, t her e i s no scope f or mi t i gat i on
i n t he second sense of i mpr ovi ng odds . The pr obabi l i t i es of st at es i n an
Ar r ow- Debr eu mar ket may be subj ect i ve and a t r ader ' s subj ect i ve pr ob-

abi l i t i es may be al t er ed by l ear ni ng ; however , t he f r equency of i nci dence

of har mf ul event s cannot be al t er ed by t r ader s . The same i s t r ue i n t he

cl assi cal model s of i nsur ance, wher e t he i nci dence of har mf ul event s i s

agai n t aken t o be exogenous . Mi t i gat i on acqui r es a new meani ng when

r i sks ar e endogenous .

I nsur ance by cont r ast does not hi ng t o r educe t he chances of damage

due t o cl i mat e change . I t onl y ar r anges f or t hose who ar e adver sel y af f ect ed

t o r ecei ve compensat i on af t er t he event , as i n t he case of f eder al di sast er

r el i ef f or f l ood vi ct i ms i n t he US. I nsur ance i s a maj or economi c act i vi t y,

i nvol vi ng bot h t he i nsur ance i ndust r y and l ar ge par t s of t he secur i t i es

i ndust r y, about $1 . 2 t r i l l i on wor t h of economi c act i vi t y year l y . Can t he
exi st i ng and ver y ext ensi ve pr i vat e sect or or gani zat i ons pr ovi de t hose at
r i sk f r om cl i mat e change wi t h adequat e i nsur ance cover ? I f not , why not ?

What changes i n mar ket i nst i t ut i ons mi ght be appr opr i at e i n t hi s case?

The f ol l owi ng pr ovi des a br i ef sur vey of t r adi t i onal r esponses t o r i sk .

3 RESPONSESTORI SK I NTRADI TI ONAL MARKETS

Economi st s have t wo st andar d model s of r i sk al l ocat i on i n a mar ket

economy. The mor e gener al i s t hat of Ar r ow and Debr eu, i n whi ch agent s

t r ade ` cont i ngent commodi t i es' . The al t er nat i ve i s t he model of i nsur ance

vi a r i sk- pool i ng i n l ar ge popul at i ons . Nei t her case addr esses t he i ssue of
mi t i gat i on vi a a r educt i on i n t he i nci dence of har mf ul event s .

I n t he Ar r ow- Debr eu mar ket t her e i s a set of exogenous ` st at es of

nat ur e' whose val ues ar e r andomand r epr esent t he sour ces of uncer -
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t ai nt y . Cl assi cal l y one t hi nks of event s such as ear t hquakes and met eor

st r i kes. Agent s i n t he economy ar e al l owed t o t r ade commodi t i es cont i n-

gent on t he val ues of t hese exogenous var i abl es . These ar e cal l ed

' st at e- cont i ngent commodi t i es' . Wi t h a compl et e set of mar ket s f or st at e-

cont i ngent commodi t i es, t he f i r st t heor emof wel f ar e economi cs hol ds f or

economi es under uncer t ai nt y : an ex- ant e Par et o ef f i ci ent al l ocat i on of

r esour ces can be at t ai ned by a compet i t i ve economy wi t h uncer t ai nt y

about exogenous var i abl es .

Ar r ow ( 1953) showed t hat ef f i ci ency can i n f act be at t ai ned by usi ng a

mi xt ur e of secur i t i es mar ket s and mar ket s f or noncont i ngent commodi -

t i es, so t hat a compl et e set of cont i ngent commodi t y mar ket s i s not

r equi r ed . Thi s obser vat i on pr ovi des a nat ur al and i mpor t ant r ol e f or

secur i t i es mar ket s i n t he al l ocat i on of r i sk- bear i ng . The secur i t i es used

ar e cont r act s t hat pay one uni t i f and onl y i f a par t i cul ar st at e occur s .

Whi l e t he cont i ngent cont r act appr oach i s i n pr i nci pl e al l - i ncl usi ve and

cover s most concei vabl e cases of uncer t ai nt y, i n pr act i cal t er ms t her e ar e

cases wher e i t can be i mpossi bl e t o i mpl ement . I t can be ver y demandi ng

i n t er ms of t he number of mar ket s r equi r ed . For exampl e, i f agent s f ace

i ndi vi dual r i sks ( t hat i s, r i sks whose i nci dence var i es f r omi ndi vi dual t o

i ndi vi dual ) , t hen i n a popul at i on of 100 si mi l ar agent s each of whom

f aces t wo possi bl e st at es, t he number of mar ket s r equi r ed woul d be 2100

( Chi chi l ni sky and Heal 1992a) . The number of mar ket s r equi r ed i s so

l ar ge as t o make t he cont i ngent cont r act appr oach unr eal i st i c .

The use of i nsur ance mar ket s f or pool i ng r i sks i s a l ess gener al but

mor e pr act i cal al t er nat i ve . Thi s r equi r es t hat popul at i ons be l ar ge and

t hat t he r i sks be smal l , si mi l ar and st at i st i cal l y i ndependent . The l aw of

l ar ge number s t hen oper at es and t he f r equency of occur r ence of an

i nsur ed event i n a l ar ge sampl e of agent s appr oxi mat es i t s f r equency i n

t he popul at i on as a whol e. Ther e i s t hus a r ol e f or i nsur ance compani es t o

act as i nt er medi ar i es and pool l ar ge number s of si mi l ar but st at i st i cal l y

i ndependent r i sks. I n so doi ng t hey ar e abl e vi a aggr egat i on and t he use

of t he l aw of l ar ge number s t o neut r al i ze t he r i sks f aced by many si mi l ar

agent s . The mai n r ef er ences on t hi s ar e Ar r ow and Li nd ( 1970) and

Mal i nvaud ( 1972, 1973) ; r ecent l y Cass et al . ( 1996) updat ed t hi s anal ysi s

t o i ncor por at e i ndi vi dual r i sks wi t h mut ual i nsur ance.

The i nsur ance appr oach i s at a di sadvant age when r i sks ar e cor r el at ed .

When l ar ge number s of i ndi vi dual s ar e l i kel y t o be af f ect ed at once, r i sk-

pool i ng wi l l not wor k . However , i t does have t he advant age r el at i ve t o t he

cont i ngent mar ket appr oach of economi zi ng dr amat i cal l y on t he number

of mar ket s needed . I n t he above exampl e, onl y t wo mut ual i nsur ance con-

t r act s and 2809 secur i t i es woul d be needed i nst ead of 2100 cont i ngent

cont r act s ( see Chi chi l ni sky and Heal 1992a, and Cass et al . 1996) .
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When r i sks ar e al l ocat ed by t r adi ng st at e- cont i ngent commodi t i es

secur i t i es, or by r i sk- pool i ng and i nsur ance, i t i s ver y i mpor t ant t hat

agent s know, or bel i eve t hat t hey know, t he r el at i ve f r equenci es of t he st at es

of nat ur e, at l east appr oxi mat el y . Thi s i s obvi ous when t r adi ng i nsur ance

cont r act s . The act uar i al cal cul at i ons needed t o set i nsur ance pr emi a can

onl y be per f or med i f t he par t i es bel i eve t hat t he r el at i ve f r equenci es of

t he i nsur ed event s ar e appr oxi mat el y known.

I n t he Ar r ow- Debr eu appr oach, i t suf f i ces t o t hi nk of agent s maxi mi z-

i ng expect ed ut i l i t y t o appr eci at e t he need f or t hemt o know, or at l east

behave as i f t hey know, t he r el at i ve f r equenci es of exogenous st at es . These

f r equenci es ar e t he wei ght s pl aced on t hei r ut i l i t i es f r omst at e- dependent

consumpt i on . The poi nt i s si mpl e : i f agent s cannot assi gn r el at i ve f r e-

quenci es t hen t hei r pr ef er ences ar e not wel l def i ned and t hey cannot act

t o maxi mi ze expect ed ut i l i t y.

I n t he cont ext of cl i mat e change t hi s may be t oo demandi ng. Agent s

do not know t he f r equenci es of di f f er ent st at es, and r ecogni ze t hat t hey

do not know t hem. They r ecogni ze t hat t her e ar e sever al di f f er ent opi n-

i ons about what t hese ar e, but f eel unabl e t o choose def i ni t i vel y bet ween

t hese al t er nat i ves . I f t hey wer e expect ed ut i l i t y maxi mi zer s, t hey woul d be

uncer t ai n about t hei r own pr ef er ences . I n such a case, i t i s nat ur al t o

t hi nk of t he f r equency di st r i but i on over cl i mat e changes as a st at e of t he

wor l d : a r i sk, i n t he Savage sense. We do not know what val ue t he f r e-

quency wi l l assume, and what ever val ue t hi s i s, i t af f ect s economi c

act i vi t y . As shown bel ow, i gnor ance t hen assumes t he r ol e of a col l ect i ve

r i sk, and can be t r eat ed by t he use of st at e- cont i ngent mar ket s. One

somet i mes t hi nks of uncer t ai nt y about pr obabi l i t i es bei ng r esol ved by

l ear ni ng . Thi s i s an avenue whi ch i s not open when sci ent i f i c knowl edge i s

i ncompl et e and exper i ment s ar e not possi bl e, f or exampl e, i n t he case of

gl obal war mi ng. I n t hi s case an al t er nat i ve appr oach i s t he openi ng of

newmar ket s ( see Chi chi l ni sky and Heal 1992a) .

I n sum: t he Ar r ow- Debr eu appr oach t o r i sk al l ocat i on vi a st at e-

cont i ngent mar ket s i s uni ver sal l y appl i cabl e. However , i t i s cumber some

and unr eal i st i cal l y compl ex when r i sks have i ndi vi dual component s .

I nsur ance mar ket s ar e mor e manageabl e, but l eave uncover ed col l ect i ve

r i sks such as t he r i sk i nduced by i gnor ance of t he t r ue f r equency di st r i bu-

t i on of har mf ul event s . I t woul d be nat ur al t o al l ow agent s t o t r ade

secur i t i es cont i ngent on such col l ect i ve r i sks, and cover t he i ndi vi dual

component s of r i sks by mut ual i nsur ance cont r act s . Thi s appr oach i s

devel oped bel ow. Al t hough new t o t he economi cs l i t er at ur e, i t i s ar gued

bel ow t hat some of t he ol dest r i sk- bear i ng i nst i t ut i ons r ecor ded, agr i cul -

t ur al cooper at i ves, have a si mi l ar st r uct ur e.
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4 SCI ENTI FI CUNCERTAI NTYAS COLLECTI VE RI SK

Consi der an economy i n whi ch agent s f ace r i sks whose r el at i ve f r equen-

ci es t hey cannot eval uat e . Such r i sks coul d der i ve f r om t he i mpact of

gl obal cl i mat e change on i ncome l evel s vi a f l oods, st or ms or dr ought s, or

f r om t he ef f ect s on heal t h of ozone depl et i on, aci d r ai n or ai r pol l ut i on .

Ther e ar e wi del y di f f er i ng opi ni ons about t hei r f r equency, on whi ch t her e

i s i nadequat e i nf or mat i on . What mar ket st r uct ur e woul d ensur e ef f i ci ent

r i sk al l ocat i on i n t hi s si t uat i on?

Chi chi l ni sky and Heal ( 1992a) , f or mal i ze t he si t uat i on i n a si mpl e

gener al equi l i br i ummodel . Each agent f aces t he r i sk of bei ng i n one of

sever al st at es ( f or exampl e, heal t hy or si ck, pr oduct i ve or unpr oduc-

t i ve) . No one knows what i s t he t r ue f r equency di st r i but i on of af f ect ed

agent s . Apr obabi l i t y i s assi gned t o each possi bl e f r equency . A t ypi cal

pr obabi l i t y di st r i but i on of t hi s t ype mi ght st at e, f or exampl e, t hat t her e

i s a 10 per cent chance t hat 90 per cent of t he popul at i on wi l l be

har med by gl obal war mi ng, a 25 per cent chance t hat 50 per cent of

t he popul at i on wi l l be har med, and so on . The pr obabi l i t y di st r i but i on

over al t er nat i ve f r equency di st r i but i ons may be di f f er ent f r omi ndi vi d-

ual t o i ndi vi dual .

I n t hi s f r amewor k, t her e ar e t wo l evel s of uncer t ai nt y. The f i r st l evel i s

col l ect i ve : what i s t he di st r i but i on of agent s who ar e har med i n t he econ-

omy? Wi l l 90 per cent be har med, or onl y 30 per cent ? Thi s i s a quest i on

about t he t r ue i nci dence of t he phenomenon over t he popul at i on as a

whol e. The second l evel of uncer t ai nt y i s i ndi vi dual : i t i s whet her a gi ven

agent wi l l be har med or not by cl i mat e change. I t r evol ves about ques-

t i ons such as : gi ven t hat 90 per cent of t he popul at i on wi l l be har med,

wi l l a par t i cul ar agent be har med or not ?

I n our exampl e of t he i mpact of t he depl et i on of t he ozone l ayer on

cancer or t he i mpact of cl i mat e change on agr i cul t ur al pr oduct i vi t y, t he

t wo l evel s of uncer t ai nt y ar e : f i r st , uncer t ai nt y about t he t r ue r el at i onshi p

bet ween ozone depl et i on and t he i nci dence of i ndi vi dual di sease i n t he

popul at i on as a whol e, or about t he t r ue r el at i onshi p bet ween cl i mat e

change and agr i cul t ur al pr oduct i vi t y ; and second, uncer t ai nt y about

whet her any gi ven per son or communi t y wi l l be af f ect ed .

Our i gnor ance of sci ent i f i c pr ocesses ( f or exampl e, t he r el at i on bet ween
ozone depl et i on and ski n cancer or bet ween C02 emi ssi ons and cl i mat e

change) causes t he col l ect i ve r i sk, by whi ch we mean t he uncer t ai nt y about

t he r el at i ve f r equency of har med agent s i n t he popul at i on . Uncer t ai nt y
about t hi s f r equency i s cent r al t o t he pr obl em. Even i f t hi s was r esol ved we

woul d st i l l not knowwho wi l l be damaged and who wi l l not , but we woul d

at l east know t he f r equency of t he r i sk . Once f r equenci es ar e known, act u-

ar i al cal cul at i ons can be conduct ed and t he pr obl emi s i nsur abl e.
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I pr opose an i nst i t ut i onal st r uct ur e whi ch uses t wo t ypes of f i nanci al

i nst r ument s t ai l or ed t o t hese t wo aspect s of t he pr obl em. These l ead t o

ef f i ci ent al l ocat i on i n t he f ace of such r i sks . I f ol l ow a f r amewor k

est abl i shed by Cass et al . ( 1996) and Chi chi l ni sky and Heal ( 1992a) .

One i nst r ument i s a mut ual i nsur ance cont r act t o deal wi t h t he r i sks f aced

by agent s or communi t i es cont i ngent on each possi bl e di st r i but i on of

har mf ul ef f ect s wor l dwi de . Amut ual i nsur ance cont r act i s an agr eement

bet ween par t i es subj ect t o si mi l ar r i sks by whi ch t hose who ar e har med wi l l

be compensat ed by t he ot her s . Exampl es ar e agr i cul t ur al cooper at i ves of

t he t ype r ecor ded i n Eur ope at l east si nce t he f i f t eent h cent ur y and t he

ni net eent h- cent ur y UKwor ker s' associ at i ons and f r i endl y soci et i es . These

i nvol ved agr eement s bet ween a gr oup of wor ker s t hat i f one wer e si ck and

unabl e t o wor k, he or she woul d be compensat ed by t he ot her s . I n t he pr e-

sent cont ext , one coul d t hi nk of gr oups of communi t i es subj ect t o t he

possi bl e i mpact of cl i mat e change, wi t h t hose unhar med compensat i ng t he

ot her s . Maki ng t he t er ms of such a mut ual i nsur ance cont r act cont i ngent

on t he di st r i but i on of har mf ul ef f ect s wor l dwi de means t hat t her e i s a di f -

f er ent compensat i on agr eement bet ween t he par t i es f or each possi bl e

aggr egat e di st r i but i on of har mf ul ef f ect s . To know what compensat i on i s

due i n any par t i cul ar case, t he par t i es have f i r st t o assess t he di st r i but i on of

har mf ul ef f ect s gl obal l y . On t he basi s of t hi s t hey deci de whi ch mut ual

i nsur ance cont r act t o appl y.

Havi ng deal t wi t h i ndi vi dual r i sks by mut ual i nsur ance, we st i l l f ace col -

l ect i ve r i sks. We need st at i st i cal secur i t i es t o deal wi t h t hese col l ect i ve r i sks

i nduced by uncer t ai nt y about t he over al l di st r i but i on of adver se ef f ect s . We

pr opose t o use a f r amewor k si mi l ar t o Ar r ow secur i t i es : t hese ar e def i ned

as secur i t i es t hat pay one dol l ar i f and onl y i f a par t i cul ar st at e of t he

wor l d occur s. I n our case we use st at i st i cal secur i t i es whi ch pay one dol l ar

i f and onl y i f t her e i s a par t i cul ar f r equency of af f ect ed par t i es i n t he popu-

l at i on . As al r eady not ed, t he i nci dence of i mpact s on t he popul at i on as a

whol e i s bei ng t r eat ed as a ` st at e of t he wor l d' i n t he Ar r ow- Debr eu sense.

We t r eat each possi bl e di st r i but i on of adver se af f ect s as a di st i nct col l ect i ve

st at e ( cal l ed a st at i st i cal st at e) , and use secur i t i es mar ket s t o enabl e par t i es

t o t r ansf er weal t h bet ween t hese st at es . One Ar r ow secur i t y i s needed f or

each possi bl e di st r i but i on of adver se ef f ect s wor l dwi de, because t o at t ai n

Par et o ef f i ci ency each separ at e st at e must be cover ed by a secur i t y .

The f ol l owi ng exampl e hel ps t o make t hi s f r amewor k concr et e . I t i s

i l l ust r at ed i n Fi gur e 7 . 1 . Consi der a wor l d of t wo count r i es 1 and 2, i n

whi ch t he cl i mat e may be i n one of t wo st at es a or R . Ther e ar e t wo possi -

bl e pr obabi l i t y di st r i but i ons over t hese t wo cl i mat e st at es . These

di st r i but i ons ar e cal l ed A and B, wi t h di st r i but i on A gi vi ng a pr obabi l i t y
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of 0 . 1 t o cl i mat e st at e a and a pr obabi l i t y of 0 . 9 t o cl i mat e st at e R.
Di st r i but i on B gi ves t he r ever se pr obabi l i t i es, t hat i s, i t gi ves pr obabi l i t y

0. 9 t o cl i mat e st at e a and pr obabi l i t y 0. 1 t o cl i mat e st at e P. The endow-

ment s of t he t wo count r i es depend on t he cl i mat e st at e, and ar e as

f ol l ows : wt ( a) i s count r y 1' s endowment vect or i f t he cl i mat e i s i n st at e a,

and cu e ( a) i s t he cor r espondi ng endowment f or count r y 2 . Si mi l ar l y,

endowment s i n cl i mat e st at e R ar e gi ven by wl ( P) and w2 ( R) , r espect i vel y .

Endowment s sat i sf y w1 ( a) > w2 ( a) and wi ( R) <w2 ( R) , so t hat count r y 1

i s r el at i vel y bet t er of f i n st at e a and count r y 2 i n st at e ( 3 .

Di st r i but i on A

	

Di st r i but i on B

Secur i t y SA	 Secur i t y SB

St at es : a,

a = 0 . 1,

	

= 0 . 9

2 bet t er of f i n P

St at es : a,

a = 0 . 9,

1 bet t er of f i n a

Tr ansf er s cont i ngent

	

Tr ansf er s cont i ngent

on di st r i but i on A

	

on di st r i but i on B

Fi gur e 7. 1 St at i st i cal secur i t i es pay dependent on t he di st r i but i on of st at es;

i nsur ance cont r act s make t r ansf er s gi ven a di st r i but i on of st at es

To r each an ef f i ci ent al l ocat i on of r i sks we need t wo st at i st i cal secur i -

t i es . One, SA, pays $1 i f and onl y i f t he pr obabi l i t y di st r i but i on over st at es

of t he cl i mat e i s A. The ot her , SB, pays $1 i f and onl y i f t he pr obabi l i t y

di st r i but i on over st at es of t he cl i mat e i s B. I n pr act i ce of cour se pr obabi l -

i t y di st r i but i ons ar e not obser vabl e, and we cannot condi t i on cont r act s

on unobser vabl e event s . So condi t i oni ng on pr obabi l i t y di st r i but i ons

means condi t i oni ng on f r equency di st r i but i ons consi st ent wi t h t hat pr ob-

abi l i t y di st r i but i on i n a sampl i ng sense.

Count r i es can spr ead t he r i sk ar i si ng f r omnot knowi ng whi ch i s t he

t r ue di st r i but i on over st at es of t he cl i mat e by t r adi ng t hese t wo secur i t i es .

I n addi t i on t hey make mut ual i nsur ance cont r act s condi t i onal on st at es

of t he cl i mat e . Such a cont r act coul d t ake t he f ol l owi ng f or m. I f t he di s-

t r i but i on over cl i mat e st at es i s A ( di st r i but i on A gi ves pr obabi l i t y 0. 1 t o

cl i mat e st at e a and pr obabi l i t y 0 . 9 t o cl i mat e st at e R) ; t hen count r y 1

makes a t r ansf er 0a t o count r y 2 i f t he st at e of t he cl i mat e i s a, and
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count r y 2 makes a t r ansf er AP2
t o count r y 1 i f t he cl i mat e st at e i s R. These

t r ansf er s sat i sf y 0. 10 a + 0. 9 a t 2
= 0 so t hat t he expect ed t r ansf er i s zer o

and t he mut ual i nsur ance cont r act i s act uar i al l y f ai r . Ther e woul d be a si m-

i l ar cont r act t o cover t he case when t he di st r i but i on over cl i mat e st at es i s B

To summar i ze t he ar gument : our i gnor ance of t he f r equency of t he

i mpact s of cl i mat e change const i t ut es a col l ect i ve r i sk . Thi s col l ect i ve r i sk

can be al l ocat ed t hr ough mar ket s f or st at i st i cal secur i t i es, whi ch pay of f

cont i ngent on t hat f r equency. For t he i ndi vi dual r i sks t hat r emai n, i t i s mor e

pr act i cal t o use cont i ngent i nsur ance cont r act s : t hi s i s done by havi ng a di f -

f er ent i ndi vi dual i nsur ance cont r act f or each possi bl e f r equency of i mpact s.

Ther e ar e t wo f eat ur es of t he r esul t s whi ch ar e of gener al i nt er est . One i s

t he devel opment of a f r amewor k f or achi evi ng ef f i ci ent al l ocat i ons i n t he

f ace of uncer t ai n r i sks. Gi ven r api d changes i n t echnol ogy wi t h pot ent i al l y

f ar - r eachi ng envi r onment al i mpact s and heal t h ef f ect s, t he pr obl emof pr o-

vi di ng i nsur ance agai nst such r i sks i s par t i cul ar l y i mpor t ant . I t i s a mat t er

of act i ve concer n i n t he i nsur ance i ndust r y . The second i nt er est i ng f eat ur e

i s t he way a combi nat i on of secur i t i es mar ket s and i nsur ance mar ket s can

be used t o pr ovi de a r el at i vel y si mpl e i nst i t ut i onal st r uct ur e f or deal i ng wi t h

unknowabl e r i sks . These ar e f i nanci al i nst r ument s cal l ed ` cat ast r ophe bun-

dl es' , i nt r oduced i n Chi chi l ni sky ( 1995, 1996e, 1996d) and Chi chi l ni sky and

Heal ( 1998) . Cur r ent t r ends i n t he secur i t i zat i on of cer t ai n r i sks ar e consi s-

t ent wi t h t hi s anal ysi s .

4. 1 An I nst i t ut i onal Fr amewor k f or Hedgi ng Sci ent i f i c Uncer t ai nt y

Our anal ysi s suggest s t hat al t hough t he r i sks associ at ed wi t h gl obal cl i -

mat e change ar e ver y di f f i cul t t o eval uat e, t her e i s never t hel ess a mar ket

f r amewor k wi t hi n whi ch i nsur ance agai nst sci ent i f i c uncer t ai nt y can be

pr ovi ded . I t i nvol ves, f i r st , i dent i f yi ng t he set of possi bl e descr i pt i ons of

t he col l ect i ve r i sks . Nat ur al descr i pt i ons of r i sk ar e f r equenci es of occur -

r ence of cl i mat e- r el at ed event s such as f l oods, t r opi cal st or ms or cer t ai n

t emper at ur e pat t er ns .

Second, t hi s f r amewor k i nvol ves i nt r oduci ng st at i st i cal secur i t i es

whose payof f s depend on whi ch descr i pt i on of t he r i sk i s cor r ect . Thi s

amount s t o al l owi ng agent s t o bet on whi ch model of t he r i sk i s cor r ect .

Bet t i ng on whi ch of sever al al t er nat i ve descr i pt i ons of t he way t he wor l d

wor ks i s cor r ect i s i n ef f ect what one does when choosi ng one r esear ch

st r at egy over anot her . Cor por at i ons, i ndi vi dual s and gover nment s al l do

t hi s r egul ar l y but not ef f i ci ent l y. For exampl e, a mar ket f or t he secur i t i es

of hi gh- t echnol ogy f i r ms pur sui ng di f f er ent r esear ch st r at egi es t owar ds

t he same goal i s a f i nanci al mar ket i n whi ch t hese bet s ar e made.

Fi nal l y, our appr oach i nvol ves est abl i shi ng compensat i on agr eement s

bet ween har med and unhar med r egi ons t hat depend on whi ch descr i pt i on
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of t he r i sk t ur ns out t o be cor r ect . Mut ual i nsur ance cont r act s or mut ual

compensat i on agr eement s ar e al r eady par t of our i nst i t ut i onal f r amewor k .

They dat e back t o t he ni net eent h cent ur y and beyond, and wer e t he f oun-

dat i ons of many cur r ent i nsur ance compani es and t r ade uni ons . Consi der ,

f or exampl e, agr i cul t ur al cooper at i ves, pr obabl y t he ol dest r i sk- al l ocat i on

i nst i t ut i ons i n t he wor l d . One of t he l ar gest banks i n I t al y, t he Mont e dei

Paschi dei Si ena, was f ounded t o pl ay t hi s r ol e i n 1473 . They have i nsur ed

agai nst weat her r i sks si nce t hen, ? and have pr ovi ded mut ual i nsur ance

cont r act s f or t hei r member s, i n t hat t hey have ar r anged t r ansf er s f r om t he

l ess t o t he mor e f or t unat e i n any gi ven season, t he si ze of t he t r ansf er

dependi ng on t he over al l l evel of pr osper i t y. They have al so pr ovi ded an

el ement ar y f or mof i nsur ance agai nst t he over al l f r equency of poor cr op

yi el ds i n t hei r communi t y by bui l di ng up r eser ves t o car r y over f r om good

t o bad year s . So t hey have act ual l y f ul f i l l ed bot h of t he i nsur ance f unc-

t i ons out l i ned above - maki ng t r ansf er s bet ween agent s cont i ngent on t he

over al l i nci dence of negat i ve event s, and al l owi ng a mechani smf or t r ans-

f er r i ng weal t h bet ween st at es i n t he sense of hi gh or l ow over al l i nci dences

of negat i ve event s i n t he popul at i on .

4. 2 Tr adi ng Ri sks

An i nt er est i ng aspect of t he mar ket s j ust descr i bed i s t hat t hey can pr o-

vi de a nat ur al mechani sm f or r econci l i ng di f f er ences i n assessment s, and

f or t est i ng t he convi ct i on behi nd publ i cl y st at ed posi t i ons.

For many year s t he US expr essed di sbel i ef about t he l i kel i hood of cl i -

mat e change . The Eur opean Uni on expr essed t he opposi t e bel i ef . Then

t hr ough a mar ket f or secur i t i es whose payof f s depend on whi ch descr i p-

t i on of cl i mat e change i s cor r ect , t he US woul d nat ur al l y sel l i nsur ance t o

t he EU. The US woul d wi sh t o be a sel l er of secur i t i es whi ch pay i f cl i mat e

change i s ser i ous, because of i t s bel i ef t hat t hi s event wi l l not occur , and a

buyer of secur i t i es t hat pay i f i t i s not , because of i t s bel i ef t hat t hi s wi l l be

t he out come . The EUwoul d be on t he opposi t e si des of t hese mar ket s .

I nt er nat i onal mar ket s f or t he r i sks of cl i mat e change woul d al so pr o-

vi de an obj ect i ve t est of t he ser i ousness wi t h whi ch count r i es adher e t o

t hei r publ i cl y pr of essed posi t i ons on t he r i sk of cl i mat e change. I t i s pos-

si bl e t hat a count r y mi ght publ i cl y pr of ess t o a l ack of concer n about t he

r i sks of cl i mat e change, i n spi t e of act ual l y bei ng concer ned about t hese

r i sks, i n or der t o ` f r ee r i de' on C02 abat ement pol i ci es i nt r oduced by

ot her s. These i ssues ar e di scussed i n Chi chi l ni sky and Heal ( 1992b) and

t he r ef er ences ci t ed t her e . The exi st ence of mar ket s f or t he r i sks of cl i -

mat e change woul d pl ace such a count r y i n a di l emma. The count r y' s t r ue

bel i ef s woul d i ncl i ne i t t o sel l secur i t i es payi ng of f ' i n t he event of cl i mat e
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change not bei ng ser i ous, and buy t hose payi ng of f i f i t i s ser i ous .

Consi st ency wi t h i t s publ i c posi t i ons woul d r equi r e t hat i t be on exact l y

t he opposi t e si des of t hese mar ket s. Ther e woul d t her ef or e be a cash cost

t o convi nci ng and consi st ent mi sr epr esent at i on of t r ue bel i ef s. These cash

cost s coul d of f set some of t he i ncent i ve t o f r ee r i de on ot her count r i es'

ef f or t s t o r educe gr eenhouse emi ssi ons ( Chi chi l ni sky and Heal 1992b) .

Not e t hat t r adi ng r i sks i s di f f er ent f r om t he t r adi ng of emi ssi on

per mi t s . The r ecogni t i on of uncer t ai nt y suggest s t he need t o t r ade st at e-

cont i ngent emi ssi on per mi t s, wher e t he st at e i s def i ned i n t er ms of t he

f r equency of cl i mat e- change- r el at ed event s . Such cont i ngent emi ssi on

per mi t s coul d pl ay t he r ol e of secur i t i es whose payof f s depend on sci en-

t i f i c uncer t ai nt y.

I n t he cont ext of emi ssi on per mi t s, i t i s wor t h not i ng t hat cl i mat e i s a

publ i c good . However , i t does not f i t f ul l y t he convent i onal par adi gm

because emi ssi on abat ement , whi ch i s t he pr oduct i on of t he publ i c good

` unchanged cl i mat e' , i s conduct ed i ndependent l y i n t he var i ous count r i es

of t he wor l d . I t i s not pr oduced i n a cent r al pr oduct i on f aci l i t y, as

assumed i n t he usual t r eat ment s of publ i c goods. A consequence i s t hat

economi c ef f i ci ency wi l l onl y i mpl y equal i zat i on of t he mar gi nal cost s of

emi ssi on abat ement acr oss count r i es i f l ump- sumt r ansf er s bet ween coun-

t r i es ar e made t o equal i ze t he mar gi nal ut i l i t y of i ncome i n al l count r i es.

Equal i zat i on of t he mar gi nal cost s of emi ssi on abat ement acr oss coun-

t r i es i s of t en t aken as j ust i f i cat i on of t he super i or i t y of t r adabl e per mi t s

as a met hod f or cont r ol l i ng emi ssi ons . Thi s poi nt i s devel oped i n

Chi chi l ni sky ( 1994b) and Chi chi l ni sky and Heal ( 1994) . Mor e gener al l y, a

key i ssue i s t hat an ef f i ci ent al l ocat i on of a publ i c good such as

unchanged cl i mat e i s achi eved t hr ough a Li ndahl equi l i br i um and not a

compet i t i ve equi l i br i um. I n gener al , compet i t i ve mar ket s f or t r adabl e

emi ssi on per mi t s may not decent r al i ze Par et o- ef f i ci ent al l ocat i ons of

abat ement ( Chi chi l ni sky, Heal and St ar r et t , 1993) .

5 OPTI MAL ALLOCATI ON WI TH ENDOGENOUSRI SKS

What i s i t wor t h spendi ng t o r educe t he pr obabi l i t y of har mf ul cl i mat e

change? Onl y i f we can answer t hi s quest i on can we j udge pr oper l y pr o-

posal s f or car bon t axes, al t er nat i ve ener gy st r at egi es, and C02r educt i on

pr ot ocol s . Car ef ul j udgement i s cr uci al , as al l of t hese i nvol ve ver y con-

si der abl e cost s, as i ndi cat ed by Cl i ne ( 1992) and ot her s . Her e I summar i ze

t wo appr oaches t o t hi s pr obl em, a mar ket appr oach based on

Chi chi l ni sky ( 1996e) and a gr owi ng economy appr oach based on Heal

( 1984, 1990) .
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5. 1

	

Mar ket s wi t h Endogenous Uncer t ai nt y : Theor y and Pol i cy

The f ol l owi ng ext ends Ar r ow- Debr eu mar ket s t o encompass r i sks

i nduced by t he f unct i oni ng of t he economy i t sel f . Exampl es ar e t he

r i sks of at mospher i c and cl i mat e change i nduced by CFCand CO2

emi ssi ons. Economi c act i ons - t he consumpt i on and pr oduct i on of

goods and ser vi ces - i nduce uncer t ai nt y, because t hey ar e connect ed

wi t h car bon emi ssi ons t hat coul d al t er t he at mospher e and pot ent i al l y

change t he cl i mat e.

Tr ader s maxi mi ze expect ed ut i l i t y. Thei r expect ed ut i l i t y, however ,

changes wi t h t he aggr egat e l evel of out put of t he economy, because

expect ed ut i l i t y depends on t he pr obabi l i t y of t he di f f er ent event s, and

t hese change wi t h t he act i vi t y of t he economy.

I n t hi s sect i on, endogenous uncer t ai nt y i s cl assi f i ed i nt o t wo t ypes : sci -

ent i f i c uncer t ai nt y, whi ch i s uncer t ai nt y about t he i mpact of pr oduct i on

on cl i mat e st at es and t hei r pr obabi l i t i es, and st r i ct endogenous uncer t ai nt y

whi ch i s about equi l i br i uml evel s of out put s . Bel ow, I f or mal i ze a com-

pet i t i ve equi l i br i um wi t h endogenous uncer t ai nt y, show t hat t he mar ket s

wi t h endogenous uncer t ai nt y ar e t ypi cal l y i ncompl et e, and t hat t he equi -

l i br i um al l ocat i ons ar e onl y ef f i ci ent i n a r est r i ct ed sense . Sci ent i f i c

uncer t ai nt y can be f ul l y hedged by f i nanci al i nnovat i on, f or exampl e,

CAT Fut ur es, whi ch ar e newf i nanci al i nst r ument s r ecent l y i nt r oduced on

t he Chi cago Boar d of Tr ade . However , uncer t ai nt y i nduced by t he

unknown l evel of out put at an equi l i br i um, whi ch i s st r i ct endogenous

uncer t ai nt y, cannot be hedged f ul l y . I t l eads t o i ncompl et e mar ket s wher e

t he equi l i br i a ar e not Par et o ef f i ci ent :

Def i ni t i ons

Amar ket economy Ehas Ha 2 t r ader s, and J z 1 f i r ms whi ch pr oduce

Na 1 commodi t i es over T per i ods of t i me. Ther e ar e S st at es of exoge-

nous uncer t ai nt y. To si mpl i f y t he exposi t i on, and t o i sol at e t he essent i al
f eat ur es of endogenous uncer t ai nt y, t he f or mul at i on of t he mar ket E i s

i dent i cal t o t he cl assi c Ar r ow- Debr eu f or mul at i on i n ever y possi bl e way

except i n t he t r eat ment of uncer t ai nt y . Al l t r ader s i n E ar e compet i t i ve,

and t her e i s symmet r i c i nf or mat i on . $

Ther e i s a compl et e set of asset s t o hedge exogenous uncer t ai nt y. Each
asset pays i n t er ms of a numer ai r e good n, and t he span of t he economy' s

asset mat r i x i s S. Each t r ader h has an i ni t i al endowment of goods and
asset s, S2 h ERMwher e M= Nx S, an i ni t i al endowment 6h = ( 6 h . . . 8 h)
of shar es i n J f i r ms. The economy has a compl et e set of mar ket s f or

exogenous uncer t ai nt y and i s equi val ent t o a st andar d Ar r ow- Debr eu

economy wi t h commodi t y space RMand no uncer t ai nt y; t o si mpl i f y
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mat t er s and wi t hout l oss of gener al i t y I consi der such an economy f r om

now on . 9 The economy' s t echnol ogy i s descr i bed wi t hi n ever y st at e s = 1

. . . Sby a gi ven pr oduct i on possi bi l i t y set YS CR, and

Y= I S = i YCRM.

	

( 7 . 1)

Each pr i ce vect or p i s i n OM= [ ( pl . . . pM) ERM: pi a 0 and 2pi = 1] .

Endogenous uncer t ai nt y

The economy E di scussed unt i l now i s i dent i cal t o an Ar r ow- Debr eu

mar ket wi t h pr oduct i on and wi t h exogenous uncer t ai nt y about act s of

nat ur e . Thi s subsect i on i nt r oduces a new aspect : endogenous uncer -

t ai nt y, whi ch goes beyond t he Ar r ow- Debr eu st r uct ur e and yi el ds

di f f er ent pr oper t i es.

To mot i vat e t he t r eat ment of endogenous uncer t ai nt y i n E, consi der a

ver si on of t he envi r onment al pr obl em di scussed above : each vect or of
aggr egat e out put of goods i n t he wor l d economy i nduces a l evel of emi s-

si ons of C02 or of CFCs . Cor r espondi ng t o each l evel of emi ssi ons new

st at es of nat ur e may devel op, f or exampl e a st at e wher e t he ozone l ayer i s

50 per cent damaged, or wher e t her e i s a di sr upt i on of t he pl anet ' s cl i -

mat e pat t er n known as gl obal cl i mat e change. To f or mal i ze t hi s, t he

endogenous uncer t ai nt y i n t he economy Ei s descr i bed as f ol l ows : each

vect or of aggr egat e pr oduct i on i nduces a set of st at es of f i ni t e

car di nal i t y, l ° { 1 . . . D) , whi ch i ncl udes al l t he st at es of exogenous uncer -

t ai nt y Sand possi bl y mor e, I I descr i bi ng t he r i sks whi ch t r ader s f ace.

I n mar ket s wi t h exogenous uncer t ai nt y t her e exi st s ei t her a f i xed pr ob-

abi l i t y di st r i but i on over t he set S r epr esent i ng t he r el at i ve f r equenci es of

t he event s i n S, or al t er nat i vel y di f f er ent subj ect i ve di st r i but i ons f or di f -
f er ent t r ader s, each of whi ch i s al so f i xed . Her e, i nst ead, t he pr obabi l i t i es

over t he st at es i n D ar e var i abl e : t hey var y i n pr i nci pl e over al l possi bl e
pr obabi l i t i es over t he set D, whi ch i s an i nf i ni t e domai n, and do so
accor di ng t o t he aggr egat e vect or of out put i n t he economy.

Def i ni t i on 1 For each aggr egat e pr oduct i on vect or y ERMt her e exi st s
a f i ni t e set of st at es e ( y) of car di nal i t y not exceedi ng D> S, e ( y) C { 1

. . . D} , and a pr obabi l i t y densi t y over t hese st at es, n( y) = { nJE- e( y , such

t hat Vi x~ > 0, and El e( i ) n ; ( y) = 1 . The set of st at es e ( y) and t he ensi t y

f unct i on n( y) descr i be t he endogenous uncer t ai nt y of t he economy Eat

t he aggr egat e pr oduct i on vect or y ERM.

Assumpt i on 1 Ther e exi st s a C2 f unct i on T assi gni ng t o each vect or
y E Y of aggr egat e out put i n t he economy a vect or T( y) i n t he uni t
si mpl ex OD, t he posi t i ve component s of whi ch r epr esent possi bl e st at es
of uncer t ai nt y and t hei r r espect i ve pr obabi l i t i es :
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T= ( T1, . . . , TD)
: RM-

AD

AD= [ ( n, . . . xD) : n, z 0 and
j D=

l nl =1]

and i f 11y' l l > I l yl l t hen

mi nl ( nl ) > mi nj ( n' ) , wher e

n ( Y) = { n l } and

n ( Y, ) = { n' j .

Mar ket equi l i br i um wi t h endogenous uncer t ai nt y

Howdo r at i onal t r ader s behave when f aci ng endogenous uncer t ai nt y?

Thi s depends on t he st r uct ur e of i nf or mat i on of t he economy. Assume

t he si mpl est possi bl e st r uct ur e i n or der t o i sol at e t he essent i al f eat ur es of

t he pr obl em.

The st r uct ur e of i nf or mat i on What do t r ader s know about endogenous

uncer t ai nt y? I n our model t hey know t hat i t exi st s and no mor e . We ar e

concer ned wi t h mar ket equi l i br i a, not wi t h t he pr ocess by whi ch t he

economy ar r i ves at one . The di scover y pr ocess l eadi ng t o an equi l i br i um

wi t h endogenous uncer t ai nt y par al l el s t he t r eat ment of pr i ce di scover y i n

Ar r ow- Debr eu t heor y. 13 Ther e i s no assumpt i on about per f ect f or esi ght ,

nor any ot her f or mof expect at i ons. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

" Assumpt i on 2 Each compet i t i ve t r ader consi der s t he wor l d' s endogenous

uncer t ai nt y st at es e( y) and t hei r pr obabi l i t i es W( y) as i ndependent of

her or hi s i ndi vi dual act i ons .

Thi s i s a r eal i st i c assumpt i on i n economi es wher e uncer t ai nt y has some

of t he char act er i st i cs of a ` publ i c good' : t he i nt ui t i on i s t hat t r ader s ar e

' smal l ' so t hat whi l e t he aggr egat e out put of t he economy does af f ect

endogenous uncer t ai nt y, each t r ader t akes t he wor l d' s endogenous uncer -

t ai nt y as a par amet er . Thi s i s si mi l ar t o t he si t uat i on wi t h r espect t o pr i ces

i n t he st andar d compet i t i ve mar ket s : each t r ader t akes pr i ces as gi ven even

t hough ever yone' s act i ons det er mi ne t he pr i ces at an equi l i br i um.

The t r ader ' s choi ce under endogenous uncer t ai nt y Havi ng est abl i shed

t he st r uct ur e of i nf or mat i on, t he t r ader ' s pr obl em of choi ce under

uncer t ai nt y i s st r ai ght f or war d . Under t he st andar d von Neumann-

Mor genst er n axi oms f or choi ce under uncer t ai nt y :

" Assumpt i on 3 For any gi ven pr i ce vect or p E 0 Mand any gi ven set of

st at es of endogenous uncer t ai nt y 14 e C { 1 . . . D} wi t h pr obabi l i t i es

JnJi eDl t r ader chooses a consumpt i on vect or D, ( p) = ( dl . . . dD) E
RMxDwhi ch maxi mi zes t he expect ed ut i l i t y of consumpt i on



wher e t he maxi mi zat i on i s r est r i ct ed t o t he set of consumpt i on vect or s zi

( p) whi ch have a val ue equal t o t hat of t he t r ader ' s endowment s pl us t he

t r ader ' s shar e of pr of i t s :

D

	

D

< P, z, O) > _

	

< PQh > + 8h( P) '
i =t

	

i =t

( 7 . 4)

Si nce t he t r ader s t r eat t he pr obabi l i t i es ni as gi ven, f or each t r ader h t he

maxi mi zat i on pr obl em( 7 . 3) - ( 7 . 4) has a uni que sol ut i on as a f unct i on of

t he pr i ce vect or p when uh i s st r i ct l y concave .

Def i ni t i on 2 An economy Ewi t h endogenous uncer t ai nt y has Ht r ader s,

J pr of i t - maxi mi zi ng f i r ms whi ch pr oduce Mgoods, a pr oduct i on t ech-

nol ogy Yas descr i bed above, and a st r uct ur e of uncer t ai nt y descr i bed by

a f unct i on T : Rm- OD, wher e f or ever y y E Y t he set of st at es of

endogenous uncer t ai nt y T ( y) - Si s not a si ngl et on, 15 wi t h pr ef er ences as

descr i bed i n ( 7 . 3) above, and sat i sf yi ng Assumpt i ons 1- 3 . Ot her t echni cal

assumpt i ons ar e i n Chi chi l ni sky ( 1996e : 105- 9) .

Exi st ence of a compet i t i ve equi l i br i umwi t h endogenous uncer t ai nt y

The f ol l owi ng def i ni t i on of a compet i t i ve equi l i br i um wi t h endogenous

uncer t ai nt y f or mal i zes t he not i on t hat t he st at es of endogenous uncer t ai nt y

and t hei r pr obabi l i t i es ar e det er mi ned as par t of t he equi l i br i umconcept :

Def i ni t i on 3 A compet i t i ve equi l i br i um wi t h endogenous uncer t ai nt y i s : a

pr i ce vect or p* EOM, an aggr egat e pr oduct i on l evel of t he economy y*
E Y, a set of st at es of endogenous uncer t ai nt y e * , e * C { 1 . . . D} , each

st at e wi t h a cor r espondi ng pr obabi l i t y x! > 0, i E e* , I i ee* n~
=1, and

f or each t r ader h a consumpt i on vect or dh( P*) ERMXD, Vi Ee* d' ( P*)

ERm. such t hat :

1 . For each t r ader h t he consumpt i on vect or dh ( p* ) i s opt i mal f or pr ob-

l em ( 7 . 3) wi t h const r ai nt ( 7 . 4) , f or t he set of endogenous st at es e*

wi t h associ at ed pr obabi l i t i es n! , , i Ee* .

2 . The aggr egat e pr oduct i on vect or y* i s pr of i t maxi mi ng wi t hi n Yat

t he equi l i br i umpr i ces p* : y* = y ( p* ) .

3 . Al l mar ket s cl ear at each st at e i of endogenous uncer t ai nt y :

H

Vi Ee * , l dh ( p * , n) - S2 h = yi ( p* ) ,

h=1
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D DI r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� ( 7 . 3)

ni uh ( dh ( p, n) ) = MAX

t
ni uh ( zi ( p) )

i =t i =t
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and t he st at es of endogenous uncer t ai nt y wi t h pr obabi l i t i es { n I } i ce*

ar e pr eci sel y t hose st at es and t hose pr obabi l i t i es whi ch ar e i nduced by

t he aggr egat e pr oduct i on of t he economy at t he equi l i br i um: { n i } i Ee'
- _ T( P

.
) .

The exi st ence of a mar ket equi l i br i um wi t h endogenous uncer -

t ai nt y has been est abl i shed under gener al condi t i ons and gener i cal l y

on t echnol ogi es :

Theor em 4 Ther e exi st s a compet i t i ve equi l i br i um f or a mar ket wi t h

endogenous uncer t ai nt y gener i cal l y on t echnol ogi es .

Pr oof See Chi chi l ni sky ( 1996e, p. 123) .

Ri sk al l ocat i on wi t h endogenous uncer t ai nt y

I n mar ket s wi t h endogenous uncer t ai nt y t he concept of Par et o ef f i ci ency

can be ambi guous . Thi s i s because t he t r ader s' von Neumann-

Mor genst er n pr ef er ences ar e def i ned wi t h r ef er ence t o t he pr obabi l i t i es of

t he event s and t hese change wi t h t he over al l l evel of economi c act i vi t y .

Wi t hi n Ar r ow- Debr eu mar ket s t hese ar e ei t her subj ect i ve or obj ect i ve

pr obabi l i t i es, but i n any case f i xed. Her e mat t er s ar e qui t e di f f er ent . The

pr obabi l i t i es ar e nowendogenousl y def i ned as par t of an equi l i br i um.

Ther ef or e t he t r ader s' pr ef er ences t hemsel ves var y wi t h t he equi l i br i um,

and Par et o ef f i ci ency of an al l ocat i on becomes a sel f - r ef er ent i al concept ,

i n t he sense t hat t he al l ocat i on i t sel f hel ps det er mi ne whet her i t i s mor e or

l ess val uabl e t han ot her al l ocat i ons.

I t i s, however , possi bl e t o def i ne a r est r i ct ed concept of ef f i ci ency i n

mar ket s wi t h endogenous uncer t ai nt y :

Def i ni t i on S An al l ocat i on of t he economy E i s a vect or x E RMXH;

wher e x = ( xh) h=i . . . H, xh ERM" D,
i t i s cal l ed f easi bl e i f

	

h = t ( xh - Q
h)

E Y, t hat i s, when t he sum of what i s al l ocat ed i n excess of t he econ-

omy' s endowment s can be pr oduced .

Def i ni t i on 6 A f easi bl e al l ocat i on x =
( xh) h=1 . . . H

ERMXD i n E i s cal l ed

exogenousl y Par et o ef f i ci ent when i t i s Par et o ef f i ci ent r el at i ve t o al l o-

cat i ons accor di ng t o t he same pr ef er ences pr evai l i ng at x. That i s, when

t her e exi st s no ot her f easi bl e al l ocat i on y = v"~ ,
' h) h=1 . . . HE RMXD i n E

such t hat f or al l h,

wi t h st r i ct i nequal i t y f or some h .

e( y)

	

e( y)

nl ( X) uh( yh) z
1: nl ( X) uh( Xh)

i =1

	

i =1



The economi cs of gl obal envi r onment al r i sks

	

253

Theor em 7 Acompet i t i ve equi l i br i um of a mar ket wi t h endogenous

uncer t ai nt y i s exogenousl y Par et o ef f i ci ent .

Pr oof Thi s f ol l ows i mmedi at el y f r omt he f i r st wel f ar e t heor em.

Fi nanci al i nnovat i on and endogenous uncer t ai nt y

I n t he pr evi ous sect i ons we saw t hat mar ket s wi t h endogenous uncer t ai nt y

have compet i t i ve equi l i br i a gener al l y, and t hese def i ne exogenousl y Par et o-

ef f i ci ent al l ocat i ons. However , mar ket s wi t h endogenous uncer t ai nt y have

gener al l y Par et o- i nef f i ci ent equi l i br i a . One r eason i s t hat mar ket s wi t h

endogenous uncer t ai nt y have no f i nanci al asset s t o hedge endogenous

uncer t ai nt y . Tr ader s know t hat at t he equi l i br i a di f f er ent st at es and pr oba-

bi l i t i es exi st , and act appr opr i at el y, but t hey have no means t o t r ansf er

weal t h acr oss st at es of endogenous uncer t ai nt y :

Pr oposi t i on 8 The mar ket wi t h endogenous uncer t ai nt y E i s i ncom-

pl et e, i n t he sense t hat i t has no asset s t o hedge endogenous

uncer t ai nt y, t hat i s, no asset s whi ch pay cont i ngent on t he r eal i zat i ons

of endogenousl y i nduced r i sks .

Fi nanci al i nnovat i on

I t seems nat ur al t o i nt r oduce new asset s whi ch pay cont i ngent on t he r eal -

i zat i on of endogenous uncer t ai nt y . The i nt r oduct i on of new asset s i s

cal l ed f f i nanci al i nnovat i on .

I n st andar d mar ket s wi t h exogenous uncer t ai nt y and i ncompl et e asset

st r uct ur es ( Chi chi l ni sky and Heal 1996) i t i s al ways possi bl e t o compl et e

t he mar ket by i nt r oduci ng new asset s . Thr ough t he i nt r oduct i on of Ar r ow

secur i t i es whi ch al l ow t he t r ansf er of weal t h acr oss st at es bet ween whi ch

t hi s was not possi bl e bef or e, mar ket s can be compl et ed . When al l possi bl e

such asset s have been i nt r oduced, one says t hat t he mar ket s have been com-

pl et ed . By def i ni t i on, a compl et ed mar ket economy has t he st r uct ur e of an

Ar r ow- Debr eu ( compl et e) mar ket :

Def i ni t i on 9 A st andar d mar ket economy wi t h exogenous uncer t ai nt y

whi ch has S st at es of nat ur e and wher e i t i s not possi bl e t o shi f t i ncome

acr oss S- T of i t s st at es ( t he span of i t s asset mat r i x i s T < S) i s cal l ed

i ncompl et e . The act of i nt r oduci ng S- T Ar r ow secur i t i es each of whi ch

pays a uni t of a numer ai r e i n each of t he S- Tst at es and zer o i n al l ot her s

i s cal l ed compl et i ng t he mar ket . A compl et ed mar ket i s by def i ni t i on one

whi ch i s i dent i cal t o a st andar d Ar r ow- Debr eu model . I n par t i cul ar , a com-

pet i t i ve equi l i br i umof such a compl et ed mar ket i s al ways Par et o ef f i ci ent .
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I n par al l el wi t h t he r esul t s j ust quot ed on i ncompl et e mar ket s wi t h

exogenous uncer t ai nt y, I expl or e t he possi bi l i t y of compl et i ng t he mar -

ket s f or endogenous uncer t ai nt y. Each endogenous r i sk i s r epr esent ed by

an ( endogenousl y det er mi ned) pr obabi l i t y f unct i on n over event s i n t he

set D; t her ef or e one shoul d i deal l y ai mat i nt r oduci ng f i nanci al i nst r u-

ment s whi ch pay cont i ngent on such di st r i but i ons. The asset s we have i n

mi nd mi mi c Ar r ow secur i t i es, but t hei r payof f s ar e cont i ngent on pr oba-

bi l i t i es : t hey pay a uni t of t he numer ai r e i f one pr obabi l i t y ar i ses and zer o

ot her wi se . Si nce we have assumed t hat t her e i s no pr obl em of i nf or ma-

t i on, i t shoul d be possi bl e t o i nt r oduce and t r ade such i nst r ument s . The

mat t er may appear at f i r st si ght t o be somewhat t heor et i cal ; f or t hi s

r eason i t i s desi r abl e t o di scuss a pr act i cal exampl e wher e si mi l ar i nst r u-

ment s wer e i nt r oduced and ar e cur r ent l y t r aded.

CAT Fut ur es and cat ast r ophe bundl es

Asset s whi ch pay cont i ngent on t he obser ved f r equenci es of occur r ence

of nat ur al event s, wer e f i r st i nt r oduced and anal ysed i n Chi chi l ni sky and

Heal ( 1992a, 1992b and 1998) . Asset s whi ch pay cont i ngent on t he r eal -

i zat i on of f r equenci es of nat ur al r i sks have been r ecent l y i nt r oduced i n

t he Chi cago Boar d of Tr ade, cal l ed CAT ( Cat ast r ophe) Fut ur es . These
i nst r ument s' payof f s depend i nt er al i a on t he i nci dence of t r opi cal st or ms
i n t he Uni t ed St at es, as measur ed, f or exampl e, by t he I nsur ance Ser vi ce

Or gani zat i on i ndex . The cat ast r ophes cont empl at ed i n CAT f ut ur es

i ncl ude ear t hquakes on t he West coast , t or nadoes on t he East coast and
f l oods i n t he Mi dwest . The f r equenci es of t hese event s ar e unknown, and
t her ef or e t hese f r equenci es ar e t r eat ed as r i sks.

Chi chi l ni sky and Heal ( 1992a) and Chi chi l ni sky ( 1997b) showed under

gener al condi t i ons t hat such i nst r ument s i mpr ove wel f ar e i n mar ket s wi t h
unknown r i sks, t hat i s, wher e t he pr obabi l i t i es or f r equenci es of t he
event s ar e unknown . Fur t her mor e, Chi chi l ni sky ( 1995, 1996h, 1997a,

1998) showed t hat a speci f i c combi nat i on of mut ual i nsur ance and secur i -

t i es cal l ed ` cat ast r ophe bundl es' i s t he most si mpl e and ef f i ci ent
i nst r ument t o hedge such r i sks.

Fl oods, ear t hquakes and t or nadoes ar e al l exogenous physi cal event s;

t hey ar e not r i sks i nduced by economi c act i ons. Our mar ket s, i nst ead,

f ace endogenous r i sks . Thi s di f f er ence i s an i mpor t ant one, as t he f ol l ow-

i ng r esul t shows :

Theor em 10 I t i s not possi bl e t o compl et e a mar ket f or endogenous

uncer t ai nt y .

Pr oof Thi s t heor emwas est abl i shed f or mal l y i n Chi chi l ni sky ( 1996e) ;

an i nt ui t i ve expl anat i on f ol l ows . Consi der an economy wi t h endoge-
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nous uncer t ai nt y. Assume t hat al l possi bl e cont r act s cont i ngent on al l

pr obabi l i t i es { ni } i ED
over t he set s of st at es { 1 . . . D) have been i nt r o-

duced. Equi val ent l y, t r ader s now can t r ade cont i ngent on t he

r eal i zat i on of each possi bl e pr obabi l i t y di st r i but i on { n i I ED . The

assumpt i on t hat t he mar ket has been compl et ed l eads t o a cont r adi c-

t i on . I f t he mar ket wer e nowcompl et e, t hen by def i ni t i on i t coul d r each

an al l ocat i on cor r espondi ng t o t hat of an Ar r ow- Debr eu economy wi t h

compl et e asset mar ket s . Thi s i mpl i es t hat t he t r ader s must be f ul l y

ensur ed acr oss st at es of endogenous uncer t ai nt y, namel y t hat at such an

equi l i br i um al l ocat i on x* , f or each t r ader h, xh* =
xi h*

at any t wo st at es i

; d j ( Chi chi l ni sky and Heal 1994 and Chi chi l ni sky 1996e) . But t hi s

i mpl i es t hat f or each of t he t wo st at es of endogenous uncer t ai nt y i , j

each t r ader has t he same consumpt i on vect or ; t her ef or e t he aggr egat e

pr oduct i on of t he economy must be t he same,
y, *

= yt * . Si nce t he map T

= ( Ti . . . ' I ' D) : R" - AD i s a f unct i on f or each d = 1 . . . D, t hi s i mpl i es

t hat any t wo Par et o- ef f i ci ent al l ocat i ons l ead t o t he same st at e of

endogenous uncer t ai nt y and t he same pr obabi l i t i es pr evai l over t hese

t wo st at es . Si nce t hi s i s t r ue f or any t wo st at es of endogenous uncer -

t ai nt y, t hi s i mpl i es t hat t he economy does not have endogenous

uncer t ai nt y, a cont r adi ct i on . Ther ef or e a mar ket wi t h endogenous

uncer t ai nt y cannot be compl et ed . 0

Pol i cy concl usi ons : t he cost of cl i mat e r i sks

Chi chi l ni sky ( 1997a) f or mul at ed and pr oved t he exi st ence of a compet i t i ve

equi l i br i um i n mar ket s wi t h endogenous uncer t ai nt y, wher e t he t r ader s'

act i ons i nduce changes i n t he st at e spaces whi ch r epr esent uncer t ai nt y, and

i n t he pr obabi l i t i es of t he st at es . The equi l i br i a exi st ver y gener al l y .

Mar ket s wi t h endogenous uncer t ai nt y ar e i ncompl et e. The i ncompl et eness

i s not assumed; i t i s pr oved . I t der i ves f r omt he nat ur e of endogenous

uncer t ai nt y and i t cannot be ci r cumvent ed . Ther e i s no way t o compl et e

t he mar ket wi t h endogenous uncer t ai nt y no mat t er how many secur i t i es

ar e added t o i t . Thi s i s di f f er ent f r om t he st andar d l i t er at ur e on i ncompl et e

mar ket s i n whi ch t he i ncompl et eness i s assumed and can easi l y be

r emoved by addi ng mor e secur i t i es ( see Chi chi l ni sky and Heal 1993) .

I f or mul at e her e a speci f i c i nst r ument t o i mpr ove t he al l ocat i on of r i sk

i n t hese i ncompl et e mar ket s : asset s whi ch pay cont i ngent on pr obabi l i t y

di st r i but i ons over st at es . Such asset s exi st i n pr act i ce al t hough t hey have

been i nt r oduced r ecent l y . As ment i oned above, t hey wer e ant i ci pat ed i n

Chi chi l ni sky and Heal ( 1992a, 1992b) , and ar e cur r ent l y t r adi ng i n t he

Chi cago Boar d of Tr ade under t he name CAT Fut ur es . Mor e r ecent l y,

Chi chi l ni sky ( 1995, 1996c, 1996e) and Chi chi l ni sky and Heal ( 1998) ) i nt r o-
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duced a mor e sophi st i cat ed i nst r ument , cat ast r ophe bundl es, and pr oved

t hat i t i s t he most ef f i ci ent i nst r ument t o hedge cat ast r ophi c r i sks f or whi ch

t her e ar e sever al possi bl e pr i or s . I showed above t hat t hey l ead t o Par et o-

ef f i ci ent r i sk al l ocat i on wi t h ` sci ent i f i c r i sks' , but do not f ul l y hedge ` st r i ct

endogenous uncer t ai nt y' .

A di f f er ent pol i cy aspect ar i ses i n t he case of hedgi ng envi r onment al
r i sks whi ch ar e t he bypr oduct of i ndust r i al act i vi t y . Her e t he si t uat i on i s
mor e f avour abl e : i f one seeks const r ai ned Par et o ef f i ci ency, i t i s possi bl e t o
comput e pr eci sel y t he cost whi ch i s wor t h i ncur r i ng t o decr ease t he pr oba-
bi l i t y of an envi r onment al r i sk . Assumi ng a known ( or even an
appr oxi mat el y known) sci ent i f i c r el at i on bet ween i ndust r i al out put y and
t he pr obabi l i t y di st r i but i on of t he di f f er ent event s ( t hat i s, t he map T
def i ned above) one comput es t he mani f ol d of equi l i br i a of t he economy
wi t h endogenous uncer t ai nt y, and f i nds wi t hi n i t a new equi l i br i um wi t h
t he desi r ed val ue. At t hi s new equi l i br i um one comput es t he ut i l i t y l evel s
achi eved by t he t r ader s at t hei r new consumpt i on ; t he di f f er ence i n t he
wel f ar e of t he t r ader s at t he f i r st and at t he second equi l i br i um pr ovi des
an upper bound ( or cei l i ng) t o t he wi l l i ngness t o pay f or a decr eased r i sk .

5. 2 A Gr owi ng Economy wi t h Endogenous Uncer t ai nt y

Endogenous uncer t ai nt y i s al so pr esent i n r i sk al l ocat i on t hr ough t i me .
The f ol l owi ng pr ovi des a f r amewor k f or a gr owi ng economy i n whi ch t he
consumpt i on of f ossi l f uel s shoul d be cur t ai l ed because i t i ncr eases t he
pr obabi l i t y of a change i n cl i mat e. The economy has t hr ee mai n char act er -
i st i cs . Fi r st , t he at mospher e may be i n one of t wo st at es, one f avour abl e t o
economi c act i vi t y and one unf avour abl e ( t her e i s a possi bi l i t y of a f ut ur e
cl i mat e change) . The f avour abl e and unf avour abl e st at es ar e denot ed Af
and Au , r espect i vel y . Second, t he at mospher e t r ansi t s st ochast i cal l y f r om
t he f avour abl e st at e t o t he unf avour abl e, and once t her e r emai ns t her e f or
ever , so t hat at mospher i c change i s i r r ever si bl e: AU i s an absor bi ng st at e .
The pr obabi l i t y of t r ansi t i ng t o t he unf avour abl e st at e i s endogenous and
i ncr eases wi t h t he l evel of cumul at i ve emi ssi ons f r omt he use of f ossi l f uel s .

Fossi l f uel s ( use r at e R) , capi t al equi pment ( st ock K) and t he at mos-
pher e ( A = Af or AU) ar e used t o pr oduce out put Qt , whi ch may be
consumed Ct or r ei nvest ed K, t o augment t he capi t al st ock . Pr oduct i on
gener at es emi ssi ons, whi ch af f ect t he pr obabi l i t y of a change i n t he st at e
of t he at mospher e. The at mospher e i s a r esour ce t hat ent er s i nt o t he
economy' s pr oduct i on f unct i on, whi ch may be i n a f avour abl e or an
unf avour abl e st at e. I ni t i al l y t he at mospher e i s i n t he f avour abl e st at e but
may change st ochast i cal l y t o t he unf avour abl e st at e, and once i n t hi s st at e
wi l l r emai n t her e f or ever . The sour ce of emi ssi ons f or ever i s t he use of an
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exhaust i bl e r esour ce i n pr oduct i on. The r emai ni ng i nput t o pr oduct i on i s

t he capi t al st ock . An obvi ous exampl e of t hi s st r uct ur e i s t he emi ssi on of

C02 gener at ed by t he use of f ossi l f uel s.

Qt =Q( Kt , R1, A) =Cr +Kr

A =Af or Au

Q( Kr , Rr , Af ) > ( Kr , Rr , A) f or al l Kr , Rr .

The pr obabi l i t y of a change of at mospher i c st at e depends on cumul a-
t i ve emi ssi ons, and emi ssi ons ar e assumed pr opor t i onal t o cur r ent use of

t he f ossi l f uel . For si mpl i ci t y we t her ef or e i dent i f y emi ssi ons and f ossi l

f uel consumpt i on Rt . Let
r

Zr = J' Rzdz, d
Z
' R= r .

0

The evol ut i on of t he cl i mat e i s as f ol l ows. Ther e i s a dat e T > 0 such t hat

A = AP t < T, and A = Au , t > T. Her e T i s a r andom var i abl e whose

mar gi nal densi t y f unct i on f has as i t s ar gument cumul at i ve emi ssi ons

Zr , f = f ( Z) . The pr obabi l i t y t hat t he cl i mat e changes, t hat i s, t he dat e T

occur s, i n an i nt er val ( t l , t 2 ) , i s

Zr 2

Pr TE ( t l , t 2) = f f ( Z) dt .

Zr l

I t f ol l ows t hat i f Zr l = Zr 2, so t hat t her e i s no depl et i on or emi ssi on i n

t he i nt er val ( t , , t 2) , t hen t he pr obabi l i t y of cl i mat e change i n t hat i nt er val

i s zer o. When t her e i s emi ssi on i n an i nt er val ( t l , t 2) , t he chance of cl i mat e

change depends on emi ssi ons i n t hat i nt er val and al so on cumul at i ve

emi ssi ons up t o t hat i nt er val . Al l of t hi s makes good sense.

Out put may be consumed or i nvest ed . Consumpt i on yi el ds ut i l i t y and t he
obj ect i ve i s t o maxi mi ze t he expect ed pr esent di scount ed ut i l i t y of consump-
t i on . Ther e i s a const r ai nt on t he t ot al amount of t he r esour ce t hat can be
used, as t hi s i s exhaust i bl e. The pr obl emi nvol ves maxi mi zi ng expect ed ut i l -
i t y subj ect t o t he r esour ce and nat i onal i ncome const r ai nt s, wher e t he
expect at i on i s over t he pr ocess gover ni ng cl i mat e change. For mal l y :

cl i mat e, T.

00

max Ef U( C, ) e- ar dt
0

00

s. t . f Rr dt s S0
0

Kr
= Q( K1 , Rr , A) _

Cr

The expect at i on her e i s over t he di st r i but i on of t he dat e of change of t he
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For t hi s pr obl em, Heal ( 1984, 1990) char act er i zes opt i mal pat hs of

consumpt i on, capi t al accumul at i on and use of f ossi l f uel . He compar es

t hese wi t h t hose t hat ar e opt i mal i n t he absence of an at mospher i c

i mpact , and al so st udi es t he i mpact of changes i n par amet er s such as t he

di scount r at e and degr ee of r i sk aver si on . He i sol at es t he key par amet er s

i n det er mi ni ng t he opt i mal r at e of use of f ossi l f uel s .

The i nt r oduct i on of at mospher i c i mpact makes a di f f er ence . The t i me

pr of i l e of r esour ce use whi ch emer ges i s f l at t er t han t hat whi ch emer ges

f r oman opt i mal depl et i on pr obl emwi t h no at mospher i c i mpact . I ni t i al

l evel s of r esour ce use ar e l ower , and t hey f al l mor e sl owl y, t han wi t h no

at mospher i c i mpact . The di f f er ence depends on t he degr ee of r i sk aver -

si on and on t he par amet er s of t he pr obabi l i t y di st r i but i on r el at i ng

cumul at i ve emi ssi on t o cl i mat e change .

The behavi our of t he shadow pr i ce of t he r esour ce i s al so of i nt er est .

I n t he pur e depl et i on case t hi s pr i ce r i ses at t he r at e of di scount ; i n

Heal ( i bi d . ) i t may f al l and even become negat i ve . We can i nt er pr et

t he di f f er ence bet ween t he shadow pr i ce of t he r esour ce i n t he no- at mos-

pher i c- i mpact case and t he cur r ent case as an opt i mal car bon t ax . Thi s t ax

depends on t he count r y' s degr ee of r i sk aver si on and on t he par amet er s of

t he pr obabi l i t y di st r i but i on descr i bi ng t he r i sk of cl i mat e change as a

f unct i on of car bon emi ssi ons, as wel l as on t he damage r esul t i ng f r om

cl i mat e change . The model t hus l eads t o a di st i nct i ve appr oach t o char ac-

t er i zi ng an opt i mal car bon t ax and i t s evol ut i on over t i me . Har t wi ck

( 1992) gi ves an anal ysi s of car bon t axes usi ng t hi s f r amewor k .

The l i kel i hood of cl i mat e change as a f unct i on of economi c act i vi t y i s

a key r el at i onshi p i n eval uat i ng t he choi ces posed i n t hi s model . Thi s i s a

f unct i onal r el at i onshi p r at her t han a par amet er . Gl obal change R&D

l eads us t o a bet t er under st andi ng of t hi s r el at i onshi p . I t i s wor t h st r ess-

i ng t hat pr oper economi c anal ysi s r equi r es not j ust t he l i kel i hood of

cl i mat e change as a r esul t of one par t i cul ar emi ssi on scenar i o, whi ch i s

what most sci ent i f i c anal yses pr ovi de, but r at her a syst emat i c eval uat i on of

how t he nat ur e and l i kel i hood of cl i mat e change var i es wi t h t he pat t er n of

economi c act i vi t y . The st udy and char act er i zat i on of t hi s l i kel i hood f unc-

t i on i s an i mpor t ant t opi c f or i nt er di sci pl i nar y r esear ch .

I t i s not sur pr i si ng t hat what i t i s wor t h payi ng t o r educe t he r i sk of

cl i mat e change depends i nt er al i a on a soci et y' s degr ee of r i sk aver si on

and di scount r at e . However , t hi s has an i nt er est i ng i mpl i cat i on . Even

i f t her e wer e compl et e agr eement about al l of t he sci ent i f i c aspect s

of t he gl obal change pr obl em, t her e coul d st i l l be di sagr eement about

pol i cy r esponses . Because of t he i nt er nat i onal ext er nal i t i es associ at ed

wi t h cl i mat e, so t hat al l count r i es consume t he same cl i mat e,

COZ abat ement pol i ci es onl y make sense i f coor di nat ed i nt er nat i onal l y

( see Heal 1992) .



Di f f er ent count r i es' posi t i ons wi t h r espect t o measur es t o r est r i ct
gr eenhouse gas emi ssi ons depend on t hei r di scount r at es and degr ees of
r i sk aver si on . The US, f or exampl e, has been agai nst gl obal abat ement

agr eement s, whi l e Ger many has been i n f avour . Thi s f i t s wi t h t he con-

vent i onal wi sdomt hat t he f i nanci al and i ndust r i al communi t y i n t he US

have bot h a hi gher di scount r at e and a l ower degr ee of r i sk aver si on
( gr eat er wi l l i ngness t o t ake r i sks) t han t hose i n Ger many. The di f f er -
ences i n pol i cy posi t i ons coul d t hen be at t r i but ed t o di f f er ences i n
pr ef er ences r at her t han, or i n addi t i on t o, di f f er ent i nt er pr et at i ons of
t he cur r ent sci ent i f i c evi dence . Fi gur e 7. 2 por t r ays such an i nt er pr et a-

t i on of di f f er ences i n t he at t i t udes under l yi ng pol i cy choi ces t owar ds
gl obal war mi ng.

US:

hi gh di scount ,

l owr i sk aver si on

" Eur ope :

l owdi scount ,

hi gh r i sk aver si on
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Ri sk aver si on

Fi gur e 7. 2 Possi bl e syst emat i c di f f er ences i n par amet er s det er mi ni ng

at t i t udes t owar ds t he r i sk of cl i mat e change

Di f f er ent per cept i ons of t he r i sk i nvol ved do not , however , pr ecl ude
ef f i ci ent sol ut i ons. Di f f er ences i n pr ef er ences can l ead t o gai ns f r om t r ade.
I n t hi s case di f f er ences i n at t i t udes t owar ds r i sk coul d be gr ounds f or t he
i nt r oduct i on of mar ket s i n whi ch di f f er ent r i sk posi t i ons ar e t r aded, wi t h
ef f i ci ency gai ns, see Chi chi l ni sky and Heal ( 1992b) .
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6 OPTI ONVALUES ANDI RREVERSI BI LI TY

Acent r al i ssue i n val ui ng envi r onment al r esour ces such as cur r ent cl i mat e
condi t i ons, bi odi ver si t y, or compl ex ecol ogi cal syst ems, i s t he i r r ever si bi l -

i t y of deci si ons and event s . An aspect of t hese r esour ces i s t hat once
al t er ed t hey cannot easi l y be r est or ed t o t hei r cur r ent condi t i ons, at l east
on a r el evant t i mescal e . The deci si on not t o pr eser ve a r i ch r eser voi r of
bi odi ver si t y such as t he 60 mi l l i on- year - ol d Kor up f or est i n Ni ger i a i s
i r r ever si bl e . The al t er at i on or dest r uct i on of a uni que asset of t hi s t ype

has an awesome f i nal i t y, and anal yst s have sought t o capt ur e t hi s i n a
f r amewor k f or cost - benef i t anal ysi s . Thi s has l ed t o t he concept of
` opt i on val ue' : pr eser vi ng a uni que asset i n i t s pr esent st at e al l ows us t he

possi bi l i t y of changi ng our mi nds l at er . Al t er i ng i t i r r ever si bl y does not .
Pr eser vi ng i t has t hus t o be cr edi t ed wi t h an ` opt i on val ue' because i t

keeps open t o us t he opt i on of r econsi der i ng our deci si on . Al t er i ng i t
l eaves us no such opt i on i n t he f ut ur e.

A concept r el at ed t o opt i on val ue i s t hat of ` nonuse' or exi st ence val ue.

We may val ue envi r onment al goods f or whi ch we have no i mmedi at e

economi c use. The exi st ence of cer t ai n speci es i s i n t hi s cat egor y : t he

Cal i f or ni an condor , t he spot t ed owl , and var i ous snai l s and f i sh come t o

mi nd . Ther e i s no sense i n whi ch we can cur r ent l y use t hese speci es : possi -

bl y one coul d ar gue t hat t he condor and t he owl have consumpt i on val ue

f or t hose wi l l i ng t o make t he ef f or t needed t o see t hem, but f ew peopl e

come i nt o t hi s cat egor y . One doubt s t hat t hi s i s a si gni f i cant i ssue wi t h

t he snai l .

The t wo concept s, opt i on val ue and nonuse val ue, seem t o over l ap.

Many goods whi ch exempl i f y one al so exempl i f y t he ot her . At t he same

t i me, t her e ar e no doubt di f f er ences . Nonuse val ues st em i n some degr ee

f r omet hi cal consi der at i ons, f r oma r ecogni t i on t hat a speci es has a r i ght t o

exi st even i f humani t y pl aces no di r ect val ue on i t . But one suspect s t hat

behi nd many nonuse val uat i ons t her e l ur ks an opt i on val ue : many nonuse

val uat i ons st emf r oman unst at ed bel i ef t hat a use val ue may emer ge.

Thi s sect i on r evi ews t wo di st i nct f or mul at i ons of t hi s i ssue, one i n whi ch

t he r et ur ns t o a pr eser vat i on pr oj ect ar e uncer t ai n at pr esent but wi l l be

r eveal ed i n t he f ut ur e, and one i n whi ch t he pr ef er ences of f ut ur e gener at i ons

f or envi r onment al f aci l i t i es ar e uncer t ai n . The f i r st f r amewor k i s t he one i n

whi ch t he i ssue of opt i on val ues has t r adi t i onal l y been st udi ed . I pr ovi de an

out l i ne of t he ar gument and show t hat one needs t hr ee condi t i ons f or an

opt i on val ue t o exi st . These ar e i r r ever si bi l i t y, t he acqui si t i on of i nf or mat i on

wi t h t he passage of t i me, and an asymmet r y of t he under l yi ng pr obabi l i t y di s-

t r i but i on . Si mi l ar r esul t s appl y t o t he case of uncer t ai nt y about t he

pr ef er ences of f ut ur e gener at i ons ( Bel t r at t i , Chi chf ni sky and Heal , 1998) .
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The opt i on val ue of pr eser vi ng an envi r onment al or ecol ogi cal asset has

been expl or ed i n t he cont ext of uncer t ai nt y about t he f ut ur e benef i t s

associ at ed wi t h i t s exi st ence. A r evi ew of t he l i t er at ur e i s i n Fi sher and

Kr ut i l l a ( 1985) . 16 The mai n i ssue i s t hat t her e ar e benef i t s t hat wi l l accr ue

i n t he f ut ur e f r om t he pr eser vat i on of a r esour ce, but t hese ar e cur r ent l y

unknown . I f t he r esour ce i s pr eser ved i nt o t he f ut ur e, t hen i n t he f ut ur e

t he deci si on about whet her t o pr eser ve i t can be r econsi der ed i n t he l i ght

of bet t er i nf or mat i on t hen avai l abl e about t he benef i t s f r omi t s exi st ence .

I f i t i s not pr eser ved, t hen t her e i s no chance of r econsi der at i on when we

have bet t er i nf or mat i on . I n t hi s case convent i onal deci si on r ul es wi l l

under est i mat e t he val ue of pr eser vi ng t he asset . The f ol l owi ng exampl e

( f r om Dasgupt a and Heal 1979) i l l ust r at es t he key poi nt i n a si mpl e

f r amewor k . I t i s i l l ust r at ed i n Fi gur e 7 . 3 .

benef i t ho

pr obabi l i t y ( 1- p)

benef i t b 2

Fi gur e 7. 3 The benef i t s f r om conser vat i on i n di f f er ent st at es

Bel ow I shal l show t hat wi t h i r r ever si bl e deci si ons t her e i s an opt i on

val ue t o conser vat i on i n t he i ni t i al per i od i f and onl y i f t her e i s a posi t i ve

expect ed payof f f r omconser vat i on i n t hat per i od gi ven t hat we f ol l ow an

opt i mal pol i cy . I cont r ast t hi s wi t h t he r ever si bl e case, i n whi ch one never

conser ves i n t he f i r st per i od and t her e i s no opt i on val ue .

Consi der t wo dat es, t = 0 and t = 1 . We have one uni t of an envi r on-

ment al asset . The benef i t f r ompr eser vi ng t hi s at t i me t = 0 i s bo . At t i me t

= 1 t her e ar e t wo possi bl e st at es of nat ur e s, and s2 . The st at e of nat ur e i s

r eveal ed at t i me t = 1 . I f t he st at e i s s l , t he benef i t of pr eser vi ng t he asset i s

b l : i f s 2 i s t he st at e, t he benef i t i s b2 . The pr obabi l i t i es of s l and s2 ar e p

and ( 1 - p) , r espect i vel y . Deci si ons about pr eser vat i on ar e made at t i mes t

= 0 and t = 1 . At t = 0 a deci si on i s made on howmuch of t he asset t o pr e-

ser ve unt i l t = 1 : at t hat dat e we may ei t her conser ve ever yt hi ng conser ved
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at t = 0, or conser ve l ess . Gi ven t hat dest r uct i on i s i r r ever si bl e, we cannot
at t = 1 conser ve mor e t han was conser ved at t = 0. Our opt i ons at t = 1
ar e t her ef or e const r ai ned by t he deci si on made at t = 0. These dat a ar e
summar i zed i n Fi gur e 7. 3 .

Compar e t he case al r eady descr i bed, wher e t he deci si on made at t i me t
= 0 i s i r r ever si bl e, wi t h an al t er nat i ve case i n whi ch t hi s deci si on can be
r ever sed . I n t hi s case t he deci si on made at t i me t = 0 no l onger const r ai ns
t he opt i ons avai l abl e at t i me t = 1 . Let us l ook at t hi s al t er nat i ve case

f i r st , as i t i s si mpl er and pr ovi des a benchmar k . Let co be t he amount of
t he r esour ce conser ved at t i me t = 0, and c, and c2 be t he amount s con-
ser ved at t i me t = 1 i n st at es 1 and 2, r espect i vel y . The expect ed benef i t
f r omdevel opment ( assumi ng a zer o di scount r at e) i s

boco +pbi cl + ( 1- p) b2c2'

One has t o choose conser vat i on l evel s co , c l and c2 t o maxi mi ze ( 7 . 5) .
Assume t hat t her e i s cur r ent l y no benef i t t o pr eser vat i on, l 7 bo < 0, nor i s
t her e any benef i t i n st at e 1 i n t he f ut ur e, b, < 0. However , t her e i s t he possi -
bi l i t y of st at e 2 i n whi ch t her e ar e posi t i ve benef i t s f r ompr eser vat i on, t hat i s,
b2 > 0. I f deci si ons ar e r ever si bl e, we conser ve not hi ng at t i me t = 0, t hat i s,
we set co = 0. Then at t i me t = 1, we conser ve not hi ng i n st at e 1 and ever y-
t hi ng i n st at e 2, t hat i s, we set c, = 0 and c2 = 1 . I n t he r ever si bl e case we can
set c2 = 1 because by assumpt i on deci si ons made at t = 0 ar e r ever si bl e .

Nowconsi der t he r eal case i n whi ch t he deci si on at t i me t = 0 cannot be
r ever sed l at er . I n t hi s case t he choi ce made at t = 0 does const r ai n t he
choi ces open at t = 1 . We have t o sat i sf y t he const r ai nt t hat what i s con-
ser ved at t i me t = 1 cannot exceed t hat whi ch was conser ved i ni t i al l y, t hat
i s, 0 s c, , c2 s co s 1 . I n par t i cul ar , i f ever yt hi ng i s dest r oyed i n t he f i r st
per i od, t hen we have no opt i ons i n t he second . What pol i ci es now maxi -
mi ze ( 7 . 5) ? I s t her e a val ue t o car r yi ng t he opt i on t o conser ve i nt o t he
second per i od? Cl ear l y i f i n t he second per i od t he st at e of t he wor l d i s one
i n whi ch t her e ar e posi t i ve benef i t s t o conser vat i on, t hen we wi l l conser ve
ever yt hi ng l ef t t o us by our ear l i er deci si ons, t hat i s, we wi l l al ways set c2 =
c o . I f , however , t he st at e i s unf avour abl e t o conser vat i on, t hen we shal l
conser ve not hi ng and set c l = 0. Hence t he maxi mand ( 7 . 5) r educes t o

[ bo + ( 1 - p) b2] co +pbi ci = [ bo + ( 1- p) b2] co

and t he i ni t i al conser vat i on l evel i s posi t i ve i f and onl y i f

[ bo + ( 1 - p) b2] > 0.

( 7 . 5)

( 7 . 6)
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The i nequal i t y ( 7 . 6) has a si mpl e i nt er pr et at i on : t he l ef t - hand si de i s t he

expect ed payof f f r omconser vat i on i n t he f i r st per i od . I t i s t he cer t ai n

payof f i n t he f i r st per i od pl us t he expect ed payof f f r omconser vat i on i n

t he second, gi ven t hat i f t he st at e unf avour abl e t o conser vat i on occur s

t her e wi l l be no conser vat i on i n t he second per i od . I t i s t he expect ed

payof f t o conser vat i on i n per i od one gi ven t hat an opt i mal pol i cy i s

f ol l owed subsequent l y.

I t i s opt i mal t o conser ve i n t he f i r st per i od i f and onl y i f t her e i s a

posi t i ve expect ed payof f f r om conser vat i on gi ven t hat we f ol l ow an

opt i mal pol i cy . Cont r ast t hi s wi t h t he deci si on i n t he r ever si bl e case, i n

whi ch we never conser ve and al ways choose c o = 0 . These t wo deci si ons

ar e di f f er ent i f t he expect ed payof f t o conser vat i on i n t he f i r st per i od i s

posi t i ve . 18 I n t hi s case t her e i s an opt i on val ue t o conser vat i on as

a means of car r yi ng t he r esour ce i nt o t he second per i od and t aki ng

advant age of f ut ur e i nf or mat i on .

6. 2 Opt i on Val ues and t he Val ue of I nf or mat i on

The exi st ence of an ` opt i on val ue' 19 does not depend on r i sk aver si on . 2o

The key i ssues ar e : f i r st , t he i r r ever si bi l i t y of t he deci si on ; second, t he f act

t hat del ayi ng a deci si on can l et one t ake advant age of bet t er i nf or mat i on ;

and t hi r d, t he asymmet r y r epr esent ed by ( 7 . 6) . Thi s l at t er condi t i on

i mpl i es t hat on aver age t her e wi l l be benef i t s f r om conser vat i on i n t he

f i r st per i od, pr ovi ded t hat we choose opt i mal l y l at er .

I mpor t ant pr act i cal i mpl i cat i ons f l ow f r omt he anal ysi s t hat we have

j ust compl et ed . Cl i mat e change i s l i kel y t o be i r r ever si bl e i f i t occur s . So

i n a cost - benef i t anal ysi s of pr event i ng cl i mat e change ( t hat i s, pr eser vi ng

t he at mospher i c envi r onment ) , i t may be appr opr i at e t o assi gn conser va-

t i on ( pr event i ng cl i mat e change) an opt i on val ue . Thi s wi l l be t he case i f

t he passage of t i me i s l i kel y t o br i ng si gni f i cant new i nf or mat i on about

t he l i kel i hood of cl i mat e change or about i t s consequences and t he

expect ed payof f s sat i sf y ( 7 . 6) above.

A t hor ough st udy of t he cost s and benef i t s of r educi ng cl i mat e change

i s i n Cl i ne ( 1992) . I t seems wor t h not i ng t hat al t hough t hi s st udy r ef er s

many t i mes t o t he sci ent i f i c uncer t ai nt i es associ at ed wi t h pr edi ct i ng cl i -

mat e change, i t at no poi nt at t r i but es an opt i on val ue t o pr eser vat i on,

t hat i s, t o pr event i ng cl i mat e change . Thi s means t hat i t may syst emat i -

cal l y under est i mat e t he benef i t - cost r at i o of pr eser vat i on of t he

at mospher e i n i t s st at us quo. Ther e i s al so an anal ysi s i n Mar i ne and

Ri chel s ( 1992) of t he val ue of wai t i ng f or sci ent i f i c i nf or mat i on about t he

gr eenhouse ef f ect . They consi der t wo possi bi l i t i es : act i ng st r ongl y now t o

r educe t he emi ssi on of gr eenhouse gases, or t aki ng ver y l i mi t ed act i on
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nowand wai t i ng unt i l t her e i s f ur t her sci ent i f i c evi dence . Taki ng maj or

st eps t owar ds emi ssi on abat ement now amount s t o conser vi ng t he at mos-

pher i c envi r onment i n i t s pr esent st at e, and shoul d agai n be cr edi t ed wi t h

an opt i on val ue . Manne and Ri chel s f ai l t o do t hi s, and so agai n under -

est i mat e t he val ue of buyi ng i nsur ance agai nst t he gr eenhouse ef f ect by

act i ng st r ongl y now. As t he val ue of an opt i on gener al l y i ncr eases wi t h

i ncr easi ng uncer t ai nt y about t he f ut ur e, and as uncer t ai nt y l ooms l ar ge i n

any pr oj ect i ons r egar di ng gl obal war mi ng, t he ext ent of t he under est i -

mat e coul d be i mpor t ant .

6. 3 Uncer t ai nt y about Fut ur e Gener at i ons

The concept of opt i on val ue can be gener al i zed or r ef i ned i n sever al ways .

A key consi der at i on seems t o be t he possi bi l i t y t hat f ut ur e gener at i ons

wi l l val ue envi r onment al r esour ces mor e t han we do . I f t hi s i s si mpl y a

st at ement t hat t hese r esour ces wi l l be scar cer , and so mor e val uabl e on

t he mar gi n, t hen t hi s ef f ect i s capt ur ed i n t he usual appr oach t o cost - ben-

ef i t anal ysi s ( see Heal 1992) .

I t may, however , be a st at ement t hat f ut ur e gener at i ons coul d have

di f f er ent pr ef er ences f r om us, and mi ght val ue envi r onment al asset s di f -

f er ent l y. Because t hey mi ght val ue t hemmor e, one shoul d, i t i s ar gued,

at t r i but e a val ue t o l eavi ng t hemt he opt i on of hi gh consumpt i on l evel s .

Sol ow ( 1992) ar gues t hat an i mpor t ant el ement i n t he def i ni t i on of sus-

t ai nabi l i t y - i s r ecogni zi ng t he possi bi l i t y t hat t he pr ef er ences of f ut ur e

gener at i ons about envi r onment al asset s may be di f f er ent f r om our s . Thi s

seems cl ose t o t he concept of opt i on val ue set out above, and i ndeed i t i s,

t hough t her e ar e some di f f er ences t hat ar e r eveal i ng . Recent r esul t s i n

Bel t r at t i et al . ( 1998) 21 est abl i sh t hat uncer t ai nt y about f ut ur e pr ef er ences

al one i s not suf f i ci ent t o pr oduce an ` opt i on val ue' f or i ncr easi ng t he

r esour ce l ef t t o t he next gener at i on . I n addi t i on t o pur e uncer t ai nt y, t her e

must be asymmet r y i n t he di st r i but i on of possi bl e changes i n pr ef er ences.

Neut r al uncer t ai nt y, i n t he sense t hat i ncr eases and decr eases i n i nt ensi t y

of pr ef er ences ar e equal l y l i kel y, does not gener at e a case f or l eavi ng mor e

t o t he f ut ur e i n case t hei r pr ef er ences f or t he r esour ce ar e mor e i nt ense

t han our s . Uncer t ai nt y makes a case f or conser vat i on onl y when t he
expect ed r et ur n t o post ponement of consumpt i on i s posi t i ve.

7 RESPONSES TOCATASTROPHI C RI SKS

As al r eady ment i oned, t r adi t i onal f or mul at i ons of uncer t ai nt y do not

deal adequat el y wi t h cat ast r ophi c r i sks, namel y wi t h l ow pr obabi l i t y

event s wi t h maj or adver se consequences . Tr adi t i onal deci si on t heor y, i s



based on von Neumann- Mor genst er n axi oms . I show bel ow why t hose

axi oms ar e not adequat e f or r anki ng cat ast r ophi c r i sks . Then I i nt r oduce

and devel op new axi oms and der i ve t he opt i mi zat i on cr i t er i a whi ch t hey

i mpl y, f ol l owi ng Chi chi l ni sky ( 1996f ) . Fi nal l y I di scuss pr act i cal

r esponses t o cl i mat e change t hat emer ge f r om t hi s anal ysi s .

7. 1 Von Neumann- Mor genst er n Axi oms

Mat hemat i cal axi oms i nt r oduced hal f a cent ur y ago by John von Neumann

and Oscar Mor genst er n gave r i se t o a nowcl assi cal t ool f or deci si onmaki ng

under uncer t ai nt y. 22 The axi oms gi ve r i se t o pr ocedur es t o r ank or eval uat e

r i sky out comes . The von Neumann- Mor genst er n ( VNM) axi oms pr ovi de a

mat hemat i cal f or mal i zat i on of how t o r ank l ot t er i es . Opt i mi zat i on accor d-
i ng t o such a r anki ng def i nes deci si onmaki ng under uncer t ai nt y.

A syst emwi t h uncer t ai n char act er i st i cs can be i n one of sever al possi -

bl e st at es ; each st at e i s r epr esent ed by t he val ue of a r andomvar i abl e. For

exampl e, t he aver age t emper at ur e of t he pl anet ' s sur f ace i s a st at e.
For si mpl i ci t y t he syst em' s st at es ar e descr i bed by r eal number s. To

each st at e s ER t her e i s an associ at ed out come, f or exampl e t o each t em-

per at ur e l evel t her e i s an associ at ed vect or descr i bi ng soi l f er t i l i t y, so t hat
one has f ( s) E RN, Nz 1 . A descr i pt i on of out comes acr oss al l st at es i s

cal l ed a ` l ot t er y' . A l ot t er y i s a f unct i on f : R- RN, and t he space of al l

l ot t er i es i s t her ef or e a f unct i on space L.

Amai n r esul t obt ai ned f r omt he VNMaxi oms i s a r epr esent at i on t he-
or emwhi ch char act er i zes al l possi bl e r anki ngs sat i sf yi ng t hei r axi oms .

These r anki ngs ar e gi ven by a speci f i c t ype of f unct i ons W: L - R,

known as ` von Neumann- Mor genst er n ( VNM) ut i l i t i es' . The deci si on

pr ocedur e obt ai ned by opt i mi zi ng such ut i l i t i es i s cal l ed ` expect ed ut i l i t y

maxi mi zat i on' and has t he f or m,

wher e t he l i ne R i s t he st at e space, t he var i abl e x : R- RN i s a l ot t er y, u
RN- R i s a ( bounded) ut i l i t y f unct i on descr i bi ng t he ut i l i t y pr ovi ded by

t he out come of t he l ot t er y i n each st at e s, u( s) , and wher e t he measur e

d~t ( x) i s a pr obabi l i t y di st r i but i on over measur abl e subset s of st at es i n R.

Accor di ng t o t he VNMr epr esent at i on t heor em, r at i onal choi ce under
uncer t ai nt y must t ake t he f ol l owi ng f or m: a l ot t er y x i s r anked above

anot her y i f and onl y i f Wassi gns t o x a l ar ger r eal number , t hat i s,

wher e Wsat i sf i es ( 7 . 7) .
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W( x) =
f sER

u[ x( s) ] d[ t ( s)

	

( 7 . 7)

x z y p W( x) > W( V) ,
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The opt i mi zat i on of expect ed ut i l i t y i s a wi del y used pr ocedur e f or

, val uat i ng choi ces under uncer t ai nt y . Funct i ons such as War e amenabl e

o a l ar ge body of knowl edge whi ch goes back sever al cent ur i es : t he cal -

: ul us of var i at i ons. The Eul er - Lagr ange equat i ons ar e t ypi cal l y used t o

har act er i ze opt i mal sol ut i ons. Such mat hemat i cal t ool s ar e wi del y used

o f i nd and descr i be choi ces under uncer t ai nt y.

' . 2 Cat ast r ophi c Ri sks

) espi t e t hei r f r equent use, t he cl assi c met hods def i ned above ar e not ade-

uat e f or l ot t er i es i nvol vi ng cat ast r ophi c r i sks. The r easons ar e bot h

I r act i cal and t heor et i cal . Fr omt he pr act i cal poi nt of vi ew, i t has been

hown t hat usi ng such cr i t er i a under val ues cat ast r ophi c r i sks and hence

onf l i ct s wi t h t he obser ved evi dence of how humans eval uat e such r i sks

' - hi chi l ni sky 1996f ; Lowenst ei n and Thal er 1989 ; Lowenst ei n and El st er

992) . For exampl e, usi ng VNMut i l i t i es, t he most damagi ng scenar i os of

l obal cl i mat e change i nduce l i t t l e i f any economi c l oss . The

. i t er gover nment al Panel on Cl i mat e Change ( I PCC) , t he mai n i nt er na-

onal sci ent i f i c or gani zat i on i n t hi s ar ea, r ecent l y pr edi ct ed a hi ghl y

unt est ed f i gur e of about 2 per cent l oss of economi c val ue f r oma dou-

l i ng of C02 concent r at i on i n t he at mospher e. Thi s i s a sympt omof a

l or e gener al phenomenon : a si mpl e comput at i on shows t hat t he hypo-
i et i cal di sappear ance of al l i r r i gat i on wat er i n t he US and al l t he
) unt r y' s agr i cul t ur al pr oduce woul d have at most a 2. 5 per cent i mpact

n i t s gr oss domest i c pr oduct ( Cl i ne 1992) . Thi s f i ndi ng under scor es t he

npor t ance of usi ng appr opr i at e cr i t er i a f or eval uat i ng cat ast r ophi c r i sks .

Mat hemat i cal l y t he pr obl emi s t hat t he measur e [ t whi ch emer ges f r om
i e VNMr epr esent at i on t heor emi s count abl y addi t i ve . Si nce t he ut i l i t y

Lnct i on u : RN - - > Ri s bounded ( super u( x) ) <oo, t he count abl e addi t i v-

y of [ t i mpl i es t hat any t wo l ot t er i es x, y E L ar e r anked by Wqui t e
dependent l y of t he ut i l i t y of t he out come i n st at es whose pr obabi l i t i es

-e l ower t han some t hr eshol d l evel E > 0, wher e E depends on x and y . 23

i ch a f unct i on i s cal l ed ` i nsensi t i ve t o smal l pr obabi l i t y event s' .
) r mal l y :

Def i ni t i on 11 The f unct i on Wi s cal l ed i nsensi t i ve t o smal l pr obabi l i t y

event s i f

W( x) > W( y) <* , 36>OE=E( x, y) : W( x' ) >W( y)

	

( 7 . 8)

>r ever y x' and y' such t hat

= x and y' = y a. e. on a set ACR, p, ( Ac) < E .
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Thi s means t hat Wr anks x above y i f and onl y i f i t r anks x' above y' f or

any pai r of l ot t er i es x' and y' whi ch ar e obt ai ned by modi f yi ng ar bi t r ar i l y x

and y i n set s of st at es A wi t h pr obabi l i t y l ower t han E. 24 The i nt er pr et at i on

of t hi s pr oper t y i s t hat t he r anki ng def i ned by Wi s ` i nsensi t i ve' t o t he out -

comes of t he l ot t er y i n smal l pr obabi l i t y event s . The f ol l owi ng r esul t shows

why VNMut i l i t i es ar e not adequat e f or eval uat i ng cat ast r ophi c r i sks .

Lemma 12 Von Neumann- Mor genst er n ut i l i t i es ar e i nsensi t i ve t o

l ow pr obabi l i t y event s . Ther ef or e t hey ar e not adequat e f or r anki ng

cat ast r ophi c r i sks .

Pr oof Consi der t wo l ot t er i es x, y EL, wher e x i s super i or t o y accor d-

i ng t o a VNMut i l i t y W. For mal l y :

Obvi ousl y

W( x) = f u [ x( s) ] dR( s) > W( y) = f u[ y( s) ] dR( s) .
sER

	

seR

W( x) > W( y) e* 3a( x, y) > 0 : W( x) > W( y) + a .

To show t hat a VNMut i l i t y i s i nsensi t i ve t o smal l pr obabi l i t y event s

we must show t hat t he r anki ng bet ween x and y i s i nsensi t i ve t o t he

out comes i n set s of smal l enough measur e, say E, as def i ned i n ( 7 . 8) . 1

wi l l show t hat Wsat i sf i es t hi s pr oper t y. Let E = a/ 3 . M, wher e M

>SupxER I u( x) 1 . Two newl ot t er i es x' and y' ar e now obt ai ned by al t er -

i ng ar bi t r ar i l y t he l ot t er i es x and y, r espect i vel y, on t wo ar bi t r ar y set s

V, and V2 , each of whi ch has a measur e smal l er t han E. For mal l y : x( s)

= As) a. e . i n Vc, and y( s) = y' ( s) a. e. i n V2 . By const r uct i on

and equal l y

r eci pr ocal l y

I W( x) - W( x)

	

I < f

	

u[ x( s) ] d[ u( s) < M. E s ( x/ 3,
sEv l

W( y) - W( y) I < f

	

u[ y( s) ] d! t ( s) < M. E < a/ 3,
sEv2

Si nce W( x) > W( y) + a, i t f ol l ows t hat

W( x) > W( y) =: > WV) > W( y' ) ;

W( x' ) > W( y) => W( x) > W( y)
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so t hat f or t he chosen c = e ( x, y)

W( x) > W( y) < : - WO' ) > W( y' ) ,

as we wi shed t o pr ove. Si nce t hi s i s t r ue f or any t wo l ot t er i es x and y, W

i s i nsensi t i ve t o smal l pr obabi l i t y event s .

A consequence of t hi s l emma i s t hat VNMut i l i t i es ar e not wel l sui t ed

f or eval uat i ng cat ast r ophi c r i sks. The pr obl emi s gener al . I t can be shown

f or mal l y t hat cost - benef i t anal ysi s under uncer t ai nt y based on expect ed

ut i l i t y maxi mi zat i on ( whi ch f ol l ows f r omVNMaxi oms) under est i mat es t he

out comes of smal l pr obabi l i t y event s . I t i s t her ef or e bi ased agai nst envi r on-

ment al pr oj ect s whi ch ar e desi gned t o aver t cat ast r ophi c event s .

Exper i ment al evi dence shows t hat humans t r eat choi ces under uncer t ai nt y

somewhat di f f er ent l y f r omwhat t he VNMaxi oms woul d pr edi ct , suggest -

i ng t he need f or al t er nat i ve axi oms whi ch descr i be mor e accur at el y humans'

val uat i ons ( Lowenst ei n and Thal er 1989 ; Lowenst ei n and El st er 1992) .

7. 3 Updat i ng Von Neumann- Mor genst er n Axi oms

Recent l y a new set of axi oms was pr oposed t o updat e VNMaxi oms f or

cat ast r ophi c r i sks ( Chi chi l ni sky 1996f ) . These axi oms t ake a mor e bal -

anced appr oach t owar ds smal l pr obabi l i t y event s . They cont r ast wi t h
VNMaxi oms i n t he t r eat ment of smal l pr obabi l i t y event s ( i bi d . ) . On t he
basi s of t hese axi oms a new r epr esent at i on t heor emhas been obt ai ned

t hat f ul l y char act er i zes t he f unct i ons t o be maxi mi zed under uncer -

t ai nt y . 25 Thi s def i nes a new deci si onmaki ng t ool , one t hat appear s t o

conf or m t he evi dence of how humans eval uat e cat ast r ophi c r i sks

( Lowenst ei n and Thal er 1989 ; Lowenst ei n and El st er 1992) .

7. 4 NewAxi oms of Choi ce f or Cat ast r ophi c Ri sks

The t hr ee axi oms i nt r oduced i n Chi chi l ni sky ( 1996f ) ar e si mpl e . The f i r st

axi omi s st andar d, and i s cer t ai nl y sat i sf i ed by VNMut i l i t i es :

1 . cont i nui t y and l i near i t y of t he r anki ng of l ot t er i es x wi t h r espect t o t he
ut i l i t y u( x) .

The f ol l owi ng t wo axi oms ar e new; and t he second axi om( 2) i s not sat i s-

f i ed by VNMut i l i t i es :

2 . sensi t i vi t y t o l ow pr obabi l i t y event s . Thi s axi om r ul es out ( 7 . 8) , as

def i ned bel ow.

3 . sensi t i vi t y t o l ar ge pr obabi l i t y event s, as def i ned i n ( 7 . 9) bel ow.
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Def i ni t i on 13 A r anki ng i s sensi t i ve t o l ow pr obabi l i t y event s when i t

does not sat i sf y Def i ni t i on 11 .

Def i ni t i on 14 A r anki ng i s sai d t o be i nsensi t i ve t o l ar ge pr obabi l i t y

event s26 when

W( x) > W( y) eC, WV) > WV) ,

	

( 7 . 9)

f or any t wo l ot t er i es x' and y' t hat ar e obt ai ned by modi f yi ng ar bi t r ar i l y

x and y on a bounded set of st at es SCRof ar bi t r ar i l y l ar ge pr obabi l i t y.

Def i ni t i on 15 A r anki ng i s sensi t i ve t o l ar ge pr obabi l i t y event s when i t

does not sat i sf y ( 7 . 9) .

Exampl e 16 The f ol l owi ng i s a r anki ng t hat concent r at es on event s of

vani shi ng pr obabi l i t y and negl ect s l ar ge pr obabi l i t y event s . Def i ne a

measur e I A( s) on measur abl e set s of t he l i ne R as f ol l ows : ever y bounded

set has measur e zer o, and ever y compl ement of a bounded set has mea-

sur e one. Thi s i s a f i ni t el y addi t i ve measur e si nce t he measur e of a uni on

of f i ni t el y many di sj oi nt set s i s t he sumof t he measur e of t he set s .

However , i t i s not a count abl y addi t i ve measur e, si nce t he measur e of

a uni on of count abl y many bounded set s whi ch equal s R i s one,

and cl ear l y t hi s i s di f f er ent f r om t he count abl e sum of t he measur e

of t he bounded set s, whi ch i s zer o . Def i ne now t he r anki ng

W( x) = sf ~R u[ x( s) ] dR( s) . Such a f unct i on i s i nsensi t i ve t o bounded set s of

event s wi nch have posi t i ve pr obabi l i t y accor di ng t o any st andar d count -

abl y addi t i ve measur e of t he l i ne . Let LJR) be t he set of measur abl e

and essent i al l y bounded r eal val ued f unct i ons on t he l i ne. The ` dual ' of

LzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� , denot ed L* , i s t he set of al l r eal val ued, cont i nuous l i near f unct i ons

on L� . I t has been shown ( see, f or exampl e, Chi chi l ni sky 19960 t hat t hi s

dual cont ai ns t wo t ypes of el ement s, bot h t ypes bei ng def i ned by mea-

sur es on t he l i ne R: st andar d or ` count abl y addi t i ve' measur es, and

` pur el y f i ni t el y addi t i ve' measur es . The l at t er assi gns measur e zer o t o any

bounded set i n R, as i s t he case wi t h t he measur e const r uct ed i n t he

begi nni ng of t hi s exampl e. Such measur es def i ne cont i nuous, r eal val ued

l i near f unct i ons on l ot t er i es i n L. , W: L� - > R, cal l ed ` i nt egr al oper a-

t or s' , gi ven by W( x) = I
R

u[ x( s) ] dR( s) ; t he measur e [ t ( whet her count abl y

or f i ni t el y addi t i ve) i s cal l ed a ` ker nel ' because of i t s r ol e i nsi de t he i nt e-

gr and i n t he def i ni t i on of t he oper at or W. Such f unct i ons on l ot t er i es

sat i sf y ( 7 . 9) , and by def i ni t i on t hey ar e i nsensi t i ve t o l ar ge pr obabi l i t y

event s . They ar e t her ef or e r ul ed out by axi om( 3) whi ch r equi r es sensi t i v-

i t y t o l ar ge pr obabi l i t y event s . I ndeed, such a f unct i on Wput s al l t he

` wei ght ' on i nf i ni t y, t hat i s, on event s whi ch have ar bi t r ar i l y smal l pr oba-

bi l i t i es accor di ng t o any st andar d count abl y addi t i ve measur e Ron R.



270

	

The I nt er nat i onal Year book of Envi r onment al and Resour ce Economi cs

7. 5 ANew Repr esent at i on Theor em

Li ke t he VNMaxi oms, t he new axi oms def i ned her e l ead t o a sect i on

t heor em. I t has been shown i n Chi chi l ni sky ( 1996f ) t hat t her e exi st f unct i ons

T : L. - Rwhi ch r ank al l l ot t er i es and sat i sf y al l t hr ee axi oms i n 7. 4 . As i n

t he VNMcase, t hese ar e gi ven by i nt egr al oper at or s . However , r at her t han

havi ng count abl y addi t i ve ker nel s as i n t he VNMr epr esent at i on, t hese f unc-

t i ons ar e a convex combi nat i on of i nt egr al oper at or s wi t h count abl y

addi t i ve measur es and i nt egr al oper at or s wi t h pur el y f i ni t el y addi t i ve mea-
sur es. Bot h measur es ( count abl y and f i ni t el y addi t i ve) ar e nonzer o.

Theor em 17 Ther e exi st r anki ngs of l ot t er i es t hat sat i sf y t he t hr ee
axi oms ( 1) , ( 2) , ( 3) . VNMexpect ed ut i l i t i es do not . Ever y r anki ng of
l ot t er i es t hat sat i sf i es t he t hr ee axi oms admi t s a r epr esent at i on by a

f unct i on W: LOO i R, of t he f or m

W( x) = f u[ x( s) ] d[ t ( s) + 41 { u[ x( s) ] ) .
sER

wher e [ t i s a st andar d count abl y addi t i ve measur e on t he r eal s R, f
dR( s) < oo, and wher e ( D eL; i s a pur el y f i ni t el y addi t i ve measur e on R. I

Pr oof See Chi chi l ni sky ( 1996a and f )

An exampl e wi l l f i x i deas and i l l ust r at e t he r esul t .

Exampl e 18 For si mpl i ci t y, consi der her e di scr et e st at es i ndexed by t he
i nt eger s Z. Nowa l ot t er y i s an el ement of 1. , t he space of bounded

sequences of r eal number s . Def i ne a cont i nuous l i near f unct i onal on

l ot t er i es T : h as f ol l ows :

T ( x) = Y

	

I

	

f - S u[ x( s) ] + ( 1 - Y) l i Ms~00 u[ x( s) ] ,

	

( 7 . 10)
S=I

wher e 0 < Y < 1, and wher e l i mS- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" .. u[ x( s) ] i s def i ned bel ow. Thi s f unct i on
sat i sf i es al l t he axi oms . The i nt er pr et at i on of t he t wo par t s of t he f unc-
t i on T i n ( 7 . 10) i s as f ol l ows . The f i r st par t i s an i nt egr al oper at or wi t h an
i nt egr abl e ker nel { ks) se, whi ch def i nes a count abl y addi t i ve measur e on
Z, and t her ef or e emphasi zes t he wei ght of l ar ge pr obabi l i t y event s i n t he
r anki ng of a l ot t er y x E1� . The second par t def i nes a pur el y f i ni t el y addi -
t i ve measur e on Zwhi ch assi gns posi t i ve wei ght t o possi bl e cat ast r ophi c
and smal l pr obabi l i t y event s . The second par t of ( 7 . 10) ensur es t hat no
mat t er how smal l i s t he pr obabi l i t y t hat a l i mi t i ng val ue wi l l be achi eved
by t he l ot t er y, t he wei ght t hat t hi s f act has i n t he cr i t er i on ensur es t hat i f
a l ot t er y x i s pr ef er r ed t o anot her y, changi ng t he l ot t er y x and y on a set
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of event s of ar bi t r ar i l y smal l pr obabi l i t y can r ever se t he r anki ng .

Ther ef or e t he cr i t er i on i s not i nsensi t i ve t o smal l pr obabi l i t y event s .

For mal l y, Li m, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� i s def i ned as t he Hahn Banach ext ensi on of t he st an-

dar d l i mi t f unct i on, ext ended usi ng t he Hahn Banach ext ensi on t heor em

f r omt he subset of sequences i n 1. t hat do have a l i mi t , t o al l of 1. . On t he

sequences t hat have a l i mi t , Li msy � u ( x( s) ) i s t he ut i l i t y l evel cor r espond-

i ng t o t he l i mi t i ng val ue of t he sequence.

I nt ui t i vel y t he second t er mi n ( 7 . 10) def i nes a measur e wi t h ` heavy t ai l s' .

Si nce bot h par t s ar e pr esent i n ( 7 . 10) , t he cor r espondi ng f unct i on T i s

sensi t i ve t o smal l and t o l ar ge pr obabi l i t y event s . Cat ast r ophi c r i sks ar e

t her ef or e eval uat ed mor e r eal i st i cal l y by such f unct i ons.

Remar k 1 Obser ve t hat t he second t er ms i n ( 7 . 10) i s a cont i nuous f unct i on
on 1. , wi t h r espect t o t he st andar d nor mof 1. , but does not admi t a r epr e-

sent at i on as an expect ed val ue. 27 The opt i mi zat i on of f unct i ons such as T

i s not amenabl e t o st andar d t ool s of cal cul us of var i at i ons . Thi s must be

devel oped i n new di r ect i ons . Some r esul t s al r eady exi st ( Chi chi l ni sky

1996f ) , but much wor k i s st i l l needed . The st udy of opt i mal sol ut i ons of
t hese t ypes of f unct i ons has l ed t o asympt ot i cal l y aut onomous dynami cal

syst ems, whi ch occur nat ur al l y when one ext ends t he Eul er - Lagr ange

anal ysi s of opt i mal sol ut i ons t o encompass t he t ype of oper at or s def i ned
her e. St at i st i cal anal ysi s of such syst ems al so r equi r es newt ool s.

7. 6 Responses t o Cat ast r ophi c Cl i mat e Ri sks

Howt o empl oy t he new cr i t er i on i n hedgi ng cat ast r ophi c r i sks? I n pr act i cal
t er ms, what shoul d one opt i mi ze under t hi s cr i t er i on? Cer t ai nl y we shoul d
not maxi mi ze expect ed ut i l i t y, si nce we have shown t hat i t under est i mat es

cat ast r ophes . The r epr esent at i on t heor empr ovi ded above gi ves us t he cl ue : i t
t el l s us what t o opt i mi ze when maki ng deci si ons i nvol vi ng cat ast r ophi c r i sks.

Exampl e 19 The cr i t er i a der i ved f r om t he axi oms i nvol ve maxi mi zi ng

a convex combi nat i on of expect ed val ue pl us maxi mi zi ng t he i nf nnum
ut i l i t y val ue t hat t he l ot t er i es can achi eve, t hat i s, aver t i ng t he smal l

pr obabi l i t y event s t hat ar e t he ` cat ast r ophes' . The behavi our of a r at i o-

nal agent i s t her ef or e mor e conser vat i ve under t hese new cr i t er i a t han

i t i s under t he von Neumann- Mor genst er n axi oms .

8 CONCLUSI ONS ANDOPENQUESTI ONS

The f oundat i ons ar e i n pl ace f or under st andi ng t he economi cs of gl obal

envi r onment al r i sks, but cer t ai n aspect s r equi r e mor e at t ent i on .
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Fr oma pol i cy per spect i ve, sci ent i f i c uncer t ai nt y i s one of t he most

pr omi nent i ssues . The r i sks we f ace ar e l ar gel y unknown: we do not know

t he pr obabi l i t y t hat t he cl i mat e wi l l war mup, or of i t s consequences .

Deci si onmaki ng under t hese ci r cumst ances i s a chal l engi ng endeavour . I

have pr oposed f i nanci al i nst r ument s t o ai d i n t hi s t ask, i ncl udi ng a com-

bi nat i on of i nsur ance and secur i t i es, cal l ed ` cat ast r ophe bundl es'

( Chi chi l ni sky 1995, 1996c, 1996h, 1997b and Chi chi l ni sky and Heal 1997,

1998) . These i nst r ument s wor k wel l under sci ent i f i c uncer t ai nt y, but not

wi t h st r i ct endogenous uncer t ai nt y. An open quest i on i s how t o ext end

t hese r esul t s t o t he case wher e, i n addi t i on t o t he f r equenci es bei ng

unknown, t hese f r equenci es ar e al t er ed by human act i vi t y .

I have r evi ewed t he use of opt i ons f or handl i ng i r r ever si bi l i t i es, and

pr oposed a new t ype of opt i ons t o hedge t he r i sk t hat f ut ur e gener at i ons

wi l l have pr ef er ences di f f er ent f r om our own. Opt i on val ues can make our

behavi our mor e conser vat i ve . However , we do not know whet her t hi s i s

t r ue when f ut ur e pr ef er ences change i n a symmet r i c f ashi on : t hi s i s st i l l an

open quest i on .

Of t en t he pur pose of pol i cy i s t o change t he r i sks t hat we f ace. Exampl es

ar e pol i ci es t hat ai mat decr easi ng t he r i sk of cl i mat e change. Ther e i s an

expl i ci t acknowl edgement t hat we ar e f aci ng endogenous r i sks, namel y

r i sks t hat ar e r esponsi ve t o our act i ons . Endogenei t y i s a f undament al f ea-

t ur e of gl obal envi r onment al r i sks, one t hat i s l i t t l e under st ood and onl y

r ecent l y expl or ed i n economi cs . Tr adi t i onal economi c model s f or r i sk man-

agement , whi ch t ake r i sks as exogenous, do not pr ovi de an adequat e

f r amewor k f or anal ysi ng and hedgi ng gl obal envi r onment al r i sks . The

gl obal car bon t ax i nvest i gat ed by t he OECD and r evi ewed i n Chi chi l ni sky

( 1994b) i s a pol i cy desi gned t o change t he odds ; anot her i s t he cr eat i on i n

t he Kyot o Pr ot ocol of gl obal t r adi ng of per mi t s f or t he emi ssi on of C02 ,

whi ch was or i gi nal l y pr oposed i n May 1994 t o t he FCCC by Chi chi l ni sky

and Heal ( 1995) and Chi chi l ni sky ( 1997) . The expl i ci t obj ect i ve of t hese

pr oposal s i s t o decr ease t he r i sk of a cl i mat e change. A syst emat i c st udy of

mar ket s wi t h endogenous r i sks st ar t ed wi t h t he exi st ence t heor ems i n

Chi chi l ni sky and Wu ( 1992) , Chi chi l ni sky ( 1992) and Chi chi l ni sky et al .

( 1996e) . Endogenous r i sks i n connect i on wi t h gl obal war mi ng have been

anal ysed wi t hi n gr owi ng economi es ( Heal 1984) . 28 Two mai n r esul t s wer e

gi ven i n t hi s chapt er , one anal ysi ng t he exi st ence and wel f ar e pr oper t i es of

mar ket s wi t h endogenous uncer t ai nt y, and t he ot her of gr owi ng economi es

wher e pr oduct i vi t y i n t he f ut ur e changes wi t h t oday' s car bon emi ssi ons .

Mor e wor k needs t o be done i n t hi s ar ea.

Anot her f eat ur e of gl obal envi r onment al r i sks i s t hat t hey ar e cor r e-

l at ed, as t hey af f ect many i ndi vdual s at once . Ther ef or e t hey cannot be

hedged sol el y by i nsur ance, whi ch i s speci f i cal l y desi gned f or i ndi vi dual



r i sks and r el i es on t he l aw of l ar ge number s . Gl obal envi r onment al r i sks

can be cat ast r ophi c . Ther ef or e t r adi t i onal deci si on t heor y, whi ch i s based

on expect ed ut i l i t y cr i t er i a and under est i mat es smal l pr obabi l i t y event s, i s

not appr opr i at e. I have pr oposed a new set of axi oms t o deal wi t h cat a-

st r ophi c r i sks, der i ved t he deci si on cr i t er i a t hat t hey i mpl y and suggest ed

how t o appl y t hi s t o management of cat ast r ophi c r i sks . These cr i t er i a

have been appl i ed t o char act er i zi ng opt i mal behavi our i n opt i mal gr owt h

model s wi t h exhaust i bl e r esour ces and wi t h r enewabl e r esour ces, and a

new ` t ur npi ke' t heor emhas been obt ai ned ( Chi chi l ni sky 1997c and Heal

1997) . Mor e wor k r emai ns t o be done on t he opt i mal management of cat -

ast r ophi c r i sks.
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1 . I n medi eval Engl and, a peasant f ar mer ' s l and was br oken i nt o many wi del y- di sper sed
par cel s . Economi c hi st or i ans i nt er pr et t hi s as a way of hedgi ng cl i mat e r i sk ( see r ef er -

ences i n Br oml ey 1992) . Land i n di f f er ent l ocat i ons woul d be af f ect ed di f f er ent l y by

dr ought s, f l oods and f r ost s . By spr eadi ng l and hol di ngs over di f f er ent l ocat i ons, as wel l
as by or gani zi ng agr i cul t ur al cooper at i ves, t hese soci et i es hedged agai nst cl i mat e r i sks .

2. The August 1997 i ssue of Sci ence i s dedi cat ed t o t he t opi c of human- domi nat ed eco-

syst ems .
3 . Human l ocat i on i s not t he i ssue her e. Thi s i s not about t he choi ce of humans t o set t l e

near nat ur al hazar ds . Thi s l at t er choi ce i s i mpor t ant f or human wel f ar e, but i t i s not t he

i ssue t hat dr i ves t oday' s gl obal envi r onment al concer ns . I ndeed, t he human act i vi t y t hat
af f ect s t he at mospher e and t he soi l most i s caused by humans who l i ve el sewher e. Most

ecosyst em dest r uct i on i s f or agr i cul t ur al pr oduct i on and r esour ce ext r act i on f or expor t t o
f ar away l ands. Many sci ent i st s bel i eve t hat t he separ at i on of t he l ocat i on of t he con-
sumer s and t he l ocat i on of t he pr oducer s, whi ch may di mi ni sh sensi t i vi t y f or t he negat i ve

` ext er nal i t i es' or envi r onment al damage caused by r esour ce ext r act i on, l eads t o f aul t y
cost - benef i t anal ysi s and t hus economi c act i vi t y t hat i s har mf ul t o t he envi r onment .

4 . Endogenei t y of r i sks l eads t o mor al hazar d when r i sks depend on act i ons whi ch cannot be

obser ved by t he i nsur er s and wi l l be i nf l uenced by t he i nsur ance of f er ed. I n t he pr esent

cont ext such pr obl ems ar e not cent r al t o t he anal ysi s : asymmet r i c i nf or mat i on i s not a

char act er i st i c of cl i mat e r i sks . Endogenous uncer t ai nt y i s mor e gener al t han mor al hazar d .

5 . I n t hi s r espect t her e may be a di f f er ence bet ween t he var i ous aspect s of cl i mat e r i sk .
Ther e ar e hi st or i cal dat a on t he r el at i on bet ween at mospher i c COZ and cl i mat e f r om
t r ee- r i ng and i ce- cor e st udi es . Wi t h ozone depl et i on t he phenomenon i s so new t hat
such dat a ar e not avai l abl e .

6 . See Chi chi l ni sky and Wu ( 1992) , Chi chi l ni sky ( 1992, 1996e, 1997a and b) , Kur z ( 1974) .

7 . They al so suppor t ed par t of t hi s r esear ch, when Chi chi l ni sky hel d t he Sal i nbemi Chai r

at t he Uni ver si t y of Si ena, 1995 .
8 . Ther ef or e no ` mor al hazar d' exi st s .

9 . A possi bl e di f f er ence i s t hat shor t sal es on asset s i s gener al l y al l owed, whi l e shor t sal es

on r eal goods may be r est r i ct ed . We can al l ow f or t hi s by enl ar gi ng t he t r adi ng space t o

i ncl ude negat i ve quant i t i es of some of t he commodi t i es t r aded . I n t hi s case we must

r equi r e an addi t i onal condi t i on f or exi st ence of a compet i t i ve equi l i br i um, see

Chi chi l ni sky and Heal ( 1993) .
10 . The car di nal i t y of t he set of st at es coul d be ext ended t o be i nf i ni t e wi t hout changi ng

t he r esul t s i n any way, but at t he cost of mor e not at i on . I n t he case t hat t he car di nal i t y

i s i nf i ni t e one needs t o wor k i n economi es wi t h i nf i ni t e di mensi onal commodi t y spaces,

i deal l y i n Sobol ev spaces ; see, f or exampl e, Chi chi l ni sky and Heal ( 1993) f or a gener al
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t heor em of exi st ence and char act er i zat i on of a compet i t i ve equi l i br i um i n Sobol ev

spaces wi t h or wi t hout shor t sal es .

11 . I t woul d suf f i ce t o consi der t he case wher e D= Sbecause t he case D> Scan be r educed

t o t he f or mer i f we consi der t hat t he pr obabi l i t i es i n t he or i gi nal Ar r ow- Debr eu model

wi t h exogenous uncer t ai nt y ar e zer o out si de t he set s, t hat i s, Hi q~ s, ni = 0 . However , i t

seems pr ef er abl e t o keep a di st i nct i on bet ween exogenous st at es and endogenous st at es .

12 . See Chi chi l ni sky ( 1996e : 105) .

13 . For exampl e, t he endogenous st at es and t hei r pr obabi l i t i es coul d be announced by an

auct i oneer , as pr i ces ar e announced by an auct i oneer i n a Wal r asi an mar ket ; t he r ol e of

t he Wal r asi an auct i oneer i s t o ensur e t hat no t r adi ng t akes pl ace unt i l an equi l i br i um i s

r eached . The same her e : t he ( expanded) r ol e of t he auct i oneer i s now t o ensur e t hat no

t r adi ng t akes pl ace unt i l an equi l i br i um wi t h endogenous uncer t ai nt y has been

r eached. The auct i oneer ' s announcement s about set s of st at es and t hei r pr obabi l i t i es

ar e nei t her cor r ect nor f al se, i n t he same way t hat a Wal r asi an auct i oneer announces

any pr i ces, and not j ust t he equi l i br i um pr i ces. I n t he same vei n, her e t he announced

st at es and pr obabi l i t i es may or not be t he ones whi ch wi l l event ual l y emer ge i n a

mar ket equi l i br i um.

14 . To si mpl i f y not at i on, and wi t hout l oss of gener al i t y, we set f r om now on e = { l , . . . , D} ,

by al l owi ng some pr obabi l i t i es n+ = 0 .

15 . That i s3i , j ET( y) - S, i xj , n i >0andnj >0 .
16 . Among t he st udi es of t hi s i ssue ar e Wei sbr od ( 1964) , Kr ut i l l a ( 1967) , Ci chet t i and

Fr eeman ( 1971) , Schmal ensee ( 1972) , Ar r ow and Fi sher ( 1974) , Henr y ( 1974) and
Bohm( 1975) .

17 . I f bo > 0, t her e ar e benef i t s t o conser vat i on i n t he f i r st per i od, so t hat co = 1, t hat i s, we
conser ve i n t he f i r st per i od . We concent r at e on t he i nt er est i ng case of bo < 0, when t he
onl y i ncent i ve t o conser ve i n per i od 1 i s t he possi bi l i t y of a posi t i ve r et ur n i n per i od 2 .

18 . An i mpor t ant si mpl i f yi ng assumpt i on i n t hi s exampl e i s t he l i near i t y of payof f s i n t he

l evel of pr eser vat i on . Fi sher and Kr ut i l l a ( 1985) di scuss t he r ol e of l i near i t y .

19 . Pi ndyck ( 1991) consi der s a si mi l ar exampl e i n t he case of i r r ever si bl e i nvest ment deci -
si ons, and shows t hat t he opt i on val ue of del ayi ng an i nvest ment deci si on t o t ake
advant age of i nf or mat i on t hat wi l l become avai l abl e i n t he f ut ur e can be comput ed usi ng
t he f or mul a used i n f i nance f or val ui ng an opt i on t o buy a st ock. See al so Di xi t ( 1992) .

20 . Thi s i s because, as seen i n t he pr evi ous subsect i on, i t i s obt ai ned by maxi mi zi ng t he
expect ed val ue of benef i t s .

21 . The model i s di f f er ent f r ommost ot her model s i n whi ch opt i on val ues have been st udi ed. I t
i s an i nf i ni t e- hor i zon st ochast i c dynami c opt i mi zat i on model i n whi ch t he maxi mand i s t he
expect ed pr esent val ue of ut i l i t y and f ut ur e pr ef er ences evol ve st ochast i cal l y .

22 . Sever al ot her mat hemat i ci ans and economi st s, such as Her nst ei n and Mi l nor ( 1953)
devel oped r el at ed axi oms .

23 . The space of l ot t er i es L i s t he space of al l measur abl e and essent i al l y bounded r eal
val ued f unct i ons on t he l i ne.

24. A° denot es t he compl ement of t he set A.

25 . Chi chi l ni sky ( 1996f ) . See Machi na ( 1982) f or an al t er nat i ve anal ysi s t o t he von
Neumann- Mor genst er n t r eat ment of deci si onmaki ng under uncer t ai nt y . Machi na does
not pr ovi de an axi omat i c t r eat ment .

26 . Lar ge pr obabi l i t y event s ar e event s wi t h pr obabi l i t y cl ose t o one. Pr obabi l i t i es of event s
ar e bounded above by t he number one.

27 . The space of bounded sequences 1zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA� i s a Banach space wi t h t he nor m11 z ~) = super I z . , ~ .
28 . The i mpact of t r ader s' expect at i ons on r i sks was st udi ed by Gr een, Gr andmont , Kur z,

and ot her s .
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