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CHAPTER XIII 

PROBABILITY OF EXPECTED CLIMATE STRESSES IN 
NORTH AMERICA IN THE NEXT ONE M.Y. 

G. Kukla 

Occurrence probabilities were investigated for future climate related 

stress events in western North America that could contribute to a breach of a 
radioactive waste repository. The climatological stress events with the 
largest expected disruptive potential relate to changes in precipitation, 
evaporation, and runoff. Their possible impact depends closely on various 
geographic factors, defined to a large degree by the location of a site. 

Probabilities are given for a scenario that depicts a continuation of the 
present level of technology or a collapse of technocratic civilization within 
the near future, followed by a natural climate variability. This climate 
variability is expected to continue into the future, following past climate 
patterns. Climate fluctuations are controlled by perturbations of the Earth's 
orbital elements. 

An alternative scenario predicts a peaceful perpetuation of technocratic 

civilization, which will bring along a complete stabilization of climate and a 
complete elimination of climate related disruptive events. 

Climates one million years ahead were predicted upon the assumption that 
the pattern of natural climate variability observed during the past million 
years will continue. The impact of man's industry and land use on climate was 
considered only to a limited degree. This consideration involved assessment 
of the effects related to present and near-future technologies. Possible 
climatic impacts of a misguided, highly advanced, future technologic civiliza
tion were not taken in account. The climatic impact of a world-wide nuclear 
war is another factor that was not considered. 
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The probability, magnitude, and frequency of occurrence of future climate 

extremes were based on reconstructed records of past climate variations. 
Fluctuations of oxygen isotopes in the foraminiferal tests recovered from the 
world oceans were taken as the most complete and reliable records of global 
climate changes. The ratio of oxygen isotopes 018 and 016 in buried 
benthic foraminiferal tests is controlled predominantly by fluctuation~ in the 

total volume of ice deposited on land. This record is almost independent of 
the geographic location of a studied site. A piston core, V28-238, is con
sidered to be a type locality of the 018/016 stages. For stratigraphic 
purposes, the benthic 018 record is interchangeable with that of planktonic 

foraminifers. 

Boundaries separating especially pronounced isotopic maxima from excep

tionally pronounced minima have been called terminations. The segments 
bounded by two consecutive terminations are labeled glacial cycles. Termina

tions are numbered by Roman numerals in order of increasing age. 

The 018_ rich planktonic foram shells may result either from low sea 

surface temperatures or from the existence of a large volume of ice on land. 
Thus, the odd numbered stages with relatively low proportions of 018 record 
intervals of reduced global volume of ice, and/or alternatively of a rela
tively warm sea. 

In theory, the 018/016 ratio in forams should provide an accurate mea
sure of past ice volume. However, the resolution of the method is limited by 
a number of factors, which include delay in ocean mixing, varying sedimenta
tion rates, changing sampling intervals, etc. Precision greatly decreases 
with age, mainly due to the effect of sediment mixing, burrowing, redeposition 
of shells into younger sediment, selective dissolution, etc. As a result, the 
relative peak-to-peak amplitudes of correlative stages in different cores 
diverge to a significant degree. At present, the shapes of 018 curves, 

rather than the absolute values of isotopic ratios, are used for stratigraphic 
interpretations. 
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There are eight completed glacial cycles, namely B through I, and nine 
terminations, I through IX, in the last epoch of normal polarity. This epoch 
lasted approximately 0.7 million years. There are ten completed glacial 
cycles, B to K, and eleven terminations, I to XI, in the past 0.9 million 
years following the Jaramillo normal polarity event. Oscillations of the ice 
volume, as recorded by the 018/0 16 ratio within each glacial cycle, seem to 
generally follow a sawtooth pattern, progessing from an early minimum to a 
late maximum. Apparently the glaciers have grown in steps that were inter
rupted by temporary regressions. The 018 oscillations give no indications 
of where the ice was deposited and where the retreats took place. It remains 
unclear whether the changes of ice volume proceeded in phase or out of phase 
between the two hemispheres or between the North American and Eurasian conti
nents. In each of the best known youngest glacial cycles, Band C, five 
significant secondary oscillations took place. 

Within the past one million years the general shape and amplitude, as 
well as the internal structure of the 018 fluctuations, remained approxi
mately unchanged. This conclusion takes into account the limited accuracy of 
available data. Consequently, the climate history during each one of the 
former glacial cycles C - J is likely to have displayed about the same degree 
of complexity as the late Pleistocene glacial cycle B (10-127K). 

Within the precision limits of the 018 method, the warm peaks of odd 

numbered stages 1 to 21 (except stage 3) all seem to approach a closely 
similar level. This fact indicates that the global ice volumes and/or sea 

surface temperatures in peak interglacials were similar to those of today. It 
also indicates that during the past 0.9 million years, there were at least 
nine episodes with global climate comparable to the present one. These 
episodes are labeled interglacials. 

It was assumed that gross climate changes result from perturbations of 
the Earth1s orbital parameters. This assumption is almost a general consensus 
of paleoclimatic workers. Astronomic Climate Index (AClIN) was developed in 
order to predict the gross climate states from relatively well known astro
nomic variables. AClIN was calibrated and tested against the radiometrically 
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dated paleoclimatic evidence from the past 0.25 m.y. Four principal global 

climate states were recognized: interglacial, temperate interstadial, inter
stadial, and stadial (ordered from warmest to coolest). Their probability of 

occurrence was found from analysis of various paleoclimatic records from the 
past 150,000 years. The probability of each of the four states listed above 
was found to be 0.10, 0.16, 0.08, and 0.66, respectively. The average dura
tion of temperature intervals (interglacials and interstadials) came out to be 

10, 8, and 4 millenia, whereas that of stadials was found to be 8-16 millenia. 

The ACLIN index, considered a reliable predictor for at least the next 
104 years, defines the timing of the cold and warm gross natural peaks. 
Higher ACLIN values correlate with a warmer natural global climate. ACLIN is 
computed after the formula: 

a = 

where wt = 
e = 

Et1 = 

It1 

Wt - 180 
90 

longitude of 

eccentricity 
obliquity at 

t 1 > t in 
t 1 < t in 
wt 1 = wt -

the perihelion at the time! 

at the time t 
the time t 1 defined by 
years B.P. 
years A.P. 
90 

tl = minimum. 

The response of environment and climate in the Basin and Range province 

of the western U.S.A. to those global fluctuations was reconstructed from 
various sources. These sources include traces of past lake levels, flood 

deposits, glacier moraines, pollen records, and rodent middens. 

The reconstructions needed in the study were updated and critically 

reviewed at an ad hoc workshop conference in Reno, Nevada. Extensive compila
tion of the results of former research was also prepared. Even so, large 
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uncertainty remains, especially concerning paleoclimatic events older than 
about 30,000 years. This uncertainty exists because geologic records covering 

• . such older intervals are scarce and incomplete. Also, most of the existing 

records have not yet been studied in sufficient detail. 

~ The most remarkable environmental change that affected the Basin and 

... 

, 

f 

Range province in the Late Pleistocene was the filling of closed basins with 
large freshwater lakes. The largest of these lakes were Lake Lahontan and 
Lake Bonneville. The highest levels in these lakes, accompanied by the corre~ 
sponding rise of groundwater levels, were attained shortly before the end of 

the last full glacial episode, between 13,000 - 11,000 years ago. Relatively 
high levels were maintained during most of the stadials. Maximum rates of 
lake level rise and drop did not substantially differ from the rates observed 
in historical times. 

Probability (Lm) of a site located within the closed basin to be 
flooded is high and is a function of: 

where c = climate state 
s = site surface elevation or location 

Zo = present lake or basin bottom area 
zl = elevation of maximum Late Pleistocene lake level 
r = relief factor quantifying geomorphic characteristics. 

High lake levels were attained, mainly due to decreased evaporation and 
increased runoff from neighboring snow covered or glaciated mountains. 
Increase of average annual precipitation in glacial times was, by a factor of 

IS' relatively minor. 

Probability IS = f!c, dm, r\ 

where c = climate state characterized in terms of Ps or of Pa 
dm = distance of a site from a major body of water in the 

direction of dominant winds 
r = regional factor. 
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Most authors estimated the annual average precipitation over much of western 
America to be between 1.2-2.0 times that of the present average 
prec i pitat ion. 

The probability of a site in the Basin and Range province being directly 
covered by a glacier is very small and is confined to geographically defined 
areas. 

Probabiity (~) of occurrence of a permanent ice cover on site can be 
expressed as: 

where c = climate state defined either as a deterministic function of 
ACLIN (Po;) or as a result of stochastic distribution 

Zs = e 1 evat ion of the present regional orographic snowline 

zp = elevation of Late Pleistocene snowline 

Zg = elevation of the glacier terminal 

zd = elevation of the regional dominant peak 
s = site surface elevation 

dd = distance of site to dominant peak 
hu = uplift or subsidence; vertical departure from present 
r = relief factor 
y = slope exposure parameter 

dm = distance of a site from a major body of water in the 
direction of dominant winds. 

(Ps ) 

The three key variables are c, zp' and dd' Uplift hu becomes impor
tant only on longer time scales. 

Groundwater levels will fluctuate in response to changing evaporation/ 

precipitation ratios, runoff seepage from pluvial lakes, etc. 

The interval of most abundant moisture was II-13K years ago. The depar
ture of effective evaporation from today's value was estimated variously from 
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40% to 70%. Insufficient data are at hand to justify a separate trial or 
probability functions for this variable. We imply_that the groundwater table 

~ . moved synchronously with the lake level changes, and that similar relation
ships will hold in the future. Thus, fluctuations of groundwater tables can 

... 

be predicted from the same variables and relationships as are those for lake 
levels. 

Evidence of past floods, catastrophic by present standards, is found in 
the Snake River and Columbia River basins. The Bonneville Lake overflow 
occurred some 33-35,000 years ago, deposited 2.4 billion m3 of the so-called 
Melon gravel (so named because of the huge size of the cobbles), reached crest 
levels of about +100 m, and eroded the cataracts in the American Falls. Maxi
mum discharge was estimated at about 1.4 km3/hour. 

Floods that generated the Channeled Scabland in Eastern Washington (at 

possibly the same time as the Bonneville overflow) occurred after the burst of 
700 m deep Missoula Glacial Lake through the collapsed 1200 m high ice dam. 
The flood waters, which formed cataracts and giant ripplemarks, were at least 
250 m high at the Wallula Gap next to Pasco. Maximum discharge was estimated 
at 40 km3/hour. Sudden recharge probably raised the regional groundwater 
levels tens of meters and in some places possibly up to 200 m. Similar floods 
occurred in the Channeled Scabland area on earlier occasions. 

The probability F of reoccurrence of the Missoula type flood in Eastern 
Washington can be expressed as: 

F = f I! \, 5, dr' zr' r I 
t 

where Ic = integrated c 1 i mates 
t 

dr = distance from a site to a local erosional basis (bottom of 

surface drainage) 
zr = elevation of bottom of surface drainage 
s = site elevation 
r = relief factor. 
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The sites located in the closed basins have a high probability of being 
buried by sediment, whereas those in mountain ranges may be exposed by 
erosion. 

Probability Em of a site being either eroded to a depth of ~ meters or 

covered by sediment in a thickness of ~ meters depends critically on 
geomorphic factors. It can be written that: 

Em • f I [t c, ad' ak, dd' do' dk, zd' s, r, dd 

t 
where Ic = time integrated cl imate states 

t 

ad = total basin drainage area 

ak = average Late Pleistocene lake area 

dd = distance from a site to a dominant peak 

do = distance from a site to basin bottom 
dk = distance from a site to the average Late 

shoreline 
zd = elevation of regional dominant peak 
s = site surface elevation and/or location 
r = relief coefficient 

Pleistocene 

dl = distance to the highest Late Pleistocene shoreline. 

The average erosional rates in the Bonneville basin were about 
0.05 mm/yr; in the depressions the depositional rates averaged about 
0.1 - 0.2 nm/yr. 

In sunmary, the climatic impact on any given site will be predominantly 

affected by a particular site location, and it is believed that sufficient 
margin exists to select sites with minimal probability of climate related 
breach. 
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