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Zonal and Meridional Circulation

Large-scale movements of warm air
poleward and cold air equatorward provide a
balance between energy surpluses at low
latitudes and energy deficits at high latitudes.
When the temperature difference between high
and low latitudes is relatively small, as is typical in
summer, the circulation of the atmosphere is
weaker and more zonal, or more nearly west to
east (fig. 2). When the temperature contrast is
high, as in winter, the circulation may become
stronger and more meridional, or north-south.
Thus, seasonal variations in weather patterns can
typically be characterized by the persistence of
one or the other of these two circulation regimes.

Changes in the amplitude of these
planetary-scale circulation "waves" reflect the
positions and intensities of high and low pressure
systems around the globe. The region beneath a
wave crest is characterized by high pressure. itis
typically referred to as a high pressure "ridge.”
Such ridges serve to move relatively warm air
poleward and are generally associated with fair
weather conditions. The wave depressions are
regions of low pressure, and are referred to as low
pressure "troughs." Troughs of low pressure
within the general circulation move relatively cold
air equatorward and are generally associated with
stormy conditions. Occasionally the amplitude of
a low pressure trough becomes so great that the
circulation folds back onto itself, thereby cutting
the low pressure system off from the general
circulation. Without the momentum provided by
the general circulation such “cut-off* lows tend to
persist over an area, sometimes bringing
storminess for a week or more. In contrast,
protracted periods of fair weather can accompany
a high pressure ridge cut-off from the general
circulation. Such ridges are frequently referred to
as "blocking” highs, because they tend to block
the movement of storm systems into an area.

2

TYPICAL SUMMER CONDITIONS
ZONAL >

TYPICAL WINTER CONDITIONS

Figure 2. Zonal and meridional components of the horizontal circulation of the atmosphere.
The letter L refers to low pressure and H to high pressure.
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Precipitation Variability and Trends

Precipitation is a highly variable
quantity both in space and time. Analysis
of precipitation data for the Northern
Hemisphere from the mid-19th century to
the present (Bradley and others, 1987),
and of much longer proxy series
reconstructed from tree rings, indicate that
significant regional variations have
occurred over decadal and longer time
scales. Hemispherically, decadal and
longer fluctuations in precipitation are also
evident, although there does not appear to
be any systematic trend over the past
century (fig. 4A).

Patterns in specific regions have
been variable (fig. 4B). Europe, for
example, has undergone a small but steady
increase in precipitation since the 1860's.
in the United States, precipitation declined
between the 1880's and the 1930's. Since
the 1930's, however, there has been a
general increase with the most marked rise
occurring since the mid-1950's.
Precipitation over the Soviet Union has
increased significantly since the 1880's,
with most of the change occurring before
1900 and after 1940. In Northern Africa
and the Middle East, precipitation exhibited
little trend between 1900 and the late-
1940's. Since then, however, precipitation
has declined dramatically. In Southeastern
Asia, a relatively wet period in the 1920's
and early 1930's separated two protracted
periods of relative dryness. The first was
centered around 1900 and the second
extended from the mid-1960's until the
present.

Percentile Wet

Dry

During the past 30 to 40 years
there have been some significant
differences in the temporal distribution of
precipitation on a latitudinal basis. In the
middie latitudes (35° to 70° N), for
example, a significant precipitation increase
has occurred since 1940. In the sub-
tropical latitudes (5° to 359 N), however, a
significant decrease is evident since the
mid-1850's. In the north equatorial region
(0° to 5° N), little or no trend is evident in
the record during the past century.

1860 1900 1940 1880
Year

Dry Wet

Percentile

Dry  Waet

075 §

1900

1940

Figure 4. Annual precipitation index (mean of percentiles of the gamma distribution for Northern
Hemisphere continental (A) and constituent regions (B). Vertical dashed line shows year in which

50 percent of the grid points became available for analysis. Curved line shows the smooth trend
line fitted through individual values. (Source: Bradley and others, 1987 ; Copyright 1987 by the AAAS).

1980
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Figure 5. Annual maximum, minimum, and median principal component scores of the Palmer Drought Severity Index, 1895-1980. The plotted scores
contrast years of relative wetness (above the zero line) with those of relative dryness (below the zero line). (Source: Karl and Koscielny, 1982).
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The Drought in_a Global Perspective

In recent years, a growing amount of evidence
has been acquired indicating that atmospheric and
oceanic conditions in one part of the globe affect the
weather and ciimate in another part of the globe. The
El Nino/Southern Osciliation is one of the most
frequentiy cited examples. However, during the
drought of 1988 there was no Ei Nino occurring in the
tropical Pacific. So what can we say about the relation
of this drought to regions of anomalous conditions
elsewhere around the world? In short, nothing
definitively at present. Although several scientists
have hypothesized that the drought was linked to
anomalously warm sea surface temperatures in the
tropical Pacific {north of the E! Nino region), this
explanation has not yet gained general acceptance. In
addition, despite the "teleconnections” or correlations
between pressure patterns in one part of the world
with those in another, most such correlations are weak
to moderate and tend to be strongest during the winter
season when pressure gradients are strongest. West
central Canada, the area where the anomalous high
pressure ridge was centered, is not a region where
anomaly patterns correlate well with patterns
eisewhere around the world in spring and summer (fig.
7). Moreover, the global meteorological anomalies
during June, 1988 do not appear to reflect a giobal
climate change. One can look at charts such as those
in figure 7 for any month of the year, in any year, and
see temperature and precipitation anomalies of similar
or even greater spatial extent widely distributed around
the world. There do not appear t0 be any trends
evident in these anomalies that are in any way
indicative of a condition differentiable from the natural
variability of the climate system.
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Figure 7. Global temperature (A) and precipitation (B) anomalies for June, 1988. (Source: National
Oceanic and Atmospheric Administration, Climate Analysis Center).



L

"Joaye asnoyuaasb ayj ur sabueyd aimny
pue juasaid jnoge usddU0I 10} UOSEea.
jediduud ay} s1 uonisodwod duaydsowsie
ut sabueyd esay} JO adouaNPUI PAUIGWOD
8yl °S8llAl0R uewNY O} anp saje)
jueoiubis Je asaydsowie ayi ui Buiseasoul
8Q 0} UMOU) Osje a1e -- auozo susydsodol}
pue ‘suoqieodojey ‘epix0 SnoJjiu
-- sasef ,asnoyusaib, Jeyip -paignop
8ABY SUOIeJUBdUO0D Bueylsw Juaydsowly
‘Juediad g2 AQ 9SE8IOUI 0} SUOHBIIUBIUOD
ouaydsowie pasned Sey apIxoIp
uoqued jo uononpoud dusbodoiyjue ‘siesk
002 Isej 8y} 6uung "sejlApde uewny
jo ynsas e se BujBueyd Ajpuesasd
$| 1090))@ esnoyuoesb eyl

‘sieak
000'091 1sej 8y} Buunp (seb esnoyuessd
1ayjoue) aueylaw pue apixolp uoqed Jo
suoneuesuond duaydsouwe ayj ui sebueyd
jueoubis 10} aduapiae poob si eseyy
‘aduenjju| uswny o10J9q 9|qeBJIBA
sem o040 esnoyuoeelsb eyl
‘(weyuesye4 seasbap o) snisie) sessbep
g1- seeu aq Aiqeqoid pinom ainjesedwal
aoeuns ebeseAe s,yuee ayj ‘(sodea Jejem
JO uonesuspuod ayj AqQ pausio} Spnojo
§0 109}j8 8y} Inoylm pue) seseb om) esey}
§0 108)j0 esnoyuaesib ayl oYM sieak
§O suoljjiq 10} as8ydsowie s,yue3 ayj ul
Jussasd ueaq eAeY YIYM ‘apixolp uoqied
pue jodea ia)em aie uoneipes aaem-6uo)
Isow 8y} quosqe yaiym saseb ousydsowie
8y} ‘uouawouayd jeinjeu
e s| 109j0 asnoyuaaub oyj
‘WalsAS apwid
x9jdwwod Ajasuawwn s,yue ayj inoysbnoiyy
soisAyd 2i1SBQ SIt JO uoljelSejlUBW BY)
puejsiapun 0} 18yjes Inq ‘SISIXd N Joylaym
ysiqelse o} jou S joaye asnoyuasib
ay} yum pejeroosse abusjieyd oynusIos 8y
‘@seasoul 0] einjesadwa} sy sasneo seb
e Aq uoneipes jJo uondiosqe 8yl -umouy
Ajes10a1d ase saseb ades} ouaydsowne Aq
peqiosqe uoieipes jo syibuajaaem oyoeds
ay] -poojsiapun jjam ase s3|diduud
jeoisAyd oiseq sii -A1o9y} e jou ‘joe}
e s| 109)0 osnoyuaaib oyl
:paysiqelss Ajuwy mou
aJe sjuiod 6uimoyio} ey ‘10eye esnoyuasib

8y} jo sjoadse pejoadxsun Sswiowos
pUB M8U JBA0OSIP O} aNUNUOD SISIUBIDS
ybnoyly ‘Ainjued e uey) ai0w 10} palpnIs
pue pejusundop ueeq sey uouswousyd
siyj ‘essydsowie s\yue3 ayj ul seseb
urepad Aq uoneipes saem-6uoj jo uopdiosqe
8yl S| 196j)0 esnoyusasb ey}

sjoed

‘suolisanb esay}
JO UOISSNISIP 8yl Ul |njasn SI jey} uonew
-10jul punoiBxoeq sjueseid uondas Syl

Lparojpaid oq 109)40
asnoyuealb ayl ued ||I9m MOH O

2199}j0 esnoyudaib oy} jo

unsa1 e wbnosp *s'n 8861 9Ul sem O

109430 esnoyudalb oyl unpuod
Bujuuem jeqoib waund oyl se0q O

J100)40 asnoyuoaib oyl S| leym ©

:Buipnioul ‘ebueyd ajewyd
pue ajewnd weund jo Hulpuelsiepun
ino 0} jeonud ase jey} suolsanb
{e19A8S UO PasSnNd0) uoluale siyj
‘puom 3yl noybnoiyl suoissnosip angnd
10 AjsueA B Ul pue sseid eyl ul uonuaue
8pIM PaAIadal 108)8 asnoyueasb ay)
‘8861 JO JowWNS ayj Inoybnauy |

suopsenyd

sjoe4 |eljuass3y pue suonsany jeanin)
Jsinbpung 1 ouz Aq HNINHVYM TVEO0TD ANV 123443 ISNOHNIIHD FHL



Energy Balance of the Earth's Surface and Atmosphere

The complexity of the global
climate system, of which the greenhouse
effect is a par, is illustrated in figure 8.
Pathways of incoming solar (short-wave)
radiation appear in the dark-shaded areas
on the left side of the illustration; pathways
of long-wave radiation are depicted on the
right. The units shown are relative to the
total incoming solar radiation value of 100.

At the outer edge of the Earth's
atmosphere, incoming solar short-wave
radiation is balanced by predominantly
long-wave outgoing radiation. The energy
balance at the Earth's surface is dominated
by long-wave radiation exchange with the
atmosphere. The long-wave energy
exchanged at the Earth's surface is much
larger in magnitude than the amount of
short-wave solar energy that reaches the
Earth's surface. This amplication of the
Earth-surface energy balance is caused by
clouds and the greenhouse effect.

An idealized equilibrium energy
balance is depicted in the figure. The units
of incoming solar energy are exactly
balanced by an equal number of units of
outgoing radiation. In reality, the energy
balance is currently shifting as a result of
changing concentrations of greenhouse
gases. The exact nature of this shift is very
difficult to understand and predict because
it invoives all of the intricate feedbacks that
comprise the Earth's climate system.
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Figure 8. Energy balance of the earth's surface and atmosphere, in percent. (Source: Schneider
and Mesirow, 1976).
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Historical o_gm:mg in >§omv:mzo Carbon Dioxide

Analyses of ice cores from
Greeniand and Antarctica show that the
atmospheric CO2 concentration remained
near 280 parts per miliion for neariy ail of
the 10,000 years since the end of the last
ice age. Then, in the iate eighteenth
century, atmospheric CO2 began to
increase. The increase, determined by
measuring ice core air bubbies and,
beginning in the early 1950's, by
continuous direct atmospheric
measurements, appears in figure 10. The
historic rate of increase has been
exponentiai, rising to a present-day
atmospheric CO2 concentration of about
350 parts per miilion.

The source of this carbon dioxide
increase is predominantly the burning of
fossil fuels, with smailer contributions from
changes in land use (for example,
deforestation) and the production of
cement from iimestone. in fact, the total
amount of CO3 reieased by these activities
during the iast 200 years is about twice the
amount of carbon dioxide that has
remained as added atmospheric CO2. The
remainder of the anthropogenic carbon
dioxide has been removed from the
atmosphere by carbon-cycle exchange,
primarily with the oceans. There is no
doubt that the atmospheric CO2 increase
shown here is the resuit of human
activities, but there is significant uncertainty
about the response of the global carbon
cycle to this perturbation in one of its key
components.
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Figure 10. Variations in the concentration of atmospheric CO2 as determined from ice cores in
Greenland and Antarctica. (Source: Siegenthaler and Oeschger, 1987).
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Historical Global <<m===6|

Historical mean global
temperatures can be estimated using data
from meteorological stations throughout
the world. These stations are not uniformly
distributed, however, and spatial averaging
assumptions must, therefore, be applied to
the stations that are available. Other
corrections must be used for stations
where measurement techniques or
locations have changed during the period
of record. Nevertheless, the data show a
statistically significant global warming trend.

A graph of normalized mean global
temperatures from 1880 through 1987,
compiled by Hansen and Lebedeff (1988),
appears as figure 12. The overall warming
apparent in this record is close to 0.8
degrees Celsius (1.4 degrees Fahrenheit).
-ansen and Lebedeff estimate that 0.1 to
0.2 degrees of this trend can be attributed
to the heat released locally in urban areas,
where many meteorological stations are
located. Their estimate of the overall
warming during the last century, including
uncertainties, is 0.4 to 0.8 degrees Celsius
(0.7 to 1.4 degrees Fahrenheit). This
estimate is supported independently by
other compilations (Jones and others,
1986), including analyses of sea surface
temperature data. The average global
warming over the last century is roughly
consistent with the magnitude of warming
expected from the increase in greenhouse
gases during the same period.
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Figure 12. Normalized mean global temperatures, 1880-1987. (Source: Hansen and Lebedeff, 1988).



L

(8861 ‘)jopeqe pue uesuel :62In0g)

*Aleaoedse) ‘suoidnie JIUEDIOA PUE OUIN {J Jofew jo sieeh eyl yiew A pue J sieuse} eyl "/861-8/61

(2.)49

‘suoiieueA Ajyluop ‘g */861-8561 'SUOIBUEA [BNUUY ‘Y "einjesedwe) Jle edeuNs Ueew [eqOjD "¢l anBid

aiog
20 106! 9861 86! 2861 086l 846!

| |
0 _ r .
: A
20 | :ﬂ m /
»0 w
(5.9€2-N.9E2) _
90 sapnjyon ’ 20-
. St
80 _ “ .1 0
o b : - 0%
|| W18
—— ' | v0
— — | ; i 4 | 90
_ b1 joqoig L
| 1 ! -

‘uoneuea sinjesadwsel [eqoib jo sesned
18410 AQ paindsqo aq Aew ) asneoaq 109440
asnoyuaaib ey} Aq pesned abueyd onewo

alog
1861 5961 06! S161 oL6! ] 1 9561
od.u_. 414...4%&.. 3
| Al ~ lﬂ’
YO ]
20 (S49€2-Ne9%2) 1] M i
sepnyo) w0 |J ¥ .
0 :.___”_ i \ ~_ ]
A :
|
Nd ] N _ 4 /J
. 1 ~ . i
[ 4] , : t 0-
90 _ w 20-
so[Lli 1 I =
: : ¢ =
. 1 : ‘ | -
01 z
TN EY I EULAR wc
TR 124%9 _ 0
UL NI Hie
v

e 109}ap 194 JouUuBd 8M ‘UIBOU0D SNOUSS
Jo} esned si Buwuwsem |eqo|b [eouoisiy
oy} ybnoyye ‘rey) saibe sisnudOS ISON

‘sainjeladway 19]009 JO Sapedap 8alyl Aq
Pamo||0} Sem J1 184 ‘s Jey) o} 1008l 8y} ul
pouad isewiem 8y} sem S,0e61 e ayy Jo
Bunsem ay) ‘sidwexa 104 ‘pual) Buruiem
Huoj-Ainjuad jje)sAo syl uey} asow S,086 1
oy} Jo Buwem eyy 8ziseydwe o} enjal
eJe SISIUaIOS SO  "108yje 8snoyueesib
8y} o1 Buwusem [vqolb eyi einguue o}
Auea 00} Si Ji eyl 8A311eq isow ‘sak panbie
OABY SISNUBIDS Mo} e ybnoyly ¢Buluem
asnoyuaeaib peonpui-¢0oH pajedionue
8y} j0 8ouaseud ay} wayuod syl seoq ‘(24
einby 98s) sjuswainsesw [eoibojoi10810W
WwoJ4j pajew|ise Ajgenas 8q ued
sesnjesadwa; uesw jeqojb yoiym 10} pousd
Jseuliem ayi ale S$,0861 9yl leyi Jeos|d
s1 ) Buisem panuijuod moys 8864 Alee
10} elep ainjesadwel eqoib eyl

"sapnyiel yBiy e peounouoid Jsow aq
pinoys Bunusem syj ey eiedipul Buisem
asnoyuasib e JO 10340 ayj Jo suone|NuiS
japow ejewd ‘Busem apniie|-moj
yum Auewud pejeioosse usaq sey S,0861
ay) w Bumwsem jeqolb jeys uonemssqo
ay} o} iseijuod uj ‘sesnjessdwen
jeqolb uesw u) dosp Buipuodsaiioz
e pue (suoipuod .euiN e,) Buyood
apnjie] mo] AQ S1eaA m8) B UIYIIM pamol|o)
uaeq ualo BARY SJUBAS Yons ‘A||eduoisiH
*(€1 8anByy) sapnyile] moj Je suolipuod ,0uIN
13. Ylim snoaueiodwaiuod aiem /861 pue
£861 Jo syeed ainesadwal ayi ‘Jejnoiued
u| ‘sepne| mo| je Burusem pedsunouosd
yum pajejoosse alem /861 Pue ‘€861
‘0861 W sainjesadwal uesw |eqoib ybiy
ayl °pio28) |eJuociSly 8y) ul 1saybiy ey)
e19Mm /86} pue ‘c86} ‘L86) ‘0864 SiEAA
ay} Joj saimesadwe} ueaw |eqojD

S,0861L @yl ul Buiwiem

1eqojd



P‘m&o::m the Greenhouse Effect

Predicting future climates is one of
the most challenging and important
scientific problems of our time. Predicting
the climatic effects of trace gases requires
the most sophisticated climate models and
the most powerful supercomputers.
Changes in mean giobal temperature and
precipitation, as computed by five of the
most widely cited atmospheric general
circulation models (GCM's), are given in
Table 1. These changes were computed
for equilibrium climate conditions after a
doubling of atmospheric CO2, which is
expected to occur sometime during the
next century. Mean global temperatures
are expected to increase by about 2 to 5
degrees Celsius, while mean global
precipitation is predicted to rise by about 7
to 15 percent. The global precipitation
increase is accompanied by a
correspnnding increase in the modeled
global evaporation. The effects of
increasing concentrations of trace gases
other than CO> are expected to accelerate
and add to the effects modeled here.

The significance of these predicted
climate effects can be gaged by
comparison to the estimated 5-degree
Celsius mean global temperature change
associated with the end of the last ice age.
Unfortunately, there is no consistency
among greenhouse predictions beyond
the global equilibrium mean effects
represented by the results shown in the
table. There are still too many uncertainties
in climate modeis to realistically predict
regional effects, or to project changes that
will occur during the time of transition to a
new equilibrium ciimate.

18

Change in
Model/Study Temperature Precipitation
(°C) (Percent)
Geophysical Fluid Dynamics 4.0 8.7
Laboratory / Wetheraid and
Manabe (1988)
Goddard Institute for Space 4.2 11.0
Studies / Hansen and others (1984)
National Center for Atmospheric 3.5 7.1
Research / Washington and
Meehl (1984)
Oregon State University / 2.8 7.8
Schiesinger and Zhao (1988)
United Kingdom Meteorological 5.2 15.0

Office / Wilson and Mitchell (1987)

Table 1. Changes in the global mean surface air temperature (Ts ) and precipitation rate (P) simulated

by various atmospheric general circulation/mixed-layer ocean models for a CO2 doubling.

(Source: Schlesinger, 1988).
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_sm_.oq Uncertainties in mmmmo:m_ Climate Predictions

The following statement is
representative of the consensus among
climate modelers concerning predictions of
regional effects such as droughts:
"Although the results of the general
circulation models often agree well with
each other and with historical surface air
temperature data over large scales
(globallhemispheric/zonal), ... [they are]
simply not yet ready to be used for
quantitative prediction at anything
approaching even a multi-state region, let
alone a single surrogate gridpoint
representing a particular state, county or
city. Over such small scales, a wide range
of responses is currently predicted”
(Grotch, 1988).
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SOIL MOISTURE (IN CENTIMETERS)
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The model results shown in figure
14 exemplify the differences among
climate model simulations of regional
effects. These plots show soil moisture
simulated for three regions by two different
general circulation models developed by
the National Center for Atmospheric
Research (NCAR) and the Geophysical
Fluid Dynamics Laboratory (GFDL).
Although these model simulations are not
strictly comparable, they illustrate the
inconsistencies among regiona! climate
predictions. These differences in soil
moisture projections reflect the models'
disagreement on regional land surface
water balances under greenhouse
conditions. The solid curves approximate
seasonal soil moisture trends for present
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atmospheric CO2 levels, whereas the
dashed curves represent equilibrium
seasonal trends for increased CO> levels
(doubled in the NCAR model; quadrupled
inthe GFDL model).

For the regions shown, there are
obvious differences between the models
in their simulations of both present-day and
increased-CO> conditions. For the Great
Plains, the GFDL model predicts
decreased soil moisture with increasing
CO2. The NCAR model, however, predicts
increased or nearly unchanged soil
moisture for increased CO> in central North
America. Clearly, it is premature to attempt
to link regional drought to the greenhouse
effect.
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Figure 14. Annual cycle of soil moisture amounts (cm) averaged over several regions, as calculated by the National Center for Atmospheric Research

(NCAR) and Geophysical Fluid Dynamics Laboratory (GFDL) general circulation models. (Source: Meehl and Washington, 1988).
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CLIMATE CHANGE IN THE GEOLOGIC PAST

by Thomas A. Ager

Perspectives on Long-Term Changes in Climate

Much of our understanding of the
workings of the global climate system is
based upon the instrumental
meteorological observations that have
been recorded systematically around the
world during the past century. Our concept
of what constitutes "normal” climate,
therefore, is heavily influenced by average
global climatic conditions covering only a
short span of time. By examining the
geologic record we can begin to see global
climates from a much longer time
perspective. We can look back far beyond
the past century to see how variable climate
has been during the past 1,000, 10,000,
100,000, or even millions of years.

Evidence of past climatic
conditions is preserved in the geologic
record in marine and lake sediments, Iin
glacier ice, in peat and coal deposits, in
cave deposits, coral reefs, and other
stratified deposits. Innovative methods
have been developed to extract
information about past climates from
geologic evidence and to date these past

22

events by application of several isotopic
techniques and other dating methods. It is,
therefore, possible to reconstruct the
broad outline of global climate history
spanning many millions of years. More
detailed climate reconstructions over time
scales of centuries to tens of thousands of
years are now available from many parts of
the world. By examining changes in
assemblages of climate-sensitive
organisms represented by fossil remains
over time, it is possible to reconstruct the
consequences of past climate changes
upon ecosystems in both marine and
terrestrial environments. Studies of air
bubbles and dust preserved in glacier ice
provide insights into the changing
composition of the atmosphere through
time during the past 150,000 years. Ice
core studies also allow us to document
periods of time when volcanic eruptions
were more frequent, when winds carried
greater amounts of dust from the
continents to distant ice sheets and ice
caps.

The geologic record of past climate
change provides insights into the causes
and mechanisms of climate change, the
rates at which some past climate changes
occurred, and preserves important
information about the effects of those
changes on ecosystems, landscapes, and
the oceans. The geologic record tells us
that there is no singie cause of climate
change. Many factors influence global
climate. The geologic record indicates that
climate varies on all time scales due to
natural causes. Those causes are not all
well understood, or perhaps not all
influences on climate are yet recognized.
The causes and predictability of climate
variation on time scales of greatest
relevance to human populations (decades
to centuries) are not well understood. To
illustrate how much ciimate has varied in the
past, global climate trends on several time
scales will be briefly examined.
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Milankovitch _uoqomsm of Climate Ozmsm.m.

About 2.5 million years ago the
climate regime of the Earth changed into an
unusual mode of high amplitude
oscillations between long intervals of cool
or cold climate interrupted by generally
shorter intervals of warmer climate. The
reasons for this shift are not completely
clear. The emergence of the Isthmus of
Panama and the opening of the Bering
Strait about 3 million years ago altered
oceanic circulation patterns, and these
events may have contributed to the
change in global climate pattens.

One of the causes of the major
climatic oscillations during the past million
years, however, has been identitied.
During the 1920's and 1930's a theory was
developed by a Yugoslavian engineer and
mathematician, Milutin  Milankovitch.
According to his theory, the sequence of
ice ages periodically interrupted by warmer
interglacials and interstadials of the past
million years could be largely explained by
celestial mechanics. By calculating the
changes in the Earth's orbital parameters
through time -- axial precession, axial tilt,
and orbital eccentricity -- Milankovitch
showed that ditferent latitudes would
receive differing amounts of solar energy
over time scales of tens of thousands to
hundreds of thousands of years. The
theory could not be tested adequately until
the past two decades or so, when detailed
studies of marine sediment cores from all
around the world showed strong
agreement between the frequencies of
past environmental changes and
Milankovitch's calculated sequence of solar
insolation changes. The chronology of
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past ice ages and warm interglacials fit the
predictions of the theory quite well. The
Milankovitch theory does not explain all the
observed variation in global climates of the
past million years, but it does show that
orbital geometry has been the dominant
influence on time scales of tens of
thousands of years or more. Projecting the
orbital parameters into the future indicates
that if human influence on the greenhouse
effect were not of immediate concern, we
might instead be concerned about the
gradual onset of a new glacial interval. it
would probably require 10,000 years to
attain full-glacial conditions, however.
Even the early stages of a global cooling
could have serious consequences for
human populations.

Oxygen isotope \variations
measured from fossil foraminifera
preserved in low latitude marine sediment
cores during the past 750,000 years are
plotted in figure 17. The isotopic variations
waere initially believed to reflect sea surface
temperature changes through time. Later
work indicated that changes in global ice
volume also contribute to variations in
isotopic composition of foraminifera. A
temperature scale added to the curve
(figure 17) shows that the global mean
annual temperature (MAT) has varied about
19C (1.8 degrees F) above current MAT

and as much as 5°C (9 degrees F) below
current MAT during the past 750,000
years. The peaks in the curve that intersect
the dashed line indicate past intervals of
warm interglacial climates. The current
intergiacial has lasted for about 10,000
years, and the record indicates that past
interglacials lasted about 8,000 to 12,000
years. Such warm intervais have been
relatively rare during the past 2.5 million
years and intervals warmer than today are
even rarer over that time. Only a few
percent of that time has been characterized
by global temperatures comparable to that
of the present time. Some climate models
predict that global mean annual
temperatures may rise 2 to 5 degrees
Celsius (3.6 to 9.0 degrees F) above the
present mean temperature as a result of
human influence on the greenhouse
effect. If that prediction proves to be
correct, such a global warming would have
no precedent in the Earth's climatic history
during the past 2.5 miillion years or more.
Many of the organisms now living on earth
evolved during the past several million
years of generally cooler climates. it may be
difficult, therefore, to predict how these
species, and the ecosystems that they are
a part of, would react to a rapid global
warming of such maghnitude.

Figure 17. Composite oxygen
isotope curve for the
past 750,000 years of
Earth history. (Source:
Emiliani, 1978).
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