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Section 3. Climate and the General Circulation

Causes of Climate Change

Why the earth’s climate changes is not totalijto a new equilibrium. Hence, there is no evidence
understood. Many theories attempt to explain tlieat a runaway greenhouse effect ever occurred on
changing climate, but no single theory alone can satrth, and it is not very likely that it will occur in the
isfactorily account for all the climatic variations ofuture.
the geologic past.

Why hasn't the riddle of a fluctuating climate
been completely solved? One major problem facing Another positive feedback mechanism is the

a_my cqmprehensive theor_y is the intricate interrel?ﬁow-albedo feedback, where an increase in global
tionship of the elements involved. For example, § e air temperature might cause snow and ice to
temperature changes, many other elements may,b&; i, nolar latitudes. This melting would reduce
altered as well. The interactions among the atmM, ainedo (reflectivity) of the surface, allowing more
sphere, the oceans, and the ice are extremely CQi, energy to reach the surface, which would fur-
plex and the number of possible interactions amofLy raise the temperature. But helping to counter-
these systems is enormous. No climatic elemea{’ttt the positive feedback mechanisms aegative
within the system is isolated from the others. Wi%edback mechanisms-those that tend to weaken
this in mind, we will first investigate a how feedbacl, ¢ interactions among the variables rather than rein-
systems work; then we will consider some of the CU5 o them. Suppose, for example, that as the surface
rent theories of climatic change. warms more water evaporates from the oceans and
global low cloudiness increases. Low clouds tend to
Climate Change and Feedback Mechanisms reflect a large percentage of incoming sunlight, and

The earth-atmosphere system is in a delicate balal}fil1 [€ss solar energy to heat the surface, the warm-

between incoming and outgoing energy. If this ba19 SIOWs.
ance is upset, even slightly, global climate can un-
dergo a series of complicated changes.

Let's assume that the earth-atmosphere system All feedback mechanisms work simultaneously
has been disturbed to the point that the earth ka®l in both directions. We just saw that the snow-
entered a slow warming trend. Over the years ththedo feedback produces a positive feedback on a
temperature slowly rises, and water from the oceamarming planet, but it can produce a positive feed-
rapidly evaporate into the warmer air. The increasbdck on a cooling planet as well. For example, sup-
guantity of water vapor absorbs more of the earthsse the earth were in a slow global cooling trend
infrared energy, thus strengthening the atmosphethat lasted for hundreds or even thousands of years.
greenhouse effect. This raises the air temperatiu@ver temperatures might allow for a greater snow
even more, which, in turn, further increases ttemver in middle and high latitudes, which would in-
evaporation rate. The greenhouse effect beconeesase the albedo of the surface so that much of the
even stronger and the air temperature rises ewmaident sunlight would be reflected back to space.
more. This situation is known as the watepor- Less sunlight absorbed at the surface might cause a
temperature rise feedback It represents gositive further drop in temperature. This action might fur-
feedback mechanisnmbecause the initial increase irther increase the snow cover, lowering the tempera-
temperature is reinforced by the other processestufe even more. If left unchecked, the snow-albedo
this feedback were left unchecked, the earth’s tefeedback would produce a runaway ice age which,
perature would increase until the oceans evaporatéctourse, is not likely on earth because other feed-
away. Such a chain reaction is calledwnaway back mechanisms in the atmospheric system are con-
greenhouse effecThe earth-atmosphere system hasantly working to moderate the magnitude of the
a number of checks and balances that help it readjosbling.
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Climate Change, Plate Tectonics, and Mountalarge body of high latitude ocean water such that the
Building transport of warm water into the region is cut off.

_ . In winter, the surface water would eventually freeze
During the geologic past, the earth’s surface has Wer with ice. This freezing would, in turn, reduce

dergong gxtensive mod_ifications. One involves thes amount of sensible and latent heat given up to the
slow shifting of the continents and the ocean ﬂoor&tmosphere. Furthermore. the ice allows snow to ac-
This motion is explained in the widely acclaimed,muylate on top of it, thereby setting up conditions

theory of plate tectonics(formerly called théheory inhat could lead to even lower temperatures.
of continental drifj. According to this theory, the

earth’s outer shell is composed of huge plates that
together like pieces of a jigsaw puzzle. The plate
which slide over a partially molten zone below then
move in relation to one another. Continents are et
bedded in the plates and move along like luggage ri
ing piggyback on a conveyer belt. The rate of motic
is extremely slow, only a few centimeters per year.

Besides providing insights into many geologice
processes, plate tectonics also helps to explain p
climates. For example, we find glacial features ne
sea level in Africa today, suggesting that the area
derwent a period of glaciation hundreds of million
of years ago. Were temperatures at low elevatio [
near the equator ever cold enough to produce i\
sheets? Probably not. The ice sheets formed wk
this land mass was located at a much higher latituc
Over the many millions of years since then, the lar
has slowly moved to its present position. Along the
same line, we can see how the fossil remains of trafigure 1: Configuration of continental land masses
ical vegetation can be found under layers of ice #uring the Permian and today.
polar regions today.

Accordlng to plate tgctomps, the now e.XIStm.%Iimate Change and Variations in the Earth’s Orbit
continents were at one time joined together in a sin-
gle huge continent, which broke apart. Its piec@spopular theory ascribing climatic changes to varia-
slowly moved across the face of the earth, thtisns in the earth’s orbit is thililankovitch theory ,
changing the distribution of continents and oceaiamed for the astronomer Milutin Milankovitch,
basins (see Figure 1). Some scientists feel that, wheio first proposed the idea in the 1930s. The ba-
land masses are concentrated in middle and high kit premise of this theory is that, as the earth trav-
itudes, ice sheets are more likely to form. Duringls through space, three separate cyclic movements
these times, there is a greater likelihood that magembine to produce variations in the amount of solar
sunlight will be reflected back into space and that tie@ergy that falls on the earth.
snow-albedo feedback mechanism mentioned earlier The first cycle deals with changes in the shape
will amplify the cooling. (eccentricity) of the earth’s orbit as the earth re-

The various arrangements of the continents maglves about the sun. Notice in Figure 2 that the
also influence the path of ocean currents. This wowddrth’s orbit changes from being elliptical to being
alter the transport of heat from low to high latitudesearly circular. To go from less elliptical to more
and change both the global wind system and the diliptical and back again takes about 100,000 years.
mate in middle and high latitudes. As an exampl€he greater the eccentricity of the orbit, the greater
suppose that plate movement “pinches off” a rathine variation in solar energy received at the top of the

2



ATMO336 Fall 2000

atmosphere between the earth’s closest and farthesdrs. Presently, the earth is closer to the sun in Jan-
approach to the sun. uary and farther away in July. Due to precession,
the reverse will be true in about 11,000 years (see
Figure 3). In about 23,000 years we will be back
to where we are today. This means, of course, that
if everything else remains the same, 11,000 years

A highly A nearly

< elliptical circular

orbit orbi from now seasonal variations in the Northern Hemi-

sphere should be greater than at present. The oppo-
site would be true for the Southern Hemisphere.
The third cycle takes about 41,000 years to com-
[Plete and relates to the changes in tibljquity ) of
the earth as it orbits the sun (see Figure 4). Presently,
the earth’s orbital tilt is 23 1/2 but during the
Presently, we are in a period of low eccentrit1,000-year cycle the tilt varies from about2a 24
ity. The earth is closer to the sun in January and faree, The smaller the tilt, the less seasonal variation
ther away in July. The difference in distance (whicihere is between summer and winter in middle and
only amounts to about 3 percent) is responsible fohgyh latitudes. Thus, winters tend to be milder and
nearly 7% increase in the solar energy received at §iimmers cooler. During the warmer winters, more
top of the atmosphere from July to January. Whefow would probably fall in polar regions due to the
the difference in distance is 9% (a highly eccentrigr's increased capacity for water vapor. And during
orbit), the difference in solar energy received will bgye cooler summers less snow would melt. As a con-
on the order of 20%. In addition, the more eccentr%quence, the periods of smaller tilt would tend to
orbit will change the length of seasons in each hemromote the formation of glaciers in high latitudes.
sphere by changing the length of time between the fact, when all of the cycles are taken into ac-

Figure 2: Changes in eccentricity of the Earth’s o
bit. The period is about 100,000 years.

vernal and autumnal equinoxes. count, the present trend should be toward a cooler
climate over the Northern Hemisphere, with exten-
Earth’s axis ' Earth's axis i iati
11,000 years from now | o sive gIaC|at|on.
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Figure 3: Changes in axial precession. The period
about 23,000 years.

Figure 4: Changes in the angle of Earth’s axis with

The second cycle takes into account the fact th {, L o
as the earth rotates on its axis, it wobbles like a splt?f-e plane of the ecliptic. The period is 41,000 years.

ning top. This wobble, known as th@ecessionof In summary, the Milankovitch cycles that com-
the earth’s axis, occurs in a cycle of about 23,0@ne to produce variations in solar radiation received
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at the earth’s surface include:
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In the 1970s, scientists of the CLIMAP projec
found strong evidence in deep-ocean sediments that

variations in climate during the past several huggre 5: Analysis of trapped bubbles of ancient air
dred thousand years were closely associated Withthe polar ice sheet at Vostok station in Antarctica
the Milankovitch cycles. Recent studies have eveq aais that over the past 160,000 yed&i€), lev-

strengthened this premise. For example, studies c@Rs (ypper curve) correlate well with air temperature
clude that during the past 800,000 years, ice She@ﬁ%nges (bottom curve).

have peaked about every 100,000 years. This con-

clusion corresponds naturally to variations in the Perhaps, also, changing levels ©0, indicate
earth’s eccentricity. Superimposed on this situati@nshift in ocean circulation patterns. Such shifts,
are smaller ice advances that show up at intervB®ught on by changes in precipitation and evapo-
of about 41,000 years and 23,000 years. It appeéﬁg!on rates, may alter the distribution of heat en-
then, that eccentricity is th®rcing factor—the ex- €rgy around the world. Alteration wrought in this
ternal cause—for the frequency of glaciation, asmanner COUId, in turn, affect the gIObaI circulation

appears to control the severity of the climatic vari®f winds, which may explain why alpine glaciers in
tion. the Southern Hemisphere expanded and contracted

. in tune with Northern Hemisphere glaciers during the
But orbital changes alone are probably not totalfys; ice age, even though the Southern Hemisphere

responsible for_ice buildu_p and_ retreat. EViden‘fgccording to the Milankovitch cycles) was not in an
(from trapped air bubbles in the ice sheets of Gree&bital position for glaciation

land and Antarctica representing thousands of years
of snow accumulation) reveals th@O- levels were

Age {lhousands of years age)

Still other factors may work in conjunction with

he earth’s orbital changes to explain the temperature

about 30. percent Iower dunng colde_r glacial PETOGR rations between glacial and interglacial periods.
than during warmer interglacial periods (see Flgugsome of these are:

5). This knowledge suggests that lower atmospheric

CO; levels may have had the effect of amplifyingthe 1 ihe amount of dust in the atmosphere

cooling initiated by the orbital changes. Likewise,

increasingCO; levels at the end of the glacial pe- 2. the reflectivity of the ice sheets

riod may have accounted for the rapid melting of the

ice sheets. Just why atmosphe@i©, levels have 3. the concentration of other trace gases, such as
varied as glaciers expanded and contracted stirs up methane

much debate, but it appears to be due to changes in

biological activity taking place in the oceans. 4. the changing characteristics of clouds
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5. the rebounding of land, having been depressae not well mixed and their effect is felt mostly
by ice over the Northern Hemisphere, especially over pol-
_ ) _ ~_luted regions. Over the oceans, a major source
Hence, the Milankovitch cycles, in associatiog g ifate aerosols comes from tiny drifting aquatic
with other natural factors, may explain the advan nts—phytoplankton—that producdimethylsul-
and retreat of ice over periods of 10,000 to 100’0§Ede(DMS). The DMS slowly diffuses into the at-
years. But what caused the Ice Age to begin {iosphere where it oxidizes to form sulfur dioxide,

the first place? And why have periods of glaciatiqnhich in turn converts to sulfate aerosols.
been so infrequent during geologic time? The Mi-

lankovitch theory does not attempt to answer the
guestions.

Sulfate aerosols not only scatter incoming sun-
I?g%t back to space, but they also serve as cloud con-
densation nuclei. Consequently, they have the poten-
tial for altering the physical characteristics of clouds.
Climate Change and Atmospheric Particles For example, if the number of sulfate aerosols and,

Tiny liquid and solid particlesaerosol3 that enter "€Nce, condensation nuclei inside a cloud should
Rcrease, the cloud would have to share its avail-

the atmosphere from both anthropogenic (human | ' s ] i i
duced) and natural sources can have an effect on gfle moisture with the added nuclei, a situation
mate. The effect, however, is exceedingly compl&@t should produce many more (but smaller) cloud
and depends upon a number of factors, such as §i@Plets. The greater number of droplets would re-

particle’s size, shape, color, and vertical distributidfct more sunlightand have the effect of brightening
above the surface. In this section, we will first exXP€ cloud and reducing the amount of sunlight that

amine aerosols in the lower atmosphere. Then Jaches the surface.

will examine the effect that volcanic aerosols in the In summary, sulfate aerosols reflect incoming
stratosphere have on climate. sunlight, which tends to lower the earth’s surface

Is in th h | h temperature during the day. Studies estimate that
Aerosols In the Troposphere Aerosolsenter the over the Northern Hemisphere this cooling effect

lower atmosphere in a variety of ways—from facrhay be about equal to the warming inducedy.,.

to_ry and f"IUtO emissions, agricultural buming, ang|,icase aerosols may also modify clouds by increas-
v_\nldland fires. On_ce n the_ atmospher_e, _aerosol pﬂ'ﬁ'g their reflectivity. Because sulfate pollution has
tlcles,absorb sunlight and infrared radiation from ”]ﬁcreased significantly over industrialized areas of
earth’s surface. Hence, they tgnd to warm the hstern Europe and northeastern North America the
aro?*”d th.em. Thgse same particles reflgct and s%%téling effect brought on by these particles may ex-
ter incoming sunlight back to space. This effect rﬁain: (1) why the Northern Hemisphere has warmed
duces the amounj[ of shortvyave energy tha't rea(?'ﬂ?sss than the Southern Hemisphere during the past
the surfe_lce, causing a cooling of s_;urface ar qur_'@%veral decades, (2) why the United States has ex-
the daytlme..At night, the _absorptlon and em'Ss'cﬂErienced little warming compared to the rest of the
pf longwave mfrare_d radiation produce a net Wa”U\iorId, and (3) why most of the global warming has
ing of the surface air. , _occurred at night and not during the day, especially
In recent years, the effect of highly reflectivg, o, polluted areas. Research is still being done, and

sulfate aerosol®n climate has been extensively réqq oy erall effect of tropospheric aerosols on the cli-
searched. In the lower atmosphere, the majority r%fate system is not totally understood

these particles come from the combustion of sulfur-

containing fossil fuels. Sulfur pollution, which ha&/olcanic Eruptions and Aerosols in the Strato-
more than doubled globally since preindustrial timesphere Volcanic eruptions can have a definitive im-
enters the atmosphere mainly as sulfur dioxide gasct on climate. During volcanic eruptions, fine par-
There, it transforms into tiny sulfate droplets dicles of ash and dust (as well as gases) can be ejected
particles. Since these aerosols usually remainiimo the stratosphere. Scientists agree that the vol-
the atmosphere for only a few days, they do no&nic eruptions having the greatestimpact on climate
have time to spread around the globe. Hence, tha those rich in sulfur gases. These gases, over a pe-
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riod of about 2 months combine with water vapdhe earth. The cooling might even have been greater
in the presence of sunlight to produce tiny, brigitad the eruption not coincided with a major EFi
sulfuric acid particles that grow in size, forming avent that began in 1990 and peaked in 1992.

dense layer of haze. As heavier particles fall out Volcanic eruptions rich in sulfur warm the lower
of the stratosphere, new particles form. And so tké&atosphere. During the winter, when sunlight is
haze layer may reside in the stratosphere for severaist intense over low latitudes and very little sun-
years, absorbing and reflecting back to space a payht reaches high latitudes, the tropical stratosphere
tion of the sun’s incoming energy. This effect cacan become much warmer than the polar strato-
cause a warming of the stratosphere and a coolingsphere. This situation produces a strong horizon-
the global surface air temperature, especially in thed pressure gradient and strong west-to-east (zonal)
hemisphere where the eruption occurs. stratospheric winds. These winds apparently work
their way down into the upper troposphere, where
they direct milder maritime surface air from off the
ocean onto the continents. The milder ocean air
produces warmer winters over Northern Hemisphere
continents during the first or second winter after
the eruption occurs. Meanwhile, in the tropics and
subtropics, the stratospheric aerosols block sunlight
from reaching the surface and produce cooling.

Temperature Change (°C)

1990 1991 19892

Climate Change and Variations in Solar Output

Figure 6: Changes in average global_ air temper?ﬁ the past, it was thought that solar energy does
tqre from ,1990_1992' After the eruption of Mounﬁot vary by more than a fraction of a percent over
Pinatubo in June, 1991, the average global temény years. However, measurements made by so-
perature by July, 1992, decreased by almos‘T_G)"r’phisticated radiometers aboard satellites suggest that
(0.9°F) from the 1981-1990 average (dashed IIne)the sun’s energy output may vary considerably more

The two largest volcanic eruptions so far thithan was thought. Moreover, the sun’s energy output
century in terms of their sulfur-rich veil, were thaappears to change slightly with sunspot activity.
of El Chichon in Mexico during April, 1982, and  Sunspots are huge magnetic storms that show up
Mount Pinatubo in the Philippines during Junes cooler (darker) regions on the suns surface. They
1991. Mount Pinatubo ejected an estimated 20 milecur in cycles, with the number and size reaching
lion tons of sulfur dioxide into the stratosphere (mome maximum approximately every 11 years. During
than twice that of EI Chicbn) that gradually worked periods of maximum sunspots, the sun emits more
its way around the globe. For major eruptions suemergy (about 0.1 percent more) than during periods
as this one, mathematical models predict that averafesunspot minimums (see Figure 7). Evidently, the
hemispheric temperatures can drop by about @2 greater number of bright aream¢ulag around the
0.5°C or more for from one to three years after theunspots radiate more energy, which offsets the ef-
eruption. fect of the dark spots.

Shortly after the eruption of Mount Pinatubo, Studies provide some evidence that changes in
satellites began to detect a several percent incretimelength of the sunspot cycle (which ranges from
in the amount of sunlight reflected by the earth’s af-to 17 years) may have had an effect on global
mosphere. At the same time, global temperatures bemperatures during the past century. Evidently, the
gan to drop, and by July, 1992, the average global airorter the sunspot cycle, the greater the energy out-
temperature had decreased by about©.8L.5°F) put from the sun. In fact, one study of land tem-
(see Figure 6). The satellite data, coupled with tiperatures over the Northern Hemisphere plotted from
drop in global temperature, provided conclusive e¥860 to 1985 reveals that air temperatures tended to
idence that sulfur-rich volcanic eruptions can cobk higher when the length of the sunspot cycle was
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shorter and that air temperatures tended to be lowewre, shorter cycles also corresponded with a reduc-
when the length of the cycle was longer. Furthetion in sea ice around Iceland.
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Figure 7: Changes in solar energy output (upper curve) in watts per square
meter as measured by the Earth Radiation Budget Satellite. Bottom curve
represents the yearly average number of sunspots. As sunspot activity in-
creases from minimum to maximum, the sun’s energy output increases by
about 0.1 percent.



