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Chapter 3 examined the major controls on the
climate system, including the effects of latitude,
Earth-Sun relationships, continentality, atmo-
spheric and oceanic circulation, elevation, and
general local features. This chapter explains the
role of other important components on the cli-
mate system. These contributors may be thought
of as internal components because they affect the
system already set in place by the aforementioned
climate controls. The features discussed in this
chapter work to influence and change the already-
established climate system. Even though the oceans
were mentioned in Chapter 3, they warrant further

Effects on the Climate System

scrutiny in this regard. Because over 70 percent of
Earth’s surface is covered by oceans, processes
occurring in the oceans play an important role in
climate and climatic variations.

 Ocean Circulation

Atmospheric Effects Oceanic surface currents
are driven by overlying winds that on the broadest
scale are dictated by the great global atmospheric
subtropical anticyclones—large semipermanent
high-pressure cells that exist in each ocean basin
approximately centered on the 20 to 30° parallel of
latitude. These subtropical anticyclones wax and
wane in strength and position seasonally, but they
are always present. The clockwise circulation of
the anticyclones in the northern hemisphere and the
counterclockwise circulation of the systems in the
southern hemisphere initiate corresponding sur-
face water motions in the oceans. Of course, the
near-surface waters are also moved by the Coriolis
effect inducing the Ekman spiral, but for a large sec-
tion of the oceans, near-surface waters move in a
general clockwise pattern in the northern hemi-
sphere and counterclockwise in the southern hemi-
sphere because of these subtropical anticyclones
(Figure 4.1). These circular flows, caused by a cou-
pling of the atmospheric and surface oceanic circu-
lations, are termed gyres.

As we saw in Chapter 3, the large-scale motions
of the oceanic surface ensure that cold currents
occupy the eastern sides of the ocean basins and
warm currents are found along the western edges
ofthe basins. This spatial pattern is caused by mass
advection—lateral movement—of warm waters
traveling from relatively low latitudes along the
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Figure 4.1 Surface currents.

western ocean edge, while cold water from the
high latitudes is advected along the eastern edge,
in both hemispheres. The effect is that low sur-
face temperatures on the eastern ocean basins
(with warmer air above the cold air adjacent to
the cold water) tend to stabilize the atmosphere.
A stable atmosphere is one in which vertical mo-
tions are discouraged because the colder, denser
air exists below warmer, less dense air and, there-
fore, it tends to rise above the less dense air. Al-
though this concept is explored in more detail
in Chapter 5, we can say now that a stable atmo-
sphere promotes net sinking motions in the at-
mosphere, which discourages cloud formation
processes. For this reason some of the most en-
joyable climates on Earth are located along the
eastern ocean margins (and, therefore, the western
coasts of continents) where pleasant tempera-
tures, abundant sunshine, and little precipita-
tion occur.

By contrast, the western ocean basins are dom-
inated by warm waters that destabilize the overly-
ing atmosphere. In this situation warm, moist air
adjacent to the warm ocean currents becomes
buoyant and rises. Such an unstable atmosphere
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is generally conducive to cloud formation and
precipitation. Therefore, the western ocean basins
(and the adjacent eastern coasts of continents)
typically have abundant precipitation that is usu-
ally distributed fairly evenly throughout the year.
During summers the subtropical and tropical
midlatitude regions on the east coasts of conti-
nents become hot and humid because abundant
water vapor usually exists from the maritime ef-
fect. Inwinter the effect is less pronounced, at least
in the middle and subtropical latitudes, as west-
erly wind systems dominate the midlatitudes, pro-
moting more continental temperatures along the
eastern coasts.

Upwelling, Downwelling, and Mass Advection
Upwelling reinforces the effect of the cold currents
along the eastern ocean basins. When offshore sur-
face winds parallel a coastline for some distance,
with the coastline to the left of the direction of flow
in the northern hemisphere (and to the right of the
flow in the southern hemisphere), the net water ad-
vection near the surface is directed away from the
coastline by the Ekman spiral. Upwelling results
from the Ekman spiral’s deflection of surface water
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Figure 4.2 Locations where coastal upwelling is important.

to the right (in the northern hemisphere) with
depth. Examples of locations around the world
where upwelling is particularly effective because of
the coastline shape and consistency of the winds
are shown in Figure 4.2. Upwelling also can occur
in areas where two currents diverge, allowing water
from the depths to rise to replace the surface water
that has been moved away laterally. Regardless of
the cause of the upwelling, departing surface waters
are replaced by cold deep water from beneath. In
such situations an already cold surface current
becomes even colder.

Perhaps the best example of upwelling is asso-
ciated with the Humboldt (also known as the Peru)
Current located off the western coast of South
America (Figure 4.3). The South Pacific subtropi-
cal anticyclone is particularly well established and
strong, because of the size of the South Pacific
Ocean and the lack of interfering land masses. A
very strong and persistent counterclockwise circu-
lation results and forces very cold surface waters to
move equatorward from the Antarctic. As this water
parallels the South American coast, the Ekman
spiral forces it westward. The upwelling results in
one of the coldest ocean currents on Earth. The low

Figure 4.3 Cold water upwelling along the South Amer-
ican coast. (See color plate 4.3)

surface temperatures (even at tropical latitudes)
stabilize the overlying atmosphere, causing cool,
dry climates to dominate the western edge of the
continent. The Atacama Desert of coastal Peru and
Chile is the driest desert on Earth.
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On the western sides of ocean basins, down-
welling may occur—an oceanic process that is the
reverse situation in which surface airflow pushes
water against a coastline where it is forced to sink.
In addition, in locations where two surface ocean
currents converge, the pile-up of surface water can
induce downwelling. Downwelling typically sup-
ports high ocean temperatures as sinking warm
waters push the cold water to deeper levels. An ex-
ample occurs along the equatorial western Pacific
Ocean where easterly (east to west) winds push
waters westward toward Indonesia. This water
warms significantly along its westward journey
across the tropics. On the western side of the
equatorial Pacific, the water is forced to sink. The
Ekman spiral does not affect the bulk of this water
because the Coriolis effect does not occur along
the equator. Without Coriolis deflection the cur-
rent maintains its straight course. The Maritime
Continent—the Indonesia-Philippines region—is,
therefore, dominated by very high ocean surface
temperatures that promote low-level atmospheric
instability. Such situations support cloud forma-
tion and precipitation. Locations on the western
sides of ocean currents (eastern sides of conti-
nents) in the subtropics are usually dominated by
warm, wet climates.

In the North Atlantic Ocean, for example, the
subtropical anticyclone forces a clockwise circu-
lation that supports the cold water Canary Current
off the coast of southern Europe and northern Af-
rica, the North Equatorial Current near the equa-
tor, the warm Gulf Stream along the eastern coast
of North America, and the North Atlantic Drift
(current), which completes the northern gyre cir-
culation. Again, the circulation regime is initiated
by the atmospheric anticyclone and mimicked by
the ocean in a corresponding gyre. Similar oce-
anic circulations occur in all other ocean basins.

Because of the deflection of the Ekman spi-
ral, water tends to pile beneath the subtropical
anticyclones in each ocean basin. As the gyre
circulates, the Ekman spiral dictates that mass
advection occurs 45 to 90° to the right (in the
northern hemisphere) of the initial water motion.
Equatorward-moving surface water, the Canary
Current in this example, is forced toward the cen-
tral ocean region. Water moving from east to west
across the low latitudes in association with the
North Equatorial Current is also forced by the Ek-
man spiral toward the middle of the basin. Sur-

(Ocean Circulation

face waters associated with the Gulf Stream and
portions of the North Atlantic Drift, which moves
essentially west to east, are also forced toward the
ocean center. The result is a mound of water lo-
cated roughly in the middle of the North Atlantic
Ocean basin near the center of the atmospheric
subtropical anticyclone. The mound supports sea
levels exceeding those of surrounding locations.

At the same time, gravity acts on the mound,
pulling it downward toward the lower sea level
on the periphery. Thus, the water within this mound
is constantly affected by offsetting forces. The
Coriolis effect (manifested as the Ekman spiral)
pushes water inward, whereas gravity pulls water
outward (downward). As the water circulates
clockwise (in the northern hemisphere) along
this mound, it reaches an equilibrium between
the two forces. An oceanic version of geostrophic
flow occurs when these forces are in balance
(Figure 4.4).

An exactly opposite condition occurs for waters
flowing counterclockwise (in the northern hemi-
sphere) in association with semipermanent low
atmospheric pressure regions, normally centered
around 60° latitude. An oceanic depression occurs
at these locations and waters swirl around the de-
pression in geostrophic balance.

The central axes of these mounds and depres-
sions are not perfectly centered beneath the at-
mospheric highs and lows but instead are offset
toward the west of the centers. This is because Co-
riolis deflection increases with latitude, affecting
the amount of water transported via the Ekman
spiral along the gyre. Poleward-moving currents
have increasing amounts of water advected to-
ward the center of the basin, while equatorward-
moving currents have decreasing amounts of net
transport along their trajectory. The result is a pile
of water with its axis offset to the west of the cen-
tral ocean basin.

The effect of the offset central axis causes
poleward-moving waters (i.e., on the western sides

Mound of water
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Figure 4.4 Geostrophic balance in the ocean.
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of ocean basins in both hemispheres) to pile up
between the continent and the mound axis. When
a moving fluid converges, as in this case, a speed
change is initiated because the fluid is forced
through a smaller space over a constant time pe-
riod. This type of speed change may be seen when
placing a finger partially over the opening of a
hose. Once the opening constricts, water, under
pressure, is forced to increase in velocity. In the
ocean the response results in western-boundary
intensification, a very deep and swift western ocean
basin current (Figure 4.5). The Gulf Stream is a
perfect example of western-boundary intensifica-
tion, because it is a very deep, fast-moving west-
ern ocean basin current. On the opposite side of
the ocean basin, the cold water current (in this
case, the Canary Current) is typically very shal-
low and slow moving and is spread across a larger
surface area. These properties affect the climates
of adjacent locations.

Another way to view western-boundary inten-
sification is relative to the slope of the sea surface.
Because the central axis of the water mound is off-
set to the west, the corresponding slope in sea
surface is steeper in that location. This results in
water moving along a steeper pressure gradient,
which increases the speed of water motion. On the
opposite side of the ocean basin, the colder water
flows over a much gentler sea surface slope, re-
sulting in a slower rate of flow (Figure 4.5).

Deep Ocean Thermohaline
Circulations

Surface currents are not the only currents that in-
fluence climate. Deep ocean currents are driven
by thermohaline circulation, as discussed in Chap-
ter 3. Thermohaline currents flow in response to
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Figure 4.5 Western-boundary intensification.

temperature (“thermo”) and/or salinity (“haline”)
characteristics through the deep ocean. Just as
density differences (cold versus warm) in air drive
atmospheric motions, deep ocean thermohaline
differences establish net pressure gradients. The flu-
ids of the deep ocean respond, because denser
waters tend to sink beneath less dense waters. Be-
cause colder, saltier water is denser than warmer,
fresher water, net downward motions occur where
waters become colder and/or saltier. Warmer
and/or fresher waters are more buoyant and rise.
Any situation in which colder water underlies
warmer water represents stable stratification, the
oceanic equivalent to a stable atmosphere (Figure
4.6). Further convection (vertical motion) is sup-
pressed unless another force or energy source ini-
tiates it.

Interestingly, deep ocean currents are actually
driven by surface processes because seawater
gains its thermohaline characteristics from sur-
face sources. Intense solar heating in low-latitude
regions warms the water surface sufficiently to de-
crease its density. The reduced solar input and heat
loss (to the frigid atmosphere) in high-latitude re-
gions favor a denser ocean surface because of its
colder surface characteristics. Oceanic areas with
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Figure 4.6 Deep-water stratification.
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abundant precipitation have lower water densities
because of the high input of fresh water. Likewise,
oceanic areas near coastlines in humid climates
typically have fresher water because of abundant
input of stream discharge. By contrast, areas of the
ocean that receive less precipitation than evapora-
tionand/or have input only from a few small streams
typically have dense, salty water. Precipitation char-
acteristics of both the ocean and the surrounding
land masses influence the density of ocean waters.
The freshest ocean waters on Earth are typically
found near the equator, where high temperatures
and abundant precipitation support low-density
waters. High salinities usually occur near the
centers of the subtropical anticyclones (30° lati-
tude), where abundant sunshine evaporates large
quantities of surface water, leaving behind salts.
When these salty waters are advected to higher
latitudes, the high salt content combines with lower
temperatures to create the densest ocean waters.
These waters sink to the deep layers of the ocean

(Ocean Circulation

where they are forced to move along thermoha-
line gradients.

Source areas are locations near the surface that
provide water to the ocean depths. These are lo-
cated in relatively high-latitude regions of the At-
lantic and Pacific Oceans (Figure 4.7). In the North
Atlantic, deep water originates at the surface near
Iceland, where it sinks and moves equatorward.
The South Atlantic also acts as a source area for
deep water near Antarctica and in the area east of
the tip of South America. In the North Pacific, deep
water sinks near the tip of the Aleutian Islands and
moves equatorward. The South Pacific deep-water
source area is located near 65°S latitude.

There are many deep-water thermohaline cur-
rents, but the main one in the Pacific sees deep
water moving from the North Pacific southward
across the equator and then looping in the extreme
South Pacific back toward the equator. In the Atlan-
tic Ocean the main body of deep water also begins
in the northern hemisphere near Iceland. It travels

/{2(‘)“ E I56° E IéO“ I50‘°W |2ﬁ?&g U ) A‘%\’?}S C?é&"‘\W 30"‘ WN\V‘ d° : 30“’ = [3 ‘ﬁ 90‘ E{ ﬂ\20°
TUE iﬁ*«ﬁ \ "3 VA R,
ﬁ%\;\ - (\> / (j AN,
¢ 3/\\//\ . \ % \ ,L% M\l 4
Aon i—f\ 1/ T ﬁ\y\%_j/?Q /\} “\& ) ; Arctic
—Arctic Circle N . —
Circle
Cidones 8 O/ Qz/f“j 60" N-
ﬁ &\
{
S |
e _J
—30° il W 30° N
j;l';oéc of Cancer . \\ Tropic of Capc 0 —
4 IS v 8]
> & / \ > S
7%, ‘ 08
0 if:&{\ mg&)@ q‘f@ ksl
—as S as
Y\
I—Tropic of Capricotn Tropic of Capricorn —|
—30°S / 3 Z/S—;
! Ny
7
7600 S . 60° 57
#F
—Antarctic Circle 7 - /\Anmmgls\
\/ : f\/j \(. . /\‘\//
120° E I50° = > I80° 150°W 120°W .%%“W*w"% 60°}V\/ 0° 30°E 60° E Q0BE 120° E
| | | | | | | | | |
Water masses
‘ Source areas AABW AAIW
PSW NADW

Figure 4.7 Deep ocean currents of the world. Adapted from: Gordon, A. L., Lamont-Doherty Geological Observatory

Report, 1990-1991.
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equatorward largely beneath the Gulf Stream,
crosses the equator off the eastern coast of South
America, and then continues toward Antarctica.
Once in the high latitudes the deep water turns
eastward before moving back toward the equator.
The deep water travels northward near its opposing
equatorward-flowing counterpart, before complet-
ing the loop near Iceland.

Deep waters travel at varying depths relative to
each other. This makes it possible for different
deep-water currents to occupy similar regions.
The deepest waters in the Atlantic Ocean are those
arriving from the Antarctic Bottom Water, the
coldest ocean current, which forms near Antarc-
tica (Figure 4.7). The Antarctic Deep Water moves
over that layer as it flows northward and gently
upward, eventually flowing beneath the current
known as the North Atlantic Deep Water. The pro-
gression continues upward to the surface.

In the Pacific, two currents—the Common Wa-
ter, initiated again near Antarctica, and the Pa-
cific Subarctic Water—occupy the lowest layers of
the ocean. These currents are overridden by Ant-
arctic Intermediate Water and the North Pacific

Intermediate Water. Surface waters override those
layers. Thermohaline currents in the Indian Ocean
are dominated by Common Water arriving from
the region of Antarctica and Antarctic Intermedi-
ate Water.

Coexisting with these individual thermohaline
currents is a massive conveyor current that con-
nects all the ocean basins on Earth except the
Arctic. Much of what is known concerning this
deep-water thermohaline conveyor comes from the
work of Henry Stommel. In 1958 Stommel devised
the simplified model of deep ocean circulation,
basing water motions on similar forces that drive
western-boundary intensification. The Stommel
model indicates that net sinking motions are initi-
ated in the North Atlantic near Iceland (Figure 4.8).
This water sinks to the floor of the North Atlantic as
it moves equatorward. After crossing the equator
the conveyor moves toward Antarctica, where Ant-
arctic Bottom Water is added. Then, it turns east-
ward to move between Africa and Antarctica. The
deep water continues eastward but forks into two
branches, one progressing equatorward through
the Indian Ocean and the other moving eastward
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Figure 4.8 Stommel deep water conveyor model.
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into the Pacific. The Indian Ocean branch rises to-
ward the surface near the equator south of India.
This water then turns southward and moves as a
warmer shallow layer back toward the Atlantic. The
southern deep-water branch progresses into the
South Pacific before moving northward east of Aus-
tralia. This water stream crosses the equator and
rises in the central North Pacific. It then loops back
and moves near the Maritime Continent as shallow
water. This current ultimately joins the shallow
water stream in the Indian Ocean. Both branches
then move back around the tip of Africa and into
the Atlantic, where the conveyor moves northward,
ultimately sinking again near Iceland.

This deep-water conveyor is capable of trans-
porting huge amounts of oxygen and energy from
one side of the planet to the other. The oxygen pro-
vides a mechanism by which oceanic life is sup-
ported. The energy is capable of influencing climate
for centuries, as signatures of past climatic varia-
tions are present in the slow-moving water itself.
Reintroduction of this stored energy into the pres-
ent or future atmosphere can alter climate, partic-
ularly where the conveyor approaches the surface
and can transfer the energy back into the atmo-
sphere easily. Likewise, present-day atmospheric
changes, most notably global warming, can provide
additional storage of energy in the conveyor belt
and elsewhere in the oceans. This additional energy
is likely to cause future changes both to the hydro-
sphere in the form of surface currents, thermo-
haline circulation, and conveyor belt and to other
“spheres” in the climate system. The impacts are
unknown.

M El Nino-Southern
Oscillation Events

The El Nifno-Southern Oscillation (ENSO) event is
perhaps one of the most misunderstood of all at-
mospheric processes. ENSO events affect global
weather in a very profound way. Perhaps only
Earth-Sun relationships exert more of an influ-
ence on the global climate system than ENSO.
The term El Nifno, translated from Spanish as
“the boy,” originally referred to the annual warm-
ing of the equatorial ocean current off the western
coast of South America during the Christmas sea-
son (Figure 4.9). This sea surface warming is asso-
ciated with the change of seasons—the beginning

El Nifio-Southern Oscillation Events

of winter in the northern hemisphere and summer
in the southern hemisphere. For most of the year in
the tropics strong winds, known as trade winds,
push the warm surface waters of the tropical Pa-
cific westward, allowing upwelling of cold, deep
ocean waters in the eastern tropical Pacific. As the
seasonal atmospheric circulation pattern becomes
established during the transition of autumn and
spring, trade winds along the equator weaken, al-
lowing the warm water in the western equatorial
Pacific to migrate back toward the east. This an-
nual migration warms the Pacific’s eastern equato-
rial rim, typically around December.

Over the years the meaning of the term El Nifio
has changed from its original reference to the nor-
mal annual event described above. Itis now used to
refer only to the unusually extreme increases in sea
surface temperatures (SSTs) occurring for several
months approximately every 3 to 7 years in the cen-
tral and eastern equatorial Pacific Ocean. By con-
trast, La Nina—the opposite of El Nino—refers to a
strengthened “normal” situation, which typically
reinforces cold water conditions in the eastern
equatorial Pacific and warm water conditions in
the western tropical Pacific near the Maritime Con-
tinent. In recent years the neutral situation—one
in which neither El Nifio nor La Nifia conditions
occur—has been termed La Nada, or “the nothing.”

10 NOV 97

Figure 4.9 Satellite image of water temperatures in the
Pacific Ocean during an El Nifio event. White represents
unusually warm water. (See color plate 4.9)
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The Southern Oscillation, recognized by the
climatologist Sir Gilbert Walker in the 1930s, refers
to a seesaw effect of surface atmospheric pressure
between the eastern and western equatorial Pa-
cific Ocean in which higher-than-normal pressure
in one of these two regions is coincident with
lower-than-normal pressure in the other. Clima-
tologist Jacob Bjerknes realized in 1969 that these
pressure changes resulted from SST variations over
several years in the equatorial Pacific, establish-
ing the link between El Nifio and La Nina events
and the Southern Oscillation.

Today, most climatologists refer to the entire
phenomenon as El Nifio-Southern Oscillation, or
ENSO. The variations in atmospheric pressure as-
sociated with extremes in the Southern Oscilla-
tion and the changesin the oceans during extreme
phases of ENSO (El Nifio or La Nifa events) cause
unusual global atmospheric circulation features
and impacts. Because it is associated with a rever-
sal of the typical Pacific pressure patterns rather
than an intensification of them, the El Nifio phase
usually has wider and stronger impacts than the
La Nina phase.

Walker Circulation

In 1969 Bjerknes coined the term Walker circula-
tion to describe the connection between the

Figure 4.10

atmospheric pressure centers in the equatorial
Pacific associated with the Southern Oscillation,
the SSTs, and the tropical trade winds that blow
from east to west near the surface across the Pa-
cific Ocean (and other regions of the Earth within
the tropics). The Walker circulation exists to bal-
ance the normally observed pressure gradients
over the tropical Pacific Ocean. The Walker circu-
lation represents “normal” or “La Nada” atmo-
spheric and oceanic conditions in the equatorial
Pacific Ocean, characterized by high surface at-
mospheric pressure in the east and relatively low
surface pressure in the west (Figure 4.10). A pres-
sure gradient forms in an east-to-west direction at
the surface with atmospheric mass (winds) work-
ing to “fill the low.” Thus, surface winds normally
blow strongly from the east toward the west in this
region. Known as the northeast trade winds (or
northeast trades) in the northern hemisphere and
the southeast trade winds in the southern hemi-
sphere, these winds comprise a major part of the
global atmospheric circulation that is discussed
more fully in Chapter 7.

The frictional dragging of the sea surface by
these winds causes the North and South Equato-
rial Currents to occur along the equator, approxi-
mating the atmospheric circulation pattern, flowing
from east to west in both hemispheres. The cur-
rents push the surface waters warmed by the Sun

- PN A

South America

South America

“Normal” (or La Nada) Walker circulation (a) and El Nifio-related atmospheric circulation (b).
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westward. This results in an accumulation of warm
water in the western tropical Pacific Ocean near
Australia and the Maritime Continent. Average
sea level may be as much as 40 cm (16 in) higher
and water temperatures 4 to 8 C° (7 to 14 F°) higher
in the western tropical Pacific than at the same
latitude in the eastern Pacific near South America
(Figure 4.11). The reduced SSTs in the east are
caused both by the cold surface current of the
eastern South Pacific and by upwelling of colder,
deep water replacing the warmer surface waters
that were displaced to the west by the equatorial
currents.

These “normal” or La Nada ocean tempera-
tures control the Walker circulation along the
equator. Lower SSTs in the east chill the overly-
ing air, which in turn increases the air density,
reducing its buoyancy. The sinking air causes
high atmospheric pressure and usually restricts
precipitation because cool air is less likely than
warm air to rise vertically so that its moisture
can condense and form vertical clouds. The east-
ern equatorial Pacific is normally dry as a result,
and the extension of this dry area on the land
surface is the dry Atacama Desert. Warm waters
in the western tropical Pacific cause the density
of overlying air to decrease. The rising air leads to
lower atmospheric pressure and buoyancy that
produces frequently cloudy and wet conditions
over the region.

A simple index was devised to describe the at-
mospheric pressure variations in the tropical
Pacific Ocean. The Southern Oscillation Index
(50I) is derived from sea level pressure differ-
ences between the eastern and western Pacific.
The SOI is found by subtracting the air pressure
at sea level in Darwin, Australia, from that in
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El Nifio-Southern Oscillation Events

Tahiti. This value is often standardized statisti-
cally so that a value of zero represents La Nada,
values exceeding +1 may be considered to coin-
cide with La Nifia in the ocean, and values below
—1 may be considered to represent El Nifio condi-
tions. Another means of identifying El Nifio and
La Nina events involves monitoring SSTs in vari-
ous regions of the equatorial Pacific Ocean. A
temperature departure of £1 C° away from nor-
mal conditions for 3 consecutive months consti-
tutes a major event.

Direct information about ENSO events first came
from accounts of Spanish explorers in South Amer-
ica during the 1500s. Indirect data sources such as
tree rings, flood frequency, sediment cores, and
coral reef growth suggest that anomalous weather
events associated with ENSO events have been oc-
curring for at least many thousands of years. The
earliest written records of impacts believed to
be related to extreme El Nifio phases extend from
the Chimu Dynasty (AD 1100) in the Moche Valley
of Peru and indicate periodic extreme flooding,
now known as Chimu Floods, extending as far back
as 2500 BP (before present).

Most accounts are not direct observations of
atmospheric or oceanic conditions but suggest in-
direct effects of ENSO on climate. Sources include
ship logs in addition to writings by clergy mem-
bers who reported unusual natural phenomena in
great detail. These records became more detailed
between 1600 and the mid-1800s, when South
American events were chronicled in European lit-
erature. Accounts from historians, explorers, ge-
ographers, pirates, and engineers became more
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Warm water piling in the western equatorial Pacific during “normal” or La Nada conditions.
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CHAPTER 4 — Effects on the Climate System

detailed toward the end of the 1800s. Identifica-
tion of El Nifio events took many forms. Some of
these are listed in Table 4.1.

no

Each extreme of the ENSO cycle (El Nifio and La
Nina) occurs about every 3 to 7 years. An El Nifio
event in the ocean coincides with a reversal of the

Table4.1
Sources

Indirect Evidence for El Nifo Events in Historical

« Variations in travel times from sailing vessels

« Ship logs noting unusual weather and sea con-
ditions

« Presence of “aguaje” or red tide, a bloom of toxic
marine plankton

e Abnormally warm waters along the South Amer-
ican coast

e Severe and unusual weather events, such as
heavy rains and flooding

e Property damage caused by floods

¢ Travel obstructions from washed-out roads or
mudslides

o Agricultural destruction

¢ Increases in sea levels along the South Ameri-
can coast

o Mass mortality of marine sea life caused by a
decrease in the upwelling of nutrients

e Death and/or departure of birds

e Reductions in productivity in coastal fisheries

50 m depth

Sea level

S

Equatorial Kelvin Wave

normal Walker circulation. Trade wind flow weak-
ens or may even reverse along the equator, allow-
ing the pool of warm water piled up in the western
Pacific to flow back toward the east. Because La
Nada and (especially) La Nina conditions pile
warm water in the west, the ocean is simply regain-
ing a somewhat uniform sea surface level when the
trade wind flow weakens.

As the warm water migrates eastward, the over-
lying atmospheric low-pressure center follows the
warm water migration eastward as well. By the
time the warm water pool reaches the eastern
boundary of the tropical Pacific Ocean, reduced
atmospheric pressures and increased precipita-
tion are well established. At the same time, colder
than normal water conditions become established
in the western tropical Pacific. Higher pressures
build over that area as a result, and precipitation is
far below normal in the region around the Mari-
time Continent. El Nifio, then, simply coincides
with a reversal of the “normal” or “neutral” equa-
torial Pacific air/sea conditions set up by the
Walker circulation (Figure 4.12).

Movement of the warm water pool from west
to east during El Nifo, usually taking about 4
months, appears in the form of an equatorial Kel-
vin wave—a pool of warm water moving eastward
while surface waves propagate westward. The sur-
face waves are initiated by overlying winds that
continue to blow from east to west as a part of the
normal trade wind flow. However, during El Nifio
events the trade winds are weaker than normal,
which allows the warm water pool to move east-
ward as an equatorial Kelvin wave.

Weak Trade
Winds

180 m depth

Australia 200 m depth

Thermocline

South America

Figure 4.12 Ocean response to El Nifo. Sea level values represent change from La Nada conditions.
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When the warm water pool reaches the eastern
boundary, it splits into three primary components.
The main component is the equatorial Rossby
wave, which sloshes back westward along the equa-
tor, typically reaching the starting point within 6
to 8 months, ending the El Nino event. Movement
of the return flow in this wave is slower than the
original Kelvin wave. These oceanic Rossby waves
differ from Kelvin waves in that the bulk of water
motion is in the same direction as the surface
waves.

The remainder of the original eastward-moving
equatorial Kelvin wave splits into coastal Kelvin
waves—smaller warm water pools that migrate
north and south along the North and South Amer-
ican coasts, displacing cold currents off the west
coasts of both continents. These waves are respon-
sible for many regional climate abnormalities.

The warm water pool in the eastern equatorial
Pacific causes a downward movement of the
thermocline—the boundary between warm sur-
face waters and colder deep waters. Oceanic up-
welling still occurs in the eastern ocean during El

(@)

Atmosphere

ﬁ?;ﬁ
P e

H L

El Nifio-Southern Oscillation Events

Nino events, but because of the deeper thermocline
the cold water involved in upwelling is confined to
the deeper layers. Because of these abnormally
warm waters near the American coast, El Nifo
events are sometimes referred to as warm-ENSO
events. In its entirety an El Nifo event usually lasts
between 10 and 14 months.

Because so much energy is transported across
such a large distance regardless of the ENSO
phase, disruptions to the La Nada situation have
worldwide atmospheric consequences. The most
direct effects occur in the tropics during the El
Nifio phase (Figure 4.13). The reversal of the
usual atmospheric pressure and SST patterns
during El Nifio events causes atmospheric and
oceanic circulation systems on the planetary scale
toreadjust. These anomalous circulation patterns
cause seemingly chaotic weather conditions world-
wide. Normally dry regions, such as western North
and South America and western Australia, be-
come much wetter than normal, while character-
istically wet regions such as northeastern Brazil,
eastern Australia, and the Maritime Continent

SST anomalies Hi
i

Hi Hi
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Figure 4.13 Equatorial air/ocean circulation anomalies during (a) La Nada and (b) El Nifio periods.
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become excessively dry. Such disruption of nor-
mal atmospheric and oceanic conditions leads
to some devastating ecological and economic
problems.

ina Charvracrtaricticc
INc

La Nifia may be considered an extreme version of
the “normal” or La Nada characteristics in the
sense that the Walker circulation does not reverse.
During this phase the trade wind flow along the
equatorial Pacific Ocean becomes even stronger
than normal, which increases warm water accu-
mulation in the western equatorial Pacific and
cold water upwelling in the east. This causes a
deeper thermocline in the western tropical Pacific
and a shallower than normal thermocline in the
east (Figure 4.14). Sea levels respond accordingly,
as the west records higher than normal sea levels
and temperatures, while in the east lower than
normal sea levels and temperatures occur. The en-
hanced cold water upwelling near the Americas
has given La Nifia another name in recent years—
“cold-ENSO events.”

As suggested above, the consequences of ENSO
events do not stop with the equatorial Pacific
Ocean. A closer inspection of Figure 4.13 reveals
thatthe effects of warm-ENSO events carry through
the downstream circulation patterns of the entire
tropics. Because lower pressure builds over the
western portion of South America during negative
phases of the Southern Oscillation, the circula-
tion regime of eastern South America is altered.

+10cm

Australia 220 m depth

Y il

Sea level

Normally, eastern South America is dominated
by low atmospheric pressure associated with the
abundant heat energy and humidity from the
Amazon rain forest. During the El Nifio phase the
western South American low disrupts the usual
circulation over the eastern portion of the conti-
nent. As a result, higher than normal air pressure
and subsiding airflow is initiated over tropical east-
ern South America, bringing drought to much of
the rain forest region.

Just as the circulation is altered in South
America during warm-ENSO events, the circula-
tion regimes of other tropical locations are af-
fected. The relatively high-pressure regime that
normally prevails over southwestern Africa flips
to lower atmospheric pressure and the region be-
comes anomalously wet. This in turn reverses the
normally low pressures that occur near south-
eastern Africa, resulting in higher air pressures
and drought near Madagascar. This induces a
low-pressure region over the equatorial Indian
Ocean, which is normally dominated by higher
pressures, and the region becomes wetter than
normal. Finally, the circulation is linked to the
western side of the Walker circulation over east-
ern Indonesia and northeastern Australia, which
experiences El Nifo-induced above-normal air
pressures and the drought conditions discussed
previously. The effect is that the atmosphere see-
saws to an opposite regime from normal.

Energy transfers during warm-ENSO events
also alter temperate climates, as indicated in
Table 4.2. Such interactions originate from in-
creased heat energy and moisture transport from
the equatorial Pacific into the midlatitudes. Much
of this energy transport is accomplished by the

Very Strong
Trade Winds
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Figure 4.14 Ocean response to La Nifa. Sea level values represent the change from La Nada conditions.
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Table4.2 Persistent Global Effects of El Nifo

El Nifio-Southern Oscillation Events

Condition Areas Affected

Drier than normal
(Brazil)

Maritime Continent; southeastern Africa and Madagascar; east central Africa; eastern South America

Wetter than normal

Central equatorial Pacific Ocean; eastern equatorial Pacific Ocean and western South America
(Ecuador, Peru); southeastern South America (southern Brazil, Argentina); southeastern United States

Warmer than normal

Japan, eastern Asia (China/Manchuria); northwestern North America (southern Alaska through U.S.
Pacific Northwest into central North America); eastern Canada (Labrador, Nova Scotia)

poleward-moving coastal Kelvin waves. These
warm water pools displace cold currents along the
west coasts of North and South America, overrid-
ing the colder, denser currents normally present
in those locations. This position allows the abun-
dant stored oceanic heat energy to be transferred
easily into the atmosphere, particularly under
the conditions of unusually low atmospheric pres-
sure, initiating rising motions in the atmosphere.
Such conditions are capable of providing energy
for storms that then migrate across the normally
dry western continental locations.

Asageneral rule, La Nina situations strengthen
normal atmospheric circulation patterns across
the tropics. A normally dry region becomes ex-
ceedingly dry; a normally wet region becomes
exceedingly wet. Such conditions may have as
many negative ecological and economic conse-
quences as an El Nifio event in some locations.

Extreme phases of the Southern Oscillation
stress ecosystems in several ways. Large-scale an-
imal migrations and die-outs occur in the affected
regions. These factors in turn stress humans as
food sources are affected and landscapes are de-
graded. For instance, western South America has
seen widespread famine as a result of fish migra-
tions away from the coast during warm-ENSO
events. As fish move away from the coast in search
of prey, birds that feed on the fish are affected.
In addition, human populations are affected di-
rectly, because seafood serves as a prime source
of nutrition in these coastal cultures affected by
El Nifo. At the same time, the Atacama region
may experience heavy rains that cause widespread
floods in alandscape barren of vegetation and with-
out natural stream drainage capable of handling
the sudden downbursts. Mudslides become com-
mon on hill slopes and occasionally destroy entire
villages. Roads become blocked and bridges col-

lapse. In short, widespread ruin may occur during
particularly strong ENSO events.

Relationships between El Nifio and the U.S. cli-
mate have been fairly well documented. Because
the jet streams—fast currents of air in the upper
troposphere—are most active during the cool sea-
son (November to March), the region sees most
ENSO-related changes during that time. In partic-
ular, southern and central U.S. precipitation and
southwestern U.S. temperatures appear strongly
tied to warm-ENSO events. Increased energy and
moisture are transported from the tropics to North
America as the equatorial Kelvin wave and the
smaller coastal Kelvin wave warm pools displace
cold currents along North and South America.
Thus, increased precipitation and storm activity
are also typical effects of El Nino in much of the
southern, central, and southwestern United States.
The small, northward-migrating coastal Kelvin
pool displaces the usual cold California Current off
the U.S. Pacific coast, destabilizing the overlying
atmosphere and causing an adjustment in the
North American jet streams.

As expressed more completely in Chapter 7, the
two major rivers of air in the high troposphere—the
polar front jet stream (over midlatitude locations)
and the subtropical jet stream—transport energy
and moisture in a generally west-to-east direc-
tion. During warm-ENSO events, the amplitude—
the north-south and south-north component of
motion—of the polar front jet stream tends to in-
crease across the United States. As we see later, jet
amplitude dictates where storms form, their inten-
sity, and direction of migration.

During the El Nifio phase the polar front jet is
altered from normal as a trough—an equatorward
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dip in the flow—overrides the eastern North Pa-
cific Ocean. Midlatitude storm systems form just
to the east of trough regions. The trough is accom-
panied by a ridge—a poleward shift in the jet
flow—downstream (toward the east), as shown in
Figure 4.15.

During warm-ENSO events the polar front jet
may split into two distinct branches—one north,
one south—over the eastern North Pacific Ocean.
This situation greatly alters normal jet flow across
North America and affects the climate of many as-
sociated regions. The northern branch of the polar
front jet tends to remain farther to the north than
the usual polar front jet and typically prevents the
coldest Canadian air from penetrating southward
into the United States. Thus warm-ENSO winters
are usually warmer than normal in the northern
United States and southern Canada. The southern
branch of the polar front jet during warm-ENSO
events flows across the northern Gulf of Mexico
and tends to steer midlatitude storm systems into
the Gulf Coast states, after allowing them to ac-
quire moisture over the Gulf of Mexico. The sub-
tropical jet still exists in its normal form, south of
the southern branch of the polar front jet, even
when the polar front jet bifurcates.

Because El Nifio events can also trigger increases
in jet amplitude across North America, a trough in
the northern branch of the polar jet can cause colder
air to infiltrate the eastern United States as far as
the Gulf Coast. Northern states are not impacted
with extreme events under these conditions be-
cause this cold air would have been present whether

sixy ybnosl

Figure 4.15 A typical ridge-trough configuration in the
upper troposphere.

or not the dip in the jet stream existed. This trough
also causes an increase in precipitation for the
southern and central United States.

The northeastern United States shows a weaker
relationship between El Nifio and temperature and
precipitation patterns. One explanation for the lack
of relationship is that the polar front jet exits the
continent over the Northeast regardless of jet flow
amplitude. It should be noted, however, that any
particular warm-ENSO event can cause drastic
changes in northeastern U.S. weather. Each ENSO
event changes the jet flow pattern somewhat dif-
ferently, and strong El Nifio events occasionally
change the jet pattern substantially. The response
to El Nifio in the northeastern United States is
usually slightly higher temperatures along with
slightly drier conditions caused by a net reduction
in snowfall.

Recentresearch indicates that cold-ENSO events
have as much influence on precipitation in the
southern United States as warm-ENSO events.
Recent La Nina years have been accompanied by
pronounced drought throughout the southern and
south-central United States, even in summer, if the
SOI remains positive through the summer. Addi-
tionally, cold-ENSO periods are associated with
temperature increases throughout the Southwest
as the polar front jet stream pushes northward over
the western United States. Slight temperature in-
creases also occur in the north-central area of the
United States (Dakotas to Wisconsin). La Nifia pe-
riods also see heightened Atlantic hurricane ac-
tivity if the event is in force into late summer and
autumn, as was evidenced by the very active 2004
and 2005 seasons. Incipient El Nifio conditions in
late summer and autumn 2006 and early summer
2009 were associated with a much quieter Atlantic
hurricane season.

Relationship to Global Warming

Although much research has been done on ENSO
events, much work is still needed. Many mecha-
nisms thought to trigger ENSO events must be
explained further. One such mechanism that has
gained recent publicity is global warming. It is
widely assumed that global warming is caused by
human emission of pollutants known as green-
house gases. The recent speculation that global
warming triggers extreme ENSO events was gener-
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ated by a higher incidence of intense ENSO events
during recent years of high global temperatures.
Since 1970 warm-ENSO events have occurred with
a periodicity of about 2.8 years. This significantly
exceeds the frequency of the long-term average of
4.7 years. In time, relationships between a warmer
atmosphere and El Nifio events may prove valid;
however, the reverse may be equally true: that a
higher incidence of intense warm-ENSO events
may be forcing higher global temperatures. Such
a realization may be substantiated given the slow
response of oceans to atmospheric forcing in
addition to the long-term heat storage capability
of oceans.

Recent research supports a more plausible
explanation for the increase in extreme ENSO
events since 1970. The Pacific Decadal Oscillation
(PDO), an oceanic phenomenon described in
more detail in Chapter 13, is directly tied to ENSO
strength and frequency. The PDO is similar to the
Southern Oscillation in that warm and cold
phases occur over time. As the name implies, vari-
ability associated with the PDO occurs much
more slowly than that associated with the South-
ern Oscillation. A PDO regime may last 20 to 30
years, during which one phase of the oscillation
tends to dominate. By contrast, the Southern Os-
cillation fluctuates over periods of 3 to 7 years.
During times when the Southern Oscillation and
the PDO are in phase (i.e., both in a “warm phase”
or in a “cold phase”), the impacts of the Southern
Oscillation tend to be magnified. When the phases
offset the Southern Oscillation effects tend to be
dampened.

A PDO warm phase occurred from the early
1970s until the late 1990s. This situation supported
frequent and strong El Nifio events. Beginning
in the winter of 1997 and 1998 the PDO shifted to
a cold phase. This shift is believed to support
and magnify the effects of La Nifia over the next
few decades.

Clearly, continued research on the causes and
effects of extreme ENSO events becomes more im-
portant with the increasing demands made by hu-
mans upon the natural environment. Given the
abnormalities in the temperature and precipita-
tion regimes during El Nifio and La Nifia events,
heightened understanding of these events is im-
portant for planning purposes in a wide array of
environmental and societal applications.

Volcanic Activity and Climate

M Volcanic Activity and Climate

As Earth’s crustal plates move very slowly (at
about the same rate at which your fingernails
grow), volcanic activity occurs in certain loca-
tions. This volcanism contributes to both short-
and long-term climatic fluctuations. In Chapter 2
we saw that the primordial atmospheric composi-
tion resulted from the outgassing of molten rock as
the Earth cooled and the molten material hard-
ened. This led to an atmosphere rich in N, and CO,,.
Water vapor was also initially introduced to the
atmosphere through outgassing processes. The at-
mosphere shed excessive water vapor in the form of
precipitation, which eventually formed the oceans
of today. The composition of the atmosphere is,
therefore, linked to volcanic activity.

Evidence indicates that the early landscape of
Earth was marked by rather frequent volcanism as
the volatile Earth cooled from the surface inward.
Over time, volcanic activity decreased. Still, vol-
canism is an important contributor to the Earth-
ocean-atmosphere system. We typically do not hear
about active volcanism unless a particular volca-
nic event directly threatens humans or the event
is of such magnitude as to invite attention. Many
cases of active volcanism are associated with
“cracks” in the oceanic crust that are widening—
midoceanic ridges—deep beneath the ocean sur-
face, whereas others are associated with rather
remote locations such as the Aleutian Island chain
of Alaska. Others, such as Kilauea, Hawaii, are tour-
ist attractions.

Volcanic activity today contributes 1.2 to
2.1x10" kg (130 to 230 million tons) of CO, to the
atmosphere each year. Volcanoes also add be-
tween 3.3 and 6.6 x10'? kg (3.6 and 7.3 billion tons)
of sulfur dioxide (SO,) to the atmosphere annu-
ally. Significant amounts of water vapor are also
ejected into the atmosphere. Of the gases emitted
by volcanoes, the one that produces the most sig-
nificant climatic signal is SO,. The amount of CO,
emitted by volcanic activity is low compared with
the amount already present in the atmosphere.
The additional amount is quickly absorbed into
biomass and/or the oceans. Water, of course, exits
the atmosphere very quickly as precipitation. But
SO, presents a different problem.
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SO, and atmospheric aerosols of volcanic origin
can trigger either net surface cooling or warming,
depending on individual eruption characteristics.
SO, typically combines in the atmosphere with
water, dust, and sunlight to produce vog, or volca-
nic smog. Vog can have both local- and planetary-
scale impacts. At the local scale vog may form near
the surface, where it may hinder loss of longwave
radiation back to space, leading to warming. On
the island of Hawaii, vog is persistent because of
the continuous effusive (gentle) eruption of Kilauea
since 1986. The volcano contributes about 1.8 mil-
lion kg (2000 tons) of SO, to the local atmosphere
daily.

Vog becomes a planetary-scale problem when
a major explosive eruption ejects sulfur com-
pounds into the stratosphere. Once there, the sul-
fur compounds can linger up to 4 years, in part
because the stratosphere is higher than most pre-
cipitation clouds, which would rinse aerosols and
SO, from the atmosphere. SO, combines with the
limited amounts of water found in the strato-
sphere, dust particles, and sunlight to form vog. In
that situation the vog is capable of producing a
haze that has a rather high albedo—the percent-
age of incoming energy from the Sun that is re-
flected off an object. The result is that the haze
directly reduces surface air temperatures.

Long-term climatic changes are not initiated
by single volcanic events. Instead, volcanoes lead
to significant long-term climatic changes only
during prolonged periods of above-normal activ-
ity. Persistent volcanism is thought to help main-
tain Earth’s rather steady climate state. As we saw
in Chapter 2, Earth temperatures have varied by
less than 15 C° (27 F°) over its 4.6 billion year his-
tory. Volcanic activity is partly responsible for this
relatively delicate energy balance that maintains
this range of temperatures.

Table4.3 Major Volcanic Eruptions of the Past 200 Years

Individual volcanoes are, however, capable of
altering hemispheric and global climates over rela-
tively short time periods. When volcanoes erupt,
gases and solid aerosols (particulates) are ejected
into the atmosphere. Most of the aerosols fall back
to the surface over short periods of time. Particles
that are sand sized or larger fall back to the surface
within minutes of an eruption. Smaller aerosols
are capable of being suspended in the atmosphere
for much longer periods. This is especially true of
dust-sized and smaller particles, which may reach
the stratosphere if the volcano is high and the
eruption is especially explosive. Large eruptions
have an average recurrence interval of about 30
years over recorded history (Table 4.3).

Aecrocol Indicec

Two indices have been designed to estimate the
amount of aerosols, especially those of volcanic
origin, in the atmosphere. The Dust Veil Index is
based on the amount of material dispersed into
the atmosphere. It uses surface air temperatures
and the amount of insolation reaching the surface,
among other variables, to estimate the total amount
of particulates in the atmosphere. This index is
most useful in the midlatitudes because it has been
calibrated in predominantly middle-latitude loca-
tions. Its major weakness is that by using tempera-
ture to estimate the Dust Veil Index it is impossible
to assess the impact of volcanic activity on tem-
perature accurately.

The Volcanic Explosivity Index is based only
on volcanic criteria. The data used are derived from
the magnitude, intensity, dispersion, and destruc-
tiveness of individual volcanic events. A scale
between 1 and 8 is used for each event, with 8 be-
ing the strongest volcanic event. An event with a
Volcanic Explosivity Index exceeding 4 is assumed

Volcano Year Average Resulting Global Temperature Decline (C°)
Tambora 1815 0.4-0.7

Krakatau, Indonesia 1883 0.3

Santa Maria, Guatemala 1902 0.4

Katmai, Alaska 1912 0.2

Agung, Indonesia 1963 0.3

El Chichén, Mexico 1982 0.5

Mount Pinatubo, Philippines 1991 0.5
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to produce emissions into the stratosphere, but at-
mospheric composition is not taken into account
in the derivation of the Volcanic Explosivity Index.

Ic

With the possible exception of Eyjafjallajokull in
Iceland, which began erupting in Spring 2010, the
most noteworthy example of a recent volcanic
eruption that led to surface cooling was Mount Pi-
natubo, which erupted in the Philippines on June
15, 1991. Pinatubo’s eruption blasted over 1.8x10°
kg (20 million tons) of SO, and ash into the atmo-
sphere. The vertical column of ejected material was
measured at 19km (12mi) high during the erup-
tion. The resulting stratospheric SO, plume spread
rather evenly across the globe over time, leading to
an estimated global surface temperature decline of
0.5 C° (0.9 F°) for 2 years after the eruption.

The 1815 eruption of Tambora in Sumbawa, In-
donesia is regarded as the largest in modern his-
tory, as it ejected an estimated 50 km? (12 mi®) of
magma and an astonishing 1.8 x10" kg (200 mil-
lion tons) of SO, into the atmosphere. The eruption
led to the widely regarded “year without a sum-
mer” in 1816. Snow fell in July in Boston, Massa-
chusetts. Global surface air temperatures are
believed to have decreased by 0.4 to 0.7 C° (0.7 to
1.3 F°) during the year after the eruption.

The eruption of Krakatau in 1883, also in Indo-
nesia, is thought to have exceeded Tambora in ex-
plosiveness. The eruption is believed to have killed
up to 40,000 people, and it ejected ash and dust as
high as 12km (7 mi) above the surface as most of
Rakata Island disappeared. In total, 20 km? (5 mi®)
of material were ejected into the atmosphere,
making Krakatau about 20 times as destructive as
the Mount Saint Helens eruption. Although global
temperatures apparently were not affected as sig-
nificantly as by Tambora, the eruption caused spec-
tacular sunsets for over 70 percent of the globe
over a time period of 3 years.

Another notable eruption was the 1783 Laki Fis-
sure eruption in Iceland, which lasted 8 months
and was responsible for devastating much of the
human and animal population of Iceland. It is
estimated that 14 km?® (3.4 mi®) of basalt was
ejected. In addition, over 9.1 x 10 kg (100 mil-
lion tons) of SO, were emitted, leading to an esti-
mated 1 C° (1.8 F) temperature drop for the
northern hemisphere.

Deforestation and Desertification

The most catastrophic eruption known oc-
curred on Mount Toba in Sumatra approximately
71,000 years ago. This eruption was so cataclysmic
that it is thought to have accelerated the onset of
the last glacial advance. Global climates changed
so much that massive extinctions and population
declines occurred in many plant, animal, and hu-
man populations across the globe. In fact, the event
is believed to have caused an evolutionary bottle-
neck in humans—a significant drop in population
that triggers rapid genetic divergence in surviving
individuals. This process occurs as significant ge-
netic differences proliferate at a rapid rate through
small populations, as opposed to being washed
out of much larger populations.

M Deforestation and Desertification

Humans play arole in climatic variation through a
number of ways. Most anthropogenic (human-
induced) climatic effects relate to changes in at-
mospheric composition through the combustion
of fossil fuels and the manufacture of certain gases
and solids. Human land-use activities also can
contribute to variation and changes in the climate
system. Many of these involve the processes of de-
forestation and desertification.

Deforestation refers to the systematic and
widespread clearing of forested regions. Although
most associate deforestation with tropical loca-
tions, the most widespread deforestation actually
occurred in Europe and North America a few
hundred years ago. Entire forests were cleared for
fuel and/or building materials during the early
part of the Industrial Revolution, beginning in
the late 1700s. Today, the most widespread defor-
estation occurs in tropical rain forests, where
large tracts of land are deforested to support
either individual subsistence farms or grazing
areas.

Because soils in the rain forest regions are
leached of their nutrients by the abundant rainfall,
they are not well suited to agriculture. As a result,
farmers must continually move from location to
location because agriculture is usually successful
for only a few years before the soil’s nutrients
become depleted. This type of migratory farm-
ing in which forests are continually cleared, often
by burning, is called slash and burn agriculture.
This method became widespread once it was dis-
covered that burning vegetation adds nutrients
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to the upper soil layers. These nutrients are capa-
ble of supporting crops for only a few extra years,
after which the soils become too leached to be
productive.

If very small plots of land are deforested in this
manner, no long-term damage is done, because
the surrounding forest is quick to recapture the
“slashed and burned” plot. The problem today in-
volves very large deforested plots of land, espe-
cially when the activity leaves only small patches
of rain forest surrounded by much larger defor-
ested areas. These small plots are not sufficient to
maintain their existence, and they become more
susceptible to disease and other problems with
such a high percentage of the trees near the fringe
of the forest. The result is that the isolated plots
die off. Human activities then move farther into
the forest, taking more and more trees out of exis-
tence. In many areas the rain forests have been
totally decimated in this manner. Deforestation
of old growth forests within the past few centu-
ries in many locations in Central America has left
only a tiny percentage of rain forest undisturbed,
and total annihilation looms in the near future.
Currently, the worst deforestation of tropical rain
forests is occurring in South America, especially
northeastern Brazil, and in Indonesia. At present
rates of clear cutting, it is estimated that all rain
forests will be eliminated within the next 100 to
200 years, if not sooner.

This deforestation has dire ecological conse-
quences. Tropical rain forests represent the most
diverse ecosystems on Earth’s land surface. Elim-
ination of these regions will directly lead to mas-
sive extinctions of plants and animals, many of
which may be useful for medicinal and economic
purposes.

Large-scale deforestation causes numerous im-
pacts on climate. Most of the precipitation water in
rain forests is generated locally through the pro-
cess of transpiration—the constant recycling of
rainwater through uptake through tree roots and out
through the leaves. Tropical rain forests have been
referred to as the rain machine for that reason.
Once the trees are removed, precipitation is more
likely to run downslope and leave the area. Tem-
peratures after deforestation increase abruptly, be-
cause of the loss of shade as well as increases in
sensible energy with concurrent decreases in latent
energyinput.

An additional climatic problem is that defores-
tation involves the removal of one of the planet’s
primary carbon sinks. In 1 year a single acre of trees
can uptake the amount of CO, released by driving
26,000 miles. The discontinuation of photosynthesis
when the trees die decreases the rate at which CO,
can be removed from the atmosphere. This has
large-scale consequences because increased atmo-
spheric CO, is a primary cause of global warming.
Furthermore, the burning of the trees returns CO,
that was sequestered in the biomass to the atmo-
sphere, directly increasing atmospheric CO, con-
centrations. Finally, photosynthesis in the tropical
rain forests produces a large share of the planet’s
atmospheric oxygen. Obviously, elimination of the
planet’s “lungs” would be disastrous.

Another human land-use effect that can mod-
ifylarge-scale climate changesis desertification—
the expansion of deserts into semiarid regions,
largely through the impact of human activities
such as ranching and overuse of water. The do-
mestication of grazing animals has become very
important in many semiarid regions of the world,
where grasslands are dominant. When these ac-
tivities become too concentrated, they can quickly
strip a region of vegetation, deplete and contami-
nate water, and compact the soil, leading to a rapid
drying of the landscape.

Semiarid regions typically display wide vari-
ability in the precipitation regime. Wet periods
may persist for many years or decades, only to be
offset by years or decades of exceedingly dry con-
ditions. Humans typically move into the regions
during wet periods and establish grazing prac-
tices. But during the dry periods that inevitably
follow, they are reluctant to leave. Their contin-
ued activities quickly compound the problem,
leading to further expansion of the surrounding
desert.

Perhaps the most prevalent example of deserti-
fication is the Sahel—a region of Africa that bor-
ders the southern rim of the Sahara Desert and
has undergone widespread degradation over the
recent past (Figure 4.16). Much of the problem
began in the early twentieth century, when wet
conditions brought people into the region. This set-
tlement, combined with natural population growth
and the demise of transient herders in favor of more
permanent herding establishments, created a situ-
ation with far too many grazing animals in the re-
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Figure 4.16 Sahel region of Africa.

gion. During the 1970s widespread drought in the
region caused the animals to strip far too much
vegetation in a short period of time before suc-
cumbing to the drought themselves. The concur-
rent water and food shortages led to tragic famine
and death throughout the region. The consequent
impact on the landscape was rapid desertification
and southern expansion of the Sahara Desert. The
region has yet to recover and remains one of the
primary regions of food and water shortages on
the planet.

Once the desert expands into a semiarid re-
gion, it is very difficult for vegetation to reclaim
the region because the local water and energy
balances are disrupted. The removal of vegetation
changes the color and texture of the landscape.
The generally dark and rough vegetated surface is
replaced by lighter and smoother surfaces, which
in turn support higher albedoes, reflecting away a
higher percentage of insolation. But this effect is
more than compensated by a decrease in water
availability after the vegetation is removed. Like a
deforested landscape, an unvegetated landscape
allows water to run off the surface more quickly,
causing less evaporative cooling and a higher per-
centage of energy devoted to sensible heating

(ryospheric Changes

rather than latent heating. Theresults are increased
temperatures, reduced water availability, and larger
sections of land being converted to desert.
Several other land cover changes affect cli-
mates, particularly at the local scale. For example,
irrigation and construction of dams and reservoirs
tend to alter the local water and energy budget by
producing sudden, periodic, and drastic increases
in water availability at the surface. Drainage of
swamps tends to have the opposite impact. In all
these cases, although local evaporation rates and
humidity are likely to be affected, the scale is usu-
ally too small to see significant changes in local pre-
cipitation totals. And, of course, the most dramatic
land cover change on the planet—urbanization—
has a distinct and irrefutable global impact. That
impactis discussed in detail in Chapter 12.

M Cryospheric Changes

The cryosphere—the region consisting of all sea-
sonal and “permanent” ice on the planet—is both
a direct consequence of and an influence on the
climate system. It may exist as a part of semiper-
manent alpine glaciers, continental ice sheets, sea-
sonal sea ice, and/or seasonal snowpack. During
cold periods of the year, all forms of ice accumu-
late from precipitation and/or deposition—the
direct conversion of atmospheric water vapor to
ice, bypassing the liquid water phase.

In the case of glaciers, the bulk of the ice body
remains in below-freezing temperatures through-
out the year. However, a portion does exist in areas
where temperatures exceed the freezing point for
atleast part of the year. Parts of glaciers are, there-
fore, continually melting. Glacial advances occur
during cooler and/or wetter periods when the rate
of snow/ice accumulation in the colder part of the
glacier exceeds the rate of ablation (which includes
melting and sublimation—the conversion of ice
directly to water vapor, bypassing the liquid water
phase) in the warmer part of the glacier. Glacial
retreat occurs during times when the rate of abla-
tion exceeds accumulation. In the case of a retreat-
ing glacier the ice merely melts or sublimates back
from its most equatorward or downhill extent—
the glacier does not physically move backward. A
net mass balance point exists at the equilibrium
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line—a point within the body of glacier where the
rate of accumulation equals the rate of ablation. As
this line moves equatorward and/or downhill, the
glacier is “healthy,” indicating growth, and when it
retreats poleward and/or uphill, ablation exceeds
accumulation for the system.

Earth has undergone several periods when
most glaciers and ice sheets simultaneously ad-
vanced over many thousands of years. These gla-
cial advances—intervals of 50,000 to 150,000 years
or so—are separated by interglacial phases, warmer
periods of approximately 8,000 to 12,000 years when
net glacial retreat occurs in most glaciers. Sum-
mer temperatures generally determine whether
glacial advance or retreat is occurring, because
even abnormally high winter temperatures are be-
low freezing in most glacial environments. Cool,
short summers with snowy transition seasons gen-
erally provide the optimal conditions for glacial
advance. Long, warm, dry summers cause the high
rates of ablation coincident with interglacial phases.

Regardless of whether a glacial or interglacial
phase is occurring, any time in geological history
when semipermanent ice exists somewhere on
Earth’s surface is termed an ice age. We are in an
ice age today, because permanent ice exists on the
planet—in Antarctica, Greenland, the north polar
ocean, and on the tops of the world’s highest moun-
tains at any latitude. The present ice age may have
begun as many as 40 to 50 million years ago, but
evidence shows that it became more intense some
1.6 million years ago. The last major glacial advance
in the present ice age peaked between 12,000 and
18,000 years ago. This advance is known as the Wis-
consin Glacial Phase, which occurred during the
Pleistocene Epoch, a generally cold period that oc-
curred from about 1.8 million years ago until about
10,000 years ago. Because planetary temperatures
have generally increased for the last 10,000 years
or so, most of the ice has been retreating poleward
and/or uphill, and we are currently in the Holocene
Interglacial Phase, an interglacial phase within the
present ice age that corresponds to Holocene Ep-
och, the present epoch in geological time.

sardhacke in ¥Fhio Crunenhave

A very important role in the climate system is
played by the positive feedback system—an input
that creates change to a system in such a way that
triggers additional, similar changes in the system.

A small snowball rolling down a hill—picking up
more snow on its trek, thereby gaining momentum
and rolling faster and faster as it gains more
mass—is an effective example of a positive feed-
back. Another example is the suggestion planted
by seeing a person in your climatology class yawn;
within seconds several classmates yawn, despite
the very interesting course material.

By contrast, a negative feedback system in-
volves an input to the system that decreases the
likelihood of further changes of the same type to
the system. An example of a negative feedback
system might be your study habits. If you study
hard and do well on the first exam, you may then
be tempted to study less and then do poorly on the
second exam. But then you are likely to study
harder and do better on the third exam. The net
effect is that your overall grade is average. Nega-
tive feedbacks lead to stabilization of a system.

An important positive feedback in the cryo-
sphere is caused by surface albedo changes when
the ice- and snow-covered area expands or con-
tracts. The surface of the terrestrial Earth is, for
the most part, dark. Expansion of bright white con-
tinental ice sheets across continents increases
hemispheric and global albedo. In such instances
a larger percentage of insolation is reflected from
the surface to space. As a result, a decrease in the
amount of absorbed insolation occurs at the sur-
face, triggering a reduction in temperature, which
in turn supports further growth of the ice sheets.

A similar positive feedback system occurs dur-
ing periods of slight warming, such as at the be-
ginning of an interglacial phase. Slightly elevated
temperatures trigger increased icepack ablation.
The albedo then decreases slightly, as the darker
surface beneath the ice is exposed. This in turn
initiates increased absorption of insolation. The
net energy gains then cause increased atmospheric
temperatures, which cause further increases in
ablation and further albedo decreases.

It is apparent from the discussion above that
the cryosphere is intricately linked to the atmo-
sphere over long time scales. But the cryosphere
can also influence the atmosphere (and vice versa)
on short time scales. For example, a region may be
hit with a heavy snowfall event in autumn. In such
a case the snow may effectively change the regional
albedo. After the event, the surface albedo changes
may cause the region to grow colder, which in turn
may cause the polar jet stream to shift farther
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equatorward than normal, because it exists near
the boundary between cold and warm air. Because
the jet steers midlatitude storm systems, displace-
ment of the jet may initiate even more snowstorms
over the affected regions. In this way a positive
feedback system is set up, causing even more
snowpack and higher albedo rates even farther
equatorward, leading to further cooling.

Given such direct relationships between the
cryosphere and the atmosphere, it is important
that researchers examine and understand pro-
cesses involving changes in the cryosphere. Such
changes may lead to feedback systems that could
influence the planetary-scale atmosphere. These
atmospheric changes may then cause further feed-
backs in the cryosphere and the other “spheres” in
the climate system.

Researchers studying regional ice packs have
found that the spring melt in western Canada has
occurred earlier in more recent years than before,
changing by as much as a half-day per year since
1955. These findings support computer modeling
studies that suggest widespread reduction in snow
cover could occur over the next 50 to 100 years as
concentrations of greenhouse gases such as CO,
increase in the atmosphere. But this trend is not
solely dependent on greenhouse warming, as ex-
treme ENSO events, shifts in major circulation pat-
terns, and other factors also play important roles.

Some researchers now estimate that the Green-
land ice sheet, the largest in the northern hemi-
sphere, could lose as much as one-half of its mass
over the next thousand years, leading to an in-
crease in global sea level of about 2.7m (9 ft). Ad-
jacent summer sea ice has decreased markedly
over the past few decades, and some expect that
within the next century the Arctic Ocean could
be largely ice free. Alpine (mountain) glaciers are
in active retreat worldwide, with only a few re-
gional exceptions.

The largest single planetary ice sheet, in Ant-
arctica, also shows signs of net ablation. In particu-
lar, temperatures over the West Antarctic Ice Sheet
have increased by approximately 4 C° (7 F°) over
the pasthalf century. A decrease in adjacent seaice
extent has also resulted, and two large collapses of
major ice shelves have occurred over the past de-
cade. The East Antarctic Ice Sheet appears to have
remained stable during the same time period. If all
permanent continental ice were to melt, sea levels
would rise by approximately 67 m (220 ft).

Summary

A common misconception is that the melting
of sea ice would not affect sea level because the
ice displaces the same volume of seawater as its
water equivalent. However, because fresh water
is less dense than saltwater, freshwater ice floats
higher over the salty seawater and does not dis-
place quite as much seawater as it would if the
two had the same density. So when freshwater
floating ice melts, it also increases sea level by a
small amount because of an increased amount of
meltwater compared with the amount of seawa-
ter originally displaced.

Both this extra water and (especially) melted
continental ice would greatly affect populations,
because many of the world’s major cities would
be inundated by the sea level increases. Fortu-
nately, even in the worst-case scenarios, the en-
tire cryosphere is not expected to melt completely
in a short time. But the (unknown) feedback mech-
anisms involved would determine whether any
initial warming and melting would be counter-
acted (a negative feedback) or accelerated (a pos-
itive feedback). Positive feedbacks would further
warm the climate system, which itself could have
major global consequences.

M Summary

This chapter explored the effects of several phe-
nomena in the nonatmospheric parts of the cli-
mate system on climate. Surface ocean currents
derived from atmospheric circulation in turn af-
fect the adjacent climate of affected locations. The
subtropical anticyclones centered in each ocean
basin play an especially important role in the
strength, direction, and variability of these cur-
rents. The anticyclones and corresponding semi-
permanent low-pressure cells—cyclones—located
poleward of the anticyclones support cold ocean
currents in the eastern ocean basins and warm
ocean currents in the western basins in each hemi-
sphere. The Ekman spiral, combined with latitu-
dinal differences in Coriolis deflection, causes an
accumulation of water to the west of the central
ocean basin, which leads to western-boundary
intensification—strong, deep, warm ocean cur-
rents in the western ocean basins—and shallow,
slower cold currents in the eastern basins. Deep
ocean currents also influence the broad-scale cli-
mate. Deep-water motions were described for each
ocean basin, with particular attention paid to the

75



76

© Jones & Bartlett Learning, LLC. NOT FOR SALE OR DISTRIBUTION

CHAPTER 4 — Effects on the Climate System

Stommel model deep-water circulation, which
stores and releases large quantities of energy into
the climate system over long time periods.

El Nifio-Southern Oscillation events represent
the greatest single source of variability in the cli-
mate, excluding Earth-Sun-related seasonality. El
Nifio events occur when a warm water pool that
normally occurs in the western equatorial Pacific
Ocean migrates eastward during times of reduced
trade wind flow. The water pool brings changes
to typical atmospheric stability patterns. Specifi-
cally, clouds and precipitation occur in the nor-
mally clear, dry eastern Pacific region. Because of
the immense amount of energy carried by the pool,
global climatic regimes are affected. The opposite
phenomenon—La Nifia—is associated with the

“normal” (La Nada) directions of oceanic and atmo-
spheric flow but with increased intensities of that
flow and effects.

Processes in the lithosphere and biosphere can
also impact the climate system. Times of height-
ened volcanic activity may produce both short-term
and even long-term climate variation. Human
activities such as deforestation and desertification
alter local to regional energy and water balances,
which can ultimately affect hemispheric and global
climate regimes. Finally, the cryosphere was dis-
cussed as an element of the climate system. Posi-
tive and negative feedback systems, especially in
the cryosphere, are likely to dictate the severity of
impacts of climatic change caused by human and
natural forces.

P Key Terms

Ablation

Accumulation

Advection

Aerosol

Albedo

Amplitude

Antarctic Bottom Water

Antarctic Deep Water

Antarctic Intermediate Water

Anthropogenic

Bottleneck

California Current

Canary Current

Chimu Floods

Coastal Kelvin wave

Common Water

Continentality

Convection

Coriolis effect

Cryosphere

Cyclone

Deforestation

Deposition

Desertification

Downwelling

Dust Veil Index

Ekman spiral

El Nifio

El Nino-Southern Oscillation (ENSO)
event

Equatorial Kelvin wave

Equatorial Rossby wave

Equilibrium line
Evaporation

Fossil fuel

Geostrophic flow

Glacial advance

Global warming
Greenhouse gas

Gulf Stream

Gyre

Holocene Epoch
Holocene Interglacial Phase
Humboldt (Peru) Current
Hydrosphere

Ice age

Insolation

Interglacial phase

Jet stream

Krakatau

La Nada

La Nina

Laki Fissure

Latent energy

Latitude

Maritime Continent
Maritime effect
Momentum

Mount Toba

Mount Pinatubo
Negative feedback system
North Atlantic Deep Water
North Atlantic Drift

North Equatorial Current

North Pacific Intermediate Water
(NPIW)

Northeast trade winds

QOutgassing

Pacific Decadal Oscillation

Pacific Subarctic Water

Particulates

Peru Current

Photosynthesis

Pleistocene Epoch

Polar front jet stream

Positive feedback system

Rain machine

Ridge

Sahel

Sensible energy

Sink

Slash and burn agriculture

Source area

Southeast trade winds

Southern Oscillation

Southern Oscillation Index (SOI)

Stable atmosphere

Stable stratification

Stommel model

Stratosphere

Sublimation

Subtropical anticyclone

Subtropical jet stream

Sulfur dioxide (SO,)

Tambora

Thermocline
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Summary
Thermohaline circulation Unstable atmosphere Western-boundary
Thermohaline current Upwelling intensification
Trade winds Vog Wisconsin Glacial Phase
Transpiration Volcanic Explosivity Index Terms in italics have appeared in at

Trough Walker circulation

P> Review Questions

10.

1.

12.

13.

14.

15.

. Discuss the role of atmospheric circulation in

creating and maintaining surface currents in
the oceans.

Discuss the role of surface ocean currents on
climate.

What is geostrophic balance in the oceans
and why is it important?

Describe the importance of western-boundary
intensification.

What are thermohaline currents and how and
why are they maintained?

How are thermohaline currents tied to the at-
mosphere and how can these currents affect
climatic variations in the future?

Discuss the importance of the Stommel model
of deep-water motion.

What is the Walker circulation?

Describe La Nada or “neutral” conditions
along the equatorial Pacific Ocean.

What is El Nifio and how is it initiated?
Discuss changes in the sea surface circulation
and the thermocline of the Pacific Ocean dur-
ing an El Nifio event.

Describe the changes in the overlying atmo-
sphere during an El Nifio event.

Discuss the global climatic significance of an
El Nifio event.

What is a La Nifia event and why is it signifi-
cant?

Discuss the role of volcanism on the primor-
dial atmosphere.

least one previous chapter.

16. Discuss the role of volcanism relative to short-
term and long-term climatic change and vari-
ability.

17. Compare and contrast deforestation and de-
sertification and their impacts on the climate
system.

18. How do atmospheric changes drive processes
in the cryosphere?

19. How can changes in the cryosphere lead to
changes in the climate system?

P Questions for Thought

1. Before 3 million years ago, there was no con-
nection between North America and South
America via the Isthmus of Panama. How do
you believe the formation of the isthmus may
have altered the global oceanic circulation?

2. Think of an example of a possible negative
feedback mechanism that might result in a
minimization of the global warming problem
in the cryosphere.

http://physicalscience.jbpub.com/climatology

Connect to this book’s Web site: http:/physical
science.jbpub.com/climatology. The site provides
chapter outlines, further readings, and other tools
to help you study for your class. You can also follow
useful links for additional information on the topics
covered in this chapter.
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