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3.3 Climate and the General Circulation

3.3.1 General Circulation of the Atmosphere

Before we study the general circulation, we must remember that it only represents
the average air flow around the world. Actual winds at any one place and at any
given time may vary considerably from this average. Nevertheless, the average can
answer why and how the winds blow around the world the way they do—why. The
average can also give a picture of the driving mechanism behind these winds, as well
as a model of how heat and momentum are transported from equatorial regions
poleward, keeping the climate in middle latitudes tolerable.

The underlying cause of the general circulation is the unequal heating of the earth’s
surface. We have learned that averaged over the entire earth, incoming solar
radiation is roughly equal to outgoing earth radiation. However, we also know that
this energy balance is not maintained for each latitude, since the tropics experience
anet gain in energy, while polar regions suffer a net loss. To balance these inequities,
the atmosphere transports warm air poleward and cool air equatorward. Although
seemingly simple, the actual flow of air is complex; certainly not everything is
known about it. In order to better understand it, we will first look at some models
(that is, artificially constructed simulations) that eliminate some of the complexities
of the general circulation.

3.1.2 Single-cell Model

The first model is the single-cell model, in which we assume that the earth’s surface
is uniformly covered with water, so that differential heating between land and water
does not come into play. We will further assume that the sun is always directly over
the equator, so that the winds will not shift seasonally. Finally, we assume that the

earth does not rotate, so that the only force we need deal with is the pressure gradient
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force. With these assumptions, the general circulation of the atmosphere would look

much like Figure 3.2, a huge thermally driven convection cell in each hemisphere.
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Figure 3.2: Simplified one-cell global air circulation patterns.

This is the Hadley cell (named after the eighteenth-century English meteorologist
George Hadley, who first proposed the idea). It is driven by energy from the sun
Excessive heating of the equatorial area produces a broad region of surface low
pressure, while at the poles excessive cooling creates a region of surface high
pressure. In response to the horizontal pressure gradient, cold surface polar air flows
equatorward, while at higher levels air flows toward the poles. The entire circulation
consists of a closed loop with rising air near the equator, sinking air over the poles,

an equatorward flow of air near the surface, and a return flow aloft. In this manner,
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some of the excess energy of the tropics is transported as sensible and latent heat to
the regions of energy deficit at the poles.

Such a simple cellular circulation as this does not actually exist on the earth. For one
thing, the earth rotates, so the Coriolis force would deflect the southward-moving
surface air in the Northern Hemisphere to the right, producing easterly surface winds
at practically all latitudes, These winds would be moving in a direction opposite to
that of the earth’s rotation and, due to friction with the surface, would slow down
the earth’s spin. We know that this does not happen and that prevailing winds in
middle latitudes actually blow from the west. Therefore, observations alone tell us
that a closed circulation of air between the equator and the poles is not the proper
model for a rotating earth. (Models that simulate air flow around the globe have also
verified this.) How, then, does the wind blow on a rotating planet? To answer, we
will keep our model simple by retaining our first two assumptions—that is, that the

earth is covered with water and that the sun is always directly above the equator.

3.1.3 Three-cell Model

If we allow the earth to spin, the simple convection system breaks into a series of
cells as shown in Figure 3.3. Although this model is considerably more complex
than the single-cell model, there are some similarities. The tropical regions still
receive an excess of heat and the poles a deficit. In each hemisphere, three cells
instead of one have the task of energy redistribution. A surface high-pressure area is
located at the poles, and a broad trough of surface low pressure still exists at the
closely resembles that of a Hadley cell. Let’s look at this model more closely by

examining what happens to the air’ above the equator.
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Figure 3.3: General circulation schematic.

Over equatorial waters, the air is warm, horizontal pressure gradients are weak, and
winds are light. This region is referred to as the doldrums. Here, warm air rises,
often condensing into huge cumulus clouds and thunderstorms called convective
“hot” towers because of the enormous amount of latent heat they liberate. This heat
makes the air more buoyant and provides energy to drive the Hadley cell. The rising
air reaches the tropopause, which acts like a barrier, causing the air to move laterally
toward the poles. The Coriolis force deflects this poleward flow toward the right in
the Northern Hemisphere and to the left in the Southern Hemisphere, providing
westerly winds aloft in both hemispheres. (We will see later that these westerly

winds reach maximum velocity and produce jet streams near 30 _and 60 latitudes.)
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As air moves poleward from the tropics it constantly cools by radiation, and at the
same time it also begins to converge, especially as it approaches the middle latitudes.
This convergence (piling up) of air aloft increases the mass of air above the surface,
which in turn causes the air pressure at the surface to increase. Hence, at latitudes
near 30 , the convergence of air aloft produces belts of high pressure called
subtropical highs (or anticyclones). As the converging, relatively dry air above the
highs slowly descends, it warms by compression. This subsiding air produces
generally clear skies and warm surface temperatures; hence, it is here that we find
the major deserts of the world. Over the ocean, the weak pressure gradients in the
center of the high produce only weak winds. According to legend, sailing ships
traveling to the New World were frequently becalmed in this region, and, as food
and supplies dwindled, horses were either thrown overboard or eaten. As a
consequence, this region is sometimes called the horse latitudes.

From the horse latitudes, some of the surface air moves back toward the equator. It
does not flow straight back, however, because the Coriolis force deflects the air,
causing it to blow from the northeast in the Northern Hemisphere and from the
southeast in the Southern Hemisphere. These steady winds provided sailing ships
with an ocean route to the New World; hence, these winds are called the trade
winds. Near the equator, the northeast trades converge with the southeast trades
along a boundary called the intertropical convergence zone (ITCZ). In this region
of surface convergence, air rises and continues its cellular journey.

Meanwhile, at latitude 30 , not all of the surface air moves equatorward. Some air
moves toward the poles and deflects toward the east, resulting in a more or less
westerly air flow—called the prevailing westerlies, or, simply westerlies—in both
hemispheres Consequently, from Texas northward into Canada, it is much more

common to experience winds blowing out of the west than from the east. The
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westerly flow is not constant; migrating areas of high and low pressure break up the
surface flow pattern from time to time.

As this mild air travels poleward, it encounters cold air moving down from the poles.
These two air masses of contrasting temperature do not readily mix. They are
separated by a boundary called the polar front, a zone of low pressure—the
subpolar low—where surface air converges and rises and storms develop. Some of
the rising air returns at high levels to the horse latitudes, where it sinks back to the
surface in the vicinity of the subtropical high. In this model, the middle cell (called
the Ferrel cell, after the American meteorologist William Ferrel) is completed when
surface air from the horse latitudes flows poleward toward the polar front.

Behind the polar front, the cold air from the poles is deflected by the Coriolis force,
so that the general flow of air is northeasterly. Hence, this is the region of the polar
easterlies.

We can summarize all of this by referring back to Fig. 3.3 and 3.4 and noting that,
at the surface) there are two major areas of high pressure and two major areas of low
pressure. Areas of high pressure exist near latitude 30 and the poles; areas of low
pressure exist over the equator and near 60 latitude in the vicinity of the polar front.
By knowing the way the winds blow around these systems, we have a generalized
picture of surface winds throughout the world. The trade winds extend from the
subtropical high to the equator, the westerlies from the subtropical high to the polar

front, and the polar easterlies from the poles to the polar front.



Climatology 51

ropical lropopause

AICHC ropopause

w &' 50° 4 0 a 10° 0
Polar Midlatitude H Hadley cell ———— L
circulation circulation

Figure 3.4: Equator-to-pole cross section of the Northern Hemisphere. It shows the Hadley cell,
subtropical highs, the subpolar low-pressure cell, and approximate locations of the subtropical
and polar jet streams.



