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Fig. 10.2 Annual average flux density of absorbed solar
radiation, outgoing terrestrial radiation, and net (absorbed
solar minus outgoing) radiation as a function of latitude in
units of W m~2. Pink (blue) shading indicates a surplus (deficit)
of incoming radiation over outgoing radiation. [Adapted from
Dennis L. Hartmann, Global Physical Climatology, p. 31 (Copyright
1994), with permission from Elsevier. |

The vertical distribution of temperature within
the troposphere is determined by the interplay
among radiative transfer, convection and large-
scale motions. The radiative equilibrium temperature
profile is unstable with respect to the dry adiabatic
lapse rate. The pronounced temperature minimum
near the 10-km level that defines the tropopause
(Fig. 1.9) corresponds roughly to the level of unit
optical depth for outgoing longwave radiation. Below
this level, the repeated absorption and reemission of
outgoing longwave radiation render radiative transfer
a relatively inefficient mechanism for disposing of the
energy absorbed at the Earth’s surface. Convection
and large-scale motions conspire to maintain the
observed lapse rate near a value of 6.5 K km~1.

The observed lapse rate is stable, even with respect
to the saturated adiabatic lapse rate, because most of
the volume of the troposphere is filled with slowly sub-
siding air, which loses energy by emitting longwave
radiation as it sinks, as documented in Fig. 4.29. As the
air loses energy during its descent, its equivalent poten-
tial temperature and moist static energy decrease, cre-
ating a stable lapse rate, as shown schematically in
Fig. 10.3. It is only air parcels that have resided for
some time within the boundary layer, absorbing
sensible and latent heat from the underlying surface,

Tropopause

Fig. 10.3 Schematic of air parcels circulating in the atmos-
phere. The Colored shading represents potential temperature
or moist static energy, with pink indicating higher values and
blue lower values. Air parcels acquire latent and sensible heat
during the time that they reside within the boundary layer, rais-
ing their moist static energy. They conserve moist static energy
as they ascend rapidly in updrafts in clouds, and they cool by
radiative transfer as they descend much more slowly in clear air.

that are potentially capable of rising through this stably
stratified layer. Thermally direct large-scale motions,
which are characterized by the rising of warm air and
the sinking of cold air, also contribute to the stable
stratification. It is possible to mimic these effects in
simple radiative-convective equilibrium models by arti-
ficially limiting the lapse rate, as shown in Fig. 10.4. The
tropospheres of Mars and Venus and the photosphere
of the sun? can be modeled in a similar manner.

The concept of radiative-convective equilibrium is
helpful in resolving the apparent paradox that green-
house gases produce radiative cooling of the atmos-
phere (Fig. 4.29), yet their presence in the atmosphere
renders the Earth’s surface warmer than it would be in
their absence. An atmosphere entirely transparent to
solar radiation and in pure radiative equilibrium would
neither gain nor lose energy by radiative transfer in the
longwave part of the spectrum. However, it is apparent
from Fig. 104 that under conditions of radiative-
convective equilibrium, temperatures throughout most
of the depth of the troposphere are above radiative
equilibrium. It is because of their relative warmth
(maintained mainly by latent heat release and, to a
lesser extent, by the absorption of solar radiation and
the upward transport of sensible heat by atmospheric
motions) that greenhouse gases in the troposphere
emit more longwave radiation than they absorb.
Because the tropospheric lapse rate is determined not

2 The sun’s photosphere is defined as the layer from which sunlight appears to be emitted; i.e., the level of unit optical depth for visible
radiation. The photosphere marks the transition from a lower, optically dense layer in which convection is the dominant mechanism
for transferring heat outward from the nuclear furnace in the sun’s core to a higher, optically thin layer in which radiative transfer is the
dominant energy transfer mechanism. Like the tropopause in planetary atmospheres, the photosphere is marked by a decrease in the lapse
rate from the convectively controlled layer below to the radiatively controlled layer above.
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Fig. 10.4 Calculated temperature profiles for the Earth’s
atmosphere assuming pure radiative equilibrium (red curve) and
radiative convective equilibrium, in which the lapse rate is artificially
constrained not to exceed the dry adiabatic value (dashed black
curve) and the observed global-mean tropospheric lapse rate
(blue curve). [Adapted from J. Atmos. Sci., 21, p. 370 (1964).]

by radiative transfer, but by convection, it follows
that greenhouse gases warm not only the Earth’s sur-
face, but the entire troposphere.?

In contrast to the troposphere, the stratosphere
is close to radiative equilibrium. Heating due to the
absorption of ultraviolet solar radiation by ozone
is balanced by the emission of longwave radiation
by greenhouse gases (mainly CO,, H,O, and O3) so
that the net heating rate (Fig. 4.29) is very close to
zero. Raising the concentration of atmospheric CO,
increases the emissivity of stratospheric air, thereby
enabling it to dispose of the solar energy absorbed by
ozone while emitting longwave radiation at a lower
temperature. Hence, while the troposphere is warmed
by the presence of CO,, the stratosphere is cooled.

10.1.2 Dependence on Time of Day

As the Earth rotates on its axis, fixed points on its
surface experience large imbalances in incoming and
outgoing radiative fluxes as they move in and out of

its shadow. As a point rotates through the sunlit, day
hemisphere, the atmosphere above it and the under-
lying surface are heated more strongly by the absorp-
tion of solar radiation than they are cooled by the
emission of longwave radiation. The energy gained
during the daylight hours is lost as the point rotates
through the shaded night hemisphere.

Over land, the response to the alternating heating
and cooling of the underlying surface produces diur-
nal variations in temperature, wind, cloudiness, pre-
cipitation, and boundary-layer structure, as discussed
in Chapter 9. Here we briefly discuss the direct
atmospheric response to the hour-to-hour changes in
the radiation balance that would occur, even in the
absence of the interactions with the underlying sur-
face. This response is often referred to as the thermal
(i.e., thermally driven) atmospheric tide.*

Because of the atmosphere’s large “thermal iner-
tia,” diurnal temperature variations within the free
atmosphere are quite small, as illustrated in the
following exercise. The thin Martian atmosphere
reacts much more strongly to the diurnal cycle in
insolation (Table 2.5).

Exercise 10.2 If the Earth’s atmosphere emitted radi-
ation to space as a blackbody and if it were completely
insulated from the underlying surfaces, at what mass-
averaged rate would it cool during the night?

Solution: The cooling rate in degrees K per unit time
is equal to the rate of energy loss divided by the heat
capacity per unit area of the free atmosphere. During
the night the atmosphere continues to emit infrared
radiation to space at its equivalent blackbody tempera-
ture of 255 K; hence it loses energy at a rate of

E = oT* = 5.67 X 1078 X (255)* = 239 W m2

The heat capacity of the atmosphere (per m?2) is
equal to the specific heat of dry air ¢, times the mass
per unit area ( p/g) or

1004 J kg_1 K-1 X 10°Pa
9.8ms 2

=107JK1m—2

3 Throughout the tropics the observed lapse-rate I' is close to the saturated adiabatic value T',,. As the Earth’s surface warms, the latent heat
released in moist adiabatic ascent increases, and so the numerical value of I',, decreases. Hence, if I remains close to I',, as the tropical tropo-
sphere warms, temperatures in the upper troposphere will warm more rapidly than surface air temperature, as demonstrated in Exercise 3.45.

4 The gravitational attraction of the moon and sun also induce atmospheric tides, but these gravitational tides are much weaker than the

thermal tides.



