7. Radiation and Global Climate

Earlier in this course, we discussed some smple ideas on radiative transfer from the Sun and
the Earth, and developed a radiative equilibrium mode for the Earth-atmosphere system. We
are now going to consder how the surface radiation baance varies as afunction of latitude,
explaining why the temperature a high latitudesis lower than in the tropics. We will dso
consder the seasona variation and the diurnd variation of radiation.

Review of surfaceradiation balance

In section 3 of the course, we developed a radiaive equilibrium modd for the Earth’s surface,
where the incident solar and long wave radiation from the amosphere baances the emitted
long wave radiation from the surface. This was developed as aglobd average modd, giving

Absorbed radiation Emitted radiation

S
Surface: (1- b)(1- a)z+eas T = sT.
where S is the solar congtant, a is the surface dbedo, b is the atmospheric absorption and
scatering of short-wave radiation, e, is the amospheric absorption/emisson of long-wave
radiaion, T, and Ts are the temperatures of the atmosphere and the Earth, respectively, and s
is the Stefant Boltzmann condtant.

Space Incoming [ Outgoing radiation |
solar
radiation
100 8 17 6 9 40 20
1 4 4104 4 4
7 | '
Atmosphere Backscattered '
by air Net emission
by Emission
Absorbed by water vapour, by clouds
water vapour, 19 Reflected by co, o,
dust, O
3 clouds Absorption
/ 106 by clouds, Latent
& k4 water vapour, heat flux
Co,. 0,
Absorbed by Reflected Sensibl
clouds by surface . ensiole
Absorbed Y Long-wave radiation heat flux
1 7 24
Ocean, land 46 s 00

Figure 7.1 (reproduced from Fig. 3.3 earlier) Globd radiation and energy balances. The units
are percentages of incoming solar radiation to the Earth-atmosphere system.
(from Sturman and Tapper, 1996).
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Figure 7.1 (reproduced from Section 3) shows the different processes affecting radiative
transfer in the Earth-atmosphere system. In thisfigure, the incident solar radiation at the top of
the atmosphere of 100 unitsis equal to §4 = 345 Wmi2 in the globa average modd. We shdll
now consder how thisincident solar irradiance varies as afunction of latitude, time of year or
time of day, noting that the solar constant S does not change.

Variation of radiation fluxeswith latitude

The reason for the lower temperatures at higher latitudes is the reduction of net incident solar
radiation at the surface. The main reason for thisisthe variaion of solar irradiance with zenith
angle (the angle that the sun is away from the local vertical), but there are two other important
factors; increasing atmospheric absorption with increasing zenith angle and increased abedo.

Let | bethe incident solar irradiance on ahorizontal surface at the top of the atmosphere. Then
| =ScosZ, where Sisthe solar congtant and Z isthe solar zenith angle. The solar zenith
angle depends on latitude f , time of year (which determines the solar declination d) and time
of day. At locd solar noon (when the sun is nearest to being overhead) and at the equinoxes
(when the sun is over the equator), Z =f and cosZ = cosf .

More generdly, cos Z = cosf cosd cosh+dnf snd, whered, the solar declination, isthe

latitude at which the noon sun is overhead and h is the hour angle of the sun away from solar
noon. The solar declination varies from +23.5° on 21 June to -23.5° on 21 December and is
asociated with thetilt of the Earth's axis away from the verticd.
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Figure 7.2 Vaiation of solar irradiance depending on the solar zenith angle.
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If we congder the annud average Stuation, then the incident solar irradiance varies as the
cosine of latitude, decreasing rapidly towards the poles. In addition, the absorption of solar
radiation increases as the length of the solar path through the atmosphere increases. The solar
path increases proportiona to 1/cos Z , o a high latitudes there is more absorption than at
low latitudes, as the solar path through the atmosphere is longer. Findly, at high laitudes, the
average dbedo is higher because of permanent snow and ice cover. Hence, the net solar
radiaion a high latitudesis much less than a low latitudes.

Infact, as shown in Fig. 7.3, radiative equilibrium does not exigt at high latitudes or a low
latitudes. At low ldtitudes, the net solar radiation is gregter than the outgoing long-wave
radiaion, implying a net heating due to radiation. At high latitudes, the net solar radiaion is
less than the outgoing long-wave radiation, even though the atmospheric temperature is lower,
implying anet cooling due to radiation. In the next section, we will seethat it is the hest
trangport by the atmospheric circulation and the oceanic circulation that balances the radiation
and leads to negligible net heating or cooling.
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Figure 7.3 Variaion of mean annua net solar and long-wave (terrestria) radiation at the top
of the atmosphere. (From Houghton, 1977)
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To estimate the rate of cooling of the atmosphere associated with a radiative imba ance, we
consider the heat equation

I’CPE=Q,

wherer is the aimospheric mass per square metre of the layer being heated (r = mass/in? =
p/g for the layer),

Cp isthe specific heat of air, ¢, = 1005 Jkg/°C , and

Qisthe net hegtingin Wm? or Jsec*m?.

Let us consider aradiativeimbaance Q = -100 Wm? applied to the whole troposphere, from
the surface to 250 hPa. This layer has a pressure of 750 hPa= 7.5 10* Pa= 7.5 10° kgm'2.
Hence, the rate of cooling of the layer would be about —1.3" 107 °C/sec or about —1.1 °C/day.
If thisrate of cooling was to exist for even amonth, it would lead to a catastrophic climate
change. In practice, the cooling is offset by heat trangport in the atmosphere and ocean.

Seasonal and diurnal variations of radiation

The seasons are caused by the Earth’s motion around the sun and the tilt of the Earth’ s axis of
rotation, as shown in Fig. 7.4. Asthe Earth orbits around the Sun and rotates about its axis,
the axis points in the same direction in space, a an angle of about 23.5° to the orbital plane.
On 21 December, the SH summer solstice, the South Pole is oriented towards the sun and the
North Poleisin darkness. On 21 June, the SH winter solstice, the North Pole is towards the
sun and the South Pole receives no solar radiation. In addition to the solar declination effects
on the incident solar radiation, the length of day increases in summer so that the totd solar
insolation is amost congtant from the equator to the South Pole at the summer solgtice, as
shownin Fg 7.5. The seasond variaionsin net solar radiation are much grester than the
variaions in temperature or outgoing long-wave radiation, so there is net hesting in summer
and net cooling in winter. These temperature changes will continue until the outgoing long-
wave radiation balances the net incident solar radiation. Hence, the maximum temperature in
summer does not occur a the time of maximum solar radiation (summer solstice) but about a
month later, asshowninFg 7.6.

In practice, to caculate the actud heating or cooling at the surface, we should consider the
surface energy balance and the heat capacity of the surface. The seasond range of
temperatures is much greater over land than over the oceans because the effective heat
capacity over the ocean is greater than over the land. The heet input at the surface of the ocean
ismixed over alayer of about 50m — 100m in depth, leading to a very large effective heat
capacity. In contrast, the heat input to the surface over the land is conducted only dowly over
adepth of order 10cm — 1m, so the effective heat cgpacity is much less and the temperature
changes much larger.
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Figure 7.4 Dally and seasond variations in solar radiation associated with the
Earth’s orbit around the sun and the tilt of its axis of rotation (from Sturman and

Tapper, 1996)
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Figure7.5 Seasond variationsin total daily solar insolation at the top of the Earth’s
aimosphere (from Sturman and Tapper, 1996)

80 ATM2022 2002 [2]



The temperature variations associated with the diurnd variaions of radiation can be estimated
inasmilar way. At night, there is no incident solar radiation and the radiation baance is
between the downward long-wave radiation from the atmaosphere and the upward long-wave
radiation from the surface. During the day, the additiordl incident solar radiation causes a net
heeting at the surface. Asfor the seasond cycle, the daytime maximum temperature does not
occur a solar noon, but later in the day, when the surface has warmed further and the net
outward long-wave radiation baances the incident solar rediation. Smilarly, the night time
minimum temperature occurs close to dawn. Again, the diurna variations of temperature are
much grester over land than over ocean. Also, the nocturnal cooling is less on cloudy nights,
as the doud provides an effective downward radiative emitter from warmer regionslower in
the amosphere. On clear nights, the effective long-wave emisson comes from higher in the
atmosphere, where the temperature is colder.

The Daily Cycle

Temperature

Insoiation TTemperature

Maximum

Temperature :
Minimum ;

Temperature Terrestrial

Radiation

Insolation :
Maximum :

Terrestrial
Radiation

am Time of Day pm

The Annual Cycle

Temperature

Minimum Temperature

Insolation TTemPerature
Maximum | Maximum

Insolation

Terrestrial
Radiation

Insolation
Minimum

Month

Figure 7.6 Diurnad and seasond variaions of solar insolation and long-wave radiaion and of
temperature. (From Anthes, 1997)
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8.

In the previous section, we showed that, on average, there is net radiative heating at low
latitudes and net radiative cooling at high latitudes but the temperature trends are much

General Circulation of the Atmosphere

smndler. Itisthecirculation of the atmosphere and the ocean that transports heat away from
the topics and into low latitudes, as shown in Fig 8.1 below. This trangport of heat isthe main
reason for the patterns of mean circulation (winds) in the atmosphere.

Sallors and scientists have been observing the mean wind patterns for many years, and the

earliest theories for the atmospheric generd circulation were developed in the 1700's and

1800's. We will describe and explain the large-scale flow of the atmosphere, usualy averaged
over many months or years.
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Figure 8.1 Components of the latitudina radiation balance and hesat transport.

(& Annud average lditudind variations in net radiation budget for the Earth's
surface, the atmosphere, and the whole Earth-atmosphere system.

(b) Annud average latitudind distribution of the northward energy trangport in the

oceanatmosphere system. (From Sturman and Tapper, 1996)
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Zonal averagecirculation

As before, we use the term zond wind to mean the flow from west to east (westerly flow) and
the meridiond wind to mean the flow from south to north (southerly flow). We dso define the

zond average|[ ] to be the average of aquantity around alatitude circle ie the zona average
zond wind is

N 1y
[u] =[u( ,Z,t)]—zal(l J ,zt)d _Willu(l“] 1) .

The zona average zond wind and temperature are show in Figure 8.2 for typica January and
July conditions in the Northern Hemisphere. As expected, the temperature at low latitudesis
gregter than at high latitudes. In addition, the mean zond flow increases with height, in
therma wind balance with the temperature decrease towards the pole.
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Figure 8.2 (Reproduced from Fig 6.1 earlier) Meridional cross-section of zond-average
temperature and zonal wind is (a) January and (b) July. (From Wallace and Hobbs, 1977.)
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Inagmilar way to the definition of the zond average, we define the time-average or time-
mean of aquantity (x) to beits average over agiven interval, such asamonth, a season, or

many years. Hence the time-average zond flow is

- — 1 . 14 .
u=u(l ,j ,z):?oj(l J ,z,t)dtzﬁa u(l ,j ,zt,) -

n=1

Fig 8.2 shows the time-average zona mean zond wind [u] and temperature [T] in January
and July

Now, let us consder the explanation for the genera circulation. If we condder the Smplest
circulaion in response to net heating a low latitudes and net cooling at high latitudes, we
would expect risng motion a low latitudes and snking motion at high latitudes, joined by a
single large overturning circulation cdl. Thiswasfirst described by Hadley in the 1700'sand
isshownin Fg. 8.3 below. At low latitudes, adiabatic cooling associated with ascent and
trangport of heat away from the region balances the net radiative hegting. At high latitudes,
adiabatic warming associated with descent and transport of heat into the region baances the
net radiative cooling.

North
Pole

Equator

South
Pole

Figure 8.3 Idedised overturning circulation in response to heeting at low
latitudes and cooling at high latitudes on a nontrotating Earth (from Sturman and
Tapper, 1996).
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We can use conservation of angular momentum to help explain the pattern of zond flow
associated with this pattern of meridiona circulaion. Since the Earth is rotating around its
axis once per day, an air parce with no motion relative to the Earth’ s surface would be
rotating around the Earth’ s surface with angular velocity W= 7.3" 10° s. Theangular
momentum is the mass of the air parcel times the distance from the axis of rotation timesthe
tangentid velocity, mRV:. The distance from the axis of rotation depends on latitude,

R = acosf , where a isthe Earth’ sradius, a=6370 km. The tangentia velocity isjust the
Speed of rotation of the Earth’s surface plus the zona wind speed, V, = Wacosf +u. Hence
the angular momentum is macosf (Wacosf + u). Angular momentum is conserved for
frictionless motion. If an air parcd, initidly at the equator with no motion reltive to the
Eath's surface, is moved to higher |atitudes then its angular momentum will remain constant
a itsinitid vaue ma®W . Hence, the zona wind at any latitude can be obtained by solving

macosf (Wacosf +u) = ma*W.

Hence, u = aW(if - cosf ) and the zond wind would increase rgpidly from the equator, to
oS

55 m/s at 20° and 130 m/s at 30°. This helpsto explain the increase of zond wind in the
poleward branch of the Hadley circulation but the observed jets are weaker than expected
from consarvation of angular momentum. Equatorward flow in the lower branch of the
Hadley circulation would aso conserve its angular momentum, gpart from frictiona losses.
Hence, air parcels at rest at latitudes away from the equator would move westward as they
approach the equator, explaining the surface easterliesin the tropics.
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Figure 8.4 Schematic representation of the main festures of the genera circulation in the
Southern Hemisphere, showing the zond mean zond flow (left) and the mean meridiond
circulation (right). (From Pittock et d., 1978)
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We know from the observed upper air wind patterns that the zona wind does not increasein
drength dl the way to the pole and the mean Hadley circulation does not extend from the
equator to high latitudes. In fact, the Hadley cdll terminatesin the subtropics, just on the
equatorward sde of the latitude of the subtropica jet maximum.

Fig. 8.4 shows the observed mean pattern of zond wind and meridiond circulation in the
Southern Hemisphere. In mid-latitudes, the mean meridiona circulation shows areversed cell,
cdled the Ferrd cdl, which isathermadly-indirect circulation ie air in warmer regions
descending and air in cooler regions rising. Such a circulation cannot transport heet poleward.
While the Hadley circulation is able to transport heat poleward, the mean meridiona
circulaion in the Ferrel cdl cannot provide a net poleward transport of heat.

Available Potential Energy

Ancther way to describe the genera circulation isin terms of processes that convert potential
(stored) energy into kinetic energy (associated with atmospheric motion). The mean
temperature gradient between high and low latitudes means that the mean density surfacesin
the atmosphere are not flat; they dope upwards to the poles, with higher density, colder air at
high latitudes. These doping dengty surfaces have more potentid energy than the equivaent
horizontal dendity surfaces, and thisis called the available potentia energy. Any process that
can flatten the doping dengty surfaces will release this potentia energy and convert it to
kinetic energy of atmospheric maotion.

In anon-rotating atmosphere, the mean meridiona overturning circulation, like the Hadley
circulation, can flatten the density surfaces. The available potentia energy is converted into
kinetic energy of the mean meridiond circulation. Hence, this can occur in low latitudes,
where the effects of rotation are weak. The Hadley circulation only exigtsin low latitudes.

In middle latitudes, however, the potential energy associated with the mean meridiond
temperature gradient is not transformed into kinetic energy through a mean meridiond
overturning circulation (which would occur if the Earth was not rotating). In middle latitudes,
the increeang wind with height, which isin therma wind balance with the meridiona
temperature gradient, is unstable to small disturbances. These can grow into weather systems,
the highs and lows that we see on weather maps. The mechanism that produces the growing
weether sysemsis beyond the scope of this course, but is called “baroclinic ingtability”. The
potentiad energy associated with the mean meridiond temperature gradient is converted into
the kinetic energy of the transent weather systems. In middle latitudes, it is the movement of
ar in transgent westher systemsthat provides a net poleward transport of hegt, and not the
mean meridiond circulation. These mean transport of heat acts to reduce the mean
temperature gradient and to flatten the dengity gradient, reducing the available potentia
energy.

So why does't dl the available potentid energy disappear when the densty surfaces have
been made horizonta by the atmospheric maotions? Thereis continua production of available
potentia energy associated with the net radiative heating at low latitudes and the net radiative
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cooling a low latitudes, which maintains the temperature and density gradient between low
and high latitudes. Hence, the contrast in solar heeting between high and low latitudesisthe
main forcing of the generd circulation and the atmosphere responds to this. The large-scae
circulation is congtrained by conservation requirements, such as conservation of angular
momentum and total energy, and by ba ance requirements, such as geostrophic balance and
therma wind balance.

Eddy Transport

So how can the variations of wind and temperature in weether systems provide a net poleward
trangport of heat when there is no mean meridiond circulation? To understand this, we must
condder the separate contributions to the poleward transport of heat from mean motion and
from waves or weather systems.

Let us consder the mean northward transport of hest in the atmosphere, which is the hest
content of acubic metreof arrc, T Jm® multiplied by the rate of transport of ar acrossa

|atitude cirdle, v P/ /s or v m/s. Hence, the northward transport of hest is r ¢ ,vT Jn/s

We now congider the zonal mean transport [rc vT] =r ¢ [vT] . We can represent any

quantity, such astemperature T as the sum of its zond mean [T] and the departures from the
zona mean, called the eddy or wave components, T™ =T - [T] . Hence, we can write

T=T +[T] adv=V +[V], 0
[VT] =[(v" +[V])(T" +[T])]
=[VT* +V [T]+ [T +[M[T]]
=[VTT+IV T +IIVIT T+ [VILT]]
But [v'] = O from its definition, so [v'[T]] =0 and hence we obtain
[VT]=[VT ]+[V][T]
A B C

where A isthe total zonal mean hest transport (divided by r ¢, a constant);

B isthe zond mean hesat transport due to eddies (due to correlated departures of meridional
wind and temperature from their zona mean); and

C isthe zond mean heet trangport due to the zona mean meridiona circuletion.

Note that this gpplies at any individua time. We can apply the same type of analysisto
cdculate the contributions to the time average heet trangport from the time mean flow and the
time variations of the flow.
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We can represent any quantity, such as temperature T asthe sum of itstimemesn T and the
departures from the zond mean, called the trangent or time-varying components,

TC =T-T.Hencg wecanwrite T =T«+T and v=v¢ +v,with v¢=0. Hence, the time
mean hesat transport can be written

VT = (v § +vT
A B C

where A isthe total time mean hest transport (divided by r ¢, a constant);

B isthe time mean hesat transport due to transent variations (due to correlated departures of
meridiond wind and temperature from their time mean); and

C isthe time mean heat trangport due to the time mean meridiond circulation.

Now, we can show that the time average zona mean hest transport can be written

VTI=[VT T+[V[T]

=[VETC]+[v T ] +[VIT]¢+[V][T]
A B C D

where A isthe time mean, zonad mean heat trangport due to transent eddies (due to time
varying departures of meridiona wind and temperature from their zond mean);

B isthe mean heat trangport due to standing waves (time mean departures from the zona
mean);.

C isthe mean heat transport due to trandent variations of the zond mean flow; and

D isthe mean heat trangport due to the time mean zond mean meridiond circulation.

Normally, C is negligible and the mean hest transport has three components, due to transent
eddies (weather systems), due to standing waves (which we discuss more later), and due to the
mean meridiond circulation ( the Hadley cdll or the Ferrd cdl).

Fig 8.5 shows the observed variation of the northward trangport of heat by the atimospheric
circulaion, as afunction of latitude, and the different contributions from eddies and from the
mean meridiond circulation. As expected, there is a poleward transport of heeat by the
atmaospheric airculation in both hemispheres, which partidly balances the difference in net
radiative heating between high latitudes and low latitudes. In low latitudes, the poleward hest
trangport is predominantly by the mean meridiona circulation, by the Hadley cdl. In middle
|atitudes, the mean meridiond circulation (the Ferrel cell) transports heat in the wrong
direction, from pole to equator, and the transport of heat in the weather systems, the eddies,
dominates the poleward hesat transport.
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Figure 8.5. Annua mean zond mean meridiona heat transport in the atmosphere, showing
the total trangport (solid line), eddy transport (thin dashed ling) and transport by the mean
meridiond circulation (thick dashed line). Note that postive trangport is northward. From
Pittock et a., 1978)
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9. Conservation of vorticity and Rossby waves

In the previous section, we used the concept of conservation of angular momentum to deduce
the variations of zona wind associated with the mean meridiond circulation away from the
equator in the Hadley cdll. In practice, this concept was helpful in explaining the existence of
the subtropica jets but it did not apply to the mid-latitude jets, because the Hadley cdll did not
extend into mid-|atitudes.

We now apply the concept of angular momentum to rotating air masses, such as high and low
pressure systems, to derive another conservation relation. Following section 7.14 of the
recommended text (Mcllveen, 1992), we consider the large, rdlatively-flat air masses of
wegther systems as they rotate about aloca verticd axisin tharr centre. As the horizonta
scae of weether systemsis large (about 1000 km) relative to their vertical scale (about 10
km), we can consder westher systems as thin rotating disks of ar. The angular momentum of
thear isw r?, wherew isthe angular velocity (rotation rate) of the air a distancer from the
centre of the weather system. In the Southern Hemisphere, w is pogtive (negative) for ahigh
(low) pressure system and opposite in the Northern Hemisphere.

Consarvation of angular momentum meansthat w r? is constant as the weather system moves.
For geostrophic flow, the wind is pardld to the pressure contours and there isno flow into or
out of the weather system. Hence, the distancer of an air parcel from the centre of the weether
sysem remains congtant, so w must be constant. In practice, friction and other factors can
mean that the assumption of purely geostrophic flow is broken. However, the flow isclose to
geostrophic in middle latitudes away from the surface boundary layer.

In practice, as the Earth is rotating, we must consider the background planetary rotation as
well asthe rotation of the weather system when considering the conservation of angular
momentum in awegther systlem. The local vertical component of the background planetary
rotation & latitude f isWAnNf , as shown in Fg. 9.1. This must be added to the local angular
velocity of the weather system, so w+Wanf is congtant as an air parcel moves in the weather
system.

To estimate the locd rotation rate in awesther system, we use the vertica component of the

vorticity z = (N” u)k = % %,Which isequd to twice the loca angular velocity, z = 2w .
Xy

The Coriolis parameter f = 2Wsan f isthe vorticity associated with the background planetary

rotation, called the planetary vorticity. Thetota vorticity of theflow, z + f , is congtant for

geostrophic flow. For cyclonic flow ie alow pressure system, the vorticity z hasthe same sign

asthe planetary vorticity, f ie podtive in the NH, negative in the SH.

We can use the conservation of vorticity of the flow to help explain the existence of large-
scae waves in the atmosphere, which are often called Rossby waves. They owe their
exigence to the variation of the planetary vorticity with latitude. Consider straight-line flow,
with zero initid vorticity, in a south-eastward direction at some latitude in the Southern
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Hemisphere. Let the planetary vorticity at thisinitia latitude be f, <0. Asthe air moves
southward, it enters a region with more negative planetary vorticity f < f,. To maintain the
totd vorticity, z + f congtant, the vorticity of the flow must increase, z > 0, which meansan
anticlockwise turning of the flow. The flow will turn anticlockwise and return to its origind

latitude, thistime in a north-eastward direction. It will overshoot its origina latitude, as shown
inHg 9.2, and enter aregion where the planetary vorticity f > f. To maintain the total

vorticity congtant, this time the vorticity of the flow must decrease, z < 0, which meansa
clockwise turning of the flow, which will again return the flow to its origind latitude. This
generates the wavey flow shown in Fig 9.2, which is due to the conservation of tota vorticity
and the variation of the planetary vorticity with latitude. These are Rossby waves, which can
be seen in the a@amospheric circulation in middle latitudes dmogt dl the time.
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Figure9.1. The variation of the horizontal and vertica components of the Earth’s angular
veocity with latitude.
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Figure 9.2 Schematic view of wave-like flow around aline of latitude
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