Since radiation makes the surface hotter than the air just above it, the
surface looses heat not only through radiation, but also through latent #
and sensible % heat transports (both upwards and polewards).

A few assumptions:

H=oT * 1) Alinear temperature
dependence: C=aT+b

4 _ 4
ng +aTg+b = H+ oT,

2) Abulk flux formulation- C=a(T-
Ty
g

3) Radiative-convective
adjustment: set
(Tg-Ta)/z=I" when unstable

This yields colder T, than with pure radiative surface cooling
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Radiative convective equilibrium...
Manabe and Strickler, 1964
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Overall, we get a surface temperature of
T,=(390/0)'/4=288°K=15"C



T ground (K) Rad fiux from ground th, W.fmz}

10

o E
9g - N G-t de s S RRRRTES
; ‘B 5 5 =
8_. Ea—— ey B.......: ............ :......?%é.'.. ...........................
g N g o |n L g0
- o == . i,
= 7 P _;zc ?_.,r_,..,: ............ - ARECEL CECEELETERTHEREERTRERER
% B Tj'. "jd"én- ‘g A .-%.. ;.%;j) .................................
P : . : : . @ : g -
g 5_"""_3’15. g_ [ PO T \—E,,. ............................... fg'
- . . . ] - . o
4% _...":.{'1‘-_;-..................._....q.gyb..... 4%... ...::%EEUI?..._
\ <% 2
; ; >4

3_......:.......-.....;.............;............;...‘?B.d...... K1 SEEE: : ....... g e e : .: ............ :

: 27 : = 280 a0 dzg
4 G 8 10 2 4 6 B 10
effective height (km) effective height (km)

[ A P

Convective flux from gound (CC, men} ratio of convective to radiative flux

AN
gk - IR R ] R P . u;_')_;_ .............................
==, : P : -, : \
E L% : 2N E = S
-;2‘ Tre: - AELRLM R 5’2‘ Tp=a v [ E AR R
< N P < ' o,
a g =, L RECTTE R ST PP PPRPP [ MO - M e e
2 e, : g e R
ot : ; :
ﬁ Sk .l%,,, Sy s ﬁ 5_9‘ ............. Qg, .....................................
= R : : q’;ﬂ} L : dq
4 Fa - .....:_. '. . -
<0 T8 i6g

4 G il 10 2 4 6 B 10
effective height {km) effective height (km)

Surface temperature decreases, the larger C is. C is largest for lowest
emission heights- makes sense since in this model T1 and Tg are fixed, so
lapse rate larger, the smaller the emission height.



Troposphere Stratosphere

Surface

@ 30 10 54 6
A A B
l/" 2
Absorbed | | Absorbed, |[Absorbed Emitted ||
3 2 6 11
- R S '
/ /i |
; N\ | . 12 60 § |
/ |
/ I\ ! . X 5 '
l +
Absorbed | ! |Absorbed | Emitted ||Absorbed| |
17 98 149 5
| ! '
:' : 110 % - 24
: 89
: : |lsg ||LE
Absorbed : Net ; Net
50 -21 -29
o B olar + Longwave

-

Radiative

=<« Non-Radiative-»



Clouds complicate the picture:

Clouds affect short wave by reflecting it, and long wave

by absorbing it. These are opposing effects on surface
energy budget.

Different cloud types - high, middle and low. Thick and
thin. Each has a different net effect.

Cloud Effects On Earth's Radiation
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Typical sizes of cloud droplets

Formation of droplets
depends on availability of

Cloud Condensation Nuclei
(CCN)

Average cloud droplet
size - 0.02 miillimeters

O

Pure water will condensate at
relative humidity of about

1000%
Ice crystals will form at .
temperature of -40C. Averm m.-non

0.0002 millimeters




Water and 1ce 1n a cloud

Mixed ice and water
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Fig. 3.13 The dependence of (a) cloud albedo and (b) cloud absorption on cloud liquid water path
and solar zenith angle. Values are given in percent. [From Stephens (1978). Reprinted with permission
from the American Meteorclogical Society.]
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Fig. 3.15 The dependence of the longwave emissivity on (a) liquid water content [from Slingo
et al. (1982); reprinted with permission from the Royal Meteorological Society] and (b) ice content [from
Gnffith et al. (1980); reprinted with permission from the American Meteorological Society].

Effects of clouds on long wave radiation — depends on liquid water content —
for quite small values fully absorbing and can be treated as black body

Saturation with LWC for LW occurs much before it occurs for SW



Cloud Top Altitude (km)

Fig.3.20 Contours of change in net radiation at the top of the atmosphere caused by the insertion of
a cloud into a clear atmosphere, plotted against cloud top altitude and the planctary albedo contrast be-
tween cloudy and clear conditions, The net radiation changes are calculated with the approximate model
described in Section 3.8 that is invalid for clouds with tops lower than about 4 km. Contours from —100 to
+150 W m~2 are shown at an interval of 50 W m~2. The zere contour where the cloud has no net effect on
the radiation budget at the top of the atmosphere is bold and negative contours are dashed.



Table 3.2

Values of Cloud Shortwave Reflectivity and Absorptivity and Fractional Area
Coverage Assumed in Manabe and Strickler (1964)

Type SW reflectivity  SW absorptivity % of area
High (cirrus) 0.21 0.005 0.228
Medium (cumulus) 0.48 0.020 0.090
Low (stratus) 0.69 0.035 0.313

(Reprinted with permission from the American Meteorelogical Society.)
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Fig. 3.19 Thermal equilibrium temperature profiles for atmospheres with various cloud distri-
butions. The cloud heights corresponding to each type of cloud are shown on the right (L = low,
M = medium, and H = high cloud). The heavy dashed line shows the equilibrium profile for clear skies.
[From Manabe and Strickler (1964). Reprinted with permission from the American Meteorological
Society.]



Table 3.3

Cloud Radiative Forcing as Estimated from Satellite Measurements

Average Cloud-free Cloud forcing
OLR 234 266 +31
Absorbed solar radiation 239 288 —48
MNet radiation +5 +22 —17
Albedo 30% 15% +15%

Radiative flux densities are given in W m~2 and albedo in percent. [ From Har-
rison et al. (1990), © American Geophysical Union.]
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Fig. 3.21 Annual average cloud fractional area coverage in percent estimated from satellite data
under the International Satellite Cloud Climatology Project [ISCCP, Rossow and Schiffer (1991)].
(a) Clouds with tops higher than 440 mb, {b) clouds with tops lower than 680 mb, and {c} all clouds. In (a)
and (b) the contour interval is 5%, with values greater than 30% lightly shaded, and greater than 50%
heavily shaded. In (c) the contour interval is also 5%, but light shading is applied for values greater than
50% and heavy shading for values greater than 80%.



Observed cloud effect on radiation
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Daily mean incoming solar radiation at top of the atmosphere (W/m?)
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Fig. 4.4 Dependence of the albedo of a water surface on solar zenith angle and cloud cover. [ Data
from Mirinova (1973).]



Table 4.2

Albedos for Various Surfaces in Percent

Typical
Surface type Range value
Water
Deep water: low wind, low altitude 5-10 7
Deep water: high wind, high altitude 10-20 12
Bare surfaces
Moist dark soil, high humus 5-15 10
Moist gray soil 10-20 15
Dry soil, desert 20-35 30
Wet sand 20-30 25
Dry light sand 30-40 35
Asphalt pavement 5-10 7
Concrete pavement 15-35 20
Vegetation
Short green vegetation 10-20 17
Dry vegetation 20=-30 25
Coniferous forest 1015 12
Deciduous forest 15-25 17
Snow and ice
Forest with surface snowcover 20-35 25
Sea ice, no sSNoWCover 2540 30
Old, melting snow 35-65 50
Dry, cold snow 6075 70
Fresh, dry snow 70-90 80
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Net Shortwave (Solar) Radiation
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Net Incoming Radiation (LW and SW)
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Outgoing longwave radiation (OLR)
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Latitudinal Radiation Imbalance
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The surface looses heat through radiation, and latent and sensible heat
fluxes.

H=oT_*
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Fig. 4.10 Saturation specific humidity ¢* (g kg™!) and equilibrium Bowen ratio B,, as functions of
temperature.
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Fig. 4.18 Maps of the annual average energy budget components over the occans: (4) net radiation; (b) latent heat flux; (c) sensible heat flux; (d) net downward heat
flux into the ocean, [ From Oberhuber (1988),]
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