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Energy balance at

surface. R is net ab-

sorbed radiation, H

is the sensible heat

flux, LE is the la-

tent heat flux. G is

the heat flux into the

ground.

R = H + LE +G .
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Surface downward solar radiation

S ↓
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Net downward radiation

R
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Sensible heat flux

H
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Latent heat flux

LE
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Ground heat flux

G
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Flux imbalance into surface

R−H − LE −G

Observations of sur-

face energy fluxes

starting from 0 Z,

June 7, 1999 at the

Norman, Oklahoma

mesonet site.



Net radiation:

R = S ↓ (1− αs) + ε(F ↓ −σT 4
s ) .

Standard bulk aerodynamic formulas used in models:

H = cpρCHUr [Ts − Ta(zr)]

E = ρCEUr [qs − qa(zr)]



For certain surfaces — an ocean surface, or a dry

unvegetated soil — the coefficients are well known.

Consider a dry sand with αs = 0.35, ε = 0.9, and

CH = 2× 10−3.



Example calculation:

Assume S ↓= 400 W m−2, G = 0, F ↓= 300 W m−2,

Ta = 20 C, ρ = 1.2 kg m−3, and Ur = 10 m s−1.

Find Ts in R = H + LE +G or:

S ↓ (1− αs) + ε(F ↓ −σT 4
s ) = cpρCHUr [Ts − Ta(zr)]

(The sand is dry so qs = qa(zr) and E = 0.)



The answer is Ts = 25.2 C, which is 5.2 C greater than

the air temperature.

With Ur = 1 m s−1, Ts = 38.97 C.

Also changing to ε = 1, Ts = 36.39 C.

Thus our calculations seem to tolerate errors, or lack of

knowledge, of the precise value of ε when compared with

the big changes in Ts caused by the the natural

variability in the wind speed. If you are contemplating

walking across the pavement barefoot, you should be

more concerned about knowledge of the wind speed,

rather than the emissivity.



Radiative heating rates in the atmosphere

Let F be a net vertical irradiance:

F ≡ F ↑ −F ↓

The convergence of this flux will cause a heating:

ρcp

(
dT

dt

)
RAD

= −dF
dz

or (
dT

dt

)
RAD

=
g

cp

dF

dp



Convective heating rates in a model atmosphere

T1

T2

Suppose

T2 − T1

z2 − z1

<
dT

dz

∣∣∣∣
crit

Find ∆T such that T new
2 = T old

2 +∆T

and T new
1 = T old

1 −∆T makes

T2 − T1

z2 − z1

=
dT

dz

∣∣∣∣
crit



Suppose the adjustment process produces ∆T in a time

step ∆t, the convective heating rate is:(
dT

dt

)
CON

=
∆T

∆t

In radiative equilibrium,(
dT

dt

)
RAD

= 0

In radiative-convective equilibrium,(
dT

dt

)
RAD

+

(
dT

dt

)
CON

= 0



Radiative equilibrium and

radiative convective equi-

librium in the classic pa-

per of Manabe and Strickler

(1964).



Contributions to dT
dt

in

radiative-convective equi-

librium. (Manabe and

Strickler, 1964).



Radiative-convective equilib-

rium with various amount of

CO2. (Manabe and Wether-

ald, 1967).




