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From the solar radiation...

SW ~ LW

a7\ Betlsosed Solse

~10 ) itk
e < TOA
i .
' S(1 - «)
Absorbed solar (SW) 176 W m-2
Downward infrared (LW ) 312 Wm?2
Upward infrared (LW?1) -385 W m2
Net longwave (LW) -73 W m2 energy
iy & Net radiation (SW + LW) 103 W m= budget
Warspiation Fadlatlan Abao |
Justacs Latent heat (LH) 79 W m=2
Sensible heat (SH) -24 W m2

Table: globally and annually averaged surface
energy budget

Long term, global average: SW(net) + LW(net) + LH +SH ~0 <€ surface
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From the solar radiation...

Incident solar radiation 340 W/m”2
SW ~ LW
Planetary albedo 0.3 <€ TOA
Absorbed solar radiation 240 W/m”2 5(1 — a)
Outgoing longwave radiation 240 W/m"2
Table: globally and annually averaged TOA radiation budget
Absobexd solen iadiaknn (280 - 176) BdNm?
Nel armled lissloal radizbon (- 210 + (3) 187 Wonrt

Absorbed solar (SW) 176 W m=2
Downward infrared (LW ) 312 W m2
Upward infrared (LW1) -385 W m2

Net Iongwave (LW)

i Net radlatlon (SW + LW)

-73 W m=2

Latent heat (LH)

Cr_SenS|bIerheat (SH) |

Mmriahvp hPRhnq R ey

oot ENEIQY

11-1;. 'u' :‘ bUdget

I vienl haal inpl

TNz

%mn-ll |H IHHI mpul ;

?4 N ez " '

Table: s globally and annually averaged -
atmosphere energy budget

> SW(net) + LW(net) + LH +SH ~0 <€ surface

Table: globally and annually averaged surface
energy budget
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Radiation budget at TOA
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Radiation budget at TOA
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! Energy budget at SURFACE

Strong meridional variation in SW, LH and
surface temperature

= temperature: 250 - 310 K, strong seasonal
variation in N.H.

= absorbed solar radiation: 0 - 280 W/m*2,
strong seasonal variation

= Jatent heat: 0 - 150 W/mA2

RIRZUM: o5KiF



Diabatic heating in atmosphere fi
estimated as residual

Revl'ew

T2 LY
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from Peixoto and Oort, 1992
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Diabatic heating in atmosphere fi
estimated as residual

Revl'ew
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Latent heating: strongest in the tropics, penetrating over the who troposphere;
in the extratropics, confined in the lower levels;
Sensible heating: in the boundary layer and strongest in the extratropics.

from Peixoto and Oort, 1992
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Diabatic heating in atmosphere ?u

estimated as residual Rey;.
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Cooling over the troposphere

Small latitudinal variation
from Peixoto and Oort, 1992
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Zonal variation of

TOA energy flux
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RIRZUM: sKiF 12



Zonal variation of

TOA energy flux

Net short wave radiation
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From Peixoto and Oort, 1992
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Zonal variation of

TOA energy flux

Net longwave radiation
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From Peixoto and Oort, 1992
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Zonal variation of

TOA energy flux Rev.:
Net radiation at TOA
e T
hy WM™ ) o e @ P 100e . = (8) NUAL?
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From Peixoto and Oort, 1992
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4% Zonal variation of

TOA energy flux

Relatively small zonal variation in solar radiation,
planetary albedo and OLR,;

Ocean regions generally gain more energy than the
land regions.
Strong latitudinal variation:

planetary albedo: 0.2 to 0.6

absorbed solar radiation: 350 to 100 W/m”2

outgoing longwave radiation: 270 to 160 W/
m”2

RIRZM: oK+ 16



1)) Energy budget at SURFACE

0T,
ngngsura—tg — FSU’P T DfCU’

Fsur: rad_Fsh_Flh

specific heat of ocean water: 4187 J/(kg* K)
specific heat of land: 840 J/(kg* K)

specific heat of ice at 273K: 2106 J/(kg* K)

specific heat of atmosphere at constant pressure: 1004 J/(kg* K)

RiRZUm: ki 17



#8% Zonal variation of

¥ surface energy flux - SW radiation

Net surface solar radiation

From Stewart, 2005 . .
Introduction to Physical Oceanography B1REIm: ok 18



o#| Zonal variation of
% surface energy flux - LW radiation

Net surface thermal radiation Annusl mean

From Stewart, 2005 . .
Introduction to Physical Oceanography ?ﬁl%?ﬂwl_ﬁ : §K/$ 19



%94 Zonal variation of
surface energy flux - latent heat

‘From Stewart, 2006
Introduction to Physical Oceanography B1REIm: ok 20



Zonal variation of
surface energy flux - Sensible heat

Surface sensible haat flux Annual mean
: w1 : ; e '

- -
- —

e

-
---------------------------

From Stewart, 2005 . .
Introduction to Physical Oceanography Tﬁl%?ﬂwl_ﬁ : §K/$ 21



variation of
surface energy flux .

Net surface solar radiation Annual mean

Net surface thermal radiation Annusl mean

Wim2 Wim?
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From Stewart, 2005 . .
Introduction to Physical Oceanography RIREM . 5 22



#8% Zonal variation of

surface energy flux

=  Surface air

Mewa alr degC
Q0N

CDC Perlivail) WOBF Reanalysiy Producly Su-facve Level GrADS imapge
MIN=—0B0.5255

—45 -5 -20 -3 5 20
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Zonal variation of
surface energy flux

Seasonal variation of surface temperature

90N

60 ==

30r

EQ

30

60t
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180 120

From Peixoto and Oort, 1992
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T

#ex Zonal variation of

surface energy flux

= Stronger zonal variation in surface LW,
LH, SH and surface temperature

O

O

LW: stronger infrared cooling over land.

LH: stronger over ocean surface but weak over
land

SH: stronger over land surface but weak over
ocean

surface air temperature: stronger meridional
temperature gradient and seasonal variation
over land.

RIRZUM: o5KiF
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#8% Zonal variation of

surface energy flux

Net surface solar radiation Net surface infrared radiation

N Ao wor il o arm —— d b oAl Ll Ll Avew rewm

From Stewart, 2005 . .
Introduction to Physical Oceanography Tﬁl%?f('}l_ﬁ : §K, 26



£ i

Zonal variation of
surface energy flux

Surface sensible heat flux:

SH = cppwT =~ cpp Cq|v|(Ts — Ty)

Ts - surface temperature

Surface latent heat flux: Ta - surface air temperature

RIRZUM: sKiF 27
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Zonal variation of
surface energy flux

Surface sensible heat flux:

SH = cppwT =~ cpp Cq|v|(Ts — Ty)

Ts - surface temperature

Surface latent heat flux: Ta - surface air temperature

LH = Lpwg~ Lp Cy|v|(gs — qa)

Qs - specific humidity at surface

For ocean surface, qa - specific humidity of surface air
s = q¢*(Ts) -
o= RH " (T,) = RH - | ¢'(T.) + (T, - T.)
dq*
¢s—qa = ¢ (Ts)—RH - [q*(T) 57 (Lo T)]

*

. g
= ¢'(L)(1 - RH) + RH - 5

(Ts — Ta)

RIRZUM: o5KiF
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%94 Zonal variation of
surface energy flux - latent heat

‘From Stewart, 2006
Introduction to Physical Oceanography BhREm: ok 30
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ERBE TopelbAL ospl mie Rl Fadiabion
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Simple energy balance

climate models

ERBE TopelbAL ospl mie Rl Fadiabion
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Simple energy balance
climate models

SW LW

Simplest models in which the interactions between
radiation and dynamic heat transport can be considered.

Assumptions are made below:

One-dimensional, only latitude dependences are considered;

Atmosphere
Global energy budgets are assumed to be expressed in Tsur; Osphe

Only annual mean conditions are considered;

T (1) =R

C———= = solar radiation — infrared cooling

ot

—divergence of heat flux

x = sin ¢, where ¢ is latitude.

Surface

8T(x,t) _ Ftop _ 1 8

¢ ot rad  9mrq2 %f(a:)

RIRZM: oK+ 36



#ox| Simple energy balance
N climate models

0T (x,t
(z,1) =  solar radiation — infrared cooling SW LW

—divergence of heat flux

x = sin ¢, where ¢ is latitude.

Atmosphere
solar radiation = Qs(x)A(T)

s(x) — latitudinal distribution of SW, whose integral from AL pES

the equator to pole is unity

Cang’ ) = Qs(x)A(T) - I(T) + F(T)

In equilibrium,

Qs(x)A(T) — I(T)+ F(T) =0

Surface

RIRZM: sk 37



#ox| Simple energy balance
S climate models

In equilibrium, SW LW
Qs(x)A(T) — I(T)+ F(T) =0

The snow line case:
_ Atmosphere
Made assumptions below:

Planetary albedo is assumed to depend primarily on

snow /ice cover; P TRES

Surf
A(T) = «, forT < Tspow —

or = B3, forT > Tsnow
IIRHM: KFE 38



#ox| Simple energy balance
o climate models

In equilibrium, SW LW
Qs(x)A(T) — I(T)+ F(T) =0

The snow line case:
_ Atmosphere
Made assumptions below:

Planetary albedo is assumed to depend primarily on
snow /ice cover;

The infrared cooling I = A+ BT

PALIpeS

Surf
A(T)= «, forT < Tsnow —

or = B3, forT > Tsnow
IIRHM: KFE 39



Simple energy balance
climate models

In equilibrium, SW LW
Qs(x)A(T) — I(T)+ F(T) =0

The snow line case:

_ Atmosphere
Made assumptions below:

Planetary albedo is assumed to depend primarily on
snow /ice cover;
The infrared cooling I = A + BT

The primary feature of the heat transport is that it carries
heat from warmer to colder regions. F(T) = C(T — T)

‘\\\ <
A(T) = «, forT < Tspow

Note: F(T) is the
or = [, forT > Tg0u divergence of heat flux

RIRZUM: sk 40
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Simple energy balance
climate models

In equilibrium, SW LW
Qs(x)A(T) — I(T)+ F(T) =0

One-dimensional, only latitude dependences are
considered;

_ Atmosphere
Global energy budgets are assumed to be expressed in

Tsur;

Planetary albedo is assumed to depend primarily on
snhow /ice cover;

PALIpeS

Only annual mean conditions are considered;

The primary feature of the heat transport is that it carries
heat from warmer to colder regions.

o o Surface
Budyko, M.I. (1969). The effect of solar radiation variations

on the climate of the earth. Tellus 21, 611-619.
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#ox| Simple energy balance
N climate models

In equilibrium,

Qs(x)A(T) — I(T)+ F(T) =0

The snow line case: infrared cooling I = A + BT

F(T)=C(T-T)

Assume: A(T) = o= 047 for T' < T snow
— 6 — ()77 for T > Tsnow
— atp for T' = Tsnow

Tsnow = —10°C
s(x) =1—0.241(3z% — 1)
A=2111Wm 2, and B =155 Wm ™ 2(°C)~!

SW LW

Atmosphere

PALIpeS

Surface

RIRZUM: 5K 42




#@z] Simple energy balance
N climate models

In equilibrium, 4 o SW LW

- Qs(2)A(T) - I(T) + F(T) =0 ]

1/Q

Radiation balance

+a

= (8- a)(1.241z, — 0.2412

RIRZUM: oKiF 43



#@z] Simple energy balance
< climate models

SW LW

Atmosphere

Determine C using current climate: N IWBETRES

r, = 0.95;:Q = Q, = 340 W/m?

C
I(zs) = 1(0.95) = I(Tspow), get the value of =

Then (1+ %)( A+ BT sn00) Surface

RIRZUM: sk 44



#ox| Simple energy balance
P climate models

The snow line case: SW LW

(1+ 5)(A + BTsnow)

Q(xs) — =
C
51/Q + s(xs) %5
The denominator: Atmosphere
_a+p C
den = 7 X 1.241 —I—ozE

88— a) x 1.2412, o

B
_OEB 079322

C
—E(ﬂ —a) x 0.24123

Surface

RIRZUM: oKiF 49



Th li : P |
e snow line case den :ﬂ = x 1. 241 a%
(1 T %)(A + BTsnow) o o
Qxs) = cr a+f
51/Q + s(xs) =5 .
If C=0, no heat flux, radiative equilibrium, then as xs C
increases, den. decreases, Q increases. _E(B —a) x 0.241z

APR%EST R, 7KE Ll mMmREE)

If C is nonzero,

RIRZM: sKiF 46



T

703 Simple energy balance
2 climate models

The snow line case:

(14 £)(A+ BTsnow)
CI/Q + s(ws) L2

Q(ajs) —

If C is nonzero, .

09

The destabilizing effect z:
of heat transport 06 ;
x” 0.5+ !
There is a minimum value 0.4F
of Q, below which the 0.3

climate will unstably bihstable

proceed to a snowl/ice 0.1
covered earth. 85 '

1.05 1.1
Qc/Qo 1 Q,
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Simple energy balance ﬁ

climate mandele

1_

The snow line case: 0.8

(1 + %)(A+BTsnow) o

R RS

If C is nonzero,

1 —
0.9~
0.8~

The destabilizing effect

0.7

of heat transport 06
x” 0.5
There is a minimum value 0.4}
of Q, below which the 0.3
climate will unstably b
proceed to a snowl/ice 0.1 ,
covered earth. 8o '

| | |
1 1.05 1.1
Qc/Qo Q/Q,
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