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Global averaged feature

TOA (Top of the atmosphere)

Surface

Latitudinal distribution (zonal averaged feature)
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Zonal distribution
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From the solar radiation...
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shortwave radiation

From the solar radiation...

longwave radiation

107\ Reflected Sol:r 235 Outgoing B € TOA
#4)\ Radiation, (-3)] Longwave
107Wm’ Radation
f 235 W m™
Reflected b
Clouds an
Atmosphere
77 Emitted by
Atmosphere
Greenhouse
GisE energy
budget
;20 324
Back
Radiation
168 [ 399 (44)
e B Jihermals g 2 A 324 (+5)
- bsorbed by Surfacé tran:;l'::tlon =agiaredln AbSOTbeG b
: Surface < surface
sensible heat latent heat
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From the solar radiation...

Incident solar radiation 340 W/mA"2
SW ~ LW
Planetary albedo 0.3 < TOA
Absorbed solar radiation 240 W/m”2 S(l — a)
Outgoing longwave radiation (OLR) 240 W/m"2

Table: globally and annually averaged TOA radiation budget

EARTH'S ENERGY BUDGET

’ Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
6% 20% 4% 64% 6%
Incoming Radiated to space
E solar energy from clouds and
107 n;m:d:om N Incoming 2 [ ougong 100% atmosphere
‘o J2 s f/ =5
Reflected by Absorbed by
Clouds and 40
el o/ ol P atmosphere 16% Radiated
osphere -
5 \ T P, Geamone directly
= 67 Atmosphere ~ :0 space B
tent rom eart
78 Heat ‘
5 f = Absorbed by
Retecidv, S = » g clouds 3% Radiation
urface, = adiation —— el absorbed
% ! o & 2 390 14) ; atmospherbey
reT— = - 324 (+5) Conduction and g

15%

rising air 7%

Absorbed by land
and oceans 51%



From the solar radiation...

Planetary albedo (TOAR&&/1E515 RN REIRILL(E)
penetrate into the atmosphere, absorbed and scattered

by:
atmospheric gases: H20, O3, CO2...
aerosols: direct injection, chemical reactions

clouds: albedo 30% thin stratus, 60-70% thick stratus

at the earth’s surface -- surface albedo, strongly
depends on the nature of the surface, vegetation cover,

SNOW Cover...
Sand Grassland | Green crops |Forest Dense Forest |Fresh snow |[Old snow Cities
18-28 16-20 15-25 14-20 5-10 75-95 40-60 14-18
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107\ Reflected Solar
+4)\ Radiation

\ 107 W m™2

Reflected by

Clouds and

tmosphere
77

Reflected by
Surface
30

(-1)

Incoming 235 Outgoing
Solar Longwave

342 (-3)
(-2) Radiation Radiation
‘ 342 Wm™2 235 W m™

(-5)

. 324 (+5)

SW ~ LW

<
S(1— o TOA
Absorbed solar (SW) 176 W m-2
Downward infrared (LW ) 312 Wm?2
Upward infrared (LWT) -385 W m2
Net longwave (LW) -73 W m= energy
Net radiation (SW + LW) 103 W m2 budget
Latent heat (LH) -79 W m=2
Sensible heat (SH) -24 W m-2

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

Planetary albedo

Absorbed solar radiation

Outgoing Iongwave radiation

Table: globally and annually averaged TOA radiation budget

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)

HSenS|bIeheat (SH) |

340 W/m”2
SW ~ LW
0.3
240 W/m"2 S(1—a)
240 W/m”2
Absorbed solar radiation (240 - 176) 64 W m2
Net emitted terrestrial radiation (-240 + 73) -167 W m=2

ereieive ‘eating | 03

Latent heat input

“Table: globally and anuaIIy avraged -

SenS|bIe heat lnput »

atmosphere energy budget

ot ENEIJY
¢ budget

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

Table: globally and annually averaged surface
energy budget
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From the solar radiation...

= At TOA |

Earth Zenith Sun

opic of Cancer

S Maen
opic of Capricom (" Sept. 21

opic of Cancer
S Deew
opic of Capricom = =
[5ah

S: S (dy,/d)* cosZ /

d -- earth-sun distance

ropic of Cancer >4 Jyne 2)
3

Y

dm -- mean earth-sun distance opicof apricon AN

Z -- zenith angle

Solar radiation varies with latitude and season
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SW = S (dn/d)* cosZ
d -- earth-sun distance

dm -- mean earth-sun distance £

Z -- zenith angle

Q=52 [

time of sunrise

time of sunset

cos / dt

=  solar radiation depends on:
=  earth-sun distance
= length of the day

= zenith

From the solar radiation...

opic of Cancer

S My
opic of Capricorn ‘}’w(" Stpt. 2

opic of Cancer

bA S
R | (W]
opic of Capricorn < ;D X

ropic of Cancer :ﬁ‘ A 4’(: June 11

& S
) . AN
opic of Capricorn
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At TOA
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992

Wm**-2

From the solar radiation...

600 !
Annual Mean 1986
..... January 1986
.......... July 1986
500 - d

100 +

ERBE Top-of-Atmosphere SWINC
1 1 1

90 60 30 0 -30 -60 90
latitude

Figures: the zonally averaged incident solar
radiation, observed in the Earth Radiation Budget
Experiment (ERBE). (from Randall 2009)
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Wm**-2
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From Randall, 2009
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Wm**-2

Wm**-2

ERBE Top-of-Atmosphere SWINC
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Radiation budget at TOA
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Radiation budget at TOA

ERBE Top-of-Atmosphere Net Radiation
120 1 1 1 1
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From Randall, 2009 RIREm: akiE 17



Heat Transport (PW)

Radiation budget at TOA

ERBE Top-of-Atmosphere Net Radiation
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Surface Absorbed Shortwave Radiation

Energy budget at SURFACE

300 '

200 —

Wm 2

100~

0 1

-----
e e

------- January 2002
- = « July 2002
Annual Average 2002,

|

NP 60N 30N EQ 30S 60S

Latitude

SP

Figure: zonally averaged net surface shortwave radiative flux, positive upward (from

Randall 2009).
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Energy budget at SURFACE

Surface Net Longwave Radiation
100 . . : : :

------- January 2002 \
= = =« July 2002 S
0 , , Annual Average 2002, | v/
NP 60N 30N EQ 30S 60S SP
Latitude

Figure: zonally averaged net surface longwave radiative flux, positive upward (from
Randall 2009).
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Energy budget at SURFACE

Net Surface Radiative Flux

300 l l

200

100

Wm™2

0
---------------- January 2002 S~
- = = July 2002
-100 , , Annual Average 2002 , ,
NP 60N 30N EQ 30S 60S SP
Latitude

Figure: zonally averaged net surface radiative flux, positive upward (from Randall 2009).
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25 |- ++veeee January 2001 —

- = = July 2001
-50 , | Annual Average 2001 |
NP 60N 30N EQ 30S 60S SP
Latitude

Figure: zonally averaged surface latent heat flux, positive upward, based on ECMWF
(from Randall 2009).
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Energy budget at SURFACE

Surface Sensible Heat Flux

150 | | | T T
------- January 2001
195 - = = July 2001 -
Annual Average 2001
100 .
75+ —
o
E 50 —
=
25
0
-25
-50
NP 60N 30N EQ 30S 60S SP
Latitude

Figure: zonally averaged surface sensible heat flux, positive upward, based on
ECMWEF (from Randall 2009).
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&) Energy budget at SURFACE

m Surface air

g 9
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N
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Surface air temperature (K)
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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/m~*2

RIREUM: 555F

27



Diabatic heating in atmosphere
estimated as residual

op, V2 AR RN
TOTAL DIABATlC HEATING DJF \

L {deg dy )

DJF

— o
E

= £
Lt LiJ
Fa) {100 %
=2 7
: 150 [ 7o)
: 20 ‘&J
« 0 o

1300

1400
500

4700
850
1000

from Peixoto and Oort, 1992

RIREm: 5% 28



Diabatic heating in atmosphere

estimated as residual

0 1 T 1 T T = T e { 1 ¢ T e - iddo
LATENT HEAT RELEASE C
(deg day™| DJF

4100

15 {150

200

4300
4400
500

4700
48350
1000
500

12

(mb)

9

PRESSURE

BOUNDARY LAYER HEATING
(deg day—)

R 0 4700
i ~0.4
0.4
I 0.8 “—/0’-3_\ 0 1850
L 1 1 ,r—’—‘;-QO::.l 6?-1.&}; \‘ L Kl a d o 4 L . 1000

SON 80 70 60 50 40 30 20 10N O 10S 20 30 40 50 60 70 B8O 90

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.

ALTITUDE (km)

6
3
0
5
4
3
2
1
0

from Peixoto and Oort, 1992
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abatic heating in atmosphere
estimated as residual
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Cooling over the troposphere

Small latitudinal variation
from Peixoto and Oort, 1992
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= Zonal distribution

©  TOA

O Surface
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@4 Zonal variation of

TOA energy flux

90N
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From Peixoto and Oort, 1992
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S

#| Zonal variation of

TOA energy flux

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

TOA energy flux

Net longwave radiation

90N

LA 1 ] L 1 T T ¥ ¥ T L] L) T T [ 1 T T

LI | [ L L

ANNUAL -

2

=9

L 180 \

. T ——

R o TS
QOSL . v o v T Ty o by oy by s oy

180 120 o0W 0 60E 120 180

From Peixoto and Oort, 1992
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| Zonal variation of

TOA energy flux

Net radiation at TOA
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From Peixoto and Oort, 1992
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% 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
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&) Energy budget at SURFACE

0T,
ngngsura—tg — FSUT 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) Surface

specific heat of atmosphere at constant pressure: 1004 J/(kg* K)
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Zonal variation of
surface energy flux - SW radiation

Net surface solar radiation

From Stewart, 2005 . .
Introduction to Physical Oceanography BiREm: 5k 38



Zonal variation of
surface energy flux - LW radiation

>

Net surface thermal radiation Annual mean

From Stewart, 2005 . .
Introduction to Physical Oceanography BiRZm: ok3E 39



Zonal variation of
surface energy flux - latent heat

Surface latent heat flux Annual mean Wim?
: W/m?2 |‘°
‘0

From Stewart, 2005 B .
Introduction to Physical Oceanography BiREm: 5k 40



Zonal variation of
surface energy flux - Sensible heat

Surface sensible heat flux Annual mean

W/m2
100
80
60

50
40

From Stewart, 2005 . N
Introduction to Physical Oceanography Tﬁl%%wl_ﬁ : gjﬁ?i
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Net surface solar radiation

+1

Zonal variation of
surface energy flux

Annual mean

W/m2
500

300
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Surtace latent heat tlux
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From Stewart, 2005
Introduction to Physical Oceanography
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Net surface thermal radiation Annual mean

Surtace sensible heat flux Annual mean ’
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Zonal variation of
surface energy flux

m Surface air

Mean air degC
90N

20

CDC Beriraid) HEEF Reanalysis Products Burface Level GraDS image
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Baa | D [ IR T I S B B LU
—45 -5 =20 -E 5 20
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Zonal variation of
surface energy flux

Seasonal variation of surface temperature

90N

60 =552

30t

EQ

30

60t

(01910 AU U T T WY N S W I
180 120

From Peixoto and Oort, 1992
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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.

RIREUM: 555F
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Zonal variation of

surface energy flux

Net surface solar radiation

Net surface solar radiation

175

10

‘ Surtace latent heat fiux

[p—

‘Surface latent heat flux
__ 3%‘ v ‘_ A : 7 : . :

From Stewart, 2005
Introduction to Physical Oceanography

Net surface infrared radiation

Net surface thermal radiation

Annual mean

Wim2
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Surtace sensible heat tlux
T

P48

urrace

sensible heat flux__
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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
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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 = Lpwq = Lp Cy4|v|(¢s — qa)

gs - specific humidity at surface

For ocean surface, Qa - specific humidity of surface air
gs = q" (I%) 90"
* * q
go = RH - q¢*(1,) = RH - [q (Ts) + 5T (To, — Ts)]
" . oq”
¢s = ¢a = ¢ (Ts) = RH ¢ (T) + 5 (Ta = T5)

k

. B dq B
= q (Ts)(l RH) + RH oT (Ts Ta)
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