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Energy on Earth

The main external influence on planet Earth
is from radiation.

Incoming solar shortwave radiation is unevenly
distributed owing to the geometry of the Earth-
sun system, and the rotation of the Earth.

Outgoing longwave radiation is more uniform.

go°N
B0

Net Radiation
Heat Transport

90°5




Energy on Earth

The incoming radiant energy is transformed into -
various forms (internal heat, potential energy,
latent energy, and kinetic energy) moved around
in various ways primarily by the atmosphere and
oceans, stored and sequestered in the ocean,
land, and ice components of the climate system,
and ultimately radiated back to space as infrared
radiation.

An equilibrium climate mandates a balance between the
incoming and outgoing radiation and that the flows of
energy are systematic. These drive the weather
systems in the atmosphere, currents in the ocean,
and fundamentally determine the climate. And they
can be perturbed, with climate change.

N
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Energy on Earth

Mean and annual cycle of radiation, energy storage
transport are analyzed holistically using datasets:

ERBE (Feb 1985 - Apr 1989)

3 satellite configuration; 2 polar orbiting satellites and 1 72-day
precessing orbit covering 60°N-60°S Failure of NOAA-9
(afternoon crossing) in Feb 1987 left only 1 polar orbit (morning)

CERES (Mar 2000-present)
Terra: single polar orbiting satellite plus Aqua in Jul 2002
NCEP/NCAR Reanalyses
ERA-40 Reanalyses
JRA-25 Reanalyses
World Ocean Atlas ocean data
Japanese Meteorological Agency ocean data
Global Ocean Data Assimilation System (GODAS) NCEP
ECCO: MIT/SCRIPPS/JPL/UH ECCO-GODAE 1992-2004
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F — | N 1 S A JANE®
%fi From ERBE or CERES
F, = L[E+H,-R,

From NRA, ERA-40 or JRA |

&= V.F, m)

T
Ocean hea'r storage from

= V.Fo e ©0cean analyses; transport

IS zero for global ocean
-




ERBE was adjusted to have zero net
radiation (consistent with ocean obs).

Original global adjustment (Trenberth 1997)
was modified separately for land and ocean to
remove discontinuities exposed in this analysis

CERES was similarly adjusted:
in OLR to error limits, and albedo to reduce the
imbalance of 6.4 W m-2 to an acceptable ~0.9 W
m-2 consistent with models and ocean obs.

NCAR



ERBE Tuning: Inferred Ocean to Land
transport of energy

VeF, - Ocean to Land

LR
NOAA-9 [Loss Land
ERBS (60N-608)
fiL
e ERBE revised
g %
£ %%
f v  ERBE from
is %§ Trenberth
28 1997
" based en 12-meonth running mean|
of R, over land adjusted by dA /at
BT T 1 19658 158 195}

All 12-month running means

The spurious
negative trend
in implied ocean
to land energy
Transport is
addressed in
revised tuning.

This also has the
beneficial
effect of
yielding a
continuous OLR
record.



Global net flux balance error budget CERES error:

Wielicki et al. (2006) W m-2.

Error Source SW LW Net
Total Solar Irradiance +1.0 0.0 +1.0
(1361 vs 1365)

Absolute Calibration 1.0 1.0 2.0

Spectral Correction 0.5 0.3 0.8

Spatial Sampling <0.1 <0.1 <0.1

Angle Sampling +0.2 -0.1 +0.1

Time Sampling (diurnal) <0.2 <0.2 <0.2

Reference Altitude (20 km) 0.1 0.2 0.3

Twilight SW Flux (-0.25 Wm-32) <0.1 0.0 <0.1

Near Terminator SW Flux +0.7 0.0 +0.7

3-D Cloud Optical Depth bias +0.7 0.0 +0.7

CERES SRBAVG Ed2D R, 6 4

15
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CERES Tuning

» Unadjusted, CERES fields depict a net TOA flux of ~6.4
W m-2 which is unrealistic given the reported ocean heat
Tendency dur'ing CERES ~0.4 PW (e.g. Levitus et al. 2005) and
model results.

<» Estimates of the error sources suggest that multiple
small error sources combine constructively to yield a
bias in the reported imbalance and that both longwave

and shortwave budgets require adjustment (Wielicki et
al. 2006).

“» We adjusted OLR +1.5 W m-2 and albedo (+0.3% to 0.30)
to give net 0.9 W m- consistent with model estimates

(e.g. Hansen et al. 2005) and ocean heat uptake (Willis
et al. 2004)
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Mean Fluxes + 2, : Best Estimate

W m™]
OCEAN @ LAND
345.4+0.0 239.%90) ¢ "
'; m

247.7+0.6 240.8+0.7 0.9+0.6 216.8+0.4 232.4+1.0
ASR OLR R, ASR OLR

6.9+0.5
R,
> 2.2+0.1 PW

veF, S0

CERES period March 2000 to May 2004



Mean Fluxes + 20, : Best Estimate
[PW]
OCEAN LAND
O
sl OLR

29.6£0.0
ASR

NG

Net energy flow

2.2£0. !\ from ocean to land

£ |7\ of 22PW
Net imbalance into | =)
. ocean 0.4 PW g

CERES period March 2000 to May 2004



. a) Annual Cycles of Global Mean R, and Radjatively Weighted Albedo

T T T T T T T T T T
M A M J J A S O N D J

{ Global Ocean Mean R; and Radiatively Weighted Albedo

Perihelion

=~

Albedo [%]

ey T TR

5 Ry [PW]

o~

Jan 3 <

Mean annual cycles of
albedo and R,

Global

Note albedo lower in
February vs January over
oceans (cloud)

/Shading represents s

sampling of monthly
means

Global-land

D J F M A M J J A s o N D J /
c) Annual Cycles of Global Land Mean Ry and Radiatively Weighted Albedo

shading is +2c
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a) Annual Cycles of Global Mean R, ASR and OLR

- ERBE
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, b) Annual Cycles of Global Ocean Mean R;, ASR and OLR
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7 FM1(dot) C
FM2(dash) =
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ASR, OLR, and RT
RT= ASR-OLR

Global

ASR peaks in February, 1
month after perihelion, owing
to albedo decrease in February

Global-ocean

Global-land

Main OLR annual cycle from
land (snow and temperature)

shading represents +20



a) Albedo ~ CERES (vs ERBE) [unitess]  b)ASR * CERES (vs ERBE) [0.01 PW deg”]

-0.02  -0.004 0.004 0.02 2 10 30 50

[0.01 PW deg™]

CERES (vs ERBE) [0.01 PWdeg']  d) Annual-Zonal Means

ERBE(solid)
) CERES(dashed)
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ERBE Annual Mean 1985-1989
Absorbed Solar Radlation (W m™3)  Zonal Mean

Annual Cycle
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50 CERES FM1 R, W m2

The Annual Cycle of

Net TOA Flux

[from CERES FM-1 fields]
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a) Annual Cycles of Global Mean VeF, and dA¢/df (ERBE Period)

. ~ Atmospheric total energy

A/t

N = - divergence (VeF,) and

e

PR " =" tendency (5A4//5t)

1 ERA

T T T T T T T T T T T T
D J F M A M J J A S O N D J GIObaI

. b) Annual Cycles of Global Ocean Mean VeF, and dAg/d¢ |

Main ocean to Iand\
energy transport is in

— northern hemisphere

- globa in northern winter

S P \_  Global=0  ~

. ¢)Annual Cycles of Global Land Mean VeF, and dAc/dt
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- - global-land
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Ocean only

ERBE (vs CERES)
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a) Ry .  CERES (vsERBE) [ocean-only, 0.01 PW deg’] b) GAE/JBt . J ERA (vs NRA) . [ocean-only, 0.01 PW deg]
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a) Ry ' ' CEBES (vs ER.BE) J fland-only, 0.01 PW deg”] b) A/ J@t . J EIRA (vs NR{\) . fland-only, 0.01 PW deg’]
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[PW]

Annual Cycles of F

Shading=20, -

Global Ocean F.

Global Fq

Global Land F,

| dotted line = Global Ocean F_ per (5) }

J F M A M J A S O N D J

D J
Global, global-ocean, and global-land (from CLM3
estimates of net upwards surface flux (F5) using ocean
(red) and land (dotted red).



90N

60N

30N

308

60S

908

90N

60N

30N

308

60S

90S

90N

60N

30N

308

605

908

NRA/ERBE! Annual Mean (vs ERA/ERDBE)
| IR BRI U SENE SR SR R

LA I I e e w
80E

LI B B
150W 120w 90W  60W

120E 150E 180 30w 0

T 1T T T T T T T
90E 120E 150E 180 150W 120W 90W 60W

1
w0

0

30E 6OE

90E 120E 150E 180 150W 120W 90W 60W 30W 0

=240

180 190 B0 O RO 190 180 240 AR



Jan ERBE:NRA Fg W m2

T 1 | T : _
5 e c = " - ",..p .
% Z _ ¥ - P

o (o '
SN ﬁ The Annual Cycle of

Total Upward Surface Energy Flux
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[10% J]

4 ERBE+NCF, =

a)I Glol:raI-Oclean !\lfleanloE (ElRBE—Il-"erioq)

- | - Amplitude of O

WOA =—
IMA =

~ much too large:
GODAS == - we can show that
- the main

2 discrepancies

“| arise from south
- of 30°S where

- ocean sampling

- poor.

- GODAS better

6 than WOA.

O from WOA, GODAS and JMA (shading).

Fs has been integrated in time to provide O,
anomalies



a) Annuai-Zonal Means / oid - Oe

Annual zonal means
GODAS > IMAWOA

b) WOA O

Departures from
annual mean

Differences from
GODAS exceeding
+2c over southern
oceans

... WOA>GODAS
\\WOA<GODAS
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Annual Cycle of the Global Energy Budget
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Residuals




a) GODAS (vs WOA) O . ~ [10% Jdeg™]
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world oceans of
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a) Total ITranslport

ERBE (v§ Multiple Elstimayes)

b) Atmog;pherg NRA (‘.’S JF{{&, NRA CEBES I?eriod) [PW]

60

°N

20

201

S

601

DT UTEFTMTATMTUT U TATsToTNTD Ty
[PW]

c) Ocean  ERBE+NRA+GODAS (vs Multiple Estimates)

DT UTEFTMTATMTUTUTATsToTNTD Ty
[PW]

d) Ar?nuaI-ZonaI Mel:ans

p'ulFrimialmiylTyuTalslo
L [ [ [ ]

4 3 2 1 0 1 2 3 4 5

84 -7 6 -5

ERBE-period meridional energy transport
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The Annual Cycle of

Ocean Energy Divergence

[Composite of WOA, JMA, GODAS, ERA-40,
NCEP/NCAR, ERBE and CERES fields]

X i . g ' - .
: ~ . &
._M __-LJI_"H_== - | [ —
P ] I M s M D I T ([ e P R ™ iIET—I'ﬁﬁqif R
0 30 60 90 120 150E 180 150W 120 90 60 30
B ] [ | [ |
-600 -500 -400 -320 -240 -160 -80 -40 40 80 160 240 320 400 500 600




aRy . _o[ERBE, FM1, FM2]  [10° PWdeg} ocean-only]

60
°N
20
Eq
20

°S

o[WOA, JMA, GODAS]

b) V'FA + aAE/at

o[NRA, ERA]

.
D'UTEIMTATMTUTuTAlsTolINTD Yy DTUTEIMTATMTUTyTATlSs

2 4 6 8 12 14 16 18 20 24 28 32 36 40 44 48 52 56

60
O'N J
d) Annual-Zonal Means . [t 0° PWdeg"
00g/0t 7
30 40 50



1980

1984

1988

1992

1996

2000

&

£ P 0N

NRA
Total

| -
S
- - - = —ts
- s
1
I. J
-
E
i, Y -
- B
! on
— - - -
= = i
= 'l —
Pl
e - > ‘ = ‘ — [ 3 o
— & p
3o q

divergence of energg
LE .

D

45 A 18N 0 153 308 458

14

I
6 40 5 5 10 1B

SE

g
L 1880 — o i
v i
1 = i
i e =
— 58 — -
L
o B -
= 105 = o B
.m- -
- aw ,
]
e 15 e &
J .
— 1096 — #
w - i
L
N
¥, »
i § I ;
= LY

— 200 —

W -

-

*
IIIIIIIIIIIIIIIIIlIIlII

45N BN 1SN 0 1SE 308 458
BT | [ .
@ 75 15 45

i

15 L L 'l
12 4 -
10 lﬁ\\ =t 12 4 "E_'IE =
i "\_\Nh EXE E L
E . —_
i SE 64~ ~F
o 3 -] 5 o 3 -
L] T Y T V] T T T 0 Y T T
BN N o 5 ] EON FN o e B05 EOM on a s 605

82-83 EN

97-98 EN



ERA-40 divergence of energy
Total DSE LE .

1980 WS, AR T e
i -8 P ¢ > “ 7 2 & i
w7 leagwe 1 Pe- | g283EN

1984

1988

1992

1996
97-98 EN

2000 -

] Ta 5
1z PV . 30 4 P “ 1y
-\ [ 4304 [ e
; E ASN £20+ J \_ £ 20 ]
ie d o s —t &y _/‘/I \x-_
«4 &®*7 ¥ — — ]
# L D L4 u L

H
z
g
]
g
g
&
&
H
E
&
g



1980

1984

1988

1992

1996

2000 -

JRA
ToTal

divergence of ener'gE
LE .

DSE

J_h IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII I‘ |||||||
] = ’ l. W | tge — ; — TeE0 — ‘ -
. ® - - » .~
*‘I - ® o J. ) -.-'-
- ! « - *‘ f’
- B = » -
' 2T -~ >
- - - — 1o — - - — 1oma — -
' L L’
. . - . e
! * - 'I- " ': [ ]
--\ ’. ‘I -?i
- L]
— i—mm— e TR e
: . S |
T e = - B - = i
i I M
R ol e 2
— ke - o 1] S .‘ o 1 e - ..'.
i . ah - =
o 7 v,
- - - i -
L L. L
_ - = — 1pi6 — P - — T — =P
- L4 d - = =
. B a & ﬂ— a's =
& I | - | |
2 »» "™
¥ ‘ 4 - ay - ah. -
L r ‘.— '{i
—1 - . |— zno0 — ) |— 2000 —] %
¥ 'E,F ’\‘_F
o L P - = e
= L h. ) r. "] L r;- *
II|I|IIIIIIIIIIIIIII|II |II|I|II|II|II|IIIII II|I|IIIIIIIIIIIIIII|II
454 A0M 15M 0 153 309 453 a5 30N 1SM 0 155 38 453 45 B3W 15M 0 158 308 ahs
I —ZI [ -
i6 «#d 5 & 10 {5 ) .5 1] 7.5 ] 45
12 L L L !.B L L L L L 'l
r\-1q"‘u‘"|. 'r\-a": :rgg.‘ '_
;__g: r\\_,-\/\%j’,fv"w ;ﬁv\j\ [ ;__zu. E
a3 T ﬂ'ﬁ}ﬁ] 3
A og e o 5 g 3 3
a . [ [ 0 i i 0 . . .
60N N o 35 -] EON 30N ] Fie BS BON 0N a 303 608

82-83 EN

97-98 EN



Cor'r'ela'l'lons total energy divergence:
= Monthly Anomalies

JRA vs ERA-40
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JRA Reanalyses

Large spurious variability associated with
satellite transitions
d TOVS to ATOVS in Nov 1998
d NOAA-11 to 14 in 1995
J NOAA-9 to 11, late 1988
d SSM/I in July 1987

ERA-40 Reanalyses

Large spurious variability associated with
Pinatubo and satellite transitions

NRA Reanalyses
Variability much too low

NCAR



Ocean analyses

Large spurious variability associated
with inadequate sampling (esp.
southern hemisphere) and changing
observations (esp. XBT to ARGO), and
uncertainties in XBT drop rates

Satellite data

Lack of continuity and absolute
calibration also gives spurious
variability and unreliable trends
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2000-2004 (CERES Period)
Global Energy Flows W m™
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Conclusions

< We have a new estimate of observed global
energy budget and land vs ocean domains

<» A holistic view of the energy budget allows us
to narrow estimates and highlight likely sources
of errors.

<> Low frequency variability in atmosphere and
ocean is highly uncertain based on analyses

<* We need to be able to do a full accounting of
the energy storage and flows to determine what
is happening to the planet and why the climate
is changing.

< We can and must do better: but observations
from space are in jeopardy, and in situ
observations also need improvement

* We have used these to evaluate climate and
weather models
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