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The Hypothesis of Climate Change Science
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• The first measurements from space of the ERB were attempted 
in the 1950’s, led by Verner Suomi of the Univ. of Wisconsin

• July 17, 1959, Suomi’s first radiation budget instruments 
were on the Explorer satellite 

https://www.youtube.com/watch?v=K6sgMU6-pgc

• Suomi made it to orbit in October, 1959, Explorer VII satellite
https://www.youtube.com/watch?v=AcsCtsWyPkY

• ERB was the first Earth science measurement to be 
made from space

• Subsequent measurements over the 1960’s provided stunning data 
on how the Earth is heated and cooled and transports energy from 
equator to pole

In the Beginning … 

!
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Seminal Results from Suomi’s first ERB Observations
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Summary of Scanning and Geostationary Radiation 
Budget Instruments 1970’s - present
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Scanning Geostationary

2017 – present            CERES FM6 on NOAA-20
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Continuity of the Earth Radiation Budget from Space
• ERB has been measured from space for nearly 60 years 
• Continuous from LEO since 1999 (CERES) and GEO since 2003 (GERB) 
• Continuity of the LEO record, due to its global extent, is essential to learning 

several key aspects of climate change including:
• 45,'$*2$'5&$),;+*':1&$-.$/0-:1$(,1*,'*7&$&..&/'$G$
• H-=$0,(;&$*2$'5&$I,('5J2$&+&(;9$*)6,0,+/&$G$
• 45,'$*2$'5&$),;+*':1&$-.$80,+&',(9$&+&(;9$:8',K&$,+1$-/&,+$5&,'$2'-(,;&$G$
• L2$'5&$&A:,'-(<'- <8-0&$&+&(;9$'(,+28-('$/5,+;*+;$G$

• These and related questions are often answered by looking for !"#$%&in 
parameters derived from the TOA ERB 
• Natural variability in the ERB, coupled with the current accuracy of ERB sensors, 

requires ~ decadal measurements to see the trend 
• This is longer than any single instrument can last – &'()'$!*$+*!,(*&(#&&#$!*-./
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Example of Need for Continuity of ERB 

Relationship of Surface Warming and ERB
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Global Mean Surface Temperature (GMST) Anomaly 
(Relative to 1951-1980)

-Global warming “hiatus” was a period in the 2000s in which the rate of increase in 
GMST slowed relative to the decades prior.  

=>?@ABC=
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Planetary Energy Budget and Surface Temperature

Atmosphere

Ocean

Ts remains constant when averaged over a long time period

Ts

• ASR  = Absorbed solar radiation (observed by CERES)
• OLR  = Emitted thermal radiation (observed by CERES)
• Net  = Net top-of-atmosphere (TOA) radiation (observed by CERES)
• Ts = Surface temperature

No External Forcing 
(anthropogenic or naturalF

ASR OLR NetG = =   0
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Atmosphere

Planetary Energy Budget and Surface Temperature

Ocean

ASR OLR

Ts

Ocean

Net

! Greenhouse gases trap emitted thermal radiation from surface, reducing ETR and heating Earth.
! 93% of the excess heat is stored in the ocean.
! Remainder warms atmosphere & land, melts snow and ice.

T! increases when averaged over a long time period

Net

! !"#"$%&'()*&'#+,#-.#"+#)#,&/#0&()0&'1#2)"-3)*#,*-("-)"$+2'#$2#+(&)2#(-33&2"'#
)20#)"%+'.4&3$(#/$20#.)""&32'#()2#()-'&#5s "+#6)371#"&%.+3)3$*7#+,,'&""$28#+3#
)-8%&2"$28#"4&#$2(3&)'&#$2#5s )''+($)"&0#/$"4#8*+9)*#/)3%$28:#

G H

Increase in Atmospheric 
Greenhouse Gases 

(e.g., CO2, CH4)

>   0  
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Earth System Energy Change relative to Surface Temperature 
Change and Ocean Heat Storage Change

• %,',$.(-)$!#>MMM$9&,(2$-.$/-)6*+&1$/-+'(-0$2*):0,'*-+$.(-)$N#$OPLQR$)-1&02

• S'(-+;$/-((&0,'*-+$6&'=&&+$-/&,+$5&,'$2'-(,;&$/5,+;&$,+1$I,('5$292'&)$&+&(;9$/5,+;&

• 4&,K$/-((&0,'*-+$6&'=&&+$2:(.,/&$'&)8&(,':(&$/5,+;&$,+1$I,('5$292'&)$&+&(;9$/5,+;&

(von Schuckmann et al., 2016)
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Planetary Energy Budget During and After the Global
Warming “Hiatus” from CERES Measurements

OITIS$P&,2:(&)&+'2$-.$Q0,+&',(9$H&,'$U8',K&

• 'E>E4%#)7/"F(1,#*7%7<#G%1<(1%1</"/%G(7%*#%<,(1A7%,*%
?0(*/1("=%</(1%()7#"?1,#*H%;</%&<,(1A79%G(7%IA71%(%
7A"6(5/%1/$?/"(1A"/%?</*#$/*#*

(Loeb et al., 2018)

• ;</%5<(*J/%,*%?0(*/1("=%</(1%A?1(:/%?"#F,./7%(%
)/11/"%,*.,5(1,#*%#6%<#G%E("1<K7%50,$(1/%,7%5<(*J,*J%
1<(*%7A"6(5/%1/$?/"(1A"/

• '#*1,*A,1=%#6%E>L%,7%/77/*1,(0%1#%A*./"71(*.,*J%<#G%
1</%?0(*/1%,7%/F#0F,*J%(7%J"//*<#A7/%J(7/7%,*5"/(7/
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NASA Langley Research Center / Science Directorate

Continuity of the ERB from Space
• Six CERES instruments in orbit now, continuous science since early 2000
• Some of these may be required to de-orbit by 2025
• A new instrument must be in orbit by ~ 2026/2027 to keep probability of a 

gap in the record below ~ 30%

• NASA just completed (July 26, 2019) the solicitation of mission proposals for 
continuity of the CERES record – selections in early 2020

• Examine now some of the critical requirements to achieve continuity of the 
ongoing CERES Earth Radiation Budget record
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What is ERB Continuity? 

• Continuity is the process of launching a new instrument and placing it on the 
same radiometric scale as its predecessors

• This is necessary because calibration accuracies are not at the “climate” level, 
e.g., 0.1 K 3-sigma for IR spectra (CLARREO Infrared)

• There is (not yet) a reference standard on orbit to calibrate extant and new 
sensors (CLARREO-PF; TRUTHS; CRABS) 

• Continuity is more than temporal overlap between successive instruments

• Examine the following:
• M<(1%("/%1</%*/5/77("=%$/(7A"/$/*1%5<("(51/",71,57N%
• '(*%1</"/%)/%(%J(?%,*%E>L%5#F/"(J/%(*.%71,00%./",F/%(55A"(1/%1"/*.7N%
• O#G%0#*J%#6%(*%#F/"0(?%?/",#.%,7%*//./.N%
• ;</%(??"#(5<%1#%1=,*J%(%*/G%7/*7#"%1#%,17%/-1(*1%?"/./5/77#"7%
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NASA Langley Research Center / Science Directorate

Sensors- TOT, SW, WN or LW (FM6)

The CERES Instrument
• CERES measures radiation from the visible 

through far-infrared 

• CERES has three sensor assemblies, each with 
Cassegrain telescopes and thermistor 
bolometer detectors, co-aligned and mounted 
on a spindle that rotates about the elevation axis

• Measurement Channels:
– Shortwave sensor (SW): 0.3 – 5 μm

– Total sensor (TOT): 0.3 – 100 μm

– Longwave (LW):  TOT minus SW (FM-1 to FM-5)

– Window sensor (WN): 8 – 12 μm (FM-1 to FM-5)

– Longwave sensor (LW) for FM6: 5 – 35 μm

• Measurement accuracy requirements: 0.5% for 
LW and 1.0% for SW (1-sigma)

Reference 
bolometer

PRT

Rear filter
End cap
Heat sink

Optics housing
SpiderSupport plate

Forward filter
Reflector cap

Forward baffle

Secondary mirror Primary mirror

Active 
bolometer

CERES Telescope Assembly

Light In
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Top-Level Requirements to Achieve a Continuous ERB 

• Proper spatial, temporal, angular, spectral, and radiometric coverage

• Capable, agile sensors to execute a variety of on-orbit operations

• At current ERB accuracies, $'(0-1&(in the data (continuity)

• Concurrent imager to provide info on scene type 

• 5-year minimum lifetime 

• Capable of global coverage in radiance measurements

• One year of overlap between a new and existing ERB sensor(s)
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Effect of a gap in data record on ERB accuracy

• 4,$A0(1/%PQ%=/("%"/5#".%#6%'>E !"# R'>E$% S%'>E&%T%)(7/.%#*%'E>E4%#)7/"F(1,#*7%

• 3..%(%J(?8%(*.%?0(5/%5(0,)"(1,#*%/""#"7%#*%4M%RUVT%(*.%WM%RBVT%60A-/7%?#71XJ(?%

• EF(0A(1/%/""#"%,*%1"/*.%,*%'>E*/1 )(7/.%#*%J(?%0/*J1<8%.(1/%#6%#55A""/*5/%#6%J(?8%(*.%"/5#".%0/*J1<

• >/YA,"/%'>E !"# 1"/*.%/""#"%1#%)/%Z%U[V%#6%1"/*.%,*%(*1<"#?#J/*,5%6#"5,*J

• 3.IA71%(.IA71%5(0,)"(1,#*%/""#"7%.#G*G(".%A*1,0%(5<,/F,*J%./7,"/.%'>E !"# 1"/*.
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Effect of a gap in data record on ERB accuracy

• O+"+51%)&"%"IE3net 1($&*"$((+("P";QR"+."
12$"*$0%*%,"%&12(+-+7$&)0".+(0)&7"
FJ=8Q"NS'2S*$0%*$GA"0%,)5(%1)+&"02%&7$".(+'"
+&$")&/1(6'$&1"1+"&$T1")/"

• P"J=L"R"@2+(1<N%U$
• P"J=8"R"V+&7<N%U$"

• O2)/")/".+("%"+&$<M$%("7%-"8Q"M$%(/")&1+"%"
LJ"M$%("($0+(*

• N$"%($"-($/$&1,M"&$%(,M"89"M$%(/")&1+"12$"I3E3@"
($0+(*"5$76&"+&"O$((%"F,%6&02"8;S8999G"

7$8%9:;%,$%/<"%#".*#=%$*>1%>,/<%"?/:$/%,$@/#)+"$/%
:..)#:.,"@1%:$=%>,/<*)/%:%#"A"#"$."%@/:$=:#=%*$%*#0,/1%

>*)B=%"AA"./,C"B8%#"D),#"%:%#"@/:#/%*A%/<"%#".*#=
EF<"#"%.:$%0"%$*%9:;%:/%.)##"$/%,$@/#)+"$/%:..)#:.,"@%E
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Approach to Overlap and Continuity
Q - How much overlap time is required to tie a new and existing instrument ? 
A – Depends on their coincident temporal and spatial sampling

If identical, then the overlap time would be very short 

• Reality – temporal, spatial never ‘identical’ due to orbit plane, orbit altitude, etc.

• CERES is fortunate to have 6 instruments on orbit today and four of the six have 
overlapped with the first (on the Terra satellite) since launch (2002; 2011; 2017)

• 2$#(,#-"( is required for tropical overlap while six months for global data
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Continuity of Existing ERB CDR – Operational Example
! Tie new and and extant CERES instruments using Simultaneous Nadir 

Overpasses (SNO’s) 
• Example of CERES FM-3 (Aqua, launched 2002)  and FM-5 (SNPP, launched 2011)

• Instruments built in the late 1990’s

• FM-3 and FM-5 agree to within 1-sigma uncertainties, with a small offset in the 
SW channel

• Examine the approach to tie FM-5 to FM-3 – at the measured radiance level

! Examine an approach to the future when SNO’s of different instruments 
may/will not be possible 
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NASA Langley Research Center / Science Directorate

Aqua (FM-3) and SNPP (FM-5) Orbital Tracks

Orbital Overlaps 
every ~64 hoursSpatially and 

temporally matched 
observations
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NASA Langley Research Center / Science Directorate

Global All-sky TOA Flux Differences – SW channel
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Original FM5 – FM3 Corrected FM5 – FM3

• Slight offset exists (red curve) between FM-5 and FM-3 (launched 9 years apart)

• Offset may be spectrally dependent – can’t assume it is just a gain adjustment



NASA Langley Research Center / Science Directorate

Comparisons between FM5 and FM3 SW Reflectance

N 
(days)

FM3 SW 
(Reflectance)

FM5 SW 
(Reflectance)

% Diff
(FM5-FM3)

All-sky all scenes 144 0.2936 0.2947 0.39
All-sky ocean 123 0.0606 0.0611 0.74
All-sky land 79 0.2181 0.2184 0.11

Global average for year 2014

𝑅𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 =
𝑆𝑊!"# ∗ 𝜋

𝐹 ∗ cos(𝑆𝑍𝐴)
F=1361	W/m!

• '#$?(",7#*%#6%>/60/51(*5/%R.,"/510=%?"#?#"1,#*(0%1#%$/(7A"/.%"(.,(*5/T%./$#*71"(1/7%1</%/""#"%,7%
)"#(.0=%7?/51"(00=%./?/*./*1

• !\ X[%,7%1</*%1,/.%1#%!\XP%)=%(.IA71,*J%1</%!\X[%7?/51"(0%"/7?#*7/%6A*51,#*%1#%$,*,$,]/%.,66/"/*5/7%
,*%1</%4M%"(.,(*5/%R"/60/51(*5/T
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NASA Langley Research Center / Science Directorate

CERES Pre-launch Spectral Response Function Characterization

!"!

!"#

!"$

!"%

!"&

'"!

()! )!! %)! &!! *)! ''!! '#)! '$!! '))! '+!! '&)! #!!! #')!

,-
./0

12
-3

,/
41

/5
6

-3

7/2-.-58093:5;<

=7,=3,-./012-3=>-60?/.3@A0>A0

• @2+(1H%U$"E$.$($&0$"@+6(0$"F@NE@G"6/$/"%"
W6%(1X"O6&7/1$&"?%,+7$&",%'-"%,+&7"H)12"8L"
&%((+H"5%&*".),1$(/"1+"-(+U)*$"/+6(0$/"5$1H$$&"
J=Y"%&*";=JZ'

• C"0(M+7$&)0%,,M"0++,$*"O(%&/.$("C01)U$"I%U)1M"
E%*)+'$1$("FOCIEG"-,%0$/"12$/$"/+6(0$/"+&"12$"
/%'$"(%*)+'$1()0"/0%,$"%/"12$"[\DD"F-()'%(M"
/1%&*%(*G

• I3E3@"/$&/+(/"F@N"%&*"O]OG"%&*"12$"OCIE"U)$H"
12$"/+6(0$"%,1$(&%1)U$,M

• O2$"(%1)+"+."12$"I3E3@"'$%/6($'$&1/"1+"OCIE"
'$%/6($'$&1/"-(+U)*$/"%"/-$01(%,"($/-+&/)U)1M")&"
$%02"+."12$"&%((+H"/-$01(%,"5%&*/".+("5+12"@N"
%&*"@N"-+(1)+&"+."O]O

• I+'-+&$&1"/-$01(%,"'$%/6($'$&1/"0+'-,$1$"12$"
/-$01(%,"($/-+&/$"06(U$"5$1H$$&"12$"
&%((+H5%&*"/+6(0$/"%&*"$T1$&*"12$"06(U$"5$,+H"
J=YZ'
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NASA Langley Research Center / Science Directorate

Adjusting the FM-5 SRF for Continuity with FM-3

!"!"#$ %&'()*+,*-.,/0.12*3,/4-5,)6178/%953,2/:;)<5=;> ?$

• 4>!%(.IA71/.%)=%(*%#)I/51,F/%5#*71"(,*/.%#?1,$,](1,#*%(0J#",1<$%A7,*J%W(J"(*J/%$A01,?0,/"7

• 300%BP%7?/51"(0%)(*.7%("/%A7/.%1#%(.IA71%1</%4>!%(*.%

• ;</%A*5/"1(,*1,/7%#6%$/(7A"/.%7?/51"(0%"/7?#*7,F,1=%5#*71"(,*%1</%#?1,$,](1,#*%?"#5/77

CERES FM-5 SW SRF CERES FM-5 SW SRF

>$(M"/,)721"02%&7$
)&"'$%/6($*"@E\
&$$*$*".+("0+&1)&6)1M
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Global All-sky TOA Flux Differences – SW channel
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Original FM5 – FM3 Corrected FM5 – FM3

Adjustment of the spectral response function places FM-5 
on the same radiometric scale as FM-3
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Terra + Aqua 
Terra

Aqua 
Suomi-NPP

The Result – Continuity of 5 Instruments over Two Decades

The remarkable situation of five
CERES instruments in simultaneous 
operation and with seamless 
continuity over nearly 20 years

D$"6'"3',#)&'9:;E



The mid-2020’s 
Achieving Continuity Without Satellite SNOs

• CERES has had the luxury (!) of having 6 instruments, of which 5 (so far) have 
lived well beyond their design lifetime – 80+ cumulative instrument years 

• The orbit planes have been complementary to enable SNOs between the 5 
instruments to do extensive cross-comparison for continuity and drift detection

• Sometime after 2021 Aqua and Terra may be de-commissioned and may not be 
in operation past 2025 

• A new instrument will likely be on the JPSS-3 satellite ~ 2026

• All instruments (FM-5, -6 and ‘2026’) will be in same orbit plane – No SNO’s

!"!"#$ %&'()*+,*-.,/0.12*3,/4-5,)6178/%953,2/:;)<5=;> ?@

^%XO#G%.#%G/%1,/%1</%"/5#".%#6%!\XB8%XU8%XP8%X_8%X[8%(*.%X̀%1#%(%*/G%'E>E4%#"%'E>E4X0,:/%,*71"A$/*1%G,1<#A1%4ab7N%
3%c >/J"/77%$#*1<0=%]#*(0%$/(*%60A-/7%RBX./JT%#6%'E>E4%(J(,*71%*/G%,*71"A$/*1

Demonstrate this approach now with CERES on Aqua and CERES on NPP



Use concurrent Aqua and NPP measurements to adjust NPP 

!"

• >/J"/77%3YA(%UQB_%44!%(*.%add%UQB_%44!%60A-/7

• e7,*J%1</%"/J"/77,#*%1#%(.IA71%1</%UQB_%add%44!%.(1(%1#%)/%$#"/%
3YA(X0,:/

• '#*5A""/*1%$/(7A"/$/*17%?"#F,./%$A5<%(.IA71$/*1%6#"%add8%
5#$?("/.%G,1<%1</%(.IA71$/*1%G</*%1</"/%,7%(%J(?%)/1G//*%3YA(%
(*.%add

!"#$%"& '(#)*+%"

SSF-1deg SW LW SW LW

Aqua 96.06 238.92 91.13 258.90

NPP 97.62 238.19 92.78 258.15

Aqua-like NPP 96.13 238.91 91.39 258.84
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Climate Change
Nobel-Caliber Research with Profound Scientific & Societal Impact 

• The detection of gravitational waves, the Higgs boson, and the signals of 
climate change all have similar attributes: 

BH 3*%A01,$(1/0=%1/71()0/%<=?#1</7,7%RfH%4A#$,g%3H%E,*71/,*g%dH%O,JJ7T%

UH 4$(00%7,J*(07%"/YA,",*J%<,J<0=%(55A"(1/%$/(7A"/$/*17%

PH +/5(./7%#6%./F/0#?$/*1%1#%("",F/%(1%1</%5#""/51%#)7/"F(1,#*(0%$/1<#.%

_H a//.%6#"%)"#(.8%,*1/"*(1,#*(0%5##?/"(1,#*%(*.%6A*.,*J%1#%7A71(,*%#F/"%0#*J%?/",#.7

[H W("J/%1/($7%1#%/-($,*/%(00%1</%.(1(8%1#%1/71%6#"8%(*.%1#%?"/F/*1%6(07/%?#7,1,F/7%

`H 4A66,5,/*10=%<,J<%71(1,71,57%1#%5#*6,"$%/-,71/*5/%/,1</"%6#"%(55/?1(*5/%#6%<=?#1</7,7%#"%6#"%
IA71,6=,*J%7#5,/1(0%(51,#*%R[X7,J$(%O,JJ7%)#7#*g%PX7,J$(%50,$(1/%75,/*5/T
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Recent Nobel Prizes in Physics
=.0>&%0%&)'0#(?0>$8(

D,/"+'?.3"+J"+$-"3"+'K+,L23,32$.,#M(,L"'N6/"+L,3$+O
D?KN

@&228(!)8)'
D,+%"'>,4+$.'5$##24"+

D>5

P';:::'Q$ M,73R$+/'$.'3R2/'S,S"+
P'9E::'Q$M,73R$+/'$.'3R2/'S,S"+
NL"+';<T'42JJ"+".3'2./323732$./'
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Climate Change - Profound Societal Relevance 

O+^"V$%*$(/"%&*"0)1)X$&/"+."12$"H+(,*
E$^"C"&$H"%5&+('%,^"_1")/"@/,BB%1H+"')&61$/"1+"')*&)721
`%1$^"a%&6%(M";YA";J89
>7-,.23O'.$1'J,Q"/'31$'/2-7#3,."$7/'"82/3".32,#'3R+",3/&'
"23R"+'$J'1R2QR'1$7#4'6"'Q,7/"'J$+'"83+"-"'Q$.Q"+.',.4'
2--"42,3"',33".32$.)'AR"/"'-,U$+'3R+",3/V .7Q#",+'1",S$./'
,.4'Q#2-,3"'QR,.%"V 1"+"'"8,Q"+6,3"4'3R2/'S,/3'O",+'6O'3R"'
2.Q+",/"4'7/"'$J'2.J$+-,32$.'1,+J,+"'3$'7.4"+-2."'4"-$Q+,QO'
,+$7.4'3R"'1$+#4&',-S#2JO2.%'+2/W'J+$-'3R"/"',.4'$3R"+'3R+",3/'
,.4'S7332.%'3R"'J737+"'$J'Q2L2#2X,32$.'2.'"83+,$+42.,+O'4,.%"+)

6A/$.;%(*.)-(!"##$%&'()*(%+$(,%)-&/(3/&$'%&8%8
BCDE(F))-8G04(9#)/H(3%0%$-$'%

R33S/YZZ3R"67##"32.)$+%Z4$$-/4,OMQ#$QWZQ7++".3M32-"Z[J7##M/3,3"-".3
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https://thebulletin.org/doomsday-clock/current-time/


Path Forward and Summary
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Current and Future Approaches to Continuity 
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Commencement Thoughts
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Global Mean Surface Temperatures
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R33S/YZZQ#2-,3").,/,)%$LZ6#$%Z9EIcZ.$S"M",+3RM2/.3MQ$$#2.%Z

• 4:/?1,57%<(F/%)//*%?#,*1,*J%1#%1</%
&./5"/(7/9%,*%E("1<%7A"6(5/%1/$?/"(1A"/
7,*5/%UQB`8%(*%E0Xa,h#%=/("

• 4#%$A5<%7#%1<(1%a343%?A1%1#J/1</"%(%
)0#J%1#%5#""/51%1<,7%*#1,#*

• ;</%"/(0%YA/71,#*%,7%&M<(1%,7%<(??/*,*J%1#%
1</%E("1<K7%/*/"J=%)A.J/1N%&
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https://climate.nasa.gov/blog/2893/nope-earth-isnt-cooling/
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Results: Daytime LW radiance after SW SRF Correction

N 
(days)

FM3 Daytime LW 
(Radiance- Wm-2sr-1)

FM5 Daytime LW 
(Radiance- Wm-2sr-1)

% Diff
(FM5-FM3)

All-sky all scenes 144 77.44 77.49 0.07
All-sky ocean 123 91.30 91.48 0.20
All-sky land 79 101.56 101.23 -0.32

Global average for year 2014

• Daytime LW= TOT minus SW
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• No start of mission SRF adjustments necessary for TOT channel!

• FM-5 TOT channel agrees with FM-3 TOT channel, after SW adjustment,
despite launching 9 years later
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Global All-sky Flux Differences- Daytime LW
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• Recall: LW = Total channel minus Shortwave

• Small correction to shortwave channel removes slight offset in LW TOA flux
between CERES FM-5 and FM-3 
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CERES Pre-launch Calibration 

Thermal IR Bands

• ,%((#-&.*/"0&#1&2*/-&3"%+4$#05&6,.337&&&*8&
)(*9%(5&8:%;0%(0&6/9*88*<*:5&=>?@@@@7

• AB?C&+9&D*0/&.*/"0&#1&2*/-&3"%+4$#05&
6D.337

• E#"0&F)%+/&G/1/(/;+/&6EFG7&$"%+4$#0*/8

%&'&()'#*+,-".$+/)%#0+1$#.+,2)3#/+0+.4

Reflected Solar Bands

• FD&(/1/(/;+/&8#H(+/&6FDGF7&-*:I&9*;*9H9&
JD&<%(*%:*#;8&%;0&8)/+:(%"&+I%(%+:/(*K%:*#;&
+%)%$*"*:5

• AL&0*8+(/:/&$%;08&$/:-//;&MB>&%;0&A@N>&;9

• C&+9&*;:/O(%:*;O&8)I/(/&-*:I&%88#+*%:/0&#):*+8

• E(5#O/;*+%""5&+##"/0&'(%;81/(&P+:*</&E%<*:5&
G%0*#9/:/(&6'PEG7

Shortwave Reference 
Source (SWRS)
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Continuity of the Existing ERB CDR
Instrument Requirements

! !"#$%&'()$*+#&',#)
! !"'%-'()!'."(-/,)0,(*1'()$*+#&',#2)$&*33 4%&'$5)3$'//-/,6)
! 7'(-1&'%-*/)'$$8&'$9)'/:)3%'1-(-%9)

! 7(*8:;3$#/#)-:#/%-<-$'%-*/)<*&))=>?)83#:)-/)@4%*4A)$*/+#&3-*/)
! ABC)D)EF)5.
! C-$'&-*83)$'(-1&'%-*/)
! 7*/%-/8*83)*"#&'%-*/)

! >9/'.-$)&'/,#)
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!" #$%&'(%!" #)%*+%,-./-01&'0-%&.1-,%!" #)%*2!%3(45617-'1

N 
(days)

FM3 SW (Reflectance) FM5 SW (Reflectance) % Diff
(FM5-FM3)

All-sky all scenes 144 0.2936 0.2936 0.00

All-sky ocean 123 0.0606 0.0605 -0.19

All-sky land 79 0.2181 0.2176 -0.23

Global average for year 2014
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Summary
• Earth’s Radiation Budget is perhaps the most fundamental measurement 

for understanding the processes and evolution of the climate system 

• Rich history of measurements dating back 60 years 

• Currently a continuous, global dataset from the CERES instruments 
approaches 20 years in length 

• ERB data are essential to understanding energy flow within the climate 
system

• Ensuring continuity of the CERES measurements is critical to enabling a 
multi-decadal ERB CDR needed to assess climate change

• Climate science is Nobel-caliber and of profound societal relevance in 2019
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Measurement of the TOA Earth Radiation Budget 

! Measuring the ERB is a 9-dimensional sampling problem
! ERB, particularly the shortwave, is a function of

! ;+()"$+2#<*)"$"-0&1#*+28$"-0&1#)*"$"-0&=
! >+*)3#?&2$"4#)28*&#
! @$&/#?&2$"4#)28*&#)20#6$&/#)?$%-"4#)28*&#
! A)6&*&28"4#
! 5$%&#+,#B)7
! C)*$93)"$+2#)((-3)(7#

! Uncertainties in any of these contribute to overall error in ERB

! Error in ERB measurement determines the time to detect trends against 
the noise of natural variability 
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Continuity of FM-5 and FM-3
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