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Space-Era Irradiance Variability
- amplitude, sources
- variability models 

Solar Irradiance Measurements
- total, spectral

Reconstructing Historical Changes
- since the Maunder Minimum
- during past millennia

Sun-Earth System
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1361 Watt /m2

0.1% solar cycle



Stratosphere

Troposphere

Mesosphere

Thermosphere
Ionosphere

SUN (255 K) + GHG (33 K) = 288 K

wavelengths 120-300 nm
14.90.1 Wm-2

wavelengths < 120 nm
0.003±0.001 Wm-2
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wavelengths > 300 nm
1350.5 ± 0.5 Wm-2

Solar Radiation Establishes the Thermal 
Structure of the Earth and its Atmosphere

T
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surface

particles: 
0.0065-0.002 Wm-2

(mainly protons) 
and magnetic fields

SUN EARTH

photons: 1365 Wm-2

atmosphere

magnetosphere
sunspot

faculae

bow 
shock

plasmasphere

solar wind

heliosphere

galactic cosmic rays

NRL LASCO 
coronagraph on 
SOHO

0.0000007 Wm-2

solar eruptions: flares,

coronal mass ejection



F10.7

<F10.7>81

corona

chromosphere
heliosphere

16 JAN 03



spacecraft drag

communication,
navigation

solar EUV photon energy

solar wind kinetic energy (~protons)



quiet Sun

response to EUV photons 

response to particles, plasma, fields

NRLMSIS
500 km

temperature

neutral density

electron density

100%

Ap

International Space Station: 400 km

Solar Photons, Particles and Plasma 



decadesdays     weeks

flares, 
coronal mass 
ejections

particles, shocks, 
solar wind

minutes    hours

solar rotation

activity cycle, dynamo

active region 
evolution…  plage, 
coronal holes, 
sunspots, magnetic 
field

Sunspots

months      years



12 DEC 1996 31 JAN 200316 JAN 2003

Photosphere
MDI

Corona

Chromosphere-TR

Surface Magnetic Field

EIT



Ground….

1837: Herschel

1880: Langley 

1902-1955:  Abbot 

How Bright is the Sun?… A Century of Enquiry

From Langley’s bolometer…
“An instrument that measures radiant energy by 

correlating the radiation-induced change in 

electrical resistance of a blackened metal foil with 

the amount of radiation absorbed”

… to the Total Irradiance Monitor (TIM) on NASA’s 
Solar Radiation and Climate Experiment (SORCE) 
a state-of-the-art, active cavity electrical substitution radiometer 
with phase-sensitive detection, NiP black surfaces, redundant 
cavities, NIST calibration….

“… the observation of the amount 

of heat the sun sends the earth is 

among the most important and 

difficult in astronomical physics, it 

may be termed the fundamental 

problem of meteorology”

http://lasp.colorado.edu/sorce/

Aircraft and Balloons 

1967: 1359±13 W m-2

1977: 1373±20 W m-2

Space

1980: 1371±10 W m-2

1990: 1365±10 W m-2

2003: 1361±4 W m-2



Total Solar Irradiance 

Measurements from Space

0.1%

GLORY/TIM: 2010 ?
... the first “benchmark” irradiance measurement 

… end-to-end calibration with NIST cryogenic radiometer

NPOESS/TSIS: 2013 ?
... operational solar monitoring

Nimbus 7

SORCE



Solar Spectral 
Irradiance:

separating photon 

fluxes into 

wavelength bands 

wavelengths 120-300 nm
14.90.1 Wm-2

wavelengths < 120 nm
0.003±0.001 Wm-2

wavelengths > 300 nm
1350.5 ± 0.5 Wm-2 Troposphere

Mesosphere

Thermosphere
Ionosphere

Stratosphere

unit 
optical 
depth



Solar Spectral Irradiance Observations: 
Extreme Ultraviolet (0-100 nm)

50%

50%



Solar Spectral Irradiance Observations: 
Far Ultraviolet (120-200 nm)

OSO-5 Orbiting Solar Observatory

AE-E Atmospheric Explorer

SME Solar Mesosphere Explorer
UARS Upper Atmosphere 

Research Satellite
TIMED  Thermosphere Ionosphere 

Mesosphere Energy and 
Dynamics

SORCE   Solar Radiation and 
Climate Experiment

SOLSTICE Solar Stellar Irradiance 

Comparison Experiment

SUSIM  Solar Ultraviolet Spectral 

Irradiance Monitor

SEE    Solar EUV Irradiance Experiment

SOLSTICE Solar Stellar Irradiance 

Comparison Experiment

UARS

20%

10%

SUSIM



5%

1% 

Solar Spectral Irradiance Observations:  
Middle and Near UV (200-400 nm)



Solar Spectral Irradiance Observations: 
Visible and Near IR (400-2000 nm)

0.06%

0.06%

SIM



ACRIMPMOD

 5-min oscillation ~ 0.003%

 27-day solar rotation ~ 0.2% 

 11-year solar cycle ~ 0.1% 
 longer-term variations not yet 

detectable –
……do they occur?

How Does Solar Irradiance Vary?

- upward trend in ACRIM composite 

occurs primarily from an increase in

1989-1992

- attributable to ERB instrument 

sensitivity drifts near end of Nimbus 7 

mission

Average of Three Composites

standard deviation of three composites



Why Does Solar Irradiance Vary?



TSI Observations vs. Model

ACRIMSAT

SORCE



How Does Spectral Irradiance Vary?

sources of solar 
irradiance variability are 
wavelength-dependent…

THUS,  spectral 
irradiance variations 
depend on wavelength

sunspot

faculae

(and Why) 



Chromospheric and Coronal EUV Sources

EUV spectrum:
>1500 lines
5 continua

emission line 
temperatures 
vary over 2 
orders of 

magnitude

NRLEUV Model
Warren et al., JGR, 2001

different plasma 
temperatures 
and densities

Differential Emission Measures
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For an optically thin emission line:
radiance:  I()  =  G(T)EM(T)dT

T     - electron temperature 

G(T)  - emissivity of atomic transition ÷ ne
2

EM(T)= ne
2 ds/dT - differential emission measure

quiet Sun

304

quiet Sun



Quantifying the Bright Plage/Facular Signal

• plausible facular contrast

• plausible center-to-limb contrast variation

• center-to-limb variation of radiance

• area of enhanced emission from Ca K histograms
Lean, Cook, Marquette & Johannesson, Ap. J., 1998

B
B

S
O

 C
a
KImage

Histogram

Active 
Components

Irradiance 
Variability



Spectrum Changes During Solar Rotation

17 OCT 03 30 OCT 0317 OCT 03 30 OCT 03



Solar Spectral Irradiance Variations: 
Extreme Ultraviolet (0-100 nm)

model of 
faculae 
influences

50%

50%



EUV Observations vs. Model

SEE V10 corrects for instrument 

sensitivity jump between 16-21 Sept 2004



Solar Spectral Irradiance Variations: 
Far Ultraviolet (120-200 nm)

model of faculae 
influences

50%

20%



Solar Spectral Irradiance Variations: 
Middle and Near Ultraviolet (200-400 nm)

model of faculae 
and sunspot 
influences

4%

0.2%



Solar Spectral Irradiance Variations: 
Visible and Near IR (400 – 2000 nm)

model of faculae 
and sunspot 
influences

0.1%

0.1%



Solar Spectrum Energy 
Change: 
Solar Cycle, 
Solar Rotation

good agreement at all wavelengths for 
27-day rotational modulation

SIM solar cycle variations are out-of-phase 

at visible wavelengths and larger at UV 

wavelengths. compared with model 

Harder et al., 

GRL, 2009



NRL HERSTE 
model -

Particle Transport

Particle-Plasma 
Wave Interactions

20031028  20:49

“Halloween” Solar Storm
October 28th, 2003

NOAA National Weather Service
http://www.sec.noaa.gov/

… at L1

SOHO/LASCO 

20031028 12:42
heliosphere

X-ray photons

chromosphere-TR

EIT 304

20031028 13:19

30 Rsun

8 minutes later ... X-class 
flare recorded by GOES 

coronal mass ejection 
leaves the Sun ….

8 hours later... particles 
saturate SOHO/LASCO 
detector

surface

active region with big 
sunspot erupts ….

and reach Earth

energetic protons

SOHO/EIT 171 

20031028 13:00



SEE V8  0-500

SEM0 0.8

SEE V8  260-340
SEM1 0.8

SEE V8  340-500

near
cycle 
maximum

Irradiance Changes in Flares

4 NOV 2003

approaching 
cycle 

minimum

SEE XPS V8
SEE XPS V9

0-26 nm

18 NOV 2003

28 OCT 2003



sunspot cycle amplitudes have 
increased from the
Maunder Minimum … to the 

Modern Maximum

Past Solar Activity

Reconstructing Past 
Solar Irradiance 

Variations
1613 Galileo 2000 SOHO



cosmogenic isotope changes 

- 14C in tree-rings, 10Be in icecores -

imply long-term solar activity

Centennial-Millennial Solar Variability

0.1%

… do they also imply long-term 
solar irradiance variations?



Estimating Long-Term Solar Variability

Galactic Cosmic Ray Flux at Earth

open flux 
modulates 

cosmogenic 
isotopes

closed flux 
modulates 
irradiance

Irradiance at Earth
1365 Wm-2

0.0000007 Wm-2

sub-surface dynamo surface magnetic fields 
of opposite polarity

transported by… 
differential rotation,    meridional flow,       diffusion



Reconstructing Solar Irradiance since the 
Maunder Minimum 

0.04%

0.2%

NRL Flux Transport Model

Wang et al., 2005

Estimate from 
Sun-like stars and 
cosmogenic isotopes



0.2%Ken McCracken, 2007 ICRC
Courtesy of Frank McDonald, 2009

Reconstructing Solar Irradiance during 
Past Millennia from Cosmogenic Isotpoes



Yi-Ming Wang, Naval Res. Lab.

- cycle 21 & 22 length was 10.6 years

- cycle 23 length is >12 years

- there were no sunspots from Jan to 

Sept 2008

- some solar and geomagnetic indices 

are historically (over decades) low

Are we entering a 

protracted solar 

minimum?

- polar fields 

have reversed

-there have been 

similar long quiet 

episodes in the 

past

- recent new-

cycle activity

• TIM total solar irradiance has 
varied continuously throughout 
the current quiet period, even 
when sunspots were absent

• Bright faculae have been 
present on the disk throughout 
the minimum period, producing 
rotational modulation

• Lowest levels reached in mid 
2008….. solar cycle minimum?

•Hinode EUV (coronal) signal also 
minimum in mid 2008

An accurate, precise, long solar irradiance record is crucial 
to constrain solar-driven climate change.

days with no sunspots

SORCE/TIM Total Solar Irradiance



How – and Why - will Solar Irradiance 

Change in the Next Decade? 

Solar Cycle 24:

- 40% higher than cycle 23

(Dikpati et al, 2005)  

- less active than cycle 23
(Wang and Sheeley, 2009)

cycle 23               cycle 24

NPOESS

SORCE 

TIM

GLORY/TIM: 2010 
... the first “benchmark” irradiance 

measurement 

… end-to-end calibration with NIST 

cryogenic radiometer

NPOESS/TSIS: 2013 
... operational solar monitoring

… total and spectral irradiance

… SORCE, TIM and SIM heritage



model:  1 nm bins
0-100,000 nm

daily since 1947
monthly since 1882 
yearly since 1610



Stratosphere

Troposphere

Thermosphere
Ionosphere

solar EUV radiation 
λ< 120 nm
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solar increase  warming
CO2 increase  warming

solar increase  warming
CO2 increase   cooling

solar increase  warming
CO2 increase   cooling

SPACE 
WEATHER

climate change

ozone depletion
GLOBAL 

CHANGE

TOMS UV radiation 
exposure: January

solar min max
Sun  = +0.1K
GHG = +0.2K

solar min max
Sun  = +0.3K
GHG = -0.4K

solar min max
Sun  = 500K
GHG = -3K

T





SUMMARY

Natural climate change occurs simultaneously with anthropogenic
influences

… solar & volcanic influences, internal  modes (ENSO, QBO), greenhouse gases, aerosols
… solar influence may both accelerate and mitigate global warming in the next two decades

Total Irradiance – 0.1% during recent activity cycles, 0.3% in strong 
rotational modulation, <0.1% since Maunder Minimum? 

Spectral Irradiance – 1% to 40% in UV, 0.1% in visible
… SORCE observations have larger UV changes than model or prior observations  
…variations in visible and near-IR spectrum are out-of-phase with solar activity
Past and future solar Irradiance changes are uncertain
… continuous, high precision monitoring will advance understanding

How Bright is the Sun? 

How Does it Vary? 

Why do we Care?

Total Irradiance  – 1361 Wm-2 (SORCE/TIM) or 1365 Wm-2 (ACRIM)?  
Spectral Irradiance – percentage uncertainties 
… absolute offsets among independent instruments exceed variability 


