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“As there is only one object in the sky on whom we

utterly depend, there can be no astronomical question
of more practical significance to mankind than that of
the Sun’s variability” |

BN

1931 -2009
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Historical Perspective on Solar Variability

XIII. Observations tending to investigate the Nature of the Sun,
in order to find the Causes or Symptoms of its variable Emission
of Light and Heat; with Remarks on the Use that may pos-
sibly be drawn _from Solar Observations. By William Herschel,
L.L.D. F.R.S.

Read April 16, 1801.

O.\I a former occasion I have shewn, that we have great reason
to look upon the sun as a most magnificent habitable globe;
and, from the observations which will be related in this Paper,
it will now be seen, that all the arguments we have used before
are not only confirmed, but that we are encouraged to go a
considerable step farther, in the investig ition of the physical and

planetary construction of the sun. The influence of this emi-

nent body, on the globe we inhabit, is so great, and so widely

diffused, that it becomes almost a duty for us to study the ope-

rations which are carried on upon the solar surface. Since light

R

and heat are so essential to our well-being, it must certainly
be right for us to look into the source from whence they are
derived, in order to see whether some material advantage may
not be drawn from a thorough acquaintance with the causes
from which they originate.
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Advancements in Solar Irradiance Measurements

Frederick William Herschel
(1738 — 1822)

EXPERIMENTS ON REFRANGIBILITY OF INVISIBLE RAYS OF THE SUN

Discovered the infrared solar
radiation, a spectral region that
still receives considerable
attention in terms of the solar
irradiance reference spectrum
absolute scale some 220 years
later.

Richard 3



TSI & SSI focused missions & opportunities moving forward

2013-2017 (TSl)

- What can we learn from past and present solar missions?
- Are the methods of observation adequate and are the results accurate enough?

What are the observations to be continued? What are the missing ones?
lew directions? - new instrumental concepts or novel technologies, new observation strategies

Vhat is the best strategy for ensuring the proper observation of essential observables (dedicated missions,
- hosted payloads, CubeSats)?
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Total Solar Irradiance (TSI)

“It is ridiculous to try to measure variations in a constant”

- Heinrich Wilhelm Dove (1806-1879)
famous meteorologist & climatologist

\ »v '
v }

b. Liegnitz, Prussia i
P RO

(now Legnica, Poland)
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Total Solar Irradiance Data Record

Total Solar Irradiance Data Record
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The TSI Climate Data Record now spans 44 years measured by 17
separate missions. This timespan covers 5 solar cycles (SC 21- 25)
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G. Kopp, 05 Sep. 2022
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Total Solar Irradiance Composite

Total Solar Irradiance Composite
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- The Climate Gold Standard: 20t"C estimates
- varied from 1340 to 1420 W m=2, i.e. £ 3 %.
| Today we know TSI to ~0.02% uncertainty

I 1000 ppm

| Data continuity (maintained by measurement Total Irradiance Monitor (TIM)
overap from a series of instruments) allows
adjustments to a common scale to produce a
TSI Composite (with low uncertainty)

VIRGO V8-2205
L TCTE/TIM V4—1905-
QRCE/TIM V19-2002
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G. Kopp, 05 Sep. 2022
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Overlapping TIM Total Solar Irradiance Measurements

SORCE, TCTE, and TSIS—1 TIM TSI Measurements — TSIS—1 Era

Onset of SC 25
Solar min.

“i‘lllll

SORCE Vv19-2002
TCTE V4-1905

ifferences from Mean [ppm]

TSIS-1 TIM uncertainty ~I185 ppm (9/22)
2021 2022

Space-Climate 8 Symposium 2022

September 19.22. Krakow, Poland Advancements in Solar Irradiance Measurements Richard 8




TSIS-1 TIM TSI Measurements vs. Model

Irradiance [W/m2]

— TSIS TIM (V03)
— CDR + 0.9

|

*CDR: NRLTSI2 Climate Data Record based on SORCE scale
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TSI Influence on Climate

“Bottom up” mechanism

Variations in the direct absorption of TSI by (Vis-IR SSI “TSP Influence : Meehl et al. 2009)

oceans likely to be significant because inter pole G Summer pol

* Large oceanic heat capacity
* Integrates long-term, small variations in heat input

(@) Observed surface temperature
90N L .
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Air-sea coupling Increased
OGS GIS eeeeesAgeeseneneeg e

solar signal 2 A 4
More rain

308
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Increased Latent

90S ,h V¥V ‘2( Trade winds carry moisture Heat Flux
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Observed precipitation Figures: A. Seppdld, et al., Progress in Earth and Planetary Science, 2014

Involves solar radiation being absorbed over the oceans

* Produces increases in evaporation
* Increased moisture converging in the precipitation zones.

) P o This further leads to changes in precipitation patterns and
‘ : : L vertical motions, influencing the trade winds and ocean
upwelling.
| T EE R TR oMo o oo * Produces stronger Hadley and Walker circulations and
161412 1 08-06-04-02 0 02 04 0608 1 121416 associated colder sea surface temperatures for solar maximum.
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SSI Influence on Climate

Solar Influence on Global Energy Budget

visible
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Solar Irradiance at Earth [W/m2/nm]
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Science Justification: extending the important long-term data record of SSI

— The SSI climate record extends back to 2003 (SORCE) and is critical for
NASA’s Sun-climate science as highlighted in the 2018 Earth Science Decadal
Survey. New, advanced climate models require solar spectral inputs

— SSI measurements enable in-depth research of the Sun’s influence on Earth’s
ozone layer & atmospheric circulation — "Top-Down” Mechanism, Haigh, (1996).

— The SSI climate record provides the temporal spectral variability that is
important for detailed understanding on how the Earth’s atmosphere and
surface absorb the solar energy.

SSlis
25

Climate forcing : H,0 (vap, lig, ice) - CO, - aerosol

heating

0, dissoc.
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SIM SSI
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96% TSI Spectral Irradiance Monitor
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UV SSI Data Record*

Integrated Irradiance 240-260nm

' TSIS SIM V06
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*All instruments plotted on their own absolute scales
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*Comprehensive discussion in Marty Snow'’s talk later in this session...and with more cats!

Space-Climate 8 Symposium 2022

September 19.22. Krakow, Poland Advancements in Solar Irradiance Measurements Richard 12



Comparison TSIS SIM — SORCE SOLSTICE SSI spectrum (200 — 310 nm)

-4 March 2018
| (TSIS SIM First light)

2

Spectral Irradiance (W/m~/nm)

—e— TSIS SIM
—— SORCE SOLSTICE (Convolved)
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wavelength (nm)
—r 1T - 1 T Tt T T

4 March 2018

| (SOLSTICE 15 years on-orbit)
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Spectral Irradiance (W/m2/nm)

—— SORCE SOLSTICE
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UV SSI Data Record
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Visible SSI Data Record
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- TSIS l,SIM
~0.015 %lyear trend

Instrument limit £0.01 %/year
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TSIS-1 SSI Scientific Impacts
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TSIS SIM Absolute Accuracy In Irradiance

Final full spectrum calibration in irradiance tied to NIST-traceable cryogenic radiometer

\ LASP/NIST tuna‘;le laser sy il TSIS SIM Ch. A, B, C ESR Irradiance Calibration to Cryogenic Radiometer

Global distributions
® SIMA:=0.01 £0.18%
® SIMB: =0.06 + 0.27%
® SIMC: =0.02 +0.22%

Fractional Difference from Cryo (%)

TSIS-1 SIM All Channels

1000 1500
wavelength (nm)

2 _ 2 2 2
SSLM‘. - Soffset + Sdist. + SSRF

Vis-IR Distribution UV Distribution (< 400 nm)

Sur=y(0.03) +(0.19) +(0.14) s =(031) +(023) +(0.14)
S,.=0.24% Sy, =041%

E. Richard, et al., Remote Sens., 12(11), 1818; doi.org/10.3390/rs12111818, (2020).
E. Richard, et al., Proc. SPIE 11131, doi:10.1117/12.2531268. (2019)
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Solar Reference Spectra Comparison

CSIM 6U
: CubesSat ($)
Reference Solar Irradiance Spectra and CSIM Compared to TSIS SIM s IS>=T 08 |
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TSIS-1 SIM Comparison to other Solar Reference Spectra
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— ATLAS3 [Thuillier et al., 2004] %
-~ SOLAR ISS V2 [Meftah et al., 2020] +
— LASP WHI [Woods et al., 2009] #

Larger magnitude
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Wavelength [nm]

Spectrum 205-2390 + 52 Adopted TSI | Diff from % Diff.
(W/m?2) (W/m?2)* value TSI
(W/m?) (W/m?)

ATLASS * 1333.6 1385.6 1361
LASP-WHI # 1321.0 1373 1361
SOLAR-ISS 1320.8 1372.8 1361
TSIS-1 SIM 1309 1361.0 1361.5

*Scalar offset: i.e., the unmeasured part of spectrum (mostly >2390 nm)

Space-Climate 8 Symposium 2022
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Models lower than ATLAS-3 in near IR

2015'Compérison:' 3 yeai's brior to TSIS SIM launch...

COSI RT code

SRPM RT code
SOLARZrev

SOLARZ2

SATIRE (ATLASS RT code)
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1000 1200 1400 1600 1800 2000
Wavelength [nm]

Gerard Thuillier et al., “SOLSPEC onboard the International Space Station: Absolute Solar Spectral Irradiance in the Infrared
4 Domain and Comparison with Recent Solar Models”, 2015 Sun-Climate Symposium, Savannah, Georgia, USA
Space-Climate 8 Symposium 2022
September 19-22, Krakow, Poland
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Solar Irradiance Spectrum Difference has Significant Impacts on
Arctic Sea Ice Fraction and Surface Temperature

Arctic Antarctic
@ oiffinsealcefracton (o) PSR e TR s NCAR CESM2 Simulations
M_é;?;n uul I:1:;n :,::]D
Min  -0.01 Min  -0.03 M th d
0.08 v 0.08 etnoda.
0.06 . T 0.06
0.04 0.04 The recent TSIS-1 mission has provided
0o 1 ! oo more accurate SSI observations than
-002 5 ~0.02 before. The SSI difference in a given VIS
' e Z0.06 or NIR band can be as large as 4 W m2.
-0.08
Impact:
o The results show that, due to different
0.4 Mean -0.27 spectral reflectance of sea ice and water
L5 . surfaces in the VIS and NIR, the set of
0.9 : " ' simulation with more SSI in the VIS has
03 less solar absorption by the high-latitude
0. surfaces, ending up with colder polar
SR N surface temperature and larger sea ice
-1. coverage.
(Jing, et al., Journal of Climate, 2021)
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TSIS-1 HSRS Formally Recognized

March 2022: The Committee on Earth Observation Satellites (CEOS) Working Group on Calibration and Validation (WGCV)
recommended the TSIS-1 HSRS as the new solar irradiance reference spectrum [https://calvalportal.ceos.org/events/].

CE£ S Cal/Val Portal &““es

News & Events =D

Home

News & Events

Events Publisher

TSIS-1 HSRS solar irradiance reference spectrum TSIS-1 HSRS Reference
SRIX4VEG 1st WS
ACIX III and CMIX II 1st WS
CEOS SAR Cal/Val WS 2021
. CEOS WGCV recommends the Total and Spectral Solar Irradiance Sensor-1 (TSIS-1) Hybrid Solar Reference Spectrum - AISC0s wa 2013
(HSRS) as the new solar irradiance reference spectrum. This statement has been agreed during the latest WGCV#50 rermsanc.Dnions Wik

TSIS-1 HSRS solar irradiance reference spectrum

Plenary Meeting.

Details for TSIS-1 HSRS are available at: https://lasp.colorado.edu/lisird/data/tsis1 hsrs

TSIS-1 Hybrid Solar Reference Spectrum (HSF{S)

— HSRS Variant at 0.1 nm resolution
— HSRS Variant at 1 nm resolution

O. M. Coddington, E. C. Richard, D. Harber, P. Pilewskie, T. N. Woods, K. Chance, X. Liu,
and K. Sun, “The TSIS-1 Hybrid Solar Reference Spectrum”, Geophys. Res. Lett., doi:

10.1029/2020GL091709, (2021).

1000
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https://doi.org/10.1029/2020GL091709

TS1S-1 Long-term SSI
(from Solar Minimum into SC 25)

pace-Climate 8 Symposium 2022
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TSIS-1 SIM Ultraviolet Time Series (4.5 years)
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TSIS-1 SIM Visible Time Series (4.5 years)
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TSIS-1 SIM Infrared Time Series (4.5 years)
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Measured vs. Model SSI Comparisons

“I’m sorry...if you were right, I’d agree with you”

- Robin Williams

' -Cli 8S ium 2022 - i i
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The prior state of SSI Measurements and Models

Sparse and Infrequent
Observations

o

Over-simplified Models

\ \
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Short-term spectral variability: Measured vs. Modeled

Onset of Solar Cycle 25
26 Dec 2020 10 Jan 2021

Relative Change between 2020-12-26 (max) and 2021-01-10 (min)

— TSIS-1 SIM
NRLSSI2

(max/min-1) x 100 [%)]

1000 2400
Wavelength [nm]

Relative Change between 2021-09-07 (max) and 2021-09-01 (min)

— TSIS-1 SIM
— NRLSSI2

(max/min-1) x 100 [%]

1000
Wavelength [nm]
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Long-term spectral variability (4.5 years): Measured vs. CDR

Note: CDR (Climate Data Record) is NRLSSI2
model based on SORCE scales
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TSIS-1 SIM Long-term Spectral Variablity
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New Technology Infusion

“Even if you’re on the right track, you’ll get run over if you just sit there”

- Will Rogers
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LASP-NIST Advanced Component Technologies Developments
"Key Next-Generation Technologies”

* Silicon-Based Bolometers

CTIM Bolometer

» Developed/fabricated by NIST Boulder CSIM Bolometer

* Vertically aligned carbon nanotubes
(Typical absorptance >99.9%)

* Integrated heater

* Deep Reactive-lon Etched
Apertures

* Fabricated by NIST Boulder

 + Fabricated to extremely high tolerances
-~ (very low area uncertainties, 10's ppm)

EHT = 10.00 kV Mag= 281 KX

¢ - - o 2pm EHT=10.00kV Mag= 23.23K X
Signal A=InLens Stage Tilt= 20.0 Signal A =InLens Stage Tilt 20.0
WD = 6.0 mm Date :26 Mar 2015 WD = 6.0 mm Date :26 Mar 2015  NO4AC-4309-Sensor-tilted 07.tif
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@S EEPAIREAMESTIH Compact Spectral IrradiaipcelViclliEsl
g\e@Generation” SSI Measurementt

CSIM is a compact solar spectral irradiance monitor that is a cost-effective
and low risk alternative instrument designed for considerable implementation ‘
flexibility, high calibration accuracy and performance stability for obtaining

high-priority Earth Science measurements.

Goal: Achieve flight-qualified instrument for LEO operational
_demonstration and TSIS validationzfLaunched Dec 2018, EOM Feb 2022)

A ——

.

B~ e Ype < - s ———

Optical Bench
Assembly ~——  UHF S-Band Antenna
: Antenna

Blue Canyon
Technology
CubeSat “Bus”

Precision

Entrance CSIM

Aperture Electronics
Box
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TSIS — CSIM Absolute Solar Spectrum

Solar Spectral Irradiance (SSI) measurements A. CSIM 6U
by TSIS-1 SIM and CSIM during solar minimum B Uy S, CubeSat (3)
period resulted in a newly established SSI e e T R —
reference spectrum for Earth Science
applications

Equal N =

‘;

PR LT L L L LT T T T T T \.|1|||||\,\|||||||\‘|1|||[|||

—— TSIS-1 SIM
—— CSIM Photoediodes
—— CSIM ESR «——TSIS SIM Level 3

——CSIM

nm~ ']

-2

CSIM TSIS

SSI [Wm

Three weeks of continuous SSI observations —
(21 daily spectra each).

All spectra (CSIM and TSIS) plotted on their
native irradiance scale

NO scaling or offsets applied here
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Pl: Dave Harber

CTIM-FD IIP: Compact Total Irradiance Monitor
"Next Generation TIM”

Integrated Detector Head CTIM Detector Head

CTIM Detector Head

* Each detector head has four channels
— Redundant channel degradation tracking

* Shutter for each channel

Key new technology: Silicon + Vertically Aligned Carbon Nanotubes

* Microfabrication allows 2D fabrication
with micron-level precision

* Typical absorptance 99.9%

* Developed with NIST Boulder Sources

and Detectors Group

Detector
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TSI Comparison: TSIS-1 TIM vs. CTIM
Preliminary

+ TSIS-1 TIM
+ CTIM

- -
£ £
(O] (O]
Q Q
c c
S ©
© ©
(7] (7]
— —
= =

+ TSIS-1 TIM
+ CTIM + Offset

Space-Climate 8 Symposium 2022 . . .
September 19.22. Krakow, Poland Advancements in Solar Irradiance Measurements Richard 38




-2

&
Q
O
c
©
©
(]
_
=

100 ppm (0.01%)

CTIM Al + Offset —
CTIM B1 + Offset —

Space-Climate 8 Symposium 2022

September 19.22. Krakow, Poland Advancements in Solar Irradiance Measurements Richard 39




