How Does the Sun’s Spectrum Vary?

' Modeling Solar Cycle Irradiance Variations

Judith Lean, Karl Battams
Space Science Division, Naval Research Laboratory, Washington DC

Odele Codlngtn Gary Rottman, Peter Pilewskie

- relatively well specifie
- issues remain abo
- Marchenko, Delal

@ Solar Cycle —y
| - challenged by mstr';__
- disagreement among obsen

. '_Tnd Climate, 2017

s al d models

#® Long Term — multiple decades

- speculative; depends on constraining & understanding solar cycle variations

Funded by NASA ' . SIST Meeting, Greenbelt, MD, 11-12 May 2017



1363

1362°F
1361E

1360
1359
1358

1357
1356

_Teasoarwadence __ T|M TS| Observations

vs NRLTSI2
(NOAA CDR)

TIM observation
NRLTSI2 CDR model
correlation=0.960

\ 4

1 1 14 11
2004 2006 2008 2010 2012 20 } Total Solor Irradionce

Model Components

Foculae

ATSI(t) = ATSeygelt) +ATSI o (t)

2004 2006 2008 2010 2012 2014

Residuals (Observations minus Model)

/NOAA Climate Data Record ...

NOAA Climate Data Record (CDR) of Total Solar
Irradiance (TSI), NRLTSI Version 2

slope = 3.78 ppm per yeor
sdev = 0,121 W m™2
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SOLSTICE Lyman a Observations vs NRLSSI2

Lyman a Solar Irradiance
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SOLSTICE observations AI:Lyat(t) = ATS faculae(t)
NRLSSI2 CDR model x1.02
corl;eloltion=0.987d | _ ‘ =d + bx AMg(t)

NRLSSI2 Lyman « irradiance is
linear function of Mg index,

6 — proxy for faculae
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Residuals (Observations minus Model)
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NRLSSI2 model systematically
overestimates SOLSTICE Lya at
solar minimum by ~0.1 mW m~

ZOOf 2006 2008 2010 2012 2014 2016

NRLSSI2 model (faculae) underestimates (5% of solar cycle variation)....
SOLSTICE Ly cycle 23 decline when normalized to cycle 24
- faculae? - consistent with TIM
- SOLSTICE? vs NRLTSI2

- something else?



TIM Bolometric

Faculae vs.
SOLSTICE Lymana

ATSl g, cuige(t) = ATSI(t) —ATSISpot(t)

Residual trend of 0.15 W m2 per

decade is 7.5% of solar cycle

amplitude e
- SOLSTICE Lyman a overestimates
cycle 23 decline relative to TIM
bolometric faculae

- good agreement at solar minimum

High correlation of daily TIM
bolometric faculae and SOLSTICE
Lyman a irradiance
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TIM minus Spots
SOLSTICE Lya (scaled)
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Residuals (TIM Foculoe minus SOLSTICE Lya)
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TIM Bolometric Faculae: Insensitive to
Sunspot Darkening Index Formulation

Bolometric facular variability:

A-I-Slfaculae(t) = ATSI(t) - ATSIspot(t)
ATSI () x2ZACq pu(3u+2)/2

all observatories

A=sunspot area — | four main .

C.=sunspot contrast
u=cos(lat)cos(long)

location at tim
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sunspot index

2003.75 2003.80 2003.85 2003.90

CDR —all observations,
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contrast, observed
location

four main observations,
area-independent
contrast, adjusted to
central meridian
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Bolometric Foculoe (W m™?)

el
v o

ooN
v o

Dependence of TIM Bolometric Faculae and
SOLSTICE Lyman a on Mg Index
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TIM Bolometric Faculoe vs Mg INdex
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Quadratic fit
r=0.981
sdev=0.1079
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Bremen Mg Index

SORCE Lymon a vs Mg Index

Quadratic fit
r=0.987
sdev=0.114

0.000 0.005 0.010 0.015
Bremen Mg Index

For both TIM bolometric faculae
and SOLSTICE Lyman a irradiance,
qguadratic parameterization of

Mg index is superior to linear
parameterization...

improved facular parameterization
might be

AFLya(t) = a
+ bxAM((t)
+ cx[AMg(t)]°



New Model of TSI Variability: NRLTSI2e

ATSI(t) - A-I-Slfac:ulae(t) e=1.2
= a + bxMg(t) + cxMg(t)®

Total Solar Irradionce
) 1 ] )

Correlation with TIM improves
from 0.960 to 0.969

TIM observations
NRLTSI2e model
correlation=0,969
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Residuals (Observations minus NRLTSI2e) Standard deviation of residuals
decreases from 0.121 to 0.107 W m™

-1 slope = 4.56 ppm per yeor

sdev = 0.107 W m™?
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New Model of SSI Variability: NRLSSI2e
F()\,t) - I:quiet()\) T AFfaculae()\at) T AFspot()\at)

AFfCICU/CIe()\’t) OC ATSIfacu/ae(t) = 296-6ng(t) + 377.5ng(t)12
OR  AFpae(Mt) o ALyog,0(t) = 345.2xMg(t) + 376.9xMg(t)!2

Lyman a Solar Irradiance
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SOLSTICE observations

NRLSSI2e model x1.00 ‘ !
correlation=0.989 |
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Correlation of Lya models using
two different AF ;, .. is 0.9997

Correlation with SOLSTICE
improves from 0.987 to 0.989

Model constructed using
direct (not detrended)
SOLSTICE Lya observations

Standard deviation of residuals
decreases from 0.119 to 0.106 mW m~2
....slope of residuals is 0.15% per year



Lya Comparison: NRLSSI2e vs Observations

Lyman a Solar Irradiance

will NRLSSI2e agree
better with ....

- new SIST Lya
composite?

- SOLID composite?

will new SIST Mg
composite improve
model agreement
with observations?

slope = -0.010 mW m™2 per year
sdev = 0.313 mW m™2




Index

Solar Cycle Irradiance Variations: 240-241 nm

Direct Observations

SORCE Solar Irradiance:

240.5 nm
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Detrended Observations

SORCE Solar Irradiance: 240.5 nm Detrended
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Testing the Scaling of Rotational
Modulation to Solar Cycle Modulation

AF . =a+ bxMg(t)

lya

Lyman a Solar Irradiance
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SOLSTICE observations
Model, linear Mg direct
correlation=0,987

Model, linear Mg detrended
arrelation=0.987
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Lyman a Solar Irradiance
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SOLSTICE observations
Model, lineor + exp Mg direct
correlation=0.989

Model, lineor + exp Mg detren
arrelotion=0.989
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Mg index to model :%‘f'

_ -Marchenko, DeLahﬂd and

How Does the Sun’s Spectrum Vary?

SUMMARY, Year 2

Modelling Solar Cycle Irradiance Variations

- demonstrated the mutt Iconstency of the SORCE TIM TSI and SOLSTICE Lyman a

SSI observations over th

- identified the cause of di tween NRL's CDR models and SORCE TSl and
Lyman a observatlons il . i;,

- constructed an imprc g an exponential component of the

15% per year

- evidence for Iong_ 270
- determined new tii '
to solar cycle variatic

are less stable

cular index from rotation
ngths where observations

Solar Rotation |
0ac and Climate, 2017

Lohg Term

- new white- //ght corona/ /rrad/ance /ndex suggests ACRIM TSI inter-minim trend
from 1996 to 2008 is too blg . -



How Does the Sun’s Spectrum Vary?

YEAR 3 WORK

- Construct a new version NRLSSI2e spectral irradiance variability model (and uncertainties),
over multiple solar cycles, and compare with observations (revised from SIST activities).

- Compare new SME database easur ements of spectral irradiance from other
instruments for concurrent timé, '

- Contmue to validate and expl for.s ':ﬁ;s’pot and facular indices and rotation-
to-cycle scaling - &

= Prepare_pqper(‘s) describi ge in comparison with existing models
of solar spectral irradianc irradiance observations.

- Revise and resubmit paj
direct observations

.

~In collaboration with o

- Incorporate new total solar
spectrum changes :

m, _:__'i_te‘to additionally constrain solar cycle

- Analyze and compare fabular component Of new total solar irradiance composite

- Compare new Lyman a compOSIte with sunspot-corrected new total solar irradiance
composite , . '
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