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SOLar STellar Irradiance Comparison Experiment
(SOLSTICE)

e Measures solar irradiance in ultraviolet
— 115-180 nm Far Ultraviolet (FUV)
— 180-300 nm Middle Ultraviolet (MUV)

 Measures stellar irradiance for tracking long
term degradation

* On board SORCE:
— Low Earth Orbit
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SOLSTICE Layout
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UV presents unique challenges

* Solar variability
— Visible wavelengths (>400nm): ~0.1%
— Middle-ultraviolet (200-300nm): ~2-3%
— Far-ultraviolet (115-200nm): 10-40%

e Poorly characterized calibration targets

— Ground calibration of UV instruments has a high
uncertainty

— Hot, bright stars are frequently used in-flight but
previous measurements also have a high uncertainty



Lunar Observing Campaign

June 2006 to December 2010

Added the Moon to the schedule of eclipse
calibration activities

On average, we observed one disk-integrated
spectrum per day in each channel

— Over 1000 complete spectra in each channel

NASA Grant: LASP Lunar Albedo Measurement
and Analysis from SOLSTICE (LLAMAS)
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Phase angle coverage
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Wavelength and phase coverage in context

Cotolog of UV Observations of the Moon
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Derivation of reflectance

Note that by making both

EM - CM ASA/'LS r -Solar.and Lunar
— = irradiance measurements
ES CS AMAAM with SOLSTICE, all

calibration terms cancel
out except for

E /O knowledge of the
y = M M aperture areas and a
ES /T single correction factor

(Gamma).
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Arc Minutes

Loc

Systematic corrections
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Vignetting (1-3 % for
MUYV, 5-10% for FUV)

Wavelength shifts (~1-2
nm)

Changes in resolution
with phase and roll
angle

Polarization (not yet
applied, discussed later)
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Variation in resolution

wavelength (nm) wavelength (nm)

Point-spread function in each channel at four
different phase angles (Odeg s/c rotation)



Photometric modeling

* Polynomial

— 7t order polynomial used to fit wide phase range Mercury
observations from SOHO [Mallama et al, 2002, Icarus 155]

— Simple, but nonphysical
* ROLO
— Empirical model, but tailored to the shape of the lunar phase curve

— Achieves good fits (¥1% rms) of visible, IR measurements [Kieffer and
Stone, 2005, Astron J 129]

— Only valid for phase range 1.6° to 97°

 Hapke
— Semi-physical coefficients related to surface properties
— Widely used, long history

— Non-unique without resolved data [Domingue and Hapke 1989, Icarus
78]
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reflectance

ratio

ROLO photometric function fit
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disk-equivalent albedo

ratio

10°
10"
10
10°

10
10°

-180

1.4
1.2
1.0
0.8
0.6

-1

Hapke fit

IIII|'|'|T| IIII|'|T|| IIII|T|'|| LU |

IIIILI1[| IIIIL|1|| IIIIL|1|| Lo

90 135

—
(00}
o

-45 0 45
phase angle (degrees)

data / fit

—
© [
o

-45 0 45 90 135
phase angle (degrees)

80 -135 -90

No separation
of positive
and negative
phases
Significant
systematic
structure

18



Lunar Polarization
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0.025
0.020
0.015
0.010
0.005

0.000E

polarization

o o
o

0

0

8L

.6

N

Instrument polarization response

g/_; \_E
180 200 220 240 260 280
wavelength (nm)
- (H-V)/(H+V) ]
180 200 220 240 260 280

wavelength (nm)

Instrument

sensitivity due to
polarized light at
two orientations

Derived linear
polarization
sensitivity



Variation in roll angle enables
polarization measurement
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Calculating Polarization Fraction

We can express the measured signal in terms of the
spacecraft roll angle, 6

C(A,0)=A+ Bcos26
The polarization of the lunar irradiance is then given by:

_Bol

P =
AP

M




Extracting P,

For each wavelength and phase angle, we can find A
and B using least-squares fitting algorithm.
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Polarization vs Phase
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Conclusions

SOLSTICE observes both the Sun and Moon directly,
leading to a uniquely accurate measure of reflectance

Wide phase coverage: -170 to +170°
Wide UV wavelength coverage: 121, 130 - 300 nm

Photometric modeling will enable the use of the
integrated Moon as a UV calibration target

— FUV requires nearly simultaneous solar spectrum
Need to improve corrections for systematic effects

(resolution, wavelength, vignetting, polarization) such
that residuals are on the order of random uncertainty

Ultimately, reduced data and model will be available to
the public
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Variation in resolution

wavelength (nm) wavelength (nm)

0 degree rotation (terminator
perpendicular to dispersion plane)



Variation in resolution
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Variation in resolution
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Lunar Irradiance Spectra

Full Moon Irradiance

Full Moon Irradiance
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Variability of solar irradiance with
wavelength

* Visible wavelengths (>400nm): ~0.1%
 Middle-ultraviolet (200-300nm): ~2-3%
e Far-ultraviolet (100-200nm): 10-40%




Solar variability
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Figure 2. Time series from 1991 to 2001 of UARS SOLSTICE data
for the single wavelength 121.6 nm. This is the strong Lyman-a emis-
sion line of atomic hydrogen.

Reference: G. Rottman, The solar irradiance and its variations, The Evolving Sun and its

Plot of the solar
irradiance at
121.6nm vs time

This illustrates
the two different
time-scales of
solar variability:
— 27 day rotation

— 11 year solar
cycle

Influence on Planetary Environments. ASP Conference Proceedings, Vol. 269., 2002., p.25



Maximum / Minimum

27-day variation
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Figure 4.  Solar 27-day variation as a function of wavelength for the
specific rotation identified “A” in Figures 2 and 3. Similar time se-
ries similar are examined for each wavelength from 120 to 300 nm and
the ratio of maximum to minimum is calculated for each. The wave-
length axis is split at 220 nm in order to expand the scale for the weak
variations at the longer wavelengths.
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Solar cycle variation (~5.5 year)
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Figure 5.  Solar cycle variation as a function of wavelength measured
from early in 1992 to a minimum in mid 1996. An 8l-day running
mean of time series of the type shown in Figure 2 is made to remove
the influence of the 27-day variability. This analysis is repeated for all
wavelengths from 120 to 320 nm.




Lunar Polarization
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