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Who am I?
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PhD thesis:  Iron II asymmetries: the kinematics of the chromosphere of the cool supergiant alpha Orionis

Institutions:  

South African National Space Agency (Research Chair in Space Weather)

University of Colorado Boulder, Laboratory for Atmospheric and Space Physics

University of the Western Cape, Cape Town, South Africa

Missions/Instruments

HST/GHRS, UARS/SOLSTICE I, SORCE/SOLSTICE II, GOES-R/EXIS,

TSIS-1/SIM, CSOL, CSIM

Hopefully: TSIS-2/SIM, SunCube, etc.

Hobbies:

Board games, cooking, travel, cats.



Outline
Physics background

Radiative transfer – formation heights

Ionization as a function of temperature

Sun-Earth connection -- satellite drag, ionization, scintillation, temperature structure of the Earth’s 
atmosphere

Short term variations in the atmosphere caused by space weather events

Part 2:  instruments that measure the UV spectral irradiance
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Physics review: Radiative Transfer – optical depth
Imagine a photon passing through a medium 
containing particles that can absorb of scatter that 
photon.

Let each absorber have a cross section, 𝜎 = 𝜋𝑟ଶ

The area blocked by the absorbers will be 
𝜎௧௢௧௔௟ = 𝑛𝐿𝐴𝜎

The fraction of the light blocked would be

ூ

ூబ
=ఙ೟೚೟ೌ೗

஺
=௡௅஺஢

஺
= 𝑛𝐿𝜎=𝜏

where  is the optical depth.
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Optical depth (2)
If we imagine a stack of these cylinders, each with thickness dL, the change in intensity would be:

𝑑𝐼 = − 𝐼 𝑛𝜎𝑑𝐿 = −𝐼𝑑𝜏
Integrating over the stack 

𝐼௢௨௧ = 𝐼௜௡𝑒ିఛ

In a very dense medium (lots of absorbers)

𝜏 ≫ 1 𝑎𝑛𝑑 𝐼௢௨௧0

Deep in the sun, photons do not travel very far before being absorbed and then re-emitted in a random 
direction.  Small parcels of gas/plasma are in equilibrium with their neighbors.  This is referred to as Local 
Thermodynamic Equilibrium (LTE).  
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Optical Depth (3)
To first order (i.e. no turbulence or bulk flows), the atmospheric pressure decreases as a function of height

𝑃 = 𝑃଴𝑒
ି௭మ

ுൗ

Where z is the height above some “surface” and H is the scale height that depends on temperature, atomic 
mass of the plasma, force of gravity, etc.

For a given parcel of gas/plasma, the density will decrease with height.  As the density decreases, the number 
of absorbers decreases, so the optical depth decreases.

Photons in a low-density plasma can travel much farther before encountering an absorber.

If the number of photons leaving is greater than the number arriving, energy is transported out of the parcel.  

L'Aquila May 2026 6



Optical Depth (4)

𝐼௢௨௧ = 𝐼௜௡𝑒ିఛ

Instead of thinking of this as the photons escaping,

Think of it as looking in from the outside. 

Where do those photons you see come from?

The photons that escape come from  ≤ 1 (roughly)

So that’s how far into the atmosphere you can see.
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Planck Function

A medium in thermodynamic 
equilibrium, known as a black (cat) 
body, produces a spectrum as shown 
in the plot.

As the temperature rises, the emitted 
spectrum gets brighter, and also peaks 
at shorter and shorter wavelengths.
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Two slide summary of radiative transfer
In all remote sensing (e.g. Astronomy and Heliophysics), we observe 
photons and then use physics to interpret the conditions that might have 
produced them.
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Cool, less 
dense

Hot
Dense

Planck curve for cooler material is not as bright.
At core of line, only see into atmosphere as far as 
the cool gas.
Absorption Line Spectrum
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Hotter less 
dense

Hot
Dense

Planck curve for hotter material is brighter.
At core of line, only see in as far as hotter gas. 
Emission Line Spectrum
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Ionization state as a function of temperature



Energy levels in an atom depend on ionization state

CHIANTI database – possible electronic transitions for each 
ionization state

So observed spectral lines can only come from certain 
atomic species, which can only exist in a small range of 
temperatures.

https://linelists.chiantidatabase.org/
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A simplified model of the solar atmosphere
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Density of air in this room?
1e-3 g/cm^3



Different wavelengths formed at different 
heights in atmosphere

Photosphere
(continuum)

Upper photosphere
(cooler gas, absorption lines)

Chromosphere
(hotter gas, 
emission lines)
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Sun-as-a-star irradiance
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Most of the data that I will show is a disk-integrated solar spectral 
irradiance (SSI).

Why?  

For the Sun-Earth connection (Space Weather and Climate), the Earth’s 
atmosphere doesn’t care what the surface features look like.  It only 
cares about the integrated flux.

Don’t worry, I’ll include some images since our favorite star is very 
photogenic.



Where does UV SSI end up in the atmosphere?
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Flare Ionization causing HF radio interference.

Recall yesterday’s lecture by F. BerrilliL'Aquila May 2026 18



2500 
X

Sources of heating in Earth’s climate system
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Where does radiation end up in the atmosphere?

GOES-R EXIS 20L'Aquila May 2026 20
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Typical Atmospheric Temperature Profile

Visible, NIR, NUV absoprtion
of sunlight
by air and surface, surface heats 
from below

MUV Sunlight absorption by 
O3 heating

Primarily IR radiating to space 
cooling,
Some FUV absorption heating

EUV, FUV, Soft X-rays 
absorption
and ionization heating



Variations in solar output affect many 
technologies, not just radio reception
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Now that we understand how the spectrum 
of the Sun gives clues about the solar 
atmosphere….

Is it always the same?  
How often does it change?  
How quickly?
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Variability at 1 nm spectral resolution over 
one rotation (two weeks)
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Rotational Variability (0.1 nm resolution)

McClintock et al. (2025)
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This spectral region contains both Chromospheric and 
Photospheric emission.   

Optical depth at line 
center is very high, so =1
occurs high in the 
Chromosphere.

Away from line center, the 
cross section quickly 
decreases, so =1 occurs 
near the top of the 
Photosphere.  

The ratio of the irradiance 
at line center to the 
“wings” of the Mg II line is 
known as the Mg II Index, 
or core-to-wing ratio.

Heath & Schlesinger (1986)

Snow et al. (2005)
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Mg II index highly correlates with variability at other 
wavelengths throughout the solar cycle

Activity changes in the Chromosphere affect all spectral features that are formed there.  The observed slope of the 
correlation depends on many factors (i.e. all the magnetic factors described in the other lectures this week).
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Long-term measurement composites,
Mg II – direct measurements
Lyman alpha – extending back to 1947 using
F10.7 cm correlation
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Correlation model can be extended further back using proxies

1874-present

https://www.ncei.noaa.gov/pub/data/sds/cdr/CDRs/Solar%20S
pectral%20Irradiance/AlgorithmDescription_01B-33.pdf
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The integral of the solar spectral irradiance (SSI) is known as total solar irradiance (TSI).
It is the total radiative energy at the top of the Earth’s atmosphere.  
Models can be used to estimate its value to the beginning of the sunspot record in the 1600’s.
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Summary of Part 1
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• How do we know about the solar atmosphere?
• Physics background
• Interpretation of the solar spectrum

• Solar radiation’s affect on the Earth’s atmosphere
• Variation on long timescales
• Variation on short timescales will be in part 2



End of Part 1
Questions?
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Seconds to Centuries: 
Chromospheric Variability (Part 2):
Measurements

Martin Snow snowm@colorado.edu
South African National Space Agency

University of Colorado Boulder/LASP

University of the Western Cape, South Africa
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Current Instruments that measure UV SSI

GOES/EXIS

IRIS

TSIS-1/SIM

Calibration

Aditya-L1 SUITS (I have not yet seen data from this mission)
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Geostationary Operational Environmental Satellites (GOES)
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The GOES-R series of four spacecraft began 
observations in January 2017.  

There are currently four in orbit (GOES-16, 17, 18, 
and 19). These satellites occupy geostationary 
orbit positions above the east and west parts 
of the United States, with the third satellite in 
on-orbit storage between them.

Each satellite has a 10-year expected lifetime.

GOES-16 and 17 have been placed in on-orbit 
storage.  18 and 19 are the current operational 
satellites.

Snow et al. ( 2025) Operational Solar Spectral Irradiance Measurements 
from the Extreme Ultraviolet Sensor (EUVS) on the GOES-R Series..IOP
Conference Series: Earth and Environmental Science 1522. 
doi:10.1088/1755-1315/1522/1/012035



Extreme Ultraviolet Irradiance Sensor (EUVS)
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The EUVS consists of three spectral channels (A, B, C) to sample 
the Sun’s chromosphere, transition region, and corona.

The instrument package also includes the X-ray Sensor (XRS) and 
the Solar Position Sensor (SPS) which is sensitive to visible light.

This instrument package produces operational solar spectral 
irradiance observations on a 1-second cadence which are 
averaged over 30 second intervals to produce an empirical model 
in 5 nm intervals from 5-115 nm.  

Thiemann et al. (2019) JSWSC doi:10.1051/swsc/2019041



EUVS Optiocal Paths.  
All three channels use gratings to disperse the light
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EUVS-C

Detectors are photodiode arrays.
A, B use 24-element arrays from IRD
C uses 512-element array from Hamamatsu
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• X-ray Sensor (XRS)
• Short (0-0.4 nm)
• Long (0-0.8 nm)

• Extreme ultraviolet Spectrograph
• A Coronal 28 nm Fe XV
• B Transition Region 120 nm Ly-a
• C Chromosphere MgII

• Channels A & B include lines 
from other solar layers for 
degradation corrections.

EXIS Bandpasses

EUVS-A, -B, -C

XRS-A, -B
0               0.5             1.0 nm                  

TR TR

CHR CHR TR



EUVS-A  Corona
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The Fe XV line at 28.4 nm is formed at log T= 6.3 

10-12 May 2024



EUVS-B  Transition Region
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H I (Lyman alpha) 

10-12 May 2024



EUVS-C Chromosphere (1)
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The Mg II emission near 280 nm is used to create 
a proxy for chromospheric activity by taking the 
ratio of the emission cores relative to the nearby 
photospheric continuum.



EUVS-C Chromosphere (2)
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Combined EUVS bands
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The plot shows a period of recent solar 
activity in various layers of the solar 
atmosphere. 

The spikes are flares of various sizes.  There 
is also a continuous stream of micro-flare 
events.

Cadence shown is 1-minute averages.



EXIS Solar Model
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Combining the two XRS channels with 
the three EUVS channels, EXIS 
produces a model solar spectrum with 
30-second cadence.

The model includes 5-110 nm in 5 nm 
bands, plus two additional bands at 117 
and 121 nm.

The 117 bandpass is primarily C III, but 
also includes several additional lines 
(Avrett, Kurucz, & Loeser 2006). 

The 121 nm band is primarily Lyman 
alpha.



Data Access  
https://www.ngdc.noaa.gov/stp/satellite/goes-r.html

L'Aquila May 2026 45

Data is available in two modes:
• Operational  (low latency, rough calibration)
• Science Quality (longer latency, high quality 

calibration)

Level 1b: 30-second averages
Level 2: both 1-minute and 1-day averages



Interface region imaging spectrograph

IRIS obtains UV spectra and images with high resolution in space (0.33-0.4 arcsec), time (1-2s), and wavelength 
(26 and 53 mA).

The IRIS telescope feeds light from three passbands into the spectrograph box: 
• Far Ultraviolet (FUV1): 1331.56–1358.40 Å 
• Far Ultraviolet (FUV2): 1390.00–1406.79 Å 
• Near Ultraviolet (NUV): 2782.56–2833.89 Å

SIST-II September 2019 46
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Sample spectrum from IRIS NUV observation near Mg II h & k
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IRIS Movie of the Day

Lazy Flare
Credit: IRIS, LMSAL/NASA, Juraj Lorincik
The Sun's activity turned up the heat over 
the Easter holiday, with active region 
AR14409 producing a series of flares and 
eruptions. Flares are usually rapid events, 
but on April 4, IRIS caught an M-class flare 
taking its time and unfolding with unusual 
patience. It seems that even the Sun likes to 
slow down over a long weekend.

https://iris.lmsal.com/mod?cmd=view-
pod&pubDate=2026-04-08
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IRIS mosaics
About once per month, IRIS makes a raster 
map of the full disk of the Sun, producing a 
hyperspectral image.

“Hyperspectral” means that there is a 
spectrum at every pixel of the image.

These 174 separate observations take about 
half a day to complete.  

49
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Sample images at wavelengths near Mg II h

50
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IRIS Data access
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https://iris.lmsal.com/



Accessing IRIS data with Python:  irispy
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Solar Irradiance Monitor(s)
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In addition to measuring ultraviolet SSI from the 
chromosphere, climate models need SSI from the 
photosphere.

The Spectral Irradiance Monitor (SIM) on the Solar 
Radiation and Climate Experiment (SORCE) was the first 
instrument to measure both UV and Visible/IR irradiance 
on a daily basis.

Maybe the Sun isn’t really a blackbody with a single temperature….



SORCE SIM  (launched 15 Jan 2003)
• Two channel instrument (duty-cycled for stability corrections)
• Absolute ESR detector (NiP bolometer) 

- First generation (Noise 3 nW @ 40 sec.)
- Diamond substrate
- NiP black absorber
- Kapton thermal link 

• Abs. accuracy: 2-10% wavelength dependent (no-SI validation)

TSIS SIM (launched 15 Dec 2017)
• Three channel instrument 

- For long-term stability validation of duty-cycling
• Absolute ESR detector (NiP bolometer)

- Second gen. (Noise 1.6 nW @ 40 sec.)
- Diamond substrate
- NiP black absorber
- Kapton thermal link

• Abs. accuracy – 0.2 % (SI-traceable validation)

CSIM 6U CubeSat (launched 3 Dec 2018)
 Two channel instrument (duty-cycled)
 Absolute ESR detector (VACNT bolometer) 

- Third gen. (Noise 0.2 nW @ 40 sec.)
- Silicon substrate
- VACNT black absorber
- SiNx thermal link

 200-2400 nm (continuous)
 Abs. accuracy – 0.2 % (SI-traceable validation)

Relative instrument 
size comparison 

10 cm

SORCE SIM

TSIS-1 SIM

CSIM

SIM Evolution

Thanks to E. Richard for these slides.



TSIS

The Total and Spectral Solar 
Irradiance Sensors (TSIS) on ISS



Rotating
Dispersing 

Prism
Bolometer

Focusing
Mirror

Collimating
Mirror

Solar
Entrance

Slit

Photodiodes

Photodiode scan mode 
Fast, high SNR detectors Full spectrum (200-2400nm) in < 30 min.

ESR scan mode
Slow, robust absolute detector
Photodiode channel irradiance calibration, degradation tracking

Solar
Entrance

Slit

Rotating
Dispersing 

Prism

Focusing
Mirror

Collimating
Mirror

Photodiodes

Bolometer

F =220 mm

• “Step and Stare” with the prism 
to take a spectra

• 0.5 seconds per point with 
photodiodes

– Full Spectrum in ~25 minutes

• 10-50 Seconds per point with ESR
– Full range in ~14 orbits

Measured Instrument Line Shape at 532 nm

CSIM Optical Layout: Prism Spectrometer 



Silicon Substrate Vertically Aligned 
Carbon Nanotube (VACNT) Bolometers

Lehman,  et al. Appl. Phys. Rev. 5, 011103 (2018)

VACNTs are currently the best optical absorber

• Developed with NIST Boulder

• Silicon micro fabrication allows a nearly arbitrary 2D 
geometry to be fabricated with micron-level precision

• Conductive traces and integrated heaters can be 
fabricated on silicon

• Weak thermal links can utilize integrated thin SiN
films

Metal 
Layers
100 nm

Thermistor
Wire Bonds

Heater

Thermal Link

375 m Si

2 m SiN

2 m SiN

VACNT

SORCE, TSIS

CSIM, CTIM



CSIM and TSIS Daily Spectra 
Comparison

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

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

NO scaling or offsets applied

TSIS/SIM and Compact SIM observed spectra



Calibration

GOES-R EXIS 59

Measurements of SSI need accurate calibration in order to maintain records over long timespans and to 
allow the creation of composite datasets from multiple instruments.

We use several calibration facilities depending on wavelength and optical configuration.  Here a few that 
were used on the instruments described here.
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Electrons

How to calibrate in the Extreme Ultraviolet?



Surfing!
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All channels of EXIS were calibrated at the Synchrotron Ultraviolet Radiation Facility (SURF-III) at the National 
Institutes of Standards and Technology in Gaithersburg MD, USA.  Preflight uncertainties ~1%
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NIST SIRCUS –> LASP Spectral Radiometer Facility (SRF)
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LASP Spectral Radiometry Facility: Overview

SIRCUS 
Laser 

System

Cryogenic 
Radiometer

SIM

Beam 
Conditioning 

Optics

Turning 
Mirror

Instrument Chamber

Vacuum 
Window

• SIRCUS laser system: 206-3300 nm
• SI-traceable irradiance measurement 

with the cryogenic radiometer
• Single, common vacuum window
• Turning mirror directs light to

• SIRCUS laser system: 206-3300 nm

• SI-traceable irradiance measurement with 
the cryogenic radiometer

• Single, common vacuum window

• Turning mirror directs light to cryogenic 
radiometer or SIM

• Vertically or Horizontally Polarized Light
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LASP Spectral Radiometry Facility: Overview

SIRCUS 
Laser 

System

Cryogenic 
Radiometer

SIM

Beam 
Conditioning 

Optics

Turning 
Mirror

Instrument Chamber

Vacuum 
Window

• SIRCUS laser system: 206-3300 nm
• SI-traceable irradiance measurement 

with the cryogenic radiometer
• Single, common vacuum window
• Turning mirror directs light to 

cryogenic radiometer or SIM
• Vertically or Horizontally Polarized 

Light

• SIRCUS laser system: 206-3300 nm

• SI-traceable irradiance measurement with 
the cryogenic radiometer

• Single, common vacuum window

• Turning mirror directs light to cryogenic 
radiometer or SIM

• Vertically or Horizontally Polarized Light



SIRCUS 
Laser 

System Beam 
Conditioning 

Optics

Vacuum 
Window

Turning 
Mirror

Cryogenic 
Radiometer

Instrument 
Chamber

CSIM 
Instrument

CSIM 
Instrument

Cryogenic Radiometer Uncertainty Budget

LASP SRF End-to-End Uncertainty Budget

I
0
=

DN c( )dcò
AD l

0( )T l
0
, p( )G l

0
, p( )DW c( )

Cryo Measurement
(Static)

CSIM Measurement
(Scanning)

Absolute Irradiance Scale 
(LASP-SRF)
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EXIS Laser Facility (ELF)
The best of both worlds

SURF beam is f/700 (point source)
Solar observations are f/100 (0.5 degree diverging beam).
ELF allows us to map the FOV with an f/100 beam in the UV.



Rocket Underflights
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How to maintain calibration in orbit?  

EUVS bootstrap method will use calibration-free MgII core-to-wing ratio.  See Snow et al. (2019) for issues 
related to degradation.  Current NOAA method will be described in Snow et al. (2024) in preparation.

For EUV and x-rays, it’s not practical to use any onboard source, so we fly an identical instrument on a rocket 
for a simultaneous solar observation.
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Aditya-L1
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Launched a few years ago by the Indian Space 
agency to L1.  Includes an instrument called 
Solar Ultraviolet Imaging Telescope (SUIT).

One of the filters is 280 nm (MgII)

Data is now available to the public.



Summary part 2
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• Instruments that measure chromospheric irradiance

• Geostationary Operational Environmental Satellites
• Interface Region Imaging Spectrograph
• Spectral Irradiance Monitor

• Instrument Calibration 

• Synchrotron for X-ray through ultraviolet
• Lasers for near UV through infra-red
• Rocket Underflights



THANK YOU
Questions on Parts 1 or 2?
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SUVI: Six Bands


