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ABSTRACT 

 

On-board the International Space Station (ISS), the Remote Atmospheric and Ionospheric 

Detection System (RAIDS) is a suite of limb-scanning monitors taking measurements from the 

extreme ultraviolet (EUV) to the near infrared (NIR). A single-scattering Rayleigh model is 

developed to eliminate the scattered brightness below 90 km and an inversion technique is applied 

on limb-scanned radiance profiles at 236.5 nm, NO (0,1) gamma band. The ISS orbit allows 

observations from 7:00 to 16:00 local hours over a one-month period from mid-June to mid-July 

of 2010 and observation of the local-time variation of NO abundance in the lower thermosphere is 

derived. The uniquely stable solar activity during 2010 allows the local time variation of NO to be 

observed with limited influence of solar variability. The comparison with a 1D model shows good 

agreement at altitude above 120 km, suggesting that most of the local time variation of NO is due 

to solar illumination, radiation, chemistry, and vertical diffusion. 

 

Solar soft X-ray is the major driver of the variability observed in the ionospheric and 

thermospheric constituents at the equatorial region. Over the years measurements in these 

wavelengths are scarce and discrepancies lie among the existing data. The Solar Aspect Monitor 

(SAM) is a pinhole camera on the Extreme-ultraviolet Variability Experiment (EVE) flying on the 

Solar Dynamics Observatory (SDO). Every 10 seconds SAM projects the solar disk onto the CCD 

through a metallic filter designed to allow only solar photons shortward of 7 nm to pass. 

Contamination from energetic particles and out-of-band irradiance is, however, present. The 

broadband (BB) technique is developed for isolating the 0.1 to 7 nm integrated irradiance to 

produce broadband irradiance. The results agree with the zeroth-order product from the EUV 

SpectroPhotometer (ESP) with 25% regardless of solar activity level. Active regions in the solar 

atmosphere are tracked by the Apertural Progression Procedure for Light Estimate (APPLE). The 

photon event detection (PED) algorithm takes both BB and APPLE results as prior information to 

extract in-band photons. Applications of the PED products, including solar feature studies and 

spectral resolved irradiance, are demonstrated. 
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1  INTRODUCTION 

 

Over the past few decades, space shuttles, satellites, and rockets have been launched into 

space for various interests and application: climatology, plasma physics, biology, satellite 

positioning, and communication. One of the many reasons is simply out of pure curiosity from 

humanity. Today, commercial space vehicles are being developed in the hope of carrying their 

customers into space [Ryabinkin 2004]. However, space is not empty. Neutral and ionized gases 

exist thousands of kilometers above the surface of Earth. Their existence protects us from fatal 

cosmic rays but these gases also react to the input energy and directly impact the terrestrial life. 

Often severe space weather is caused by the active Sun. How do activities on solar atmosphere 

impact our daily life given that the Sun is 3×1017 km away? The thermal expansion or shrinking 

of the atmosphere, as a result of ambient temperature varying with solar cycle, results in different 

levels of satellite drag, whose magnitude is proportional to the neutral gas density [Emmert et al., 

2010]. During solar flares, the Sun releases intensive energy in all wavelengths. Solar radio burst 

has been observed to impact the performance of ground GPS receivers and result in potential 

failure [Cerruti et al., 2006; Kintner et al., 2007]. The strong induced ground current during 

geomagnetic storm has destroyed power grids and caused large blackouts [Kappenman, 2005]. 

Aviation safety also relies on GPS and high-frequency (HF) communication over the polar region. 

As our life started depending on technical infrastructures in space, space weather has become a 

critical subject of study. The growth of space technology has led to a series of space weather studies 

as we try to understand the mechanism of the entire Sun-Earth system. The Sun-Earth system is 

not a simple subject. It requires a great number of researchers from various disciplines to work 

together. Hand in hand, step by step, scientists from different disciplines, such as heliophysics, 
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plasma physics, atmospheric science, dynamics, and aeronomy continuously develop models and 

carry out experiments trying to explain the phenomenon we see. 

 

Based on the temperature structure from the Earth surface to space, neutral atmosphere is 

categorized into troposphere, stratosphere, mesosphere, thermosphere, and exosphere. Above the 

mesopause (~ 85 km), gas species are ionized by very energetic solar photons or charged particles 

and form the ionosphere, above which lie plasmasphere and magnetosphere. Coexisting at similar 

altitudes are the ionosphere and thermosphere, where the most violent solar energy gets absorbed. 

As a result, temperature increases dramatically from the bottom to the top of the thermosphere. 

Among all the species in the ionosphere/thermosphere system, nitric oxide (NO) plays numerous 

key roles in the lower thermosphere though being a minor constituent. Its production is very 

sensitive to those energy sources able to break the strong bond of molecular nitrogen and its 

concentrations are indicative of energy deposition. Cooling through infrared emission at 5.3 µm, 

NO is a crucial part of the thermospheric energy balance. Given that NO has the lowest ionization 

potential in the chemical reaction chain, NO+ is the terminal ion and dominates the electron density 

in the E-region of the ionosphere where most of its production is by solar soft X-ray and extreme 

ultraviolet (EUV) radiation. It is also present in the D-region where its production is by much 

longer wavelength solar photons, weak but high-flux, of hydrogen Lyman α emission line at 122 

nm. As all of the constituents in the atmosphere, the abundance of NO is determined when the 

production and loss mechanisms reach steady-state equilibrium. If no transport is considered, the 

continuity equation can be written as simple competition between production, P, and loss, L. 

 𝑑𝑛

𝑑𝑡
= 𝑃 − 𝐿 

(1.1) 
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where P and L are results of many chemical reactions and will be further discussed in Chapter 2. 

These reactions are functions of gas density, ambient temperature, and solar radiation. Therefore, 

variation of the NO presence reflects that of the energy input to the atmosphere, including solar 

radiation and participation of energetic particles. Consequently, solar signatures, such as 11-year 

cycles, 27-day rotation, and even as short as flares, can be observed in the NO density. 

 

The important role solar soft X-ray irradiance plays in the NO production was recognized 

in the late 1980s [Barth, et al., 1988]. To explain the coupling between solar activity and the NO 

density at 110 km, it was hypothesized that solar soft X-ray photons between 20 and 100 Å , which 

are absorbed at this altitude, is the cause of the NO variation. Figure 1.1 shows that solar radiation 

at wavelengths shortward of 20 nm and longward of 80 nm is mostly absorbed at the altitudes 

between 100 to 150 km. Using one-dimensional NO model, Siskind et al. [1990] suggested that a 

soft X-ray flux fifty times higher than the value provided by the solar spectrum reference model, 

SC21REFW, for solar minimum condition is needed to better agree with their sounding rocket 

observation. The suggested higher solar soft X-ray flux increases the ionization of molecular 

nitrogen. This idea was later supported by a time-dependent thermospheric model which proved 

that solar soft X-ray is the main driver for the variation of NO density at the equator [Bailey et al., 

2002]. In his dissertation, Yonker [2013] showed photoelectron ionization rate of molecular 

nitrogen, which is the main driver of NO production, at the lower thermosphere is primarily 

dominated by short-wavelength photons with energy greater than 10 keV. On the other hand, at 

the polar region, the effect of solar photons is not as strong as energetic particle participation, 

especially during strong geomagnetic activities. At the polar region, descent of NOx (NO and NO2) 

has been observed. The enhancement of NO abundance due to Joule heating has been observed 
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diffusing to the lower altitudes [Barth et al., 2009, 2010]. After stratospheric sudden warming 

(SSW) events, the NO enhancement at the lower altitudes is unusually strong during vortex 

recovery [Randall et al., 2009]. If NO is transported to the lower altitudes, it is a catalytic destroyer 

of ozone [Solomon et al., 1982]. 

 

 
Figure 1.1. Deposition of solar EUV energy in the thermosphere [Solomon et al., 2005]. 

 

 

The history of solar soft X-ray observation can be traced back to the l960s. Sounding rocket 

measurements opened a page to several satellite-based experiments, including SOLRAD, Orbiting 

Solar Observatory (OSO) [Hall and Hinteregger, 1970; Hall, 1971], the Atmospheric Explorer (AE) 

satellites [Gibson and Van Allen, 1970], SkyLab (1973 – 1979) [Vaiana et al., 1976], and Solar 

Maximum Monitor (SMM) (1980) [Acton et al., 1980; Bohlin et al., 1980]. The Soft X-ray 

Telescope (SXT) on Yohkoh took full-disk images of the Sun between 0.2–3 nm from 1992 to 

2005 [Ogawara et al., 1992]. Soft X-ray irradiance can be estimated with an isothermal spectral 

model and modeled by means of differential emission measure (DEM) [Acton et al., 1999]. The 
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Solar soft X-ray Photometer (SXP) on the Student Nitric Oxide Explorer (SNOE) had several 

broadband channels making daily measurement of solar soft X-ray with bandpasses of 2–7 nm, 6–

19 nm, and 17–20 nm [Bailey et al., 1999, 2006]. Solar Extreme ultraviolet Monitor (SEM) on the 

SOlar and Heliospheric Observatory (SOHO) has continuously measured the solar EUV irradiance 

since 1996 [Judge et al., 1998; Ogawa et al., 1998]. Its zeroth-order channel monitors the full-disk 

solar irradiance from 0.1 to 50 nm, and has a first-order channel measuring the He II 30.4 nm 

irradiance. The NOAA Geostationary Operational Environmental Satellite (GOES) series satellites 

carry X-Ray Sensor (XRS), measuring X-ray flux at 0.05–4 nm and 0.1–0.8 nm. The Solar EUV 

Experiment (SEE) onboard the Thermosphere, Ionosphere, and Mesosphere Energetics and 

Dynamics (TIMED) satellite carries the XUV Photometer System (XPS) and the EUV Grating 

Spectrograph (EGS) to provide daily irradiance of XUV between 0.1 and 35 nm and EUV between 

25 and 200 nm [Woods et al., 1999]. The Solar Radiation and Climate Experiment (SORCE) XPS 

[Woods et al., 2008] is essentially identical to the one on TIMED/SEE. The X-Ray Telescope 

(XRT) on Hinode started taking X-ray images since 2006 [Golub et al., 2007; Kano et al., 2007]. 

Woods et al. [2004] gave a detailed historical account of the spaceborne measurements of solar 

EUV and soft X-ray irradiance. To this date discrepancies still lie among all the soft X-ray data 

sets and models [Solomon et al., 2005]. Theoretical and empirical reference models [Tobiska et 

al., 2010; Warren, 2005; Richards et al., 2006; Chamberlin et al., 2007, 2008] of the solar spectrum 

are therefore established to better assist climate models when measurements are not available; 

however, comparison of modeled atmospheric response using solar measurements with available 

atmospheric data has shown that the soft X-ray may be underestimated in the solar reference 

models and needs to be scaled by a factor of 2 or more [Bailey et al., 2002]. This uncertainty is 
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verified in studies of ion and electron densities for which are created in proportion to the solar 

ionizing irradiance [Solomon et al., 2006]. 

 

Launched in 2010, Solar Dynamics Observatory (SDO) is the first mission of NASA’s 

Living With a Star (LWS) program. The goal of the SDO mission is to understand the solar 

variability and its impact to the terrestrial technology and society. SDO facilitates not only better 

knowledge of heliophysics through studying the evolution of solar magnetic fields and its 

atmosphere but also the connection from solar activities to the life on Earth. The Extreme 

ultraviolet Variability Experiment (EVE), conducted by the Laboratory for Atmospheric and Space 

Physics (LASP), is one of the three instruments on SDO [Hock et al, 2010; Woods et al., 2010]. 

EVE observes the region of solar spectrum which heavily drives the variability of the Earth’s upper 

atmosphere: the extreme ultraviolet (EUV) and the soft X-ray. The Solar Aspect Monitor (SAM) 

is a pinhole camera on EVE. Its bandpass filter is designed to allow photons shortward of 7 nm 

(energy above 180 eV) to be detected. Though SAM is a spare channel, efforts have been put in to 

use its images to resolve solar spectral irradiance, which is the main scope of the second half of 

this study. Details of the SAM instrument are discussed in Chapter 3. The EUV SpectroPhotometer 

(ESP) on EVE, developed at University of South California, is an expanded version of 

SOHO/SEM. It is a non-focusing broadband spectrograph. Its quad-diode (QD) channel produces 

main datasets of broadband soft X-ray irradiance measurements for the EVE science goal 

[Didkovsky et al., 2009]. In this study, broadband irradiance in soft X-ray wavelengths is obtained 

from the SAM images and compared with the ESP zeroth-order QD product. 
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In this dissertation, Chapter 2 focuses on the remote sensing results of NO in the lower 

thermosphere. Data reduction, processing, and analysis are performed on the level 0 data of the 

NO emission line at 237 nm from a limb viewing geometry by the Remote Atmospheric and 

Ionosperic Detection System (RAIDS). This experiment was conducted by the Naval Research 

Laboratory (NRL). The retrieval procedure is developed and the derived local-time variation of 

the NO density is further compared with the 1D thermospheric NO model, NOx1D. Chapter 3 

introduces the techniques developed to obtain solar soft X-ray broadband (BB) irradiance from the 

contaminated level 0b solar images taken by SAM. The validation is performed against the ESP 

measurements and the agreement within 25% is obtained regardless solar activity levels. Further 

in Chapter 4, the Apertural Progression Procedure for Light Estimate (APPLE) studies strength of 

active regions via tracking locations and brightness on the charge-coupled detector (CCD). The 

BB and APPLE results facilitate the photon-event detection (PED) algorithm, with which photon 

events are extracted from the raw images and available for application toward spectral irradiance 

and solar feature studies. 
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CHAPTER 2  Observation of the Local-Time Variation of Nitric 

Oxide Abundance in the Equatorial Lower Thermosphere by the 

Remote Atmospheric and Ionospheric Detection System 

 

 

Abstract 

Observation of the local-time variation of nitric oxide (NO) abundance in the lower thermosphere 

is accomplished by the Remote Atmospheric and Ionospheric Detection System (RAIDS). On-

board the International Space Station (ISS), RAIDS is a suite of limb-scanning monitors taking 

measurements from the extreme ultraviolet (EUV) to the near infrared (NIR). A single-scattering 

Rayleigh model is developed to eliminate the scattered brightness below 90 km and an inversion 

technique is applied on limb-scanned radiance profiles at 236.5 nm, NO (0,1) gamma band. The 

ISS orbit allows observations from 7:00 to 16:00 local hours over a one-month period. The 

uniquely stable solar activity during 2010 allows the local time variation of NO to be observed 

with limited influence of solar variability. The comparison with a 1D model shows good agreement 

at altitude above 120 km, suggesting that most of the local time variation of NO is due to solar 

illumination, radiation, chemistry, and vertical diffusion. 

 

Keywords: nitric oxide, thermosphere, local-time variation, NOx1D 
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2.1 Introduction 

NO plays numerous key roles in the lower thermosphere though being a minor constituent 

there. Its production is very sensitive to those energy sources able to break the strong bond of 

molecular nitrogen and its concentrations are indicative of energy deposition, such as energetic 

particle precipitation [Baker et al., 2001; Barth et al., 2001] and solar soft X-ray [Barth et al., 1988; 

1999; 2003; Barth and Bailey, 2004; Siskind et al., 1990]. Cooling through infrared emission at 

5.3 µm [Mlynczak et al., 2003], NO is a crucial part of the thermospheric energy balance. Given 

that NO has the lowest ionization potential in the chemical reaction chain, NO+ is the terminal ion 

and dominates the electron density in the E-region of the ionosphere. If NO is transported to lower 

altitudes, it is a catalytic destroyer of ozone [Crutzen, 1970; Solomon et al., 1982; Randall et al., 

2009]. As all of the constituents in the atmosphere, the presence of NO and its abundance are 

determined when the production and loss mechanisms reach steady-state equilibrium. Its variation 

reflects that of the energy input into the atmosphere and shows the signature of 11-year solar cycles 

[Kumar et al., 1999], 27-day solar rotation [Barth et al., 1999], and as short as flares [Rodgers et 

al., 2010] and auroral participation that last only a few hours [Baker et al., 2001]. The effect of 

solar soft X-ray on thermospheric NO was first proposed by Siskind et al. [1990], whose work was 

later followed by a time-dependent thermospheric model which proved that solar soft X-ray is the 

main driver for the variation of NO density at the equator [Bailey et al., 2002]. It has been shown 

that photoelectron ionization rate of molecular nitrogen, which is the main driver of NO production, 

at the lower thermosphere is primarily dominated by short-wavelength photons with energy greater 

than 10 keV [Yonker, 2013]. 
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In Section 2.2, we introduce the major processes leading to production and destruction of 

NO. A 1D model is later implemented for the comparison to the observation. The RAIDS mission 

is introduced in Section 2.3. Data reduction and handling are performed on the level 0 data to 

prepare data sets for retrieval. Viewing at lower altitudes, Rayleigh scattering is much brighter 

than the NO emission. A single-scattered Rayleigh model is developed in Section 2.4 to estimate 

the brightness observed below 80 km. The estimate of the uncertainties are discussed in Section 

2.5. Derived from the retrieved NO profiles, the local-time variation of NO from the observation 

and the model at 120–150 km is presented in Section 2.6. Section 2.7 summarizes this study and 

states possible future projects. 

 

 

2.2 Photochemistry of NO and Model NOx1D 

The physics of NO production and loss has long been a topic of study [see Barth, 1992; 

Bailey et al., 2002, and references therein]. It is produced by the oxidation of atomic nitrogen. 

 𝑁( 𝐷2 , 𝑆4 ) + 𝑂2 → 𝑁𝑂 + 𝑂 (R2.1) 

Excited nitrogen, N(2D), is the primary source of NO near the NO peak at around 106 km because 

the oxidation of ground-state nitrogen, N(4S), is inefficient at the temperatures there near 300K, 

but this is no longer the case at higher altitudes where higher temperatures increase the rate of 

N(4S) oxidation much more significantly than that of N(2D). NO is primarily destroyed by the 

cannibalistic reaction (R2.2) and also the charge exchange with O2
+ (R2.3). 

 𝑁𝑂 + 𝑁( 𝑆4 ) → 𝑁2 + 𝑂 (R2.2) 

 𝑁𝑂 + 𝑂2
+ → 𝑁𝑂+ + 𝑂2 (R2.3) 
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A major source of N(4S) is the photodissociation of NO itself by far ultraviolet (FUV) 

sunlight [Minschwaner and Siskind, 1993]. 

 𝑁𝑂 + ℎ𝑣 → 𝑁( 𝑆4 ) + 𝑂 (R2.4) 

Ionization is a crucial process in the formation of NO. Ionization of NO by Lyman-α at 121.6 nm 

is a loss, but subsequent dissociative recombination of NO yields N(2D) which ultimately leads to 

the reformation of NO (R2.5-2.6). As soon as N(2D) is created, NO is created since the reaction 

R2.1 takes less than one second. Ultimately the key to understanding the production of NO is to 

understand the sources of atomic nitrogen and in particular N(2D). 

 𝑁𝑂 + ℎ𝑣 → 𝑁𝑂+ + 𝑒− (R2.5) 

 𝑁𝑂+ + 𝑒− → 𝑁( 𝐷2 ) + 𝑂 (R2.6) 

 

The role of ionized N2 by X-ray ultraviolet (XUV) photons or photoelectrons in the 

production and loss of NO has recently been emphasized [Yonker, 2013]. At the lower 

thermosphere, ionization of N2 is important as the resultant N2
+ can react with atomic oxygen, 

forming NO+ and N(2D). 

 𝑁2
+(𝑋) + 𝑂( 𝑃3 ) → 𝑁𝑂+( 𝛴+1 ) + 𝑁( 𝐷2 ) (R2.7) 

Dissociation of N2 by electrons and photons is important, however since the resultant nitrogen 

atoms contribute to both production and loss of NO and while ionization of N2 through R2.7 leads 

to the production of two NO molecules, ionization turns out to the more important process for 

producing NO. Figure 1.1 in Yonker’s [2013] work summarizes the chain events of this complex 

NO photochemistry at 110 km at the equatorial noon on a typical day close to the maximum of 

solar cycle 22. 
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NOx1D is a one-dimensional time-dependent model that includes transport, neutral and 

ion photochemistry, and vertical eddy and molecular diffusion [Bailey et al., 2002]. Several key 

reaction rate coefficients were updated in this model from its previous versions. Using the GLOW 

model [Solomon et al., 1988; Solomon and Abreu, 1989] to calculate the photoelectron spectrum 

improved the model accuracy because no local approximation in photoelectron calculation had to 

be made. In their study, Bailey et al. [2002] took solar irradiance longward of 20 nm from the 

model of Hinteregger et al. [1981] and applied three different scaling factors to irradiance in 2 – 7 

nm, 7 – 17 nm, and 17 – 20 nm of the same model. Measurements from the Solar soft X-ray 

Photometer (SXP) on the Student Nitric Oxide Explorer (SNOE) are used to determine these three 

scaling factors. 

 

Yonker [2013] updated NO chemistry based on modern lab results into NOx1D and has 

significantly improved our understanding of the NO chemistry and in particular its relationship 

with energy inputs, such as the role of N2(A) in the NO reactions. 

 𝑁2(𝐴) + 𝑂 → 𝑁𝑂 + 𝑁( 𝐷2 ) (R2.8) 

In his work, Yonker [2013] provides parameterization of the N2(A) production rates which can be 

further implemented in various atmospheric models to lower the computational expenses. In this 

paper, NOx1D is driven by the Extreme Ultra-Violet flux model for Aeronomical Calculations 

(EUVAC) solar spectrum, which has 37 wavelength bins of various ranges [Richards et al., 2006]. 

In each bin, the EUV flux is estimated by 

 𝑓𝑖 = 𝑓𝑟𝑒𝑓[1 + 𝐴𝑖(𝑃 − 70)] (2.9) 

where fref is the standard reference spectrum at solar minimum, Ai the scaling coefficient, and P 

the average of the daily and the 81-day mean of F10.7. 
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As predicted by the model, NO abundance at its peak altitude (~110 km) is expected to 

first decrease in the early morning and then increase in several hours. After sunrise, the solar 

optically thin far ultraviolet (FUV) radiation penetrates to and is absorbed at the lower altitudes at 

large solar zenith angles and leads to photodissociation of NO (R2.5). Going toward noon, the 

decrease of solar zenith angle allows the optically thick soft X-ray irradiance to deposit at the lower 

altitude where it rapidly produces N(2D) and thus NO (R2.1). The production due to soft X-ray 

irradiance reaches its maximum from around local noon to 2 PM. As solar zenith angle starts 

increasing, the NO production and its abundance decreases in the afternoon. On the other hand, 

soft X-ray irradiance is absorbed as soon as the atmosphere is sunlit at higher altitudes (~150 km) 

so the increase in production of NO should be observed soon after sunrise. 

 

 

2.3 Observations 

SNOE observed lower thermospheric NO March 11, 1998 through November 5, 2003 and 

has proven the importance and dependence of solar soft X-ray irradiance and auroral activities to 

the production of NO with its measurements [Barth et al., 2003; Barth and Bailey, 2004]. SNOE 

was in a sun-synchronous orbit and therefore was only able to obtain NO densities near 11 AM 

local time. 

 

RAIDS was developed to provide a comprehensive observation of the global 

thermosphere-ionosphere system. It was launched with Kibo Japanese Experiment Module (JEM-

EF) to be onboard the ISS on September 10, 2009. After a period of on-orbit checkout and 

commissioning phase, RAIDS began routine observations on October 23. Carrying three 
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narrowband photometers, three scanning spectrometers and two imaging spectrographs, RAIDS is 

a suite of limb viewing radiance monitors observing the lower thermosphere at wavelengths from 

the extreme ultraviolet (EUV) through the near infrared (NIR). A detailed description of the orbital 

configuration and the instruments is provided by Budzien et al. [2009, 2011]. The middle-

ultraviolet (MUV) spectrometer is an f/5 Ebert-Fastie scan-enabled grating monochromator that 

covers 190 – 317 nm at 1-nm resolution. It operates in two modes: 1) spectrum scanning at fixed 

tangential altitudes and 2) limb scanning at fixed wavelength. In this study, an inverse technique 

is applied to radiance profiles at 236.5 nm, the optically thin NO (0,1) emission, when the data is 

taken at fixed-wavelength mode so that the vertical distribution of NO can be established. Figure 

1 in [Barth and Bailey, 2004] shows the modeled NO density varies with local time: increasing 

after sunrise owing to the solar X-ray illumination at 110 km and decreasing after sunset because 

of absence of the production source and downward transport. ISS orbits around the Earth 15.7 

times a day at altitude of 355 km. Benefited by it, RAIDS was not only able to perform its scientific 

experiments globally but also is the first experiment for several decades that truly observed NO 

profiles at all daytime local hours. Thus, it observes the temperature driven diurnal and seasonal 

variations in NO. However, no limb-scanned observations could be further obtained since late Dec, 

2010 due to a mechanic problem occurring on the rotating platform. Among all scientific 

observations over the period Jan 10, 2010 through Dec 14, 2010, limb-scanning at wavelength of 

236.5 nm in the MUV operation mode shares about 100 days of the time (Figure 12 in Budzien et 

al.’s work [2011]). The brightness measured by the RAIDS limb-viewing mode is used to retrieve 

the NO vertical profile at different latitudes, local sunlit time, and solar zenith angles. 
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Figure 2.1. The MUV experiments are perform in limb-scanning (blue) and spectral (black) modes. Observed 

tangential altitudes show the regular yet different patterns of the mechanically rotating platform combined with 

the wobbling effect by ISS. 

 

 

A software-controlled stepper motor drives the scan platform through a sequence of angles 

for different observation modes. Altitude of the tangential points scanned by RAIDS is determined 

not only by its own rotating platform but also by the ISS activities. The term, tangential altitude, 

is used throughout this paper and is defined as the altitude of the tangential point, where the line 

of sight is perpendicular to the local zenith and whose NO abundance contributes the most for the 

line-of-sight optically thin emission measurements. Any maneuver and astronauts’ activity on ISS 

changes the ISS mass distribution and affect the viewing geometry of the observation. A small 

change in viewing angle at the ISS end could result in a several-kilometer difference in altitude at 

the tangential points. The ISS attitudes, the star tracker attitudes, and the RAIDS data have been 

carefully registered to address the causes of the pointing issue [Budzien et al., 2011]. Figure 2.1 

shows that the wobbling of ISS is modulated onto the limb scans and shapes the envelope of 

tangential altitudes. On the other hand, due to the nature of the ISS orbit and the altitudes where 

the measurements are taken, the raw RAIDS limb-scanned measurements are taken with varying 

altitudinal spacing over a varying altitudinal range. Within a single scan the vertical spacing 
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between two measurement points could be as large as 6 km when the tangential altitude is at 100 

km and 3 km at 300 km. In order to apply Abel inversion, which assumes the atmosphere consists 

of spherically symmetrical layers, the RAIDS measurements have to be re-binned onto a uniform 

grid for the retrieval. Additionally, since the spacecraft keeps moving during the scan, every 

measurement is kilometers away from its previous one. This means even temporally adjacent 

measurements are under different geophysical conditions, such as latitude, longitude, which 

implies local sunlit time, solar zenith angle and solar-input condition. Therefore, great care needs 

to be taken when re-binning the raw measurements. In this study, the data are binned into grids of 

10° in latitude, one hour in sunlit local time, and 10° in solar zenith angle in order to keep 

geophysical condition similar enough in each retrieved profile and to preserve the information of 

a single retrieved vertical profile at a certain tangential location for possible future investigation. 

 

 

2.4 Background Rayleigh-scattered Radiance 

The intensity of the emission at 236.5 nm indicates the abundance of the NO along the line 

of sight and NO column density can be estimated with measured brightness counts by 

 
𝑛𝑁𝑂,𝑐𝑜𝑙 =

𝐵∆𝜆ℎ𝑤𝐹𝑟𝑎𝑦

𝑆𝑇𝑔
 

(2.10) 

where B is the raw brightness counts, S the sensitivity of the spectrometer, ∆λ the full width of half 

maximum, Fray the Rayleigh factor, T the integration period of 0.5 seconds per frame, and the g-

factor estimates the number of emitted photons with the presence of NO. The sensitivity of 6 (count 

per second) / (Rayleighs per Angstrom) is measured and calibrated at 236.5 nm of the MUV 

spectrometer [Stephan et al., 2009; 2011]). The value of g-factor is taken as 2.25 x 106 photons per 

molecule per second [Barth et al., 2003] and Fray is 106 photons per cm2 per second per solid angle. 
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As shown in Figure 2.1, the lowest altitude of each RAIDS limb scan is around 70 – 90 km. The 

main scanning is performed by the RAIDS platform but slight variation of the upper and lower 

boundaries is due to the ISS onboard activities. This lower bound is in the upper mesosphere and 

the lower thermosphere. The dashed line in Figure 2.2 is a sample vertical profile of column 

densities converted from re-binned raw brightness observed by RAIDS. The brightness from the 

Rayleigh scattering obscures the NO measurements below 100 km and needs to be removed. 

Figure 2.3 shows a single-scattered Rayleigh model in the atmosphere with unit solar flux. The 

simulation uses the standard profiles of N2, O2 and O3. Radiance of this type peaks at around 60 

km with slight variation due to solar zenith angle and e-folds above the peak. The magnitude of 

brightness caused by Rayleigh scattering is several orders greater than that from NO. The 

assumption has been made that no brightness below 80 km comes from NO and all the brightness 

below such altitude are subtracted off by scaling the modeled Rayleigh curves accordingly. The 

dashed curve in Figure 2.2 is the corresponding column density profile if Rayleigh-scattered 

radiance were mistreated as NO emission and is the amount that needs to be subtracted from the 

pre-correction column density (dot). After correction, Abel transform is performed onto the 

resulting line-of-sight radiance (solid) for the volume density retrieval of NO. 

 

However, in fact the limb radiance at 236.5 nm does not complete disappear even at 

tangential altitude below 70 km with the moderate amount of NO in the lower thermosphere. 

Figure 2 of the paper by Bailey et al. [2005] has demonstrated for radiance at 215 nm. By 

eliminating all brightness below 80 km we implicitly overestimate the Rayleigh scattering and 

underestimates the NO contribution to the column emission there. In Figure 2.2, the correction 

appears to lower the column density by 8% at around 100 km but does not cause much depletion 
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at the altitudes above 120 km due to the fact that the exponentially folding of the Rayleigh scattered 

radiance drops to 0.1% from 80 km to 120 km and 3.9% from 100 km to 120 km. Therefore, the 

NO abundance above 120 km retrieved from the RAIDS observation in this study represents 

closely to the real atmospheric conditions. 

 

 
Figure 2.2. Vertical profile of NO column density (dash) converted from the raw brightness counts is 

overwhelmed by the Rayleigh-scattered radiance. The Rayleigh contribution is estimated (dash dot) and removed. 

Abel transform is performed onto the resulting vertical profile of line-of-sight radiance (solid) to retrieve volume 

density. 
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Figure 2.3. Modeled Rayleigh-scattered brightness of unit solar flux serves as a multiplier for eliminating its 

effect in the brightness counts at the lower altitudes (< 80 km) in the raw data. The curve representing 90-degree 

solar zenith angle shows when the Chapman approximation fails. 

 

 

2.5 Retrieval and Uncertainties 

If the RAIDS data, d, are binned into m altitudinal grids and the to-be-retrieved NO vertical 

profile, x, is divided into n uniform layers, a geometric matrix, G, is the transfer function relating 

d and x. 

 𝑮𝒎 = 𝒅 (2.11) 

Most of the inversion process involved in geophysics, hydrology, astronomy, and other disciplines 

often experience solving least squares problems that is of particular interest in ill-conditioned or 
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rank-deficient system. As explained in the previous sections, altitudes scanned by RAIDS though 

mostly fall in between 100 – 300 km as in Figure 2.1, they are subject to the ISS operations and at 

times they extend to lower or higher altitudes. Under these circumstances, several altitudinal bins 

likely have zero measurements and make the system ill-conditioned or rank-deficient. To assist 

this matter, an over-determined case is preferred so that the noisiness of the retrieval process due 

to missing data at any altitudinal bins may be minimized. G is then a rectangular matrix instead of 

a square one and the general solution for an over-determined case is simply 

 𝒎 = (𝑮𝑇𝑮)−1𝑮𝑇𝒅 (2.12) 

However, the inverse of 𝑮𝑇𝑮 in Equation 2.12 does not exist when G is not of full column rank. 

Therefore, the singular value decomposition (SVD) is introduced to decompose G into 

 𝑮 = 𝑼𝑺𝑽𝑇 (2.13) 

The generalized inverse of G, G†, which is called Moore-Penrose pseudoinverse, can be computed 

by the compact forms of U, S, and V [Aster et al., 2005]. 

 𝑮† = 𝑽𝑝𝑺𝑝
−1𝑽𝑝

𝑇 (2.14) 

where p refers to first p nonzero singular values in the decomposition. Then, the retrieval is simply 

the multiplication of G† and the observation, d. 

 𝒎† = 𝑮†𝒅 (2.15) 

The uncertainties of each retrieved NO profile come from two sources: the Poisson noise on the 

spectrometer, the retrieval, and the pointing. The Poisson noise on an optical sensor is 

characterized as the square root of the received photon counts. The uncertainty, σ, due to the 

Poisson noise is propagated to the retrieved profile following Equation 2.16. 

 cov(𝒎†) = 𝑮†cov(𝒅)(𝑮†)𝑇 = 𝜎2𝑮†(𝑮†)𝑇 (2.16) 

The 95% confidence interval can be computed performing Equation 2.17. 
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 𝒎† ± 1.96 ∙ diag[cov(𝒎†)]1/2 (2.17) 

Additionally, the potential pointing error is about 0.08 degree whereas the attitude control of ISS 

and the star tracker adds another 0.1 degree to the variance. This uncertainty of 0.18 degree is 

roughly the step size of the rotating platform and equivalent to the vertical spacing between limb 

measurements. The uncertainty from pointing can be estimated by multiplying derivative of the 

vertical NO density by the local altitudinal spacing which varies with altitude. One retrieved NO 

vertical profile is shown in Figure 2.4, where the uncertainties due to the Poisson noise and the 

pointing are included. The magnitude of uncertainty due to the Poisson is considerably small while 

that of pointing can be significant at the lower altitudes below 100 km. 

 

 

2.6 Local-Time Variation of NO 

Due to the characteristics of the ISS orbit, local sunlit time of the observed tangential point 

is coupled with its latitude as ISS orbits around the earth. This wide coverage over latitudes along 

with varying local sunlit hours makes it difficult to conclude any statistically significant seasonal 

variability at a given location. However, because of this, it allows investigating the NO abundance 

in the local atmosphere with different levels of solar irradiance due to varying solar zenith angles. 

In Figure 2.5, the coupled latitudes and local sunlit hours at the limb-scanned tangential points are 

illustrated in two ways with the 13 consecutive days (Jun 11 to Jun 23) of observation: the drifting 

of observed latitudes at the same local hours and observed local hours at certain latitude. 
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Figure 2.4. This sample retrieval of NO vertical profile is carried out by the principles described in Sections 2.4 

and 2.5 at 50°N at 10 AM on May 28, 2010. 

 

 

Great care therefore has been taken to select a temporal window of the available NO 

retrievals to cover all the sunlit local hours which are under similar geophysical conditions. Figure 

2.6 illustrates the idea of the selection. In the top panel, NO abundance at 120 km at the equatorial 

region is plotted with local sunlit hour for days 120 to 220 of year 2010. The strap-like features 

are the signatures of the coupling between local time and latitude as described in Figure 2.5. The 

bottom panel shows the auxiliary indicators for selecting a period of time for local-time study. The 

modeled NO densities are shown in the unit of 106 molecules at two local hours: solid line as noon 
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and dashed line as 2 PM. The daily F10.7 index in blue and the hourly soft X-ray irradiance in red 

are indicative of the solar activity levels. The dashed lines locate the period selected for this study, 

from June 10 to July 9. During this time, the F10.7 index is low and at very similar level while M-

class flares in the early days result in higher soft X-ray irradiance. Though the hourly NO densities 

predicted by NOx1D shows slight seasonal increase over time, it is the best period in 2010 for this 

study factoring in the data availability, solar activities, and the completeness of the data sets. 

 

As the tangential points progress through different geographical locations (latitude, 

longitude, local time), the number of limb-scanned measurements varies from a set of geographical 

grids to another. The number of the available limb scans at each local sunlit hour during the 

selected temporal window (Figure 2.6) is shown in Figure 2.7. It is expected that a smaller number 

of scans correspond to a larger uncertainty if all other statistical conditions hold the same. On the 

other hand, care has to be taken while estimating mean and uncertainties of the observation and 

model. To make the comparison consistent, the modeled NO densities is considered as a data pool. 

Whenever the RAIDS observation is available for a particular time and location, modeled result 

under the same geophysical conditions is pulled out to be examined later. At the end, exactly the 

same number of samples are taken out from the model to draw the statistically significant 

comparison with the observation. RAIDS requires the scattered sunlight as the mean to observe 

the gamma-band emission at 236.5 nm so only the sunlit atmosphere is examined here. Figure 2.8 

shows the comparison of the local-time variation from 7 AM to 4 PM between the RAIDS 

observation and the NOx1D model at the equatorial region (15°S – 15°N). There are only about 

20 retrievals are available at 5 PM, a much smaller number than the rest of the hours (Figure 2.7) 

and resulting in much greater uncertainties, and therefore this local hour is excluded. The 
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uncertainties discussed in Section 5 are estimated and accounted for. A lesser number of profiles, 

such as at 12 and 2 PM, result in greater uncertainties; however, each uncertainty source 

contributes differently at each hour and each altitude where the measurements are taken. Since 

sunrise, NO production through temperature-dependent reaction of ground-state nitrogen and 

impact of photoelectrons to molecular nitrogen starts competing with the loss mechanism by 

photo-dissociation. This results in a gradual increase in NO density at altitude at and above 120 

km. The increase peaks slightly after local noon. In the absence of sunlight, transport becomes the 

most significant loss mechanism. 

 

 

2.7 Summary and Conclusions 

The procedures are developed for retrieval of NO vertical profile from the RAIDS limb 

measurements at 236.5 nm. The ISS orbit allows observation at all the local sunlit hours but limits 

to certain latitudes on a given day. One month window from Jun 10 to July 9, 2010 is selected for 

study of the NO local-time variation. During the sunlit hours, the NO abundance at 120 km first 

decreases and then is followed by a gradual increase. The solar optically thin FUV radiance can 

penetrate to and be absorbed at the lower altitudes even at larger solar zenith angles and thus leads 

to the loss of N(4S) and NO. Going toward noon, the decrease of solar zenith angle allows the 

optically thick solar XUV irradiance to deposit at the lower altitude. When XUV is deposited, 

N(2D) and NO are produced. The production due to XUV reaches its maximum at around local 

noon to 2 PM. As solar zenith angle starts increasing, the NO production and its abundance 

decreases in the afternoon. The comparison between the RAIDS measurements and the NOx1D 
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modeled densities shows good agreement within 50% between 120 and 150 km. This strengthens 

the modern understanding of the thermospheric NO chemistry. 

 

 
Figure 2.5. Illustration of the coupled latitudes and local sunlit hours at the limb-scanned tangential points. The 

consecutive 13-day (Jun 11 to Jun 23) observation shows the drifting of (top) observed latitudes at the same local 

hours (a particular color representing certain a local sunlit hour) and (bottom) observed local hours at certain 

latitude (a particular color representing a certain day). 
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Figure 2.6. The NO abundance at 120 km at the equatorial region is plotted with local sunlit hour for days 120 

to 220 of year 2010 (Top). The strap-like features are the signatures of the coupling between observed local time 

and latitudes. Auxiliary indicators (bottom) for selecting a period of time for local-time study are the modeled 

NO density (black), the F10.7 index (blue) and the soft X-ray irradiance (red). NO density is shown in the unit of 

106 molecules at local noon (solid) and 2 PM (dash). Solar activity level is represented by the radio F10.7 index 

(blue) and the soft X-ray irradiance multiplied by 105 (red). The dashed lines locate the period selected for this 

study, from June 10 to July 9. During this time, the F10.7 index is low and at very similar level while M-class 

flares in the early days result in higher soft X-ray irradiance. Though the hourly NO densities predicted by 

NOx1D shows slight seasonal increase over time, it is the best period in 2010 for this study factoring in the data 

availability, solar activities, and the completeness of the data sets. 
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Figure 2.7. The number of profiles gets averaged for the local-time study at each local sunlit hour. 

 

 

 
Figure 2.8. The local-time variation of NO (black stars) derived from the retrieved NO profiles over the time 

period of June 11 to July 10, 2010. Data shown here cover the measurement around the geomagnetic equator 

(15°S to 15°N). The modeled NO densities by NOx1D (red triangles) appear to agree well with the RAIDS 

observations at the higher altitudes. 
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CHAPTER 3  Soft X-ray irradiance measured by the Solar Aspect 

Monitor on the Solar Dynamic Observatory Extreme ultraviolet 

Variability Experiment 

 

Abstract 

The Solar Aspect Monitor (SAM) is a pinhole camera on the Extreme-ultraviolet Variability 

Experiment (EVE) flying on the Solar Dynamics Observatory. SAM projects the solar disk onto 

the CCD through a metallic filter designed to allow only solar photons shortward of 7 nm to pass. 

Contamination from energetic particles and out-of-band irradiance is, however, present. We 

present a technique for isolating the 0 to 7 nm integrated irradiance from the SAM signal to 

produce broadband irradiance for the time period of the SAM observations. The results of this 

analysis agree with the zeroth-order product from the EUV SpectroPhotometer (ESP) – a separate 

instrument on EVE and has a photodiode measuring the same bandwidth – within 25%. We also 

make comparisons with measurements from the Student Nitric Oxide Explorer (SNOE) Solar X-

ray Photometer (SXP) and the Thermosphere Ionosphere Mesosphere Energetics and Dynamics 

(TIMED) Solar EUV Experiment (SEE) at similar levels of solar activity. We show that the SAM 

broadband results compare well to the other measurements of the 0.1 to 7 nm irradiance. 

 

Keywords: solar irradiance, soft X-ray, XUV 
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3.1  Introduction 

Over the history of solar observation, indices have been developed to characterize solar 

activity level. Sunspot number and the 10.7 cm radio flux (F10.7) are based on the ground 

measurements and therefore are available back in 1818 [SILSO data, Royal Observatory of 

Belgium, Brussels, http://www.sidc.be/silso/home] and 1946 [Tapping, 1987; 2013] respectively. 

With technical challenges of solar monitoring instruments at shorter wavelengths, such as 

ultraviolet and X-ray, to this date uncertainties lie in solar irradiance measured by different 

spacecraft at these wavelengths [Feng et al., 1989; Bailey et al., 2006; BenMoussa et al., 2013; 

Solomon and Qian, 2005]. Solar radiation shortward of 20 nm is mostly absorbed at the altitudes 

between 100 and 150 km and is the major driver to both neutral and ionized atmosphere [Fuller-

Rowell et al., 2004]. Several names have been used interchangeably for this wavelength band, such 

as soft X-ray [Barth et al, 1988], X-ray ultraviolet (XUV) [Fuller-Rowell et al., 2004; Woods et 

al., 2004; 2008], and vacuum ultraviolet (VUV) [Wood et al., 1998]. The EUV and soft X-ray 

radiation is shown to be critical to electron densities in the ionospheric E-region [Sojka et al., 2006; 

Solomon, 2006]. Changes of neutral density have impact on satellite drags and have to be 

considered for the orbit calibration [Emmert et al., 2010]. The important role solar soft X-ray 

irradiance plays in the NO production was recognized in the late 1980s [Barth et al., 1988; Siskind 

et al., 1990].  

 

The history of solar soft X-ray observation can be traced back to the l960s. Sounding rocket 

measurements opened a page to several satellite-based experiments, including SOLRAD, Orbiting 

Solar Observatory (OSO) [Hall and Hinteregger, 1970; Hall, 1971], the Atmospheric Explorer (AE) 

satellites [Gibson and Van Allen, 1970], SkyLab (1973 – 1979) [Vaiana et al., 1976], and Solar 
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Maximum Monitor (SMM) (1980) [Acton et al., 1980; Bohlin et al., 1980]. The Soft X-ray 

Telescope (SXT) on Yohkoh took full-disk images of the Sun between 0.2–3 nm from 1992 to 

2005 [Ogawara et al., 1992]. Soft X-ray irradiance can be estimated with an isothermal spectral 

model and modeled by means of differential emission measure (DEM) [Acton et al., 1999]. The 

Solar soft X-ray Photometer (SXP) on the Student Nitric Oxide Explorer (SNOE) had several 

broadband channels making daily measurement of solar soft X-ray with bandpasses of 2–7 nm, 6–

19 nm, and 17–20 nm [Bailey et al., 1999; 2006]. Solar Extreme ultraviolet Monitor (SEM) on the 

SOlar and Heliospheric Observatory (SOHO) has continuously measured the solar EUV irradiance 

since 1996 [Judge et al., 1998; Ogawa et al., 1998]. Its zeroth-order channel monitors the full-disk 

solar irradiance from 0.1 to 50 nm, and has a first-order channel measuring the He II 30.4 nm 

irradiance. The NOAA Geostationary Operational Environmental Satellite (GOES) series satellites 

carry X-Ray Sensor (XRS), measuring X-ray flux at 0.05–4 nm and 0.1–0.8 nm. The Solar EUV 

Experiment (SEE) onboard the Thermosphere, Ionosphere, and Mesosphere Energetics and 

Dynamics (TIMED) satellite carries the XUV Photometer System (XPS) and the EUV Grating 

Spectrograph (EGS) to provide daily irradiance of XUV between 0.1 and 35 nm and EUV between 

25 and 200 nm [Woods et al., 1999]. The Solar Radiation and Climate Experiment (SORCE) XPS 

[Woods et al., 2008] is essentially identical to the one on TIMED/SEE. The X-Ray Telescope 

(XRT) on Hinode started taking X-ray images since 2006 [Golub et al., 2007; Kano et al., 2008]. 

Woods et al. [2004] gave a detailed historical account of the spaceborne measurements of solar 

EUV and soft X-ray irradiance. To this date discrepancies still lie among all the soft X-ray data 

sets and models [Solomon and Qian, 2005]. Theoretical and empirical reference models [Tobiska 

et al., 2010; Warren, 2005; Richards et al., 2006; Chamberlin et al., 2007, 2008] of the solar 

spectrum are therefore established to better assist climate models when measurements are not 
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available; however, comparison of modeled atmospheric response using solar measurements with 

available atmospheric data has shown that the soft X-ray may be underestimated in the solar 

reference models and needs to be scales by a factor of 2 or more [Bailey et al., 2002]. This 

uncertainty is verified in studies of ion and electron densities for which are created in proportion 

to the solar ionizing irradiance [Solomon et al., 2006]. 

 

Launched in 2010, Solar Dynamics Observatory (SDO) is the first mission of NASA’s 

Living With a Star (LWS) program. The goal of the SDO mission is to understand the solar 

variability and its impact to the terrestrial technology and society. SDO facilitates not only better 

knowledge of heliophysics through studying the evolution of solar magnetic fields and its 

atmosphere but also the connection between solar activities and its terrestrial effects. The Extreme 

ultraviolet Variability Experiment (EVE) is one of the three instruments on SDO [Hock et al, 2010; 

Woods et al., 2010]. EVE measures the soft X-ray and EUV solar spectrum from 0.1–105 nm 

which strongly drives the variability of the Earth’s atmosphere. The Solar Aspect Monitor (SAM) 

is a pinhole camera on EVE. It is designed to image the solar disk with photons shortward of 7 nm 

(energy above 180 eV). Images are taken every 10 seconds. Details of the SAM instrumentation 

are covered in Section 2. The EUV SpectroPhotometer (ESP) on EVE is an expanded version of 

SOHO/SEM. It is a non-focusing broadband spectrograph. Its quad-diode (QD) channel produces 

broadband soft X-ray irradiance measurements in the same spectral band as SAM [Didkovsky et 

al., 2009]. In this study, broadband irradiance in soft X-ray wavelengths is obtained from the SAM 

images and compared with the ESP zeroth-order QD product. 
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3.2 Instrument and Observations 

SAM shares a CCD with one of the Multiple EUV Grating Spectrograph (MEGS-A) on 

EVE [Woods et al., 2010; Hock et al., 2010]. It operates in two modes. In XUV photon-counting 

mode, a Ti/Al/C foil filter is in position to allow photons shortward of 7 nm (>180 eV) to reach 

the detector. Dark measurements are made when the pinhole is covered by a dark filter. This dark 

mode is performed only for about one minute per day during normal operation. SAM operates in 

the XUV mode more than 23 hours a day. 

 

 

Figure 3.1. The pinhole design of SAM. 

 

 

The SAM entrance aperture is a 26 µm diameter pinhole set 32 cm from the CCD. The size 

of a CCD pixel is 15 µm by 15 µm, which gives approximately 15 arcsecond resolution of the 

solar disk. SAM projects the solar disk onto the corner of the CCD where spectral lines from 

MEGS-A are dim. Though few, some MEGS-A photons appear and contaminate the SAM images. 

Because the detector is tilted by 17° (due to the MEGS-A instrument design) relative to the normal 

of the principal axis, projection of the Sun is slightly elliptical with a semi major axis of about 215 

pixels in the E/W direction and a minor axis of about 205 pixels in the N/S direction. The corona 

extends about 50 pixels above the limb surface. For the CCD used on EVE, an electron hole is 
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created when equivalent energy, Esi, of 3.63 eV impacts a CCD pixel and is registered as one data 

number (DN). The calibration shows that the gain of the CCD, G, is 2.47 electrons per DN. The 

conversion from DN to energy simply follows Equation 3.1. 

 𝐸 = 𝐸𝑠𝑖 ∙ 𝐺 ∙ 𝐷𝑁𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 (3.1) 

Dividing the constant, 1239.84, in eV∙nm by the energy, E, in eV, yields wavelength in nm. Units 

of nm, eV, and DN are used interchangeably in the following context. Equation 3.1 should only 

be used for dark-count corrected DN values. The key values used in the data process may be 

referred to in Table 1. Two components contributing to the background dark counts are the 

electronic bias and the thermal noise. Four virtual pixels are placed at the beginning of each CCD 

read-out row and are the indication of charge amplifier signal prior to reading actual CCD pixels. 

The average of these four pixels is obtained and subtracted off from all the pixels of interest in that 

row for ever frame. At the temperature the EVE CCDs operate at, the thermal noise contribution 

is about 3 DN/s with uncertainty of about 2 DN/s. Both of these two terms are relatively small 

compared to the contamination from multiple sources appears at the SAM corner of the CCD. 

 

 
Figure 3.2. The transmission function of SAM. 
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As the goal is to obtain solar irradiance at soft X-ray wavelengths, the XUV filter is 

designed to allow high-energy photons. Thickness of each material of the SAM foil filter is carbon 

of 80 nm, titanium of 320 nm, and aluminum of 200 nm and that of the Si CCD is 45 microns. 

With these parameters, the SAM transmission is modeled using tabulated atomic scattering factors 

[Henke et al., 1993] and shown in Figure 3.2. Sharp edges in transmission are shaped by each 

material: C at around 4.5 nm, Ti from 1.5 to 3 nm, and Al at around 0.7 nm. The declining of 

transmission below 0.5 nm is defined by the silicon absorption of the detector. This response 

function is slightly different than the one in the work presented by Hock et al [2010] due to better 

knowledge of the Si thickness. SAM’s nature of low data counts has led to overwhelming 

contamination from energetic particles with similar energy levels of the designated soft X-ray 

photons. Study of the raw DN counts on the SAM images reveals the semi-diurnal encounter of 

the SDO spacecraft with the particle in the outer (electron) Van Allen radiation belt. Some of these 

particles strike the CCD directly and some cause bremsstrahlung from the supporting material 

around the CCD, resulting in high-DN read-outs on the CCD pixels. The SAM dark filter is in 

position about one minute per day. These 1-minute dark measurements are insufficient to directly 

determine the changing particle environment the spacecraft encounters every 10 seconds. 

Therefore, more involved method has to be performed to remove the particle contribution from the 

measurements. 
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Figure 3.3. A 512x512-pixel area is truncated from a corner of a MEGS-A image along with a 4x512-pixel 

column of virtual pixels from the first pixels of each CCD readout row to form a data set for the SAM data 

analysis. Light is a 320x240 rectangular sunlit area and dark is a 480x160 strip adjacent to light but non-sunlit. 

 

 

Since SAM projects both the solar disk and atmosphere onto a relatively dark corner of the 

MEGS-A CCD, to include any possible flares occurring at the limb and the corona, size of the 

sunlit image taken for the analysis is 320 pixels by 240 pixels from this corner on the MEGS-A 

image. This area is referred to as light in the following context. A narrow strip of non-sunlit area 

below the sunlit rectangle is chosen to be the representation of the particle environment at all times 

for calibration. It is located close enough to the light area so that what is present on this portion of 

the CCD resembles that on light. This area will be hereafter referred to as dark. The size of the 

dark is chosen to be 480 pixels by 160 pixels so that there are the same number (67,200) of pixels 

on both types of images. During nominal science mode, each complete MEGS-A CCD image 

provides as a single SAM light and dark image pair, from which soft X-ray irradiance can be 

obtained using the techniques presented in Section 3. Over 8,000 image pairs as Figure 3.3 are 
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produced in one day of nominal operations. The top panel of Figure 3.4 shows the DN histograms 

of the actual light (red) and dark (black) images which represent most of the non-flaring days. 

When the Sun is quiet, the light and dark distributions lie close together and do not show apparent 

differences below 20 DN and beyond 1000 DN. The non-zero dark distribution is indicative of 

non-photon sources of DN. It is hypothesized that information of the incoming flux lies in the 

difference of the light and dark distribution. Hereafter, unless otherwise specified, the difference 

of the light and dark histograms is simply referred as histogram. 

 

 

3.3 Broadband Irradiance 

Conversion from broadband solar measurements to irradiance requires an instrument 

response function and a solar reference spectrum. Scaling factors are calculated to convert 

measured quantity (either voltage or current) to solar irradiance [Bailey et al., 2006]. Figure 3.1 

shows the modeled transmission function of SAM. The Solar Irradiance Reference Spectra (SIRS) 

for the 2008 Whole Heliosphere Interval (WHI) [Chamberlin et al., 2008; Woods et al., 2009], 

whose spectral resolution is 0.5 nm, is the reference spectrum implemented in this study. The 

broadband SAM measurements in DN is the incoming solar irradiance weighted by the device 

response function. 

 𝐷𝑁 =  𝑚 ∙ 𝑓 ∙ 𝐼𝑠𝑢𝑛 (3.2) 

where m is 3.68×10-9 DN/(W∙m-2) to DN and f is a unit-less weighting factor and is the ratio of the 

weighted solar irradiance by the instrument response function to its non-weighted value. SAM not 

only provides broadband information but energy resolved information also resides in its DN 

histogram. Further investigation of the DN histogram grants knowledge toward obtaining a clean 
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version of broadband irradiance from particle contamination. The goal of this study is to establish 

routines that are able to produce solar irradiance from the SAM images and all the decision are to 

be made based on the information residing in these images. 

 

 

 
Figure 3.4. Examples of DN histograms of 1-day light (red) and dark (black) images, each of which contains 

information of over 8,000 10-second images. The top panel is representative of a typical day of low to medium 

solar activity and the bottom one is an extreme case where a strong flare takes place and the light and dark curves 

are apart all the way toward the high end of the DN distribution. 
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3.3.1 Narrow Bands 

Information of solar irradiance as well as particles resides in the DN histogram, upon which 

fifteen narrow bands are defined to estimate contribution from the Sun and particles. The narrow 

bands were originally defined in wavelength regarding to certain emission lines. Uniform 

digitation in DN however provides finer (coarser) resolution toward shorter (longer) wavelengths. 

Therefore, the narrow bands are defined based on DN and with nonuniform DN range. The 

bandwidth is 100 DN for bands including DN values between 100 and 1,000 and 1,000 DN for 

those including DN values above 1,000. Direct interpretation from integral of a narrow DN range 

to narrowband irradiance creates big uncertainties. These uncertainties can be minimized by taking 

the difference of integrals of two broader bands of different DN ranges as in Equation 3.3. 

 
𝐼𝑁𝐵𝑖

= 𝐾 [
∑ 𝑝(15 ≤ 𝑗 < 𝐷𝑁𝑖,ℎ𝑖𝑔ℎ)𝑗

𝑓𝑖,ℎ𝑖𝑔ℎ
−

∑ 𝑝(15 ≤ 𝑗 < 𝐷𝑁𝑖,𝑙𝑜𝑤)𝑗

𝑓𝑖,𝑙𝑜𝑤
] 

(3.3) 

The numerator of each term in the square bracket is the integrals of pixel values, p, from 15 DN to 

the upper limits, DNi,low and DNi,high, which form the narrow band. The denominator, f, is the 

weighting factor as in Equation 3.2 obtained for the designated DN range and K, 2.72×10-10 

W∙m^2/DN, is the reciprocal of m in Equation 3.2. As an example, narrowband #1 is the difference 

of the integrals from 15 DN to 16383 DN (DN1,high) and from 15 DN to 6999 DN (DN1,low). Fifteen 

narrow bands are tabulated in Table 1. According to the WHI quiet-Sun spectrum, about 73% of 

the solar irradiance shortward of 7 nm lies between 2–7 nm (bands 14 and 15) where SAM is 

insensitive to. The fraction drops quickly to insignificance toward shorter wavelengths. Yet 

significant amount of energy is released from shortward of 2 nm when the Sun is flaring. Figure 

3.5 shows the correlation of these narrow bands with the GOES XRS A (0.5–4 Å , XRS B (1–8 Å ), 

F10.7, and the raw SAM broadband irradiance itself. Year-long data of 2011 (dot), 2012 (dash), 

and 2013 (dash dot) as well as the four-year data set from 2010 to 2013 (solid) are presented. The 
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correlation with the GOES data is only performed during the active days, when the X-ray level is 

above 10-6 W∙m-2 in 1–8 Å  or above 10-7 W∙m-2 in 0.5–4 Å , as GOES XRS is designed to be highly 

sensitive to solar X-ray flux. Exiting from its minimum, the Sun did not have many flares and the 

GOES XRS channels were low in 2010 so the 2010 correlation curves are not presented. Shaded 

areas indicate the overlapping wavelength ranges with GOES XRS-A (orange) and XRS-B (blue) 

and out-of-band wavelength range (green) with the assumption that energy of one photon is totally 

absorbed by one pixel. Figure 3.5 indicates: 1) high correlation between bands 1–8 and the GOES 

irradiance; 2) high correlation between bands 10–15 with F10.7; and 3) decreasing correlation 

between narrow bands and broadband irradiance toward longer wavelengths. In other words, the 

variability of the shorter-wavelength bands dominates that of the broadband irradiance. Though 

not shown in Figure 3.5, the 2010 data have similar trend with F10.7 as the other years but opposite 

trend with the GOES channels. Thus, a flaring component of the solar irradiance or particle 

contribution may be characterized by shorter-wavelength bands whereas a quiet component by 

longer-wavelength bands. Study of the narrow bands helps develop the procedure to remove 

particle contamination in the following sections. 

 

 

3.3.2 One-component Method 

Though the best knowledge of dark from calibration is subtracted previously, particle 

contamination appears in all DN levels as the result of SDO’s encounter with the radiation belt 

semi-diurnally in its geosynchronous orbit. Regardless the solar activity levels, the enhancement 

of the received signal brought by particles is close to 10 times more variable than and overwhelms 

the true solar irradiance. This effect is more significant at the higher-energy end of the SAM 
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wavelength range where solar variability is high. Only during flares does solar flux at these high-

DN values rise above the noise level as shown in the bottom panel of Figure 3.4. In our analysis a 

histogram is obtained at every 10 second time step. In the one-component method, a component in 

the solar irradiance is assumed to correlate with the F10.7 index as shown in Figure 3.5 and that 

the raw irradiance, Ir, converted from total DN by Equation 2 can be expressed as a combination 

of contributions from true solar irradiance, Is, and particle contamination, sp, as Equation 4. 

 𝐼𝑟 = 𝐼𝑠,1−𝑐𝑜𝑚𝑝 + 𝑠𝑝,1−𝑐𝑜𝑚𝑝 (3.4) 

The terms with subscript, 1-comp, are to be distinguished from the later-introduced two-

component terms. The raw irradiance is the broadband signal obtained by integrating all the pixels 

of above 15 DN except the saturated ones. Shown in Figure 3.5, bands 1–6 at the highest-energy 

end have low correlation (< 0.2) with the F10.7 index and are selected to represent the variability 

of the particle term. Equation 4 is rewritten into Equation 5. 

 𝐼𝐵𝐵 = 𝐼𝑠,1−𝑐𝑜𝑚𝑝 + 𝐴 ∙ 𝐼𝑁𝐵1−6 (3.5) 

The left-hand term, noted BB for broadband, is essentially the summation of all the narrow bands 

1–15 and is the broadband irradiance from 0.01 to 7 nm. The coefficient, A, is a multiplier to 

represent the variability characterized by the narrowband measurements. It is not measureable and 

can only be estimated. Given the raw broadband and narrowband measurements, each value of A 

corresponds to a new Is,1-comp, as Equation 5. If A is greater than one, it indicates a fraction of total 

irradiance in the rest of the bands process similar variability as due to particles. If A is less than 

one, a fraction of the bands selected to represent particles is rather subject to solar flux. The 

estimation of A is performed by substituting various values for A until a maximal correlation 

between the resulting solar term, ss,1-comp, and the F10.7 index is reached. Since F10.7 is a daily 

index, daily averages of broadband and narrowband measurements over certain period of time are 
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taken to form IBB and INB1-6. Data studied include dates from May 15 (day 135), 2010 to Dec 31, 

2013, providing 1327 daily and 31,848 hourly data. Out of these four years, the Sun is most active 

in 2011 and quietest in 2010. Estimates of coefficients A and B are obtained for all individual 

years with year-long data as well as all four-year data. The comparison among one-year and four-

year is illustrated in Figure 3.6. The greater-than-unity one-component estimates of A for all 

individual years suggest the likelihood of particle contribution to bands 7–15 and the variation of 

the estimates indicates partial inclusion of solar irradiance in the particle term. The estimate of A 

derived from four-year data (thick dashed line) is 1.52 and the corresponding correlation between 

solar component, Is, and F10.7 is 0.86. 

 
Figure 3.5. Correlation between each narrow band and the GOES 1–8 A (top left), 0.5–1 A (top right), F10.7 

(bottom left), and the SAM broadband irradiance. Year-long data of 2011 (dot), 2012 (dash), and 2013 (dash 

dot) as well as the four-year data set from 2010 to 2013 (solid) are presented in the figures. Note that the 

correlation with the GOES data is only performed during the active days, when the X-ray level is above 1e-6 

W/m^2 in 1-8 A or above 1e-7 W/m^2 in 0.5-4 A, as GOES XRS is designed to be highly sensitive to solar X-

ray flux, which is the reason the 2010 data are not included in this comparison. Shaded areas indicate the 

overlapping wavelength ranges with GOES XRS-A (orange) and XRS-B (blue) and out-of-band wavelength 
range (green) with the assumption that energy of one photon is totally absorbed by one pixel. 
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Table 3.1. Definition of narrow bands – upper and lower limits in DN, energy, and wavelength. To minimize the 

uncertainties caused by assuming energy of one photon is completely absorbed by one pixel, signal strength of 

a narrow band is determined by the difference of that of two broad bands. 

Band 

i 

DN Energy* [keV] 

Wavelength* 

[nm] 
NBi = BBi – BBi+1 

= 
∑ 𝑠𝑚𝑖

𝑓𝑖
−

∑ 𝑠𝑚𝑖+1

𝑓𝑖+1
 

% Note min max From To From To 

1 7000 16383 62.76 146.89 8.4e-3 2.0e-2 

∑ 𝑝15−16383

𝑓1

−
∑ 𝑝15−6999

𝑓2

 
** p 

2 6000 6999 53.80 62.76 2.0e-2 2.3e-2 

∑ 𝑝15−6999

𝑓2

−
∑ 𝑝15−5999

𝑓3

 
** p 

3 5000 5999 44.83 53.80 2.3e-2 2.8e-2 

∑ 𝑝15−5999

𝑓3

−
∑ 𝑝15−4999

𝑓4

 
** p 

4 4000 4999 35.86 44.83 2.8e-2 3.5e-2 

∑ 𝑝15−4999

𝑓4

−
∑ 𝑝15−3999

𝑓5

 
** p 

5 3000 3999 26.90 35.86 3.5e-2 4.6e-2 

∑ 𝑝15−3999

𝑓5

−
∑ 𝑝15−2999

𝑓6

 
** p 

6 2000 2999 17.93 26.90 4.6e-2 6.9e-2 

∑ 𝑝15−2999

𝑓6

−
∑ 𝑝15−1999

𝑓7

 
** p, f 

7 1000 1999 8.97 17.93 6.9e-2 1.4e-1 

∑ 𝑝15−1999

𝑓7

−
∑ 𝑝15−999

𝑓8

 
** f 

8 500 999 4.48 8.97 1.4e-1 2.8e-1 

∑ 𝑝15−999

𝑓8

−
∑ 𝑝15−499

𝑓9

 
** f 

9 400 499 3.59 4.48 2.8e-1 3.5e-1 

∑ 𝑝15−499

𝑓9

−
∑ 𝑝15−399

𝑓10

 
**  

10 300 399 2.69 3.59 3.5e-1 4.6e-1 

∑ 𝑝15−399

𝑓10

−
∑ 𝑝15−299

𝑓11

 
~10-3  

11 200 299 1.79 2.69 4.6e-1 6.9e-1 

∑ 𝑝15−299

𝑓11

−
∑ 𝑝15−199

𝑓12

 
0.1  

12 100 199 0.90 1.79 6.9e-1 1.4 

∑ 𝑝15−199

𝑓12

−
∑ 𝑝15−99

𝑓13

 
2.1  

13 50 99 0.45 0.90 1.38 2.77 

∑ 𝑝15−99

𝑓13

−
∑ 𝑝15−49

𝑓14

 
24.6  

14 20 49 0.18 0.45 2.77 6.91 

∑ 𝑝15−49

𝑓14

−
∑ 𝑝15−19

𝑓15

 
73.0  

15 15 19 0.13 0.18 6.91 9.22 

∑ 𝑝15−19

𝑓16

 
  

*The conversion from DN to energy and wavelength is performed under the assumption that energy of a 

photon is completely absorbed by a pixel. 

**Fraction is too small to be accurately accounted for due to model constrains. 
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3.3.3 Two-component Method 

Solar irradiance is known to have different degrees of variability at different wavelengths 

as the solar flux originates at various regions in the solar atmosphere: factors of hundreds in hard 

X-ray, tens in soft X-ray, and 2 in EUV [Woods et al., 2004]. Solar models and proxies are often 

built acknowledging the difference in variability. For instance, the flare component is modeled 

separately and added to the daily background irradiance in the Flare Irradiance Spectral Model 

[Chamberlin et al., 2007, 2008] and a hot component (flare) is separated from the cold component 

(background) in the broadband measurements to construct a proxy for GOES XRS [Hock et al., 

2013]. Therefore, the assumption of one single solar component in the SAM measurements as 

profiled in Equation 4 varying with F10.7 is likely not sophisticated enough though it is shown to 

remove some particle contamination as the first step. Two components, quiet sq and active sa, 

forming the solar term, Is,2-comp are introduced to represent the variability of quiet and active solar 

irradiance respectively as in Equation 6. 

 𝐼𝑟 = 𝐼𝑠,2−𝑐𝑜𝑚𝑝 + 𝑠𝑝,2−𝑐𝑜𝑚𝑝 = 𝐼𝑞 + 𝐼𝑎 + 𝑠𝑝,2−𝑐𝑜𝑚𝑝 (3.6) 

Bands 1–6 still represent the particle term here as in the one-component method. In the process of 

building key criteria the GOES 1–8 Å  is the main data set that will be compared to and based on 

for flaring condition since it is the channel NOAA currently uses to classify flares. The shortest-

wavelength bands (up to band 6) within the narrow wavelength range of 0.5 Å  have similarly high 

correlation with the GOES irradiance likely because they belong to similar groups of emissions. 

High correlation with GOES is the reason why bands 6–8 are selected to characterize the variability 

of the active component in solar irradiance and substitute for Ia at the right side of Equation 6 with 

a coefficient B. Bands are marked with ‘p’ and ‘f’ in Table 1 to indicate their roles in the analysis. 
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Similarly, in the two-component method Equation 6 is rewritten into Equation 7 with terms 

substituted by broadband and narrowband measurements. 

 𝐼𝐵𝐵 = 𝐼𝑞 + 𝐵 ∙ 𝐼𝑁𝐵6−8
+ 𝐴 ∙ 𝐼𝑁𝐵1−6

 (3.7) 

The inclusion of band 6 in both active and particle terms allows it to contribute as a particle channel 

but reserve its accountability for solar photons during flares. A 2D search grid is performed to find 

the optimal combination of A and B which result in the maximal correlation between Iq and F10.7. 

The two-component approach gives A of 1.08, B of 0.86, and the highest correlation found 

between Iq and F10.7 index is 0.88. Results of the one-component and two-component methods 

are listed in Table 2. 

 

Table 3.2. Values of A and B are obtained by maximizing correlation between solar components with F10.7. 

Method 1-component 2-component 

Coefficient A Correlation. of ss,1-comp with F10.7 A B Correlation of sq with F10.7 

Value 1.52 0.86 1.08 0.86 0.88 

 

 

Both methods estimate the amount of particle contribution to be removed by obtaining 

maximal correlation between the solar components (the quiet component in two-component case) 

with F10.7 and reserving their products with the coefficients A and B. The higher value A and B, 

the lower contribution are due to particles. With only one term representing the solar contribution 

in the received signal, the one-component estimate of irradiance, Is,1-comp, consists of both quiet 

and active parts of the true solar irradiance. On the other hand, the two-component method 

produces a quiet component, Iq, and an active component, Ia, which together construct the estimate 

of broadband irradiance, Is,2-comp. It is worth noting here that Is,2-comp is not necessarily equal to Is,1-
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comp. Different values of A are found in these two approaches: 1.52 for the one-component case and 

1.08 for the two-component case; hence, the magnitude of the signal subtracted from the raw data 

is higher in one-component method than in two-component method. Even though higher level of 

particle contribution, Ip, is subtracted in the one-component case, the resulting solar irradiance, Is,1-

comp, is not as quiet as the quiet component, Iq, obtained using two-component method as depicted 

in the top left panel in Figure 3.7. The slope of the dashed line in the plot is one. The benefits of 

including an active term in the two-component approach are: 1) it takes back certain fraction of 

the raw signal that is taken away as particle contribution by the one-component approach and 

preserves the highly variable portion of the irradiance during flares; 2) it also results in a quieter 

component, Iq, that is closer to the particle-free condition than Is,1-comp. On the other hand, the one-

component irradiance, Is,1-comp, contains both quiet and active parts of the solar irradiance though 

it does not fully capture as high irradiance on the active days nor reach as low at quiet conditions. 

These two estimates of the solar irradiance are compared using the quantity, D, defined in Equation 

3.8. In the top right panel of Figure 3.7, this difference of Is,2-comp from Is,1-comp shows that solar 

irradiance can be either over-estimated by the two-component method or under-estimated by the 

one-component method at low solar activities (F10.7 < 100). 

 
𝐷 =

(𝐼𝑠,2−𝑐𝑜𝑚𝑝 − 𝐼𝑠,1−𝑐𝑜𝑚𝑝)

𝐼𝑠,1−𝑐𝑜𝑚𝑝
=

(𝐼𝑞 + 𝐼𝑎 − 𝐼𝑠,1−𝑐𝑜𝑚𝑝)

𝐼𝑠,1−𝑐𝑜𝑚𝑝
 

(3.8) 

In the comparison with the GOES level, variability of Is,1-comp scatters and even falls back down to 

lower than 2 at high solar activity level while it is not expected to (bottom left panel of Figure 3.7) 

and that of  Is,2-comp is higher even with no apparent X-ray activities (bottom right panel). This 

reveals the possible issue of underestimation by the one-component method at high solar activities 

(GOES > 1e-6) and overestimation by the two-component method at low solar activities (GOES 
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< 1e-6). Therefore, we hypothesize that one-component estimate of solar irradiance should be 

adopted during lower solar activities and two-component estimate during higher solar activities. 

 

 

3.3.4 A Hybrid Method 

It has been shown that the one-component (two-component) method provides better 

broadband estimate at lower (higher) activities. The nonlinearity of the SAM data counts with 

respect to GOES 1–8 nm measurements is also presented in [Hock et al., 2013]. A hybrid approach 

has to take place to determine the set of coefficients, A or A/B, to be applied to the measurements 

according to the solar activity level so that the one-component coefficient is used on lower-activity 

days and the two-component coefficients for higher-activity days. Criteria of estimating solar 

activity level need to be established to help the program decide which sets of parameters to be 

applied and implemented in the future data production so that the broadband irradiance can be 

retrieved solely upon the SAM data in the entire process. Relationship of several quantities and 

the GOES X-ray irradiance are therefore examined. These include: a) one-component estimate, 

Is,1-comp, b) quiet component, Iq, from two-component method, c) difference between Is,1-comp and Iq, 

the components upon which the correlation coefficients are calculated, d) daily mean (Mean) of 

the active component, Ia, e) standard deviation (Stddev) of the active component, and f) degree of 

variation defined as the ratio of standard deviation to mean of the active component. In Figure 3.8, 

four quadrants are defined in four panels as those quantities increase with the GOES level. 

Thresholds (dashed lines) are set to capture the C-class flares and above in the first quadrant, where 

the two-component coefficients are to be applied to the data of those flaring days. Data points 

falling in the fourth quadrant indicate the active day that will not get recognized and those falling 
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in the second quadrant are identified as the active days while GOES shows lower X-ray irradiance. 

All of the quantities that are examined except the variability of Ia generally serve as good indicators 

for solar activity level and with slight differences each misses less than 5 flaring days. The criterion 

based on standard deviation of the active component is the best among all selected to be utilized 

in the process. When the standard deviation of Ia is greater than 5×10-4, a day is considered active 

and the two-component coefficients are employed. Otherwise, the one-component estimate is 

provided. Four years of the broadband derived from the SAM images are compared to the ESP 

irradiance in Figure 3.9. Hourly average of irradiance is shown with dots and daily average with 

asterisks in panel (a). The green squares indicate the days considered as active by the criteria and 

the 2-component coefficients are applied. The diamonds are color-coded to indicate the flare 

strength on the particular days: C class in blue, M class in orange, and above X class in red. The 

daily soft X-ray irradiance does not necessarily correlate with the GOES flare class, which is 

defined as the peak value of its one-minute measurements within one day span. The scatter plot in 

panel (b) shows that the ratio of the SAM to ESP irradiance is not a function of the ESP irradiance. 

The use of the 2010–2014 data as an entire data set implicitly emphasizes more on the variability 

of active component but particle contribution (one quiet year versus three active years). Therefore, 

the estimated SAM irradiance is higher (a factor of 2) than the ESP value in 2010. This effect is 

also seen from the difference between the coefficients obtained for the individual years and all 

four years in Figure 3.6. Overall, the SAM/ESP ratio from 2010 to 2014 is close to one. Of all the 

31,848 hours studied, the SAM/ESP ratio has a mean of 1.07 and a standard deviation of 0.28. 

Orange shades beneath the black curve in panel (c) mark the days considered active by the 

procedure. Clearly the criteria based on the active component has successfully identified the flare 

days and the procedure properly applies the better set of the coefficients to estimate the irradiance. 
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Figure 3.6. The one-component estimates of coefficient A (left) are greater than unity (thin dash) for all individual 

years while the two-component ones (middle) are less than unity with the introduction of coefficient B (right). 

Year 2010 is the only year whose one-component estimate of A is greater than the four-year estimate (thick dash). 
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Figure 3.7. Comparison of products of the one-component and two-component methods. Two-component 

method provides two solar terms, Iq and Ia, whereas one-component method produces only one solar component, 

Is, which contains partial irradiance of the active Sun and is higher than that of the two-component quiet 

irradiance as shown in panel (a). In panel (b), the difference between the one-component and two-component 

estimates is higher at low solar activities (F10.7 < 100). While compared with the GOES level, variability of Is,1-

comp scatters and even falls back down to lower than 2 at high solar activity level as shown in panel (c) and that 

of  Is,2-comp is higher even without apparent X-ray activities in panel (d). 
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Figure 3.8. Relationship of several quantities and the GOES XRS irradiance is examined to help determine the criteria for applying proper sets of coefficients. 

Quantities examined include: extracted solar component, Is, from one-component method (red) and quiet-Sun component, Iq, from two-component method 

(blue) shown in panel (a); difference between the two in panel (b); daily mean of the active component, Ia, as in Equation 4 in panel (d); 5) standard 

deviation of Ia in panel (e), and degree of variation defined as its ratio of standard deviation to mean of in panel (f). The quieter components has little 

correlation with the difference between each other as shown in panel (c). Four quadrants are defined by two dashed lines in the comparison with the GOES 

X-ray data. The right-hand side of the vertical line indicates C-class and above flares. The horizontal line is determined to define the first quadrant being 

able to capture the flare condition when two-component coefficients should be applied.
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Figure 3.9. Comparison of broadband irradiance from SAM and ESP is illustrated. (a) Hourly irradiance is shown 

with dots and daily mean with asterisks. The green squares indicate the days recognized as active and the 2-

component coefficients are applied. The diamonds are color-coded to indicate the flare strength on the particular 

days: C class in blue, M class in orange, and X class in red. The daily soft X-ray irradiance does not necessarily 

correlate with the GOES flare class, which is defined as the peak value of its one-minute measurements within 

one day span. Data points are fitted with a line (red), which is close to the X = Y line (blue). (b) The scatter plot 

shows that the ratio of the SAM to ESP irradiance is not a function of the ESP irradiance. (c) The hourly (red 

dots) and daily (black) ratio from 2010 to 2014 is close to one. When standard deviation of sa reaches 5×10-4, a 

day is considered active. Orange shades mark those days beneath the daily curve. (d) Of all the 31,848 hours 

studied, the SAM/ESP ratio has a mean of 1.07 and a standard deviation of 0.28. 
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Several sources contribute to the uncertainties in the proposed approaches. The DN cut-off 

between two bands implicitly assumes that the corresponding DN at both ends of the range of 

interest is contributed by one photon while using the reference spectrum to determine the scaling 

factors. As broad bands are selected to mitigate this issue, the effect is insignificant as the 

difference among scaling factors is less than a fraction of one tenth percent from the average for 

the bands used in the analysis. The major uncertainties come from obtaining values of A and B 

through correlating one solar component with the F10.7 index in the process of particle 

contamination removal. They can be estimated by performing the same analysis on each year’s 

data, which maximally changes the value of A by 20% and 50% in the one-component case and 

the value of B by 55%. The most deviated values of A and B obtained from the one-year data from 

those obtained from the four-year data occur when the one-component method is performed on the 

most active year (2011) and the two-component method is performed on the quietest year (2010). 

This is expected as it is pointed out that the two-component method provides better estimate at the 

high solar activity levels and the one-component method at the low solar activity levels. Overall, 

the changes of the values of A and B can vary the irradiance product by 30% and 20% respectively 

in the one-component and two-component cases. The estimate of these uncertainties is 

compromised to 27% with the introduction of the hybrid method. The rest of the uncertainty 

sources including thermal noise and dark counts total about 3 DN, which is considered negligible 

to the end irradiance estimate. 
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3.3.5 Broadband Irradiance of 2014 

The procedure of retrieving broadband solar soft X-ray irradiance from the SAM images 

has been demonstrated and the comparison with the ESP irradiance shows good agreement 

regardless of solar activity levels. The key coefficients established from the analysis are listed in 

Table 3.2 and are performed on the data of the first seventy days of 2014 to estimate hourly soft 

X-ray irradiance on a day-to-day basis. Solar activity level is judged by the estimated value of 

Equation 9c. On the lower activity days (𝐼𝑎
∗ < 5 × 10−4), the estimate irradiance takes the value 

of 𝐼𝑠,1−𝑐𝑜𝑚𝑝
∗ ; on the higher activity days (𝐼𝑎

∗ ≥ 5 × 10−4), it takes the 2-component estimate, 

𝐼𝑠,2−𝑐𝑜𝑚𝑝
∗ , instead. The estimated quantities that the parameters in Table 3 are applied to are marked 

with asterisks to distinguish from those obtained during data analysis. Currently broadband 

irradiance is produced daily by these principles in one-hour and one-day cadence. 

 𝐼𝑠,1−𝑐𝑜𝑚𝑝
∗ = 𝐼𝐵𝐵 − 𝐴1−𝑐𝑜𝑚𝑝 ∙ 𝐼𝑁𝐵1−6  (when 𝐼𝑎

∗ < 5 × 10−4) (3.9a) 

 𝐼𝑠,2−𝑐𝑜𝑚𝑝
∗ = 𝐼𝐵𝐵 − 𝐴2−𝑐𝑜𝑚𝑝 ∙ 𝐼𝑁𝐵1−6  (when 𝐼𝑎

∗ ≥ 5 × 10−4) (3.9b) 

 𝐼𝑎
∗ = 𝐵 ∙ 𝐼𝑁𝐵6−8 (3.9c) 

 

The broadband irradiance from the SAM images of the first seventy days of 2014 is 

processed based on the parameters we established and all the decision-making is performed solely 

based on the SAM data. The results are compared with the ESP measurement in Figures 3.10 and 

3.11. The orange bars at the bottom of Figure 3.10 indicate the days when the criteria of high solar 

activities are reached. Two sets of dashed lines indicate the 25% (inner) and 50% (outer) difference 

between the SAM and ESP irradiance are drawn in Figure 3.11. The green squares indicate the 

flaring days recognized by the procedure when the standard deviation of the active solar 

component is above 5×10-4 W/m2. Most of the data points reside in the 25% region. 
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Figure 3.10. The broadband irradiance from the SAM images of the first seventy days of 2014 is processed using 

the parameters learned from the four-year data. All the criteria are determined solely on the SAM data. The 

orange bars at the bottom indicate the days when the criteria of high solar activities are reached. 

 

 

 
Figure 3.11. Estimated daily (asterisk) and hourly (dot) irradiance for the first seventy days of 2014 is presented. 

Two sets of dashed lines indicate the 25% (inner) and 50% (outer) difference between the SAM and ESP 

irradiance. Green squares indicate the days recognized as active ones by the procedure. Most of the data points 
reside within the 25% region. The hybrid approach successfully recognizes the active days and the 2-component 

coefficients are applied to improve the estimated irradiance that would otherwise falls outside of the 25% region. 
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3.4 Summary and Conclusions 

By treating an array of CCD pixels as a collective photon detector, it is shown possible to 

determine the broadband solar soft X-ray irradiance with the SAM images. Two slices of the SAM 

images, marked as light and dark, are used in the analysis for the sunlit and non-sunlit areas of the 

image. The difference of the light and dark histograms is integrated and converted to raw 

broadband signal. The one-component method uses a single solar term to represent the solar 

contribution in the raw signal while the two-component method adepts a quiet and an active solar 

terms. Fifteen SAM narrow bands are defined and several of them are selected as the particle or 

flare indicators. The coefficients associated to the particle and solar terms are estimated through a 

process searching for the highest correlation between the relatively quiet component and F10.7. 

The one-component estimate of the irradiance does better at lower solar activities while the two-

component estimate is better at higher solar activities. A criterion based on the level of the 

extracted active solar component is therefore set as an indicator to help select either the one-

component or two-component irradiance according to the estimated solar activity level. The 

resulting parameters and criteria from the first four years of data are then applied to the 2014 data 

and no measurements from other instruments are required further on. The comparison of the 2014 

SAM and ESP irradiance shows good agreement within 25% under all solar conditions. 

 

History of broadband solar soft X-ray measurements are presented in Figure 3.12 with 

SNOE (1998–2003), SOHO/SEM (1996–present), TIME/SEE (2002–present), SDO/EVE/SAM 

(2010–present), and SDO/EVE/ESP (2010–present). The SOHO/SEM soft X-ray irradiance is 

interpreted from its broadband measurement between 0.1 to 50 nm [Wieman, personal 

communication]. Though SAM and ESP are fundamentally different types of instruments, we have 
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shown that the broadband soft X-ray irradiance derived from the SAM images agree with the ESP 

quad-diode measurements within 25%. It is clearly that SAM as an imager is also a valid solar 

irradiance monitor in soft X-ray. The latency for the data production is one day and the cadence of 

the broadband product can be as short as 10 s. The estimate of broadband soft X-ray irradiance 

may be further improved by implementation of more sophisticated estimators taking the 

parameters determined in this paper and updating them with new measurements. 

 

 

Figure 3.12. Time series of solar soft X-ray measurements and the scaled F10.7 index from 1998 (a) and from 

the beginning of the SDO mission (b) to present. During the second half of 2012, the Sun turns quiet and therefore 

the solar irradiance shows clear modulation of its 27-day rotation. 
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CHAPTER 4  Photon Event Detection on Images Taken by Solar 

Aspect Monitor 

 

Chapter 3 validates the solar soft X-ray broadband irradiance derived from the SAM 

images. The next step is to detect single photon events from the images. This process may sound 

similar to feature detection in the field of image processing to some degree, but it is very different. 

Feature recognition generally requires a sizable array of image which has continuous edges 

[Aschwanden, 2005; Canny, 1986]. SAM is designed to be able to isolate energetic photons and 

therefore results in low data count rate at each frame. This makes photons appear on the images as 

isolated and random as particle hits. On the other hand, clusters of bright points are seen on the 

CCD when there are active regions on the solar disk. Yet, these pixels can either appear connected 

or isolated depending on the strength of the active regions on the Sun. The term, active region 

(AR), in heliophysics is an area with an especially strong magnetic field where sunspots usually 

collocate [Lites 2005; Tian and Alexander, 2006; Liu et al., 2013]. Active regions appear bright in 

soft X-ray [Teske and Mayfield, 1976] and are often associated with solar flares and coronal mass 

ejections (CME) [Cliver, 1995; Fletcher et al., 2011, Nitta and Hudson, 2001] which cause severe 

space weather and in turn impact spaceborne and ground applications [Cerruti et al., 2008; Chen 

et al., 2005]. In this dissertation, active regions are reserved to refer to certain sustaining active 

features of the solar atmosphere; features observed as a group of bright pixels on the SAM images 

during the data processing are described as active areas or simply bright pixels in this study. Bright 

pixels seen in the images may associate with active regions on the Sun or various parts of the solar 

atmosphere emitting in X-ray from time to time. In Section 4.4, a sophisticated method is 

introduced to determine active regions from observed bright pixels. Two 10-second frames are 
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shown in Figure 4.1 with the upper panel showing the quiet Sun on May 15, 2010 and the lower 

panel the active Sun on Jan 27, 2012. With images shown in both natural and logarithmic values, 

it is difficult to tell if a certain range of energy can be properly applied to discriminate particles 

from in-band photons (0.01 – 7 nm). Extracting information of interest from large data sets has 

become an important problem as modern technology grows with an unprecedentedly fast pace. 

Data mining and machine learning are often required in the scientific study to facilitate the visually 

intuitive recognition [Fayyad, 1996]. 

 

 

4.1 Event Detection 

The first several steps of the photon-event detection (PED) technique are identical to what 

needs to be done for the BB technique, including dark correction and image rotation (pinhole image 

is 180 degree rotated by nature). The resulting raw image is then fed into the event-detection 

algorithm. A set of criteria screens every extracted event during the process and put the SAM 

photons on a clean image. The current scheme of PED is summarized in Figure 4.2. In the PED 

algorithm, an event is defined as an isolated area of connecting pixels, each of which has value 

above the background noise level (~5 DN) as discussed in Chapter 3. Based on this definition, 

events are often found of irregular shapes. The causes may include: 1) higher-than-expected noise 

level, 2) multiple photons, and 3) cascading effect of high-energy photons and particles. If the 

noise level is higher than expected, an event centered at a bright pixel can have wings or side lobes 

of moderate brightness. The projected solar disk is no more than a 200-by-200-pixel area on the 

detector and a CCD pixel resolves only about 15-arcsecond of the Sun. Photons from the same 

active region likely appear across several pixels up to 50 pixels if a big active region presents in 
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the solar atmosphere. However, owing to the rarity of soft X-ray photons and the chosen filter 

design and integration time, photons from a single solar feature are unlikely to arrive on the 

detector on the same frame, resulting spotty presence of bright events. In the event detection, an 

event box is defined by a rectangle that tightly embraces the entire event. Two techniques of event 

detection have been developed. One detects monotonically decreasing edges to separate an event 

apart; the other is based on nearest neighbor algorithm. Currently the nearest-neighbor detection 

is implemented in the PED process. Both techniques are introduced in the following sections. 

 

 
Figure 4.1. Images of the quiet (top) and the active (bottom) Sun in raw counts (left) and their logarithmic (right) 

value. The low-energy photons from out-of-band emission lines appear bright in the east limb, overlapping with 

the background atmosphere. 
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Figure 4.2. Block diagram of the PED procedures. 

 

 

4.2 Monotonically Decreasing Edges 

If a highly energetic photon impacts on the CCD and the energy is not completely absorbed 

by a pixel, its impact area may spread across several pixels; monotonically decreasing in intensity 

(DN) at adjacent pixels are expected to be observed. Based on this assumption, the detection 

algorithm starts from the brightest pixel of the image and an event box is defined by four 

decreasing edges in both positive and negative X and Y directions. The event box is then removed 

from the original image and planted on a new image which all the extracted events are to be 

collected. The detection continues until no more pixels of DN value higher than the noise level are 

left. Searching for monotonically decreasing edges is performed in positive and negative X and Y 
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directions rather than all slanted directions to facilitate program efficiency neglecting the fact that 

they likely exist in all directions on X-Y plane. When an event is found, the entire event box is 

extracted from the image rather than only the bright pixels. All DN values inside the box are 

accounted for the overall energy of the event. However, this technique falls short when 1) small 

isolated photon events appear on any quadrant assuming the peak is the origin and its X and Y 

axes sets the coordinates (an example is shown in Figure 4.3 and will be further explained in 

Section 4.3); or 2) impact areas of multiple photons are close enough that their ‘wings’ or ‘side 

lobes’ overlap. When these happen, total energy in one event box can either be overestimated or 

sometimes underestimated. This shortcoming leads to the development of a better detection 

method which is based on nearest neighbor search. 

 

 
Figure 4.3. Demonstration of event detection techniques performed on a made-up image (left). The lowest 

detection limit is set to 5 DN. Detection of the monotonically decreasing edges (middle) produces a rectangular 

event box (dash), missing two off-center qualified pixels but including a low-intensity one. The event detected 

by the nearest neighbor search, enclosed by event box (right), contains 7 pixels out of the 12-pixel event box 

corresponding to an occupancy rate of 58%. The brightest pixel falls on the edge of the event box and therefore 

the event is treated as a particle. Total DN is 62 using the edge detection and 82 using the nearest-neighbor 

detection. 

 

 

 

 



78 
 

4.3 Nearest Neighbor Search 

Nearest neighbor algorithm was among several proposed algorithms for solving the 

travelling salesman problem, an optimization problem that seeks for the shortest route allowing a 

salesman to visit each city exactly once and return to the origin city. In the nearest neighbor 

algorithm, the salesman starts at a random city and visits the nearest cities until all has been visited 

[Arya et al., 1998; Fayyad, 1996]. We improved the event detection by adopting the nearest-

neighbor concept. For each image, the event detection starts from the brightest pixel, from which 

the algorithm searches all its eight surrounding pixels (neighbors). If a neighboring pixel has a DN 

value within the valid range, it is marked as part of the event. The default value of the valid range 

has lower limit of 5 DN and the upper limit of 2,000 DN. The search switch to each qualified 

neighbor and continues visiting their individual neighbors following the same principles but skips 

the pixels previously visited. This recursive search creates a map of all qualified neighbors and an 

isolated event. The event is extracted from the raw image and fed to the photon/particle filters 

(Section 4.4). The filters are specifically designed for the events detected with nearest-neighbor 

search to separate photons from particles. A qualified photon event is then planted on a new blank 

image. The detection continues extracting events from the raw image until no more pixels of DN 

value higher than the noise level are left. 

 

The difference between the monotonically decreasing edges and the nearest neighbor 

search is demonstrated in Figure 4.3. Two techniques are performed on a made-up image array. In 

the middle panel, detection of the monotonically decreasing edges produces a rectangular event 

box, missing two off-center qualified pixels but including an unqualified one. Shown in the right, 

the event detected by the nearest neighbor search, enclosed by event box, contains 7 pixels out of 
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the 12-pixel event box corresponding to an occupancy rate of 58%. The total DN is 62 using the 

edge detection and 82 using the nearest-neighbor detection.  

 

 

4.4 Photon/Particle Filters 

The filtering rules separating photons from particles are designed based on studies of the 

particle appearance on the raw images. Figure 4.4 shows examples of particle strikes and 

ambiguous features. Based on these observations, particle events have 1) high-intensity peak, 2) 

low occupancy, 3) far-from-one aspect ratio, or 4) its peak happening at one of the four edges. 

With the nearest-neighbor search, an event can be detected as any shape and therefore does not 

necessarily occupy the same number of pixels as those inside the event box. High-intensity-peak 

filter screens out the event whose peak is too high. The percentage of occupancy is defined as the 

ratio of the number of pixels occupied by the event over that inside the event box. A low percentage 

indicates some particle-like shape of the event, such as a line of finite angle with respect to X or 

Y axis. A straight strike at X or Y direction can however pass this filter. The aspect ratio of an 

event box far from one or the peak of it falling at one of the edges of the box can be a signature of 

a particle. The filtering rules are summarized in Table 4.1. Any event satisfying one of the rules is 

considered as a particle and therefore discarded from the image. As an example, the event shown 

in the right panel of Figure 4.3 has its brightest pixel falling on the edge of the event box and 

therefore the event is treated as a particle. In this case, one may argue that the pixel of 14 is unlikely 

to be due to the same photon impact as the rest of the pixels but could have come from a separate 

photon. This leads to the issue of photon pileups to be addressed later in the chapter. Each of the 

four rules is customizable to be switched on or off upon running the PED algorithm. Applying all 
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of the rules often results in missing 50% photons at around active regions; if otherwise, it often 

leaves a noisier background. This suggests that rules are to be applied differently depending on 

where events are detected such as looser rules at active regions and more strict rules for quiet 

atmosphere. 

 

 
Figure 4.4. Examples of particle strikes and ambiguous features. The white pixels have the highest DN in each 

case. 

 

 

Table 4.1 Filtering rules for particles. Each of the four rules is customizable to be switched on or off upon 

running the PED algorithm. 

Filter Rule to be considered as a particle 

High-intensity peak > 2,000 DN 

Low occupancy < 50% 

Aspect ratio far from 1, width difference in X and Y > 3 

Peak location Peak falls on one of the edges of the event box 
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4.5 Active Region Detection 

A sudden bright circular feature as shown in Figure 4.5 is often observed centered at an 

active region during flare time. This is caused by sudden increase of the highly energetic hard X-

ray photons penetrating through the outer BeCu filter which makes the pinhole. If simply applying 

all the particle filters listed in Table 4.1, the extracted photon events in this circular area had about 

50% chance to be mistreated as particles by the screening process due to either their contributing 

higher DN values or photon pileups that happens to fulfill one of the rules set for particles. The 

Apertural Progression Procedure for Light Estimate (APPLE) is developed as a completely 

separate procedure to study the evolution of irradiance in up to two active regions starting by 

tracking the two brightest separated pixels from image to image. The APPLE algorithm creates 

two masks with radii of 5 and 25 pixels respectively around the brightest pixels. The inner area is 

defined as core and the outer ring as apple as shown in Figure 4.5. 

 

 
Figure 4.5. Definition of the APPLE masks (left): the core area is defined as a circular area with a radius of 5 

pixels centered at the brightest pixel of the low-noise image and the apple area is the outer ring defined by a 

radius of 25 pixels. When the X2.3 flare erupted, hard X-ray penetration occurred and resulted in the high DN 

values in the ring area (right). 
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A pair of SAM images, taken ten seconds apart, is first compared pixel by pixel. The 

minimum of the pixel values forms a 20-second image to eliminate presence of particles. The 

median of five 20-second image pairs at each pixel forms a low-noise image which is used to 

estimate locations of the active regions. This is under the assumption that the active regions 

contributes to the persistently bright spots on the solar disk. The pair-wise technique is similar to 

the three-pair median performed by Hock et al. [2013] and is intended to obtain lower-noise images. 

During hard X-ray penetration, the enlarged circular feature has a radius about 25 pixels and the 

saturated pinhole area projects to an area of a radius about 5 pixels. The area around the brightest 

pixel of a lower-noise image is considered the location of the most active area of solar atmosphere 

during the 100 seconds. The second active area is only considered as the brightest pixel whose 

brightness reaches at least 70% of that of the first active area and which is located outside the circle 

of radius of 25 pixels centered the first peak. Locations of the two most active areas are obtained 

every 10 seconds with the span of 100 seconds centered at the current frame of processing. Note 

that so far the term ‘active area’ is used instead of the conventional ‘active region.’ This is because 

the detected active areas from every 10-second image may not necessarily belong to active regions 

and vary across the solar disk as shown in Figure 4.6 even the great care has been taken to reduce 

the noise on the images. After locations for over 8,000 images are obtained in one day, the two 

highest populated locations are recognized as active regions.  
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Figure 4.6. A map shows the locations of two most active pixels of each image on the CCD within one day. 

 

 

 
Figure 4.7. Histograms of the X and Y coordinates of two most active areas of 10-second images reveals the 

areas where most of the highly energetic photons are from. Before alignment, the PK1 curve captures the most 

active area of each image and the PK2 curve locates the secondary active area. The Y coordinates tend to group 

closer than the X coordinates. 

 

 

Figure 4.6 shows a map of the locations of two most active pixels of each 10-second image 

on the CCD in the X and Y coordinates within one day. The histograms of the X and Y coordinates 



84 
 

of these active regions are obtained and stacked as shown in Figure 4.7. Since the Y coordinates 

group closer than the X coordinates, the algorithm searches for the greatest population from the 

histogram of the Y coordinate and its corresponding X coordinates to determine the location of the 

first active region. This population is then removed from the histograms. The second greatest 

population is detected the same way as the first one and determines the location of the second 

active region. Figures 4.8-4.10 show the progression of the daily-mean locations of the two most 

active regions from 2011 to 2014. As the Sun rotates, the X coordinate varies from ~60 to ~270. 

As the Earth orbits around the Sun, Y coordinates fluctuates due to Earth’s inclined orbit with 

respect to Sun’s equator. The fluctuation in Y due to Earth’s orbit around the sun is modeled and 

corrected from Figures 4.8-10. However, the effect of SDO’s geosynchronous orbit around the 

Earth has not yet been estimated. The trend of active regions in the solar atmosphere converging 

toward the Sun’s equator can be observed in Figure 4.11, which is similar to the famously known 

butterfly diagram [Hathaway, 2010]. By following two most populated active regions using this 

technique, we implicitly expect solar flares and hard X-ray penetrations are likely to happen in 

these bright parts of the solar atmosphere. 

 

The APPLE algorithm records the brightness (total DN) within the circular masked areas 

of both core and apple. The brightest two pixels are not always the same ones throughout the day. 

They may take places of each other but other locations have taken their places as shown in Figure 

4.6. Careful alignment is performed to create light curves of two active regions. Figure 4.12 shows 

the integrated DN of two active regions on Feb 15, 2011 and Apr 29, 2014. On Apr 29, 2014, the 

active region, AR2, where a B9.7 flare took off does not result in high-intensity pixels on the CCD 

most of the time. On the contrary, when a X2.3 flare erupted on Feb 15, 2011, no elements on the 
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solar disk had a brightness that reached 70% of the brightness maintained by the flaring region 

about two third of the day. 

 

 
Figure 4.8. Daily-mean locations in CCD coordinates of the two most active regions in 2011. 

 

 

 
Figure 4.9. Daily-mean locations in CCD coordinates of the two most active regions in 2012. 
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Figure 4.10. Daily-mean locations in CCD coordinates of the two most active regions in 2013. 

 

 

 
Figure 4.11. The Y coordinates of the active regions appear to converge toward Sun’s equator from 2011 to 2013. 

Sun’s equator is at around 120 (dish). 
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Figure 4.12. Alignment of the active regions reveals the evolution of the light curves on two flaring days. The 

left panels belong to two active regions on Apr 29 (day 119), 2014 and. A X2.3 flare took off on Feb 15 (day 

046), 2011 (right). On a relatively quieter day, the active region, AR2, where the strongest flare of the day took 

off does not result in high-intensity pixels on the CCD most of the time. 

 

 

4.6 Photon Events and Recreation of High Resolution Solar Images 

The techniques discussed in the previous sections facilitate the PED algorithm, which is 

currently implemented following the following steps. First, it looks up the BB results for the solar 

activity level to determine if the APPLE AR circular masks are needed. Secondly, if the APPLE 

AR filters are required, it utilizes the information to preserve particles inside the masked areas but 

performs regular particle filtering outside of them. This way the highly energetic photons in the 

vicinity of flaring active regions that are previously discarded are now registered properly. A 

photon list is created every minute and contains all the extracted photons which are registered with 

their centroid location, total DN, size, and time of presence. There are about 1,000 photon events 

detected on each 10-second image on an active day and 700 events on a quiet day. Having locations 

of the energy centroids recorded permits the recreation of higher-resolution solar images from the 

original 200x200 images. A procedure plants photons from photon lists to an image of new 

dimensions as well as a map of the number of photons populating each individual pixel. The 
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population map provides customizable options for displaying images, such as 1) screening low-

populated pixels to eliminate particles or noisy pixels in high-energy channel and 2) filtering out 

high-populated pixels to remove persistent features from such as out-of-band photons in low-

energy channel. Depending on the applications, the population map serves as an indicator for the 

particular day and should be used with care. In general, the higher resolution of an image to be re-

created, the lower threshold for population should be set since photons are farther apart; the longer 

the period of observation, the higher threshold may be set. Examples of displaying the PED results 

are shown in Figure 4.13, each of which is nine times greater than its original size. Photons are 

categorized into three channels by their total DN. The long-wavelength (low-energy) channel 

shown in gray scale contains photon events of 20-100 DN. The persistent presence of out-of-band 

(> 7nm) photons result in these low-energy photons being detected together as one event when 

pileup occurs and having energy falling within the DN range. The bright spectral line in the middle 

of the image is the higher-order grating of the 30.4 nm emission. Limb brightening outlines the 

circumference of the Sun. Coronal holes, dim and cooler features in the solar atmosphere where 

open field lines origin, are visible in this channel. The mid-wavelength (mid-energy) channel in 

green contains events of 100-700 DN. The short-wavelength channel in red is the most energetic 

channel. It contains events greater than 700 DN and therefore able to capture intensive irradiance 

increase during flares and hard X-ray penetration through the filter. 

 

An automated solar image viewer is designed to saturate the brightest 10% pixels in order 

to display images regardless solar activity level. Images at the left column belong to May 15, 2010, 

which is one of the quietest days during the SDO operation. Not only is the high end of the color 

bar has a low value, its short-channel has few bright pixels that are noisy-like. Other than the two 
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active regions spreading out at the eastern and western limbs, the Sun appears to be quiet in the 

middle channel as well. Two X-class flares are shown in the middle and right column of Figure 

4.13: an X2.3 flare on Feb 15, 2011 and a X1.3 flare on Apr 25, 2014. Both flares erupted at early 

UT hours and later several minor flares occurs from the same active regions. The X2.3 flare 

appears to have 6.5 times lower total energy output in the mid channel than the X1.3 flare but 1.6 

times greater in the short channel. Its high-DN events are more concentrated at the two major 

active regions. Therefore, even though hard X-ray penetration occurs on both short-channel images, 

it is more visible in the X1.3 case because of the lower contrast among pixels. The east-west 

elongated features are due to the fact that all the photons in one entire day are included in these 

images. 

 

The Atmospheric Imaging Assembly (AIA) is a suite of solar EUV imagers on SDO. Its 

high-resolution images are shown in Figure 4.14, where different solar features are visible at 304 

Å  (top), 193 Å  (middle), and 171 Å  (bottom) [The Sun Today, 2014] and serve as reference for 

what is observed in the SAM images. Three columns are corresponding to those in Figure 4.13. 

 

On a quad-core personal computer with 8 GB of RAM, averagely it takes about 6 minutes 

to complete the PED run for one-hour data and about 2.5 hours on 8,000+ images for one day. The 

BB and APPLE procedures both take only about 5% of the PED process time. Overall, it is fairly 

manageable for a modern PC to analyze the SAM images and retrieve soft X-ray broadband 

irradiance and photon lists. 
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Figure 4.13. The PED photon lists enable recreation of high. Each image is nine times larger than the original image. The color bars are automatically set 

to saturate the brightest 10% pixels. Photons are categorized into three channels: long (gray), mid (green), and short (red). May 15, 2010 (left) is one of the 

quietest days during the SDO operation. Two X-class flares are also shown: an X2.3 flare on Feb 15, 2011 (middle) and a X1.3 flare on Apr 25, 2014 (right). 

In long channel, the bright spectral line in the middle comes from the higher-order grating of the 30.4 nm emission. Limb brightening outlines the 

circumference of the Sun. Coronal holes, dim and cooler features in the solar atmosphere where open field lines origin, are visible in this channel. Most of 

the active regions features appear in the mid channel. The short channel is able to capture intensive irradiance and hard X-ray penetration through the filter 

during flares.
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Figure 4.14. The Atmospheric Imaging Assembly (AIA) is a suite of solar EUV imagers on SDO. Channels at 

304 Å  (top), 193 Å  (middle), and 171 Å  (bottom) [Lockheed Martin Solar and Astrophysics Laboratory, The 

Sun Today].Three columns are corresponding to three dates as in Figure 4.13. 
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4.7 Spectral Irradiance 

The development of the BB and PED algorithms facilitate the ultimate goal of the SAM 

images – to obtain spectral irradiance of the Sun at soft X-ray wavelengths. Energy of a photon, E, 

is associated with the frequency, ν, that it is emitted and related by the Planck-Einstein relation in 

Equation 4.1a. Given that energy is in eV and wavelength, λ, in nanometer, Equation 4.1a can be 

rewritten in a convenient form as Equation 4.1b. 

 𝐸 = ℎ𝜈 (4.1a) 

 
𝐸 [𝑒𝑉] =

1239.84 [𝑒𝑉 ∙ 𝑛𝑚]

𝜆 [𝑛𝑚]
 

(4.1b) 

When a photon event is recognized and extracted form an image, the question following is: should 

one interpret a photon event of 1 keV as one photon of 10 keV or four of 250 eV each? The former 

suggests one photon at 1.2 nm while the latter suggests four photons at 5.0 nm. On the other hand, 

ambiguity of mistreating photons as particles or vice versa exists especially when photon pileups 

occur. Pileup in a CCD occurs when two or more photons coincide and a CCD element is incapable 

of resolving them temporally or spatially [Ballet, 1999; Davis 2001]. An example of photon 

pileups leading to a lower event rate which in turn results in distortion of the observed spectrum is 

presented in Davis’ work [2001]. Failing to properly characterizing the detected events may lead 

to wrong interpretation of the mechanism behind the measurements as the relative spectral 

variability at soft X-ray wavelengths is important for understanding evolution of different features 

in the solar atmosphere [Chamberlin et al., 2012; Inglis and Gilbert, 2013]. Applying more 

sophisticated screening filters may slightly improve particle removal but risks losing more 

irradiance by accidentally removing more in-band photons. Further improvement of machine 

learning for a great amount of tiny objects across several pixels can be computational costly but 
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yet ineffective because ambiguity still exists when photons pile up at a small number of pixels or 

are close enough to be detected as one big event. A possible characteristic of photon pileups is 

large-size events as examples shown in Figure 4.4. and however the impact area of an energetic 

photon on Treatments of these issues are highly subject to the nature of the measurements, such as 

type of the object and integration time, and need to adapt to the specific data sets [Ballet, 1999; 

Davis 2001]. A preliminary statistical approach based on simulation is proposed here to obtain 

spectral irradiance from the SAM images. 

 

The simulation aims to create a 320x240 image DN histogram that is close to those of the 

observations as in Figure 3.4 and to statistically quantify photon pileups. Irradiance between 0.1-

7 nm in unit of watts per square meter observed during the Solar Irradiance Reference Spectra 

(SIRS) for the 2008 Whole Heliosphere Interval (WHI) [Chamberlin et al., 2008; Woods et al., 

2009] is weighted by the SAM response function to create a reference reservoir of photons. The 

number of photons, Nptn, is a function of wavelength, λ, and determined by Equation 4.2 for 10-

second, SAM image. 

 
𝑁𝑝𝑡𝑛(𝜆) =

𝐼(𝜆) ∙ 𝐴 ∙ 𝑇

𝐸𝑝𝑡𝑛(𝜆)
=

6.25 × 1019

1239.84
∙ 𝜆 = 5.05 × 1016 ∙ 𝜆 

(4.2) 

where I is spectral irradiance in watts per square meter from the reference spectrum, A is the 

detector area, T is the integration time, and Eptn is energy of a photon as a function of wavelength. 

Each photon in the reservoir is injected onto a random location on the simulation image. A photon 

does not have a physical size. Instead while reaching the detector it creates charge cloud within 

the CCD. It is expected that energy of a photon is shared by multiple pixels if it strikes close to an 

edge or a corner of a pixel [Tsunemi et al., 1999]. In the simulation a photon impact area is 
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characterized by a Gaussian distribution with certain full-width-at-half-maximum (FWHM). Nine 

FWHM cases are simulated with a fixed FWHM, from 0.1 to 0.9 pixel stepping every 0.1 pixel. 

In each case, all the photons contribute to equal area on the CCD. A scenario in which photons are 

with randomly varying FWHM is also carried out. Figure 4.15 shows the normalized DN 

histograms of the simulation results. For the fixed-FWHM cases, a greater impact area 

characterized by a wider FWHM leads to more low-DN population and fewer high-DN population. 

Among all the simulated cases, the varying-FWHM histogram is closest to the observation. Its 

histogram is lower than the observation between 20-30 DN but higher between 30-100 DN. The 

cause of this discrepancy is believed to be that out-of-bands contamination is not yet removed from 

the observation and not simulated in the simulation. 

 

 
Figure 4.15. Normalized DN histograms of the simulation images result from made-up photons with fixed (color) 

and randomly varying (black solid) full-width-at-half-maximum (FWHM) of the impact areas. Nine fixed 

FWHM scenarios are simulated, with FWHM from 0.1 (blue) to 0.9 (red) pixels increasing 0.1 pixel at a time. 

Normalized DN histogram of the SAM measurements is also shown (black dash). 
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The agreement between the simulation and observation histograms is a good start. In the 

simulation, the locations that photons are injected on are generated by a random number generator. 

More simulation images should be created with a greater group of seeds. Further including limb 

brightening by purposely placing more photons around the Sun’s circumference should also be 

included for more realistic simulation. The PED algorithm can then be applied to these simulation 

images. Size, shape, and total DN of the extracted photon events should be investigated. 

Statistically meaningful behavior of photon pileups and uncertainties of separating photons and 

particles may be better determined from the difference between the extracted and original spectra. 

 

Beside the simulation result, the PED algorithm is also performed on the dark image 

(Figure 3.3). A probability distribution is obtained via the events that are extracted from dark and 

passing filters as photons to indicate the likelihood random data counts forming photon-like 

features. A dark spectrum resulting from unanticipated contamination can be defined as the 

probability distribution multiplied by total number of photon events in light and subtracted from 

the light spectrum. 

 

 

4.8 Summary and Conclusions 

The development of the PED algorithm on the SAM images is reviewed in this chapter. 

Two methods are presented for event detection. Defining events by monotonically decreasing 

edges often leaves out off-axis pixels and includes partial energy from photons. Algorithm based 

on the nearest neighbor search extracts events of any shape and enables filtering particles by their 

spatial characteristics. Standard deviation of the active component, from the BB results, informs 
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the PED procedure if the current date of analysis is an active day. APPLE provides the active 

region information for PED to ensure proper registration of the AR photons. PED extracts events, 

separates photons from particles, and makes photon lists. Higher-resolution images are 

demonstrated possible with the extracted SAM photons. Though efforts were made to eliminate 

particle contamination, photon pileups occur inevitably at active regions, at limb brightening, and 

due to persistent out-of-band spectral lines. These further add ambiguity to distinguishing in-band 

photons from particles. Simulation is carried out to address photon pileups and to assist conversion 

from photon events to spectral irradiance. On the other hand, as in the BB approach, PED is 

performed on both light and dark images. The dark spectrum resulting from unanticipated 

contamination can then be subtracted from the light spectrum. 
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CHAPTER 5  Summary and Conclusions 

 

Solar soft X-ray and EUV irradiance drives variability of ionized and neutral species in the 

ionospheric and thermospheric system. As a result, the response of terrestrial atmosphere 

corresponds to solar cycles and solar activities on the Earth-facing side. Absorbed mostly at 100-

150 km, soft X-ray irradiance is crucial to lower thermospheric photochemical balance [Solomon 

et al., 2005]. NO has the lowest ionization potential and NO+, the terminal ion, dominates the 

electron density in the E-region of the ionosphere. NO also serves as one of the major cooling 

mechanisms. Therefore, its concentrations are indicative of energy deposition in the atmosphere. 

 

The retrieval of NO abundance from level 0 limb scanned data sets in the lower 

thermosphere is demonstrated in Chapter 2 and the local-time variation between 120–150 km is 

derived from the retrieved vertical profiles. With the latest photochemistry updated in the NOx1D 

[Yonker, 2013], the comparison between the RAIDS measurements and the modeled densities 

shows good agreement within 50%. At 150 km, NO density increases as soon as the tangential 

points viewed from the spacecraft entering the sunlit hemisphere. At 120 km there is a delay of 

about 2 to 4 hours before an increase in NO abundance. The solar optically thin FUV radiation 

penetrates to and is absorbed at the lower altitudes at large solar zenith angles and leads to 

photodissociation of NO after sunrise. Going toward noon, the decrease of solar zenith angle 

allows the optically thick solar XUV irradiance to deposit at the lower altitude where it rapidly 

produces N(2D) and NO. The production due to XUV reaches its maximum from around local 

noon to 2 PM. As solar zenith angle starts increasing, the NO production and its abundance 

decreases in the afternoon. 
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Though soft X-ray irradiance is critical to all the constituents in both ionosphere and the 

thermosphere and is key to driving various atmospheric models, it is not yet well known. Great 

uncertainties exist among all the existing solar measurements in these wavelengths. As a pinhole 

camera, SAM projects solar disk in soft X-ray wavelengths to a dim corner of the MEGS-A CCD. 

The original idea of obtaining spectra became challenging as contamination from out-of-band 

photons and particles overwhelms the solar signal. While one minute of dark measurement a day 

is insufficient for the full-day calibration, several techniques have been developed and presented 

in this dissertation to address these issues. 

 

In the BB approach, the difference between light and dark histograms is divided into fifteen 

narrow bands. The shorter-wavelength bands have high correlation with the GOES irradiance 

while the longer-wavelength bands correlates better with F10.7. The variability of the shorter-

wavelength bands dominates that of the broadband irradiance. In the one-component method bands 

1–6 at the highest-energy end are selected to represent the variability of the particle term and in 

addition bands 6–8 are selected to characterize the active component in the two-component method. 

The inclusion of band 6 in both active and particle terms allows it to contribute as a particle channel 

but preserve its accountability for solar photons during flares. The amount of particle contribution 

to be removed from broadband irradiance is estimated by obtaining maximal correlation between 

the solar components (the quiet component in two-component case) and F10.7 and by reserving 

their products with the coefficients A and B. It has been shown that the one-component (two-

component) method provides better broadband estimate at lower (higher) activities. A hybrid 

method is therefore adopted that the one-component estimate is generally provided but the two-

component estimate is employed when certain condition indicating possible flaring is reached. For 
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the first four years of the SDO operation from 2010 to 2013 the ratio of the SAM to ESP irradiance 

has a mean of 1.07 and a standard deviation of 0.28. The goal is to use these coefficients and 

criteria established based on a good amount of samples so that future broadband irradiance may 

be obtained solely from the SAM images without any proxy or prior information from other 

measurements. These coefficients and criteria are tested to the 2014 images and the results show 

the procedure has successfully identified the flaring days and properly applies a better set of the 

coefficients for irradiance estimate. The 2014 reported broadband irradiance is within 25% of 

agreement with ESP. About 35,000 hours of broadband irradiance are reported by the BB 

procedures from 2010 to 2014 and the mean of its ratio to ESP is close to unity. The agreement is 

encouraging compared to the early discrepancies among solar soft X-ray measurements. Clearly 

SAM is a valid soft X-ray monitor. 

 

PED is pursued as the next step toward spectral irradiance and its procedures are outlined 

in Figure 4.2. Two techniques are developed for event detection: one defining events by 

monochromatically decreasing edges and one adopting the concept of nearest neighbor search. The 

former approach often leaves out off-axis pixels and includes partial energy from photons; the 

latter extracts events of any shape and enables filtering particles by their spatial characteristics. 

The filtering rules separating photons from particles are based on studies of the particle appearance 

on the raw images. Each of the four rules tabulated in Table 4.1 is customizable to be switched on 

or off upon running the PED algorithm. Applying all of the rules often results in missing 50% 

photons at around active regions; if otherwise, it often leaves a noisier background. This suggests 

that rules are to be adopted differently depending on where events are detected such as looser rules 

at active regions and more strict rules for quiet atmosphere. 
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APPLE is a separate procedure for studying the evolution of irradiance in up to two active 

regions starting by tracking the two brightest separated pixels from image to image. It creates two 

masks with radii of 5 and 25 pixels respectively around the brightest pixels and tracks the total DN 

in the masked areas for each image. Though locations of two brightest pixels may change during 

the day, alignment is performed on results from over 8,000 images and provides locations of two 

active regions every day. 

 

An automated system is set up so that from data reduction to final data product is performed 

every day. The SAM images are truncated down to the size as in Figure 3.3 at the LASP server 

and transferred back to the Space@VT server. As soon as the local server received the data sets, 

the BB and APPLE algorithms are performed in parallel. Standard deviation of the active 

component, from the BB results, informs the PED procedure if the current date of analysis is an 

active day. If the chance for flares is high, APPLE provides the active region information for PED 

to ensure proper registration of the AR photons. PED extracts events, separates photons from 

particles, and creates photon lists. Higher-resolution images are demonstrated possible with the 

extracted SAM photons. On a quad-core personal computer with 8 GB of RAM, averagely it takes 

about 6 minutes to complete the PED run for one-hour data and about 2.5 hours on 8,000+ images 

for one day. The BB and APPLE procedures both take only about 5% of the PED process time. 

Overall, it is fairly manageable for a modern PC to analyze the SAM images and retrieve soft X-

ray broadband irradiance and photon lists. 

 

Though efforts were made to eliminate particle contamination, photon pileups occur 

inevitably at active regions, at limb brightening, and due to persistent out-of-band spectral lines. 
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These further add ambiguity to distinguishing in-band photons from particles. Simulation is carried 

out to address photon pileups and to assist conversion from photon events to spectral irradiance. 

The agreement between the simulation and observation histograms is a good start. More simulation 

should be performed to include a greater group of random number seeds and limb brightening. The 

PED algorithm can then be applied to these simulation images. Size, shape, and total DN of the 

extracted photon events should be investigated. Statistically meaningful behavior of photon 

pileups and uncertainties of separating photons and particles may be better determined from the 

difference between the extracted and original spectra. Beside the simulation result, the PED 

algorithm is also performed on the dark image (Figure 3.3). A probability distribution is obtained 

via the events that are extracted from dark and passing filters as photons to indicate the likelihood 

random data counts forming photon-like features. A dark spectrum resulting from unanticipated 

contamination can be defined as the probability distribution multiplied by total number of photon 

events in light and subtracted from the light spectrum. Though primary spectral results was once 

obtained utilizing the methods discussed at the end of Chapter 4, satisfying solar soft X-ray spectral 

irradiance between 0.1–7 nm was not yet reached and is still left as an active project. 

 

On May 27, 2014, the failure of a capacitor on the MEGS-A CCD resulted in discontinuity 

in the data production of the MEGS-A and SAM channels on EVE and no more SAM images can 

be obtained to this date the dissertation is completed. Regardless of this unfortunate incident, SAM 

has provided the solar and aeronomy communities great assets for more than five years. Its data 

sets will continue improving our understanding of the Sun and its coupling to the terrestrial 

atmosphere. 
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