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e report Martian photoelectron energy spectra obtained on October 19, 2014.

e compare model energy spectra using observed EUV and XUV irradiances and
in-situ neutral densities.

e find agreement between models and observations within observational
certainties.
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Abstract:

Understanding the evolution of the Martian atmosphere requires knowledge of
pw transforming solar irradiance into thermal energy well enough to model them
ac Here we compare Martian photoelectron energy spectra measured at periapsis
t» mommee= N with calculations made using three photoelectron production codes and three
solag irgadiance models as well as modeled and measured CO; densities. We restricted
ouiﬂ'ﬁparisons to regions where the contribution from solar wind electrons and ions
we ligible. The two intervals examined on October 19, 2014 have different observed
incmolar irradiance spectra. In spite of the differences in photoionization cross
sea@and irradiance spectra used, we find the agreement between models to be within
themmed uncertainties associated with the observations from the MAVEN neutral

lectron flux, and solar irradiance instruments.

Introduction

-

@ ionizing radiation at wavelengths below about 90 nm incident on the Martian
irre and thermosphere is a primary energy source for these regions. Solar
iw below 90 nm often varies by factors of up to 100 over the solar disk [e.g.
Chmlin et al. 2007, 2008]. Earth and Mars are generally exposed to different ranges

o&ngitudes and thus different irradiance below 90 nm. Until the launch of
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MAVEN there were no systematic observations of the solar irradiance incident on Mars.
Consequently uncertainties in the solar irradiance incident on Mars were significantly
larger than those on Earth. By reducing uncertainties in our understanding of the short

\Aﬂhﬁ'@)th solar irradiance impacting Mars, we can improve our ability to model the

Ma@ﬁmosphere.

!Ehe-process of converting solar irradiance to thermal energies begins with
ph@zation in the Martian thermosphere. A technique for estimating our
un@ding of this process is to compare observed Martian suprathermal electrons with
tho@ulated by well-tested codes using various estimates of solar irradiance and
neUCensity. Instruments on the Mars Atmosphere and Volatile Evolution (MAVEN)
mission.pow provide broadband solar irradiance data, neutral density data and

Mmal electron energy spectra that can be used to assess our understanding of solar

sup

ener put and our ability to model the production of Martian photoelectrons [Jakosky,

V]

ere have been numerous investigations of suprathermal Martian electrons. Initially
the@e used to identify field lines coming from the ionosphere as described in the
rmm Frahm et al. [2006]. Recently, Peterson et al. (2013) attempted to deduce
vms in short wavelength solar radiation at Mars from variations in suprathermal
ele;energy spectra observed on the Mars Global Surveyor (MGS) satellite. The MGS

s data used in the 2013 study were acquired well above the primary photoelectron
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production region, so Peterson and his colleagues developed procedures to identify
photoelectrons streaming up magnetic field lines from the primary production altitude
between 150 and 200 km. The attempt to use variations in MGS electron spectra to
rr‘rdm*/ariations in short wavelength solar irradiance was not successful because of the
ver@.l.l.number of intervals of MGS data near 400 km without a significant noise

- —

sigﬁlf_rom solar wind electrons. Xu et al. [2015a] compared photoelectron energy
spegtra™alculated using their multi-stream SuperThermal Electron Transport (STET)
mo d two different models of solar irradiance. They found that the calculated

ph tron spectra agreed mostly to within a factor of 2. Sakai et al. [2015] used a
difﬁr;two-stream code developed at Kansas University (KS) and solar irradiances
froEHeliospheric Environment Solar Spectral Radiation (HESSR) model [Fontenla
et & E‘ 9, 2011] to model suprathermal electron observations. The Sakai et al. (2015)
a IS suggested that differences between the calculations and observations could be

by reducing the HESSR irradiance in the 30nm range.

hﬂﬂ we focus on the production of photoelectrons below 200 km, where transport is
noinant process. We compare and contrast observed suprathermal electron and
calgUlated photoelectron spectra before and after an X class flare that was seen at Mars
Ousfuataller 19, 2014 at 05:08 UT. We use the three photoelectron production codes noted
aboEodeled and measured neutral densities, and several approaches to model the

s%diance spectrum at 1 nm resolution before and after the X class flare.
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Data and Models

Supra-thermal electron data

e

Q-i 1 presents two suprathermal electron energy spectra (symbols) and the
- —
siggal to noise ratio (S/N, solid lines) of observations obtained on October 19, 2014
befpre (P1:29:36 UT, Black) and after (06:04:50 UT, Orange) an X-class flare that
bem 05:08 UT. The omnidirectional data from the MAVEN Solar Wind Electron
AnS‘ (SWEA, Mitchell et al. 2016) were acquired over 16 s and have been
corrected for the spacecraft potential measured by the Langmuir Probe and Waves
ins nt on MAVEN (LPW, Andersson et al. 2015). The spacecraft potential and
otmservational parameters for the two times are given in Table 1. Here the
sign noise ratio is calculated from the ratio of the observed signal to the square
root of its variance. The dotted horizontal line in Figure 1 indicates a S/N of 3, the
lovwlue where uncertainties associated with the detector count rate are
nee. As expected the fluxes of electrons with energies above ~ 56 eV (shown
aﬂtted vertical line in Figure 1) are significantly enhanced after the flare

ba@ﬁﬂof the increase in solar irradiance at wavelengths shorter than ~17 nm, the

so-callej Aluminum edge in the solar spectrum. Note: Unless explicitly stated, the

<
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conversion between wavelength and photoelectron energy uses a generic

photoionization potential of 15 eV.
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Figure 1: Electron spectra (symbols) and the associated signal to noise value (lines)
obw on MAVEN before (black) and after (orange) an X class flare that was detected at
05:08.0n October 19, 2014. The times and other observational details are given in Table 1.
Sigoise (S/N) is defined as the ratio of the observed flux to the square root of the
assOwia#®d measurement variance. The dotted horizontal line indicates a S/N of 3. Vertical
do i es are shown at 10, 20, 56, 200, 585, and 800 eV, energies that are noted in the

tex& Increased fluxes above ~ 56 eV are seen after the flare. The S/N ratio is greater than 3
below 585 eV pre-flare and below 800 eV post-flare.

——

Ta;Observational details.
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Aerocentric Geographic | Geographic
Time Altitude Solar Zenith Latitude Longitude | Spacecraft | Magnetic
Angle Potential | Dip Angle
(UT) (km) (degrees) (degrees) (eV) (degrees)
(degrees)

01%1 182.5 68.7 48.3 2.4 -2.0 14

@- 194.3 72 50.9 290.6 -2.1 13
7
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Solar Data and Models

We use two models of the solar irradiance incident on Mars: 1) The MAVEN Level
331m_prloduct (L3D) which is a modification of the Flare Irradiance Spectral Model
(FI hamberlin et al. 2007, 2008) expanded by MAVEN observations (Eparvier, et al.
2012).and 2) the Heliospheric Environment Solar Spectral Radiation (HESSR, Fontenla
et ;2099, 2011) irradiance model. As noted by Xu et al. (2015a) both Martian
irraciage spectra models use Earth based assets, but different approaches to account for
theW}ral, and spectral variability of EUV and XUV irradiance over the solar surface.
The HE§SR approach is to compute the solar irradiance from the portion of full disk
SO|E\/ images obtained from near Earth orbit that are visible to an observer on Mars.
Th model is derived from MAVEN data and is formally designated the R1V2
Eumevel 3 data product. This data product is available on daily and minute cadences
(Le aily: L3D and Level 3 flare: L3F). Both L3D and L3F models use MAVEN
broadband irradiance channels in the 0.1-7nm, 17-22nm and 121-122nm bands (Eparvier
et 15!@015). When EUVM measurements are not available, the L3D substitutes with
Ear@tric measurements, which are interpolated to the solar disk as viewed from Mars.
ThgL3D and L3F products have 1 nm resolution. The L3D product is a median

swelpesendl, Which minimizes the biasing caused by including solar flare events. The

HESSR Bpectra have a 1 nm resolution on a daily cadence above 6 nm and 0.05 nm

r@n below 6 nm.
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Photoelectrons with energies greater than 10 eV are produced by photons with
wavelengths shorter than 50 nm. Figure 2 presents models of the solar irradiance spectra
from 0 to 100 nm for the pre and post flare times indicated in Table 1. The black lines in
pﬁhﬂ%how the L3D spectrum for October 19, 2014. Two versions of the post flare
irr@apectrum are shown in panel B. The black lines are the one-minute cadence
L-3 m_odel. The red lines show the L3D data product scaled by spectral measurements of
pre@lare intensity seen at Earth by the Thermosphere, lonosphere, Mesosphere,
En%s, and Dynamics (TIMED) / Solar Extreme Ultraviolet Experiment (SEE)
ins t [Woods et al., 1998] and denoted as L3FR below. Vertical dotted lines are

shown'in Figure 2 at 6, 17, 31, and 50 nm in Figure 2. Integral irradiance over 0-6, 6-17,

175-50 and 0-50 nm bands are shown as solid lines colored to correspond with the
Moy

ztotal solar irradiance incident on Mars is about %2 that incident on Earth or ~ 500
W/m?. Of that less than 10 W/m? occurs at wavelengths less than 50 nm. The post flare
int&ﬁation in electron flux at energies above ~56 eV in Figure 1b is produced by solar
irrd 3@ e below 17 nm shown in Figure 2b. The significant differences between the two
i@e spectra shown in Figure 2A between 56 and 100 nm produce different

padaaldttron fluxes with energies less than ~ 6 eV shown in Figure 1a. We note also that
in the prg-flare spectra below 50 nm the distribution of intensity differs primarily in the 6

- qrange where the HESSR irradiance spectrum has about 30% more power than the
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L3D spectrum. The post flare spectra shown in Figure 2b differ mostly in the 6-17 nm

range.

A:Preflarejf | . B:Post flare ]
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Fig&ﬂ.‘lnferred solar spectral irradiance as a function of wavelength at Mars on October 19,
20 pre flare values in panel A are daily average values from L3D model (black) and
HE reen). Post flare values at 06:04 displayed in panel B are the L3F model (black) and the

L:ﬂdel (red). Vertical dotted lines are shown at 2, 6, 17, 31, 50, and 65 nm. Integral
irragl

ance over 0-6, 6-17, 17-31, 31-50 and 0-50 nm are shown as solid lines colored to
d with the spectra. The spectra in panel A are used for pre flare model runs; the spectra
in.*nﬂ.l are used in the post flare model runs.

-

Neutrgldensity and models:

10
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The neutral density in the region below 200 km examined here is dominated by CO,.
In-situ observations of CO, density are available from the MAVEN Neutral Gas and lon
Mass Spectrometer [Mahaffy, et al, 2015] and model values that have been validated
awany previous Mars missions from the Mars Global lonosphere-Thermosphere
M(@LGITM, Bougher, 2012, 2015a). Bougher et al. [2015b] reported agreement
| |
witgin observational uncertainty of ~7% between NGIMS and M-GITM between 180 and

20(@uring a MAVEN deep-dip campaign in April 2015.

wanalysis compares measured and modeled photoelectron energy spectra. In the
ana!y5|§>elow we begin by using CO, densities from the M-GITM simulation with an
Ear, .7 =130 sfu. We show in the data model comparison section below that the M-

GITM ﬂodel and NGIMS Version 6 CO, densities differ by less than 12%.

I%Eectron production codes:

ﬂxplore the uncertainties in our understanding of solar irradiance energy input to
the@'an system using the data and solar irradiance spectra presented above, we use
thre toelectron production codes: the University of Michigan STET (Super Thermal
#Transport) code [Liehmon et al. 2003, Xu and Liemohn, 2015, and Xu et al.
e —

20 mine University of Kansas two-stream code (denoted as KS below) [Cravens et al.

2003, Sgkai et al. 2015]; and the Atmospheric Ultraviolet Radiance Integrated Code

11
This article is protected by copyright. All rights reserved.



(AURIC) [Strickland et al. 1999]. These codes incorporate similar sets of photoelectron

production cross sections, and are commonly used in the study of planetary atmospheres.

In addition to knowledge of the solar irradiance spectrum, these codes also require
dat he neutral density and composition. In this initial assessment the AURIC and
S.T%els use neutral density and composition values at latitude 52.5° and longitude
47.&-ﬂhiained from the Mars Global lonosphere-Thermosphere Model (M-GITM,
Bo@ 2012, 2015a), from a simulation ran with an Earth F10.7 = 130 sfu. The KS
m ufed slightly different neutral densities. The KS CO, densities are identical with

theETM model, but the O and CO densities are 30% lower in the KS model. Given

tha is the dominant species below 200 km these differences do not affect the

calccuﬁd electron fluxes.

w we first compare the data and models using the M-GITM model CO; densities.
sequently discuss the implications of the small differences between the M-GITM

model and NGIMS Version 6 CO, densities.

-

DaQ/IodeI Comparison

! Flgure 3 repeats the observed pre and post flare electron spectra and signal to noise
rati:()Iid and dot dashed black lines. The model results have been convolved with an

i@nt response function [Mitchell et al., 2016] to facilitate comparison with

12
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observations. Symbols display calculated photoelectron spectra as follows + STET; *
AURIC; open diamonds KS. Model results using the L3D (panel a) and L3F (panel b)
models are encoded using black symbols. Green symbols show results calculated using
H'*SR'*rradiance values at Mars, and red symbols show values calculated using the
LSQ@I. Vertical dotted lines are drawn at 10, 20, 31, 56, and 200 eV marking the
I — . . A
bonaneS of energy bands discussed below. The most striking features in Figure 3 are
the(g-rament between models and observations between about 10 and 56 eV, and the

diswent between specific models and observations above and below these energies.
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Flux (cm?-s-sr-eV)"’

Figure 3% Observed (black lines) and modeled (symbols) electron fluxes for the times given in
Ta *1n panel A black symbols show model results using the FISM-M L3D spectrum and

gree bols show model results using the HESSR daily irradiance spectrum. In panel B the
mbols are from model runs using the L3F model and the red symbols are the L3FR model.
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+ symbols show values calculated using the Michigan STET code; * symbols show values
calculated using the AURIC code; and open diamond [T T bols show values calculated using
the Kansas two stream code. Also shown are the S/N ratios from Figure 1 (dash doted lines),
horizontal dotted lines at a S/N = 3, and vertical dotted lines at 10, 20, 56, 200, 585, and 800 eV
mark boundaries of energies separating different qualities of data model agreement
discussed in the text.

e

O

= ssmia@alarge dynamic range of the electron fluxes shown in Figure 3 impedes detailed
vis&l‘l‘ﬁ%pection of the agreement between observed and modeled electron spectra.
Figgn-)presents an alternative way to display the differences between models and
obmons. Figure 4 shows the same model calculations presented in Figure 3 that are
enc@/\/ith the same symbols and colors for comparison with observations. The
reI@ifference reported in Figure 4 is the difference between the modeled and
ob fluxes divided by the observed fluxes plotted as a function of energy. A value
iddle dotted horizontal line) indicates model data agreement. A value of +0.5
(t ottom dotted horizontal dotted lines) indicates that the data and models

disagree by 50%.

Author
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Fig Relative difference between observed and modeled electron flux values as a function of
e own in Figure 3. Relative difference = (modeled — observed values) / observed values.

and symbols are the same as those used in Figure 3. Horizontal dotted lines are shown
at -0.5, 0, and +0.5. Vertical dotted lines are shown at 10, 20, 56, 200, 585 and 800 eV. The grey
aref indicated where the signal to noise ratio of the observations is less than 3.

Qenergies indicated by vertical dotted lines in Figure 4 at 10, 20, 56, 200, 575 and
@ark boundaries of different qualities of data model agreement. Figure 5
presents integrals of the differences over the energy range of each of the 4 energy bands
idem in Figure 4 divided by the width of the band in eV. This could best be called

@diﬁerence per eV. The format emphasizes consistent differences over the

15
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individual energy bands. Note that the pre-flare high energy band in Figure 5a is from
200 to 575 eV and the post flare band in Figure 5b is from 200 to 800 eV. The upper
limits of the high energy bands are set where the signal to noise ratio goes below 3. The
réglﬂﬂ!e not significantly different if the upper energy limit shown in Figure 5b is set to
57

IIEiIYI'[ ,! T II:IYYI LI T IYY'[ Il T II:IY?I
. A:Preflare || B: Post flare: |

Relative Difference per eV
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ffective relative difference between models and observations. Energy band integrated
relagive differences between observations and models using the same symbols and colors used in
Figlires 2, 3, and 4.

<
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The model runs discussed above used CO, densities from the M-GITM model and in
the discussion section below we show that, within observational uncertainties, the data
and modeled flux intensities agree. These model runs and comparisons were done in
aé'l'll'!.'é'l'lﬂic coordinates which ignore Martian topography. The Neutral Gas and lon Mass
Sp@.ﬂier [NGIMS, Mahaffy, et al, 2015] measures CO, densities in geodetic
- —
cogydinates. Geodetic altitudes can be as much as 20 km different in the two systems.
Fiq@presents Version 6 of the CO, densities reported by NGIMS and the M-GITM
valm a function of geodetic altitude. Table 2 shows that the pre and post flare

ob and M-GITM CO, densities agree within 11%.

Uk

220 T T TR T T T T

200

Geodetic Altitude (km)

180 -

160 L L L L P T T | L L
107 10° "

CO, Density (cm?)

Author Man
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Figure 6 Measured and model CO, densities as a function of geodetic altitude. Solid Black: CO,
densities from the M-GITM model data used in the calculations reported in Figures 3,4, and 5
discussed above. The black pluses indicate the altitudes where the pre and post flare comparisons
were made. Version 6 CO, densities observed by NGIMS are shown for the inbound legs of the
pre flare (red) and post flare (orange) passes. Red and orange +’s indicate NGIMS observations
within +/- 1 km of the altitudes where the pre and post flare comparisons were made.

Author Manuscript
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Table 2: Measured and modeled CO, densities.

Aerocentric Geodetic NGIMS M-GITM Ratio

Altitude (km) | Altitude (km) | CO, (cm™ CO, (cm®)
Pre flare 182.5 189.2 3.2x10° 2.9x10° 0.89
Post flare 194.3 201.2 1.3 x 10° 1.3 x 10° 0.99

——

oo

Onservations from the MAVEN spacecraft of suprathermal electrons, neutral
den , and models of broadband solar ionizing radiation incident on Mars from
Mm presented above provide an opportunity to asses our understanding of processes
heamwe Martian thermosphere and ionosphere. We perform this assessment by
co@g observations with photoelectron spectra calculated from three independent
comng multiple models of solar irradiance before and after an X-class flare. The
Iculations were made using M-GITM model CO; densities. Figure 6 shows the

S 2%) difference between the M-GITM and Version 6 NGIMS level 2 values.
Obgervational uncertainties

@rtainties in the observed electron spectra arise from natural and instrumental
sougces. Instrumental sources include uncertainties in calibration, systematic biases in the
endlgrrlsponse, and uncertainties associated with finite counting rates. The signal to
noi@o shown in Figure 1 is greater than 3 below 575 eV before the flare and below

%ﬁer the flare. The uncertainties associated with finite counting rates are not

19
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important below these energies. Mitchell et al. (2016) have cross calibrated with other
MAVEN instruments, including plasma densities measured by the LPW instrument
(Andersson et al., 2015). They estimate that the absolute calibration of the SWEA is
aE*ﬂTé'to within 25%. The energy response of the MAVEN SWEA instrument is set by
the@m optics associated top-hat design and is directly related to the uniformity of

| | A .

thegeparatlon of the deflector plates [Carlson et al. 2001]. The magnitude of the

unt@ty associated with sensor plate miss-alignment is negligible compared to the

absel})calibration.

ﬁe are two natural sources of noise in the Martian ionosphere that could
cor"te to the electron spectra considered here: penetrating solar wind electrons, and
penetrating solar wind ions. A characteristic of penetrating solar wind electrons is the
antlgﬁard directed angular distribution. We examined electron angular distributions at
t@ indicated in Table 1 and found anisotropic distributions before and after the
intervals of interest when the spacecraft was at higher altitudes. The spectra reported in
Fighﬂﬂ.were found to be isotropic and thus the electron spectra reported in Figure 1 are
nominated by penetrating solar wind electrons. Halekas et al. [2015] found and
rﬂam unexpected signature of penetrating solar wind protons in the MAVEN Solar
Wihadah Analyzer (SWIA) at altitudes in the range sampled here. Halekas et al.

demonstyated that solar wind protons charge exchange with the neutral hydrogen corona

a%ransported to lower altitudes where they again charge exchange to produce

20
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beams of protons (H") at the solar wind velocity and in the direction of the solar wind. A
small flux of directed H" is also produced by electron attachment that converts neutral H
to H™ with approximately the same energy and direction as the H* produced by electron
sﬂ'lm. We examined ion energy distributions from the SWIA instrument at the times
ind@.i.n Table 1. We found evidence of solar wind H* beams, but at energies above 1
- _ - - - - -
ke\s. We conclude that the spectra shown in Figure 1 are produced by photoionization
anc@ot contaminated by penetrating solar wind electrons or H produced by

pengtong solar wind protons.

ﬁrtainties in the solar ionizing radiation incident on Mars can be estimated by
analmedes0f independent models of the pre and post flare irradiance spectra below ~50 nm
shown ig Figure 2. The data shown in Figure 2 show that the pre-flare integrated power
belm nm from the HESSR model is about 30% greater than that from the MAVEN
LeEaily data product. Chamberlin et al. [2007] report uncertainty below ~30 nm of
~30% for the Earth centric FISM irradiance model, from which the MAVEN Level 3 data
prohﬁl'ﬁare derived. The two post-flare irradiance spectra shown in Figure 2b use two
dimethods to estimate the enhancements in the EUVM Level 3 daily data product
assfciated with the flare and agree better than the pre-flare spectra. Chamberlin et al.

[2apaiaport slightly larger uncertainties in the FISM irradiance model during flares,

approacljing 100% at some wavelengths and well above the differences seen in Figure 2b

<
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at all wavelengths. We conclude that the Martian pre- and post- flare irradiance models

agree within the uncertainties of the models, i.e. ~30% pre-flare and ~50% post flare.

The M-GITM model densities used here were derived from prior Mars missions and
extﬁted to lower altitudes. The NGIMS Version 6 observations shown in Figure 6
have been adjusted from previous versions to account for densities derived using

H

MAGEN accelerometer data (Zurek et al. 2015). Uncertainties in the measured CO,
derwe estimated at 30%. Table 2 shows that the M-GITM density used in the pre-
flarwwation agreed to within 11% of the measured value and the post flare value

agree within 1%.

Ecalculation of photoelectron energy spectra shown in Figure 3 involves

mom the processes of photoionization, transport, and secondary ionization by

@ photoelectrons. The photoelectron production and transport codes used to
Ehe photoelectron spectra shown in Figure 3 all use the CO; neutral density
obtained from the Mars Global lonosphere-Thermosphere Model (M-GITM) [Bougher,
2012_2015a]. The uncertainties associated with these calculations include: The absolute
un(Qties in solar irradiance (30% to 50%for daily values and < 100% for flares); the
L@ties in the neutral density (30%); and the uncertainties in photoionization and

ele!tron impact ionization cross sections (discussed below).

>

<C
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The photoelectron production codes used here include transport effects but at ~190
km where the calculations are made transport is not a dominant process. The mean free
path of electrons is about 1.5 km and with only a modest (+/- 0.5 km) variation over the 1

td'!UUU'gV energy range considered.

Assuming the observational uncertainties are not correlated, the total observational
un&n‘aﬁnty from SWEA, EUVM, and NGIMS observations is 65% pre flare and 110%
po@. Ignoring other uncertainties, this means that the agreement between

obgeragions and calculated electron spectra better than this is not significant.

Phghization and electron impact ionization cross sections

\We continue our detailed comparison of the model/data differences shown in Figure
3 idering the cross sections used in the STET, KS, and AURIC codes. Figure 7
presents the photoionization cross sections for CO; as a function of wavelength. The
STE‘EU'de uses the lowest resolution cross section from Fox [1991] colored black; the
KS@uses cross sections from Gan and Cravens [1990] and references therein colored
o@nd the AURIC code uses the highest resolution cross section colored red. It
st noted that the reason for the higher resolution cross sections in the AURIC
codmecause this level of resolution is required to model EUV photoemissions in

@/ atmospheres [Strickland, 1999] which is the primary use of the AURIC code.

23
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All cross sections show a broad peak from 30 to ~70 nm. Below ~17 nm the cross
sections used by the AURIC and KS codes are significantly lower than that used by the
STET code, except for the Auger photoionization features at 2.2 and 4.4 nm,
cUT'E!D'E’nding to electrons of 500 and 250 eV respectively (e.g. Moddeman, et al. 1971),
wh&not included in the STET code. The STET code, however, includes the double

ior*g' ation cross sections for CO, which are not shown in Figure 7.
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otal CO, photoionization cross sections as a function of wavelength used in the
phot ron production codes. The cross sections are color coded as follows STET: Black,
e, and AURIC:Red. The vertical dotted lines are at 2, 6, 17, 31, 50, 65 and 90 nm.

%ﬁtoionization by solar irradiance shorter than 42 nm produces electrons with
en(@energy to ionize COz and create secondary electrons. These secondary
e*ﬁs are part of the observed suprathermal electron energy spectrum. The
ph8&toelectron codes used here capture this component of the photoelectron spectra.
Fig:presents the electron impact ionization cross sections for CO; used by the

@des noted above. The cross sections peak at ~ 100 eV where the one used by
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the KS code is about 20% lower. The fall off in cross section value below 20 eV is
qualitatively different for the three codes. The AURIC cross-section extends below
the CO2 ionization potential (13.7 eV) reflecting the fact that the cross sections used

in *e KIJRIC code include electron impact ionization of excited states of CO».
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Energy (eV)

Figgre 8: Total CO, electron impact ionization cross sections as a function of wavelength used in
the lectron production codes. The cross sections are color coded as follows STET (From
Fo ung, 2001):Black, KS: (From Gan and Cravens, 1990 and references therein) Orange,

@C Red. The vertical dashed line at 13.7 eV denotes the ionization threshold for CO..
Vert dotted lines are also shown at 20, 56, 200, 585 and 800 eV.

rences of the spectral resolution of the photoionization cross sections shown in

Figure t will have the largest impact on the calculated photoelectron flux where there is
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structure in the cross sections, i.e. below 6nm and above 65 nm corresponding to
electrons with energies greater than 200 eV and less than 5 eV respectively. Differences
in the magnitude of the electron impact cross sections will impact the calculated
pﬁdmr!ctron spectra for wavelengths longer than ~35 nm which produce secondary
eIeQuith energies less than 20 eVV. We cannot make a data model comparison for

iongzation produced by wavelengths greater than 65 nm because observations extend only

to @w the plasma frame of reference.

)

Dea data M-GITM based model comparisons.

C

Mrelative difference between modeled and observed electron spectra is defined as
ux — observed flux) / observed flux). Figure 4 presents the relative differences as
1on of energy. Figure 5 presents them for four selected energy bands. Values of +
0.5 (top and bottom dotted horizontal dotted lines) indicate that the data and models
dishby 50%. Positive values indicate that the modeled fluxes are larger than the
obsbons. In general the disagreement between models and data between 5 and 800
Q@ than 50%, i.e. within uncertainties associated the data. The agreement between

datd and models is, however, not uniform in energy. In the sections below we address

diaes in three broad energy ranges

<
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Energies above 200 eV

.'Mphotoelectron spectra calculated with all three codes agree remarkably well with
obs '@n ons above 200 eV. Figure 5 shows that the model fluxes, on average, agree best
WitM™MOSe calculated using the STET code above 200 eV. The fluxes from the AURIC
codg arg higher and those from the KS code are lower. Two codes (AURIC and KS)
make Some provision for calculating the effects of the narrow Auger electron lines near

250°and@500 eV. We consider pre- and post-flare data model comparisons separately.

Post-flare the differences in the two irradiance spectra below 6 nm are mostly in the
2n which produces electrons with energies that are detected in the energy channel
cermon 568 eV and include a contribution from Auger electrons near 500 eV. In the
re ound the 250 eV Auger line the AURIC and STET codes agree quite well with
t nd the KS code predicts systematically lower fluxes. Agreement between the
coﬂd data in the 505 and 568 eV energy channels is different. The AURIC code
pre@ignificantly higher fluxes than observed, while the KS and STET codes give
ar same agreement with observations that were seen near the 250 eV Auger line.
The KS gode predicts lower electron fluxes than those observed. This reflects the lower

valﬂ(he photoionization cross section compared to the STET code and lower energy

r&w compared to the AURIC code.
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Figure 2 shows that the pre-flare L3D and HESSR integrated irradiance power below
6 nm is about the same, but the distributions in wavelength are different. The L3D
irradiance values peak in the 1 nm bin, whereas the HESSR values are approximately
ul'l'l"U'H'I'I‘m intensity from 2 to 6 nm. Both post-flare irradiance spectra below 6 nm in
Figg.have the same shape as the L3D irradiance spectra shown in Figure 2a. Pre-

. —

flaw model agreement using L3D irradiance spectra (black symbols in Figure 4a) is
sirr@ post-flare agreement shown in Figure 4b. Here again the AURIC code predicts
sigwny higher fluxes than observed. Pre-flare data model comparisons made using
the R irradiance spectra are shown as green symbols in Figure 4a. We see that the
Aﬁode again predicts significantly more electron flux over most of the energy steps
sarEabove 200 eV. Between 200 and 400 eV this reflects the significantly more
int@ESSR irradiance spectra between 2 and 6 nm. The pre-flare agreement between
t code is similar to the post-flare case. We note that Moddeman et al. (1971) do not
r a N, or O Auger electron emission lines above ~ 500 eV. Because the AURIC

cocﬁ predicts significantly higher fluxes than are observed in both the 505 and 568 eV

cha@ the treatment of Auger features in the cross sections cannot explain the

wfuiiuidlinteresting to note that the AURIC code, which uses the highest resolution
photoelgetron production cross section, systematically overestimates the observed

ewluxes. The irradiance spectra below 6 nm used here are derived from model
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dependent distributions of power observed in a broad wavelength region. Figure 2 shows
the significant differences in modeled irradiance spectra in this region. Peterson et al.
[2014] found that the variability of solar irradiance below 8 nm was not fully captured in
aHﬂ'U'I'ﬂ*e irradiance models they considered. We do not have the information to
det@ﬂf the systematic overestimation of photoelectron fluxes above 600 eV arises
. — L . .

frog imperfect knowledge of the photoionization cross sections or imperfect knowledge

of @ar irradiance spectrum below 6 nm.

Enwbetween 20 and 200 eV

aite of the significant differences in irradiance spectra and photoionization cross

secyons relevant to energies in the 20 to 200 eV range, the photoelectron spectra

q

caleﬁd with all three codes agree remarkably well with observations. Figure 5 shows

t verage and within observational uncertainty, the calculated photoelectron energy
Eetween 20 and 200 eV are within 50% of the observations with three exceptions.
The exceptions are pre-flare fluxes calculated using the AURIC/HESSR pair; pre- and

post-jflare fluxes calculated using the STET/HESSR and STET/L3D pair; and post-flare

Ol

flux Iculated using the KS/L3FR pair. Examination of the highest energy resolution

h

waalni gUre 4 show that the exceptions reflect the systematically different energy

{

responses calculated in the 20 to 200 eV. Range.

AU
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The data/KS model agreement decreases systematically from ~ 56 eV to over 200 eV
(which corresponds to photons with wavelengths between 6 and 17 nm) for all cases
examined. These systematic variations with energy are associated with the systematic
dEdﬂ#in magnitude of the photoionization cross section (orange line in Figure 7)
beIQQ.nm. The response of the STET and AURIC codes from 56 to 200 eV are more
| | — A B
corgpllcated. The systematic decrease seen in the data/KS model agreement appears near
20@1 the pre-flare STET and AURIC models using the L3D and post flare STET and

Aum'nodels using the L3FR irradiance spectra.

ﬁ)ntrast to the systematic decreases in data/model agreement noted above, there is
as tic increase near 200 eV for the STET and AURIC data/model agreement using
the pre-flare HESSR irradiance and post flare L3F irradiance spectra. The more intense

ﬁﬂe features near 6 nm in the HESSR and LRF irradiance spectra apparently are

irra

strongmough to overcome decreases in the photoionization cross sections.

r M

Enbelow 20 eV.

!Figure 5 shows that the data/model agreement in the 10-20 eV range is within
omemellonal uncertainties for all model/irradiance spectra pairs examined. Data are
availablg for comparison with the models only above ~5 eV, which is the lowest SWEA

%ep plus the spacecraft potential. Figure 4 shows that the data/model agreement
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within observational uncertainties extends to 5 eV for the AURIC code, but not the KS
and STET codes. Electrons with energies in the 5 eV range can be produced by photons
with wavelengths near 65 nm, where the cross section for photoionization has many
féﬂhﬂglassociated with the production of excited states of CO,. The AURIC code is
rou@uﬁed to investigate optical emissions from ionized plasmas and has been

| |

extsnsively validated (Strickland, et al, 1999) in this energy/wavelength range.

O

Dmodel comparison using observed C0, densities.

gmodel photoelectron fluxes presented and discussed above were all calculated
usiE M-GITM model CO, density shown in Figure 6. Table 2 shows that the post
flaw densities from the NGIMS instrument and M-GITM agree to within 1%, so
E electron fluxes are unchanged. The pre flare CO, densities at the measurement

bserved by the NGIMS instrument are 11% higher than the M-GITM values.

Mt al. [2015b] have shown that in collision dominated regions the flux of high
enectrons is surprisingly insensitive to neutral density. A test run of the STET
cﬂ] double the M-GITM density showed a factor of less than 2 increase in the
elq;mnjlux at 1 eV but essentially no change above 10 eV. Thus the comparisons

betweeﬁmodeled and observed fluxes for the energy bands shown in Figure 5 are not

c@hen observed CO, densities are considered.
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Conclusion

e

mamined electron data obtained on successive MAVEN passes with different
igcident solar EUV and XUV irradiances. We then compared observed and modeled
ele&-mspectra based on observed irradiance and CO; density. The discussion above
sh@at in spite of large differences in photoionization cross sections and irradiance
spmcident on Mars the differences in Martian photoelectron energy spectra
calculatqd with three commonly used codes (i.e. KS, AURIC, and STET) are small
corci to the combined uncertainties of observations from the SWEA, NGIMS, and

EU struments on the MAVEN spacecraft.

E most significant differences were found for photoelectrons with energies above

and below ~5 eV. The Atmospheric Ultraviolet Radiance Integrated Code
(AURIC) code best agreed with data below ~ 5 eV. The SuperThermal Electron
Tra rt (STET) code and a two stream code developed at Kansas University best
agrglth data above ~ 600 eV. Between 200 and 600 eV the lower photoionization
|0n used in the KS code results in calculated photoelectron fluxes less than 50%
-|—l

below those observed. We do not have the information to determine if the more than 50%

oV ation of photoelectron fluxes above 600 eV by the AURIC code arises from
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imperfect knowledge of the photoionization cross sections or imperfect knowledge of the

solar irradiance spectrum below 6 nm.
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