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Abstract

Mars dayside thermospheric temperature and scale height trends were examined using
measurements from the Neutral Gas Ion Mass Spectrometer (NGIMS) and the Imaging Ul-
traviolet Spectrograph (IUVS) on the Mars Atmosphere Volatile Evolution (MAVEN) space-
craft. Average scale heights (over 150-180 km for solar zenith angles < 75°) from several dif-
Mpling periods were obtained from each instrument. NGIMS and IUVS scale height
tr@ found to be in good agreement, with both showing scale heights decreasing af-

ter perthelion and reaching a low value near aphelion (13.6 to 9.4 km). Between these two sea-
|

sqgal extremes, the temperature decreased by ~70 K (from 240 to 170 K). These trends were
05 p y

al

alsg angalyzed with respect to the changing solar flux reaching the planet, using the Lyman-
wadiance measured by the Extreme Ultraviolet monitor (EUVM) on MAVEN. Scale heights

rw strongly to the changing solar flux. During this part of the MAVEN mission (Oc-
r 2014

tober 2014 to May 2016), it was concluded that over longer time scales (at least several months),
da@hermospheric temperatures are chiefly driven by changing solar forcing, although it

is cts of changing heliocentric distance rather than changing solar activity which seem
toCie greatest impact. Furthermore, effects of solar forcing were not observed on shorter
tiMes (less than a month), suggesting local wave effects may dominate solar forcing on
these time scales. Finally, temperatures from two NGIMS sampling periods were compared

to t atures from the Mars Global Ionosphere-Thermosphere Model (M-GITM) and found

ood agreement.

1 wuction and Motivation
@horough characterization of the mean structure and variability of the Martian day-
si osphere (i.e. temperatures, densities, winds, and waves over ~100-250 km) is im-
r understanding its temporal responses to external forcing. It is notable that the Mar-
‘H‘nosphere is an intermediate atmospheric region strongly coupled to the lower-middle

atmospiere below (e.g. seasonal inflation/contraction, gravity waves, planetary waves, ther-

mal tideg, dust storms) and also coupled above with energy inputs from the Sun (soft X-ray,

and UV fluxes, and solar wind particles) (see reviews by Bougher et al. [2015a]). At present,
the relative roles of solar forcing and wave forcing (at different times in the solar cycle and
throughout the Martian year), and their ability to maintain the observed structure and drive the
variability of the upper atmosphere, have yet to be fully quantified. Such a systematic char-

acterization will provide constraints for the changing thermal budget of the dayside thermo-
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sphere, which serves to regulate the temporal responses (i.e. solar cycle, solar rotational, sea-

sonal, and diurnal responses) of the upper atmosphere.

The nominal thermal balance in the Mars dayside upper thermosphere is estimated to
occur between solar EUV heating and cooling by molecular thermal conduction, while below
130 km, CO2 15-pm cooling plays a larger role (see reviews by Bougher et al. [1999, 2015a]).
More, the amount of solar EUV radiation largely responsible for heating the Martian

tre undergoes significant variation over time, and must be measured locally at Mars

to clearly link solar forcing and thermal responses [e.g. Eparvier et al., 2015; Bougher et al.,

2( 5a]. This substantial variability is due to the large eccentricity of Mars orbit (1.38-1.67 AU),

SO tion and 11 year solar cycle contribute [e.g. Woods and Rottman, 2002; Bougher et al.,

thwuity producing the seasons, and variations in solar output to which both the 27-day
2Q°S - ¥or instance, the 27-day solar rotation often gives rise to a modulation of the solar
EUV and UV fluxes received at the planet, which may be reflected in corresponding temper-
ature vafiations of the Mars dayside thermosphere. Furthermore, changing heliocentric distance
a easonal cycle in particular are usually considered together due to the proximity of
tltces to perihelion and aphelion and the resulting difficulty in separating their effects.
[mgher et al., 2015a]. Overall, this variability in the EUV fluxes received at Mars has
been predicted to produce significant variations in composition, temperature, and winds in the

ther here [e.g. Bougher et al., 2002, 2015b; Forbes et al., 2008; Gonzdlez-Galindo et al.,

Nevertheless, wave forcing of the upper atmosphere densities, temperatures, and wind
structure may also be important and is beginning to be examined with tidal and gravity wave

ml @, Gravity wave momentum and energy deposition, owing to the breaking of upward

Eng waves, may produce changes in the mean wind structure as well as the temper-
the upper atmosphere [Medvedev et al., 2011; Medvedev and Yigit, 2012; Medvedev

.» 2013]. Evidence of these impacts is apparent in the winter polar warming signatures first
observei in aerobraking datasets [Keating et al., 2003, 2008; Bougher et al., 2006]. This im-
plies thas a full description of the upper atmosphere structure and dynamics may require a com-

n of both solar forcing and wave forcing mechanisms [e.g. Medvedev et al., 2015].

The MAVEN mission is beginning to collect in-situ and remote datasets throughout the
Martian seasons and at various solar activity levels, allowing for a more systematic charac-

terization of the upper atmosphere. In addition, solar EUV-UV flux measurements are now avail-
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able from MAVEN to monitor the solar irradiance at Mars for the first time. In this paper, we
focus upon a detailed examination of the dayside thermal structure and its seasonal and so-
lar activity trends (and corresponding solar drivers) as observed by newly obtained MAVEN

spacecraft datasets.

I l.i Brief review of pre-MAVEN dayside upper atmosphere temperatures

bor to MAVEN (the Mars Atmosphere and Volatile Evolution Mission), the Martian
upper atmosphere thermal structure (both dayside and nightside) was poorly constrained by
| |
a w number of both in-situ and remote sensing measurements at diverse locations, sea-
sons, gad periods scattered throughout the solar cycle (see reviews by Stewart [1987]; Bougher
etmOO]; Mueller-Wodarg et al. [2008]; Bougher et al. [2015a]). The vertical thermal struc-
t e upper atmosphere has been sampled many times, but only in specific latitude and
local time zones and mostly during solar minimum to moderate conditions [Bougher et al., 2015b].
T@ited dayside temperature measurements included in-situ sampling from: (a) Viking
L and 2 entry accelerometers (based on mass density scale heights) [Seiff and Kirk,
1¢) Viking Landers 1 and 2 Upper Atmosphere Mass Spectrometers (UAMS) (based
1 density scale heights) [Nier and McElroy, 1977], (c) the Mars Global Surveyor (MGS)
ccelerometer Experiment [e.g. Keating et al., 1998, 2003, 2008; Bougher et al., 2015a], and
EGS application of the precise orbit determination technique (which was used to de-
ities and scale heights from 1999 to 2005) [Forbes et al., 2008]. Recently, observa-
tions from Mars Express MARSIS (Mars Advanced RADAR for Subsurface and Ionospheric
ere used to find the equivalent slab thickness of the ionosphere from which ther-
m,c temperatures were derived [Mendillo et al., 2015]. In addition, remote measurements
of y dayglow emissions (e.g. CO Cameron bands and COJ ultraviolet doublet (UVD)) were
ined by Mariners 4, 6, 7, 9, and Mars Express and have been used to extract dayside ther-
‘Wc temperatures [e.g. Stewart, 1972; Stewart et al., 1972; Leblanc et al., 2006; Huestis
10; Stiepen et al., 2015]. A brief summary of selected pre-MAVEN dayside topside

thi heric temperatures (for solar minimum to moderate conditions) is presented in Ta-

<

The significant Mars orbit eccentricity (i.e. changing heliocentric distance) demands that
both the solar cycle and seasonal variations be considered together when examining temper-
ature trends in the dayside thermosphere and exosphere [e.g. Bougher et al., 2000, 2015a]. These

combined variations are difficult to quantify without systematic measurements. As a result, con-
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siderable debate and study have resulted regarding the Martian dayside temperature structure

and its variability since the first Mariner ultraviolet spectrometer (UVS) measurements were

made (1969 -1972) [e.g. Stewart, 1972; Stewart et al., 1972; Stewart, 1987]. Prior to MAVEN,
the collection of limited in-situ and remote temperature measurements together enabled a rough
composite estimate to be made of the extreme solar cycle plus seasonal variations of Martian
dzside i‘,xospheric temperatures, from ~180-200 K to ~350 K (see Forbes et al. [2008]; Bougher
et ﬂa]). This estimate is most uncertain for solar moderate-to-maximum conditions, for

W, data is available.

I
Finally, the most recent pre-MAVEN study of upper atmosphere dayside temperature vari-

atigns focused on 10 years of Mars Express SPICAM (Spectroscopy for Investigation of Char-
acWgist#®s of the Atmosphere of Mars) ultraviolet dayglow emission measurements [Stiepen

=

etifll. 5]. Mean temperatures were extracted over 150-180 km, based upon CO Cameron

+

and CO, dayglow profiles fit with an exponential function. Scale heights were found to be

=

highl riable, ranging from 8.4 to 21.8 km (corresponding to ~153 to 400 K). Stiepen et al.

[2 served no correlation between solar zenith angle (SZA) and temperatures across the
dowmemconsistent with previous studies of Leblanc et al. [2006]. In addition, solar activity,

aqfd “ﬁ ined by the F10.7-cm index rotated to Mars (i.e. corrected for the Sun-Earth-Mars
angle), did not appear to influence scale height (or temperature) variability over the 10-year
obscMago period (spanning solar minimum to moderate conditions), again consistent with smaller
udies [Leblanc et al., 2006]. This latter finding would imply that large local varia-

tions in scale heights dominate over the long-term control exerted by solar forcing. They posited

=3

t h large local variations may be driven by upward propagating gravity waves and tides,
w ved to overwhelm the solar forcing control during this sampling period and provide

heating. However, lower atmosphere impacts upon upper atmosphere temperature structure have

zs to be fully characterized.

j Motivation for comparing new MAVEN NGIMS and IUVS datasets

Jggn et al. [2015] reported a first study of MAVEN IUVS dayglow observations focused
@LX atmosphere structure and variability. Similar to Stiepen et al. [2015], the 150 to
180 km region of the dayside thermosphere was selected to derive scale heights (and corre-
sponding temperatures) from CO Cameron band and CO5 UVD emission profiles assuming

an isothermal atmosphere. Two sampling periods were utilized (Ls = 218: 18-22 October 2014;

Ls = 337-352: 5 May 2015 to 2 June 2015), each exhibiting SZAs less than about 73 degrees.
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However, a major advance for this study was simultaneous monitoring of both the UV day-
glow and the local EUV flux received at Mars. This enables the longer-term solar forcing sig-
nal to be distinguished from the short-term local variability of the thermosphere. Specifically,
the mean scale height for the two seasons was found to be 16.2 + 0.1 km and 14.0 £ 0.1 km,
with a standard deviation of 1.6 km for both (owing to the intrinsic variability of the thermo-
sﬁere).'These scale heights correspond to mean temperatures of 300.0 &+ 2.0 K and 250.6 +
1.7 espectively, with a common standard deviation of ~29 K. These two measurements
reQO K cooling over this time period between October 2014 and May 2015, consis-
ﬁem the decrease in solar activity and the increase in heliocentric distance between these
ns. This indicates that the influence of solar forcing upon thermospheric tempera-
uOomlnant on the longer time scales represented by these two seasons. Additional sam-
plm:ods distributed over Mars seasons and different levels of solar activity are needed

characterize the longer term seasonal and solar cycle trends of dayside thermospheric

temperdgires at low SZAs.

equal importance is the lack of correlation of solar EUV fluxes (17-22 nm channel)
cMAVEN Extreme Ultraviolet monitor (EUVM) instrument and temperatures on a se-
le rter time scale (5-18 May 2015). This implies that on short time scales (when so-
lar flux variations are small), the temperature variability in the thermosphere depends less on
ing and more on wave and/or tidal activity from the lower atmosphere [Jain et al.,
is result is consistent with the previous studies of Stewart [1972] and Leblanc et al.
[2006] which found a lack of correlation of temperature variations and solar EUV fluxes on

shhe scales, and Leblanc et al. [2006] and Stiepen et al. [2015] on longer time scales.

uch larger ITUVS dayglow dataset of CO Cameron band and COJ UVD emissions

or:

c be utilized to address the long and short term trends of solar EUV fluxes and day-
gnospheric scale heights and temperatures (see Jain [2016]). In addition, a large dataset
MIS neutral density profiles can also be used to extract 150-180 km mean temperatures
from thmospheric regions that match closely to the low SZA sampling periods and altitude
region chosen in the IUVS studies. Such a dedicated instrument inter-comparison study is cru-
the confirmation and further extension of the longer term (solar driven) and shorter term

(wave driven) trends in dayside temperatures first identified in the Jain et al. [2015] paper.
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1.3 Motivation for comparing these MAVEN datasets with M-GITM

The seasonal and solar cycle trends in extracted 150-180 km mean dayside temperatures
that are sought in this new cross-instrument comparison study will also benefit from compar-
ison with solar driven global models. Specifically, the Mars Global Ionosphere-Thermosphere
Model (M-GITM) is primarily solar driven and is designed to capture the major processes that
Hhe thermospheric energetics and dynamics on longer time scales [Bougher et al., 2015b].

It ipated that the comparison of extracted M-GITM temperatures (along the MAVEN
ﬂ p p p g

orbit trajectories) and IUVS and NGIMS derived temperatures will provide insight into the un-
|

dgglying thermal balances responsible for these measured long term variations. Data-model dis-

to

crepangies will point to missing physical processes that can be incorporated into the model
wcapture the measured temperature trends.

overview of this paper is as follows. Section 2 will describe the MAVEN datasets

a orresponding sampling periods used in this study. Section 3 reviews the salient fea-

us

tu pabilities, and intended applications of the M-GITM framework and its outputs for

udf in the data-model comparisons. Results are presented and their implications are discussed

N

in section 4. And finally, section 5 summarizes key conclusions and the next steps as this re-

selyc! es forward.

a

2 N Datasets used

WA

Densities are obtained from NGIMS measurements and derived from IUVS dayglow ob-

sclyations, from which scale heights can be calculated. These datasets can be used in tandem

[

to terize thermospheric scale height and temperature trends across the dayside of Mars.

Se

0O

eriods of orbits during different Martian seasons throughout the MAVEN mission were

arfilyzed, ranging from October 2014 to May 2016, in order to examine the Martian thermo-

h

sphere qyer time.

t

make the comparison between NGIMS and IUVS derived scale heights as close as
pog (i.e. compatible with nearly the same volume of atmosphere, and subject to nearly
e solar, seasonal and location conditions), orbits were chosen for the analysis which

met thc™ame initial set of criteria: (1) orbits had data within the altitude range of 150-180 km

and (2) orbits had SZAs less than 75° within that altitude range.

Relatively low SZAs, less than 75°, were selected in order to ensure the data from IUVS

would be from the dayside. This was necessary as IUVS dayglow emission measurements were
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used to derive scale heights. Furthermore, studies from both IUVS and NGIMS have indicated
that at thermospheric altitudes, temperature, and by extension, scale height, does not vary sig-
nificantly with relatively low SZA. Mahaffy et al. [2015a] showed that over a significant part
of the Martian year, from northern hemisphere winter solstice to near equinox, for solar zenith
angles below 75° at 200-300 km, temperature shows no clear variation with SZA. A similar
laik of ﬁorrelation was seen between IUVS derived scale heights and solar zenith angles over
th &pheric altitude range of 150-180 km [Jain et al., 2015]. Thus, different relatively
lo,

e 0
hould not contribute notably to thermospheric scale height trends.

I

In addition to the SZA criterion, only the segment of the orbits within the upper ther-

mogphgric altitude range of 150-180 km was considered. This is the same altitude range that
w ied by the Jain et al. [2015] and Stiepen et al. [2015] analyses of scale heights derived
frmglow emissions. Below 180 km where fluorescent scattering is not a significant pro-
cess, it has been found that the scale height of the COJ UVD emission is directly linked to
theEal COs atmospheric scale height [e.g. Stiepen et al., 2015]. Furthermore, thermospheric
SC, ichts can be derived from the TUVS measurements of CO; and CO Cameron emis-
si:ming the thermosphere is nearly isothermal [Stewart et al., 1972]. The lower bound-
ar@@ km was chosen as it often occurs near the altitude where temperatures in the up-

er atmosphere no longer undergo significant change with height [e.g. Bougher et al., 2015a;
StleEt al., 2015], although this altitude is believed to vary in response to the changing so-

received at the planet [Bougher et al., 1999, 2015b].

! It should be noted that although applying these criteria to both IUVS and NGIMS datasets

—_
—_—

allows for a closer comparison of thermospheric scale heights, there are still unavoidable dif-
fe @ especially due to instrument sampling. Since NGIMS takes measurements along the
Sp, t’s track and IUVS is a remote sensing instrument, for any particular orbit, they will
Qsaﬁly be measuring the same volume of atmosphere [Jakosky et al., 2015]. As a re-

" orbits which meet the two criteria are different for each instrument. This also results

in diffetgnt numbers of orbits in each sampling period for both ITUVS and NGIMS. The com-

Ul

binatioggof these factors makes a direct comparison between scale heights derived from the

struments difficult. However, since average scale heights spanning multiple orbits are
used in this analysis, some of the local variations due to the different observing geometry are
eliminated. Furthermore, trends in scale height can still be compared. This will primarily be

the focus for comparison between the NGIMS and IUVS scale heights in this paper.
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2.1 NGIMS datasets and sampling periods used

The Neutral Gas Ion Mass Spectrometer (NGIMS) is a quadrupole mass spectrometer
on the MAVEN spacecraft designed to measure the composition of the major neutral gas and
ion species in the upper atmosphere with a vertical resolution of ~5 km and a target accuracy
of <25% for most species. Measurements are taken along the spacecraft track typically over
Mo 500 km altitude region. NGIMS alternates between a closed source mode, which
m&on-reactive neutral species (e.g. CO3, Ar, Ny, He), and an open source mode which
measures both surface reactive neutral species (e.g. O, CO, NO) and ambient ions [Mahaffy
|

etgl., 2015b].

Q NGIMS dataset used for this analysis is the Level 2, Version 6, Revision 2 (V06_R02)
product. This dataset gives single species abundances which have been converted from detec-

t ugf rates and corrected for instrument background [Mahaffy et al., 2015b]. While this

is st recent data release available, there are still further corrections planned to take place
dge next release, including a reduction of CO4 densities following the first Deep Dip
c@ (a week-long lowering of periapsis to ~125 km [Jakosky et al., 2015; Zurek et al.,
2015]) by a factor of about 1.5 to account for detector gain changes. Since this correction does

with height, it should not alter the derived temperature profiles from that time period

ly the absolute density will be adjusted.

en sampling periods were identified in the 15-month NGIMS dataset which met both
the SZA and the altitude range criteria. More detailed information about these orbit periods
ism\n Table 2. These periods range from March 2015 to May 2016, over one year of the

mission. This corresponds to about 60% of a Martian year, with solar longitudes from
::Q to Ls = 156. During this time, the season changed from near perihelion to near north-

ej hemisphere autumnal equinox. The local time, latitude, and SZA range for each period

ari provided in Table 2.

e factor unique to NGIMS that significantly limited the orbits which could be selected

for the analysis was the altitude range. Although MAVEN’s nominal periapsis altitude dur-

ience orbits is 150 km, the spacecraft does not always reach this altitude since a den-
sity corTidor is targeted at periapsis rather than an altitude corridor [Jakosky et al., 2015; Zurek
etal., 2015]. As a result, only a few periods of NGIMS orbits strictly met both the altitude

and the SZA criteria. Thus, for several of the NGIMS orbit periods, a minimum altitude be-

This article is protected by copyright. All rights reserved.



273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

291

292

293

294

295

296

297

298

299

300
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304

tween 150 km and 160 km was permitted. These minimum altitudes are also supplied in Ta-

ble 2.

Temperatures were extracted from the NGIMS dataset by vertically integrating densi-
ties from the top down to obtain pressures. Assuming that the vertical density profile is in hy-
drostatic equilibrium, the hydrostatic equation is integrated for CO to obtain the local par-
Mure. The temperature can then be calculated from the pressure using the ideal gas law
am density measured by NGIMS. Various upper boundary conditions (pressures) were

tested and their impact on the topside temperature profile examined. The altitude was then iden-
|

titd below which the temperature profile was close to identical for all choices of the upper

boundgry condition. This altitude was somewhat higher for perihelion (200-220 km) versus
am (190-200 km) sampling periods, thus determining the altitude range of our extracted
te res. This same basic method of deriving temperature profiles from densities was re-
cently used in Snowden et al. [2013], and is described in greater detail there. Temperatures in
thisE were calculated from CO2 and Ar densities, as seen in the temperature profiles in
Scale heights were then calculated from the CO5 temperature profile using the def-

(@] from the inbound leg of the orbit was used due to calibration difficulties with the

Fi
inc scale height derived from the equation of hydrostatic balance and the ideal gas law.
b%d subtraction of accumulated CO5 densities on the outbound leg [e.g. Mahaffy et al.,
20 or each inbound segment of the orbit, scale height and temperature profiles were de-
restricted to the 150-180 km altitude range. Averaging was then done over each pe-
riod of orbits to create average profiles and remove most of the high frequency variability of
arhidual orbit which could mask longer time scale trends. These profiles were then av-
erer the 150-180 km altitude range to find a representative scale height and temper-

ature Tor each sampling period.

L

“ IUVS datasets and sampling periods used

j Imaging Ultraviolet Spectrograph (IUVS) is a ultraviolet remote sensing instrument
onboardgthe MAVEN spacecraft. It has two detectors: a far ultraviolet (FUV) detector (115-

) and a mid ultraviolet (MUYV) detector (180-340 nm), with a spectral resolution of 0.6
and 1.2 nm, respectively. IUVS is mounted on an Articulated Payload Platform (APP) that al-
lows controlled orientation of IUVS’s field of view relative to Mars and provides desired view-
ing geometry. IUVS limb measurements are taken near periapse with slit (11.3°x0.06°) pointed

perpendicular to the spacecraft motion [McClintock et al., 2014]. IUVS uses a scan mirror to

—10-
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sweep the slit up and down to map the vertical profile of the atmosphere with an altitude res-
olution of ~5 km. In a single orbit IUVS takes 12 limb scans [see Jain et al., 2015; Jain, 2016,
for more detail]. The observed raw data numbers (DN) are corrected for detector dark current
and then converted to physical brightness in Rayleigh using the sensitivity derived from UV
bright stellar observations made during the MAVEN cruise phase [McClintock et al., 2014].

Tie MEiV and FUV systematic uncertainties estimated from these stellar calibrations are +£30%
anﬁi%, respectively. The flatfield errors have not been corrected in the data, which can

i ditional 10% uncertainty. The data used in this analysis can be downloaded from
RhE=Sphere node of NASA’s Planetary Data System. The data files are tagged “periapse”

Whion/revision tag VO6_RO1.

che present analysis we selected time periods of IUVS dayglow observations based
o verlap with NGIMS data. Table 3 shows the lighting and geometry for IUVS obser-

vations used in this analysis.

e have used an empirical Chapman fit to CO;r ultraviolet doublet (at 290 nm) emis-
si@nsity to determine scale heights. This method is similar to what has been used by Lo
et al. [2015] on CO;r intensity observed by IUVS to study the non-migrating tides. We used
a@l of parameterized volume emission rate (see Equation 1) to fit the measured inten-

the Levenberg-Marquardt least squares minimization algorithm:

o0
z0—z ongH _ rdz
I=2 Il — (zo-2)/H ) ___— 1
/b o e"p< H  cos() 7z W

where IIr accounts for solar flux and calibration factors; z is the altitude; b is the tangent al-
ti the line of sight from the center of the planet; z, is the reference altitude, which is
S @l km in this analysis; H is the scale height; » = R + z, where R is the radius of
Mars; v is the solar zenith angle; o is the photo-absorption cross section of UV photon; and
Eents density of COs at the reference altitude of zy. The three parameters, viz., Iy,
Mcaled density ogn are allowed to vary during the fit. Figure 1 shows an example of

th man fit to the observed intensity of COJ UVD emission.

.3 EUYV dataset used

Data from the Extreme Ultraviolet monitor (EUVM) on MAVEN was also used to ex-
amine the role of EUV flux as a possible driver of dayside thermospheric temperatures in this
study. The EUV monitor is one of two quasi-independent components of the Langmuir Probe

and Waves (LPW) instrument, the other being the LPW component [Jakosky et al., 2015; Eparvier
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et al., 2015]. The EUV monitor measures the variable solar soft x-ray, EUV, and UV irradi-
ance received at Mars with three broadband filter radiometers. These radiometers measure the
wavelength bands of 0.1-7 nm, 17-22 nm, and 121-122 nm (Lyman-alpha) emission, respec-
tively. The EUVM dataset used in this analysis is the Level 2, Version 5, Revision 4 (V05_R04)
product, which gives the calibrated solar irradiance (W/m?) for the three bands at a one sec-

ond cadgnce. The Lyman-alpha irradiance, which is specifically used in this study as an in-
dicz of the changing EUV-UV heating in the thermosphere, is given as a daily mean value

[
=, b f solar output at this wavelength band concurrent with NGIMS and IUVS measure-

A
O

3 mTM formulation and its application to dayside temperature trends

al., 2015]. This dataset extends from October 2014 to June 2016, allowing for an

Mars Global Ionosphere-Thermosphere Model (M-GITM) is a model framework com-
bijz terrestrial GITM framework [Ridley et al., 2006] with Mars fundamental physical
p s, ion-neutral chemistry, and key radiative processes in order to capture the basic ob-
se atures of the thermal, compositional, and dynamical structure of the Mars atmosphere
frm ground to ~250 km [Bougher et al., 2015b]. The GITM framework relaxes the as-
ion of hydrostatic equilibrium, and explicitly solves for vertical velocities that can po-
tenuaEbe large under extreme conditions (e.g. in areas of strong localized heating that may
m solar energetic particle events as well as extreme solar wind conditions). However,
the current Mars upper atmosphere and the simulated M-GITM atmosphere are typically in
h ic balance (i.e. characterized by small vertical velocities) for normal driving condi-
ti ugher et al., 2015b]. The ongoing objectives for this M-GITM code include: (a) in-
vestigating the thermal and dynamical coupling of the Mars lower and upper atmospheres, (b)
idino an accurate representation of the observed thermosphere-ionosphere structure and
Mons over the Mars seasons and solar cycle, and (c) linking M-GITM (thermosphere-
io e structure) with other exosphere and plasma models in order to address Mars at-
m ric escape processes and determine modern escape rates [Bougher et al., 2015a,b]. These

ives also support the MAVEN mission.

M-GITM simulates the conditions of the Martian atmosphere all the way to the surface.
For the Mars lower atmosphere (0-80 km), a correlated-k radiation code was adapted from the
NASA Ames MGCM [Haberle et al., 2003] for incorporation into M-GITM. This provides so-

lar heating (long and short wavelength), seasonally variable aerosol heating, and CO5 15-pum

—12—-
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cooling in the LTE region of the Mars atmosphere (below ~80 km). For the Mars upper at-
mosphere (~80 to 250 km), a fast formulation for NLTE CO5 15-um cooling was implemented
into the M-GITM code [Lopez-Valverde et al., 1998; Bougher et al., 2006] along with a cor-
rection for NLTE near-IR heating rates (~80-120 km). In addition, a comprehensive set of cross
sections and yields has been supplied for a CO; atmosphere, yielding the calculation of in-
sia: solﬁ heating (EUV-UV), dissociation, and ionization rates at each model time step. Fi-

naI:: comprehensive set of 30+ key ion-neutral chemistry reactions and rates has been in-

C into the M-GITM code [e.g. Fox and Sung, 2001]. At this point, M-GITM assumes
HHEM™mical equilibrium when solving for the ionosphere (above ~80 km). Recently, Mars
c l1ds have been added to the M-GITM framework, which will be important when ion

tr@ effects (above ~200 km) are addressed in the future.

@'\ulated three-dimensional upper atmosphere fields include neutral temperatures, den-
sities (CO9, CO, O, N, O9, He, etc), winds (zonal, meridional, vertical), and photochemical
10@ O; , CO;“, N;, and NO*). Future minor species will include N(*S) and N(?D). Sim-
panning the full range of applications of the current M-GITM code, including 12 model
u:nmg various solar cycle and seasonal conditions, have been completed and the re-

descrlbed in an archival paper [Bougher et al., 2015b].

notable that M-GITM upper atmosphere physics, chemistry, and formulations are
complete, and therefore data-model comparisons thus far have largely focused on this
region above ~100 km. To date, M-GITM simulations have been compared with MAVEN NGIMS
surements obtained during its first year of operations during four Deep Dip campaigns [e.g.

si

Bougher et al., 2015¢,d]. In particular, Deep Dip 2 (DD2) temperatures and key neutral den-
@e been compared with corresponding M-GITM fields extracted along DD2 orbit tra-

Kon the dayside near the equator [Bougher et al., 2015c]. These comparisons reveal
ITM neutral temperatures match DD2 campaign averaged measurements very well

MAS, both approaching ~260-270 K at/above 200 km.

-

4 s and Implications
NGIMS averaged temperature trends spanning all sampling periods

The average temperature profiles produced for each of the seven sampling periods plot-
ted with 1-sigma orbit-to-orbit variability can be seen in Figure 2. For comparison, average

temperatures were derived from both Ar and CO, densities. Argon measurements are currently
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the best calibrated due to the inert nature of the species. Comparing the CO- derived temper-
atures to those of Ar shows that on average (for the 150-180 km altitude range) the greatest
difference is only 7.7 K and occurs during orbits 2194-2274. As can be seen in the profiles,
there is often a larger difference between these derived temperatures at higher altitudes, such

as in the profiles from orbits 1900-2000. This temperature difference is due to an instrument
efﬁct. :iuring the inbound segment of the orbit, the sensors internal metal surfaces tend to ad-
sorﬁospherio gases (i.e. COs is better adsorbed than Ar), which artificially reduces the den-

si d by the instrument. Gas-wall interaction is not unique to the NGIMS sensor and
™ SS9 observed and reported for other similar atmospheric investigations [Cui et al., 2009;
Te%al., 2010]. Since the efficiency of gas adsorption rapidly diminishes as the sensors
w@ch saturation, the altitude profile of the measured density will exhibit a steeper slope
thap iteshould have (and thus a lower apparent temperature). It expected that the CO2 derived
tem:re will always be cooler than that of Ar at higher altitudes, and the two gas temper-
atures Sgould merge at low altitude (i.e. where the sensor’s faces are fully saturated and ad-
sorption ceases to be important). That is indeed what Figure 2 profiles illustrate. Neverthe-
le@b this difference between Ar and CO4 derived temperatures exists, it is sufficiently
smr the 150-180 km altitude range for our study. Thus, COy derived temperatures and
sc

hts were examined to better correspond to the IUVS values which are derived from

D emissions.

rall, the shapes of the average profiles from each period are similar, with temper-
atures nearly constant or gradually increasing with height, especially within the 150-180 km
alhange. The profiles from the first two sampling periods in particular show a gradual

in temperature with height until roughly 180-190 km, where more isothermal struc-

ture'1s seen. The later sampling periods all show roughly isothermal temperatures throughout

msgt of the profile.

chermal temperatures have been used to characterize the upper dayside thermosphere
structurs in conjunction with the variable location of the traditional exobase (~170 to 185 km)

[e.g. Vakgille et al., 2010; Valeille et al., 2009]. In reality, the exobase is not a fixed altitude

parates collisional (thermosphere) and collisionless (exosphere) regimes, but rather a tran-
sition region over which collisions gradually diminish in importance with increasing altitude
[Valeille et al., 2010; Bougher et al., 2015c]. Modern atomic O exosphere models confirm that
this transitional domain extends from ~135 km up to appromxiately 300 km on the Mars day-

side. Therefore, the hydrostatic assumption also reasonably holds throughout this transitional
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region (i.e. specifically above the traditional exobase and approaching ~300 km). Also, it has
been found through global model simulations that the altitude level where isothermal temper-
atures begin varies with solar activity, increasing in altitude as the solar cycle approaches so-
lar maximum conditions [Bougher et al., 1999, 2015b]. Since this is a function of thermospheric
heating, seasonal changes may also contribute to the varying altitude level of isothermal tem-
piaturﬁ. Between these two groups of profiles (spanning orbits 1086 to 1900) notable sea-

SO anges as well as decreasing solar activity might be contributing to this decreasing al-
ti& onset of isothermal temperatures (see later discussion in this section).

I
The horizontal bars along the profiles in Figure 2 show the standard deviation of the tem-

trr iability in the upper atmosphere. Averaged over all orbit periods and the 150-180

per:tuj at several altitude levels over the sample period. This illustrates the orbit-to-orbit in-
k de range, the magnitude of this variability is +24 K for both CO5 and Ar derived tem-
peratures. Within this altitude range, orbits 865-885 show the least variability with an aver-

ag@ard deviation of £15.5 K while the greatest variability is observed during orbits 2023-

2th an average standard deviation of +30.9 K.

Table 4 shows the average values of the temperatures and scale heights derived from the

N r and CO4 densities for each sampling period. These values were calculated by tak-
erage of each of the profiles in Figure 2 over the 150-180 km altitude range. The
av O derived temperatures are plotted over time and solar longitude in Figure 3. The

first period of orbits, from Ls = 306-308, has the warmest temperature of any of the sampling
pegiods, at 242.0 £ 15.5 K. The following sampling period shows temperatures cooling as equinox
approaches (Ls = 0). This trend continues past equinox, with a consistent decrease in temper-
at @ time. During Ls = 69-75, a low temperature of 174.7 £ 24.2 is reached, produc-
in r 70 K difference in temperature between this and the first NGIMS sampling period.
;xt sampling period at Ls = 126-135, the temperature has increased by about 20 K.

M, the final sampling period shows the lowest average temperature of any of the orbit

periods,%t 168.3 £ 21.8 K.

call that the seasonal cycle (including the effects of changing heliocentric distance)
an cycle both contribute to changes in thermospheric temperatures over longer time scales.
The EUV-UV flux, which is an important source of heating in the thermosphere, varies as a
function of both the heliocentric distance and solar activity (see section 1). Included in Fig-

ure 4 is a plot of the daily mean Lyman-alpha UV irradiance measured by the MAVEN EUV
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Monitor (EUVM). The effects of changing heliocentric distance are visible in the large scale
sinusoidal trend in the Lyman-alpha irradiance, with a minimum value observed near aphe-

lion (Ls = 71) and a maximum value observed near perihelion (Ls = 251). The higher frequency
wave corresponds to the 27-day solar rotation. This EUVM instrument has a unique capabil-

ity to quantify the actual EUV irradiance at Mars, with potentially important differences with
reipect i) solar fluxes provided by Earth based solar flux models (rotated to Mars). Discrep-
ancﬁ etween Earth measurement derived estimates and EUVM measurements of Lyman-

al

rs have a standard deviation of 3.4% over the period considered in this study and

M™% during periods of high solar activity. This important topic is the subject of a fu-

-
[=
=

sampling periods for NGIMS and the average solar longitude and Mars-Sun distance

eriod are presented in Figure 5. The first NGIMS orbit period during Ls = 306-308

SC

is the closest of any of the periods to perihelion. The relatively small heliocentric distance should

4

result igla greater solar EUV-UV flux reaching Mars (assuming all else, including solar ac-

tiy, airly constant) and thus increased thermospheric heating and warmer temperatures.

N

A mcly high Lyman-alpha irradiance is observed for this sampling period as seen in Fig-

well as the warmest average temperature of the NGIMS analysis.

a

oughout the next three orbit periods, heliocentric distance increases and the season

rom southern hemisphere summer to autumn as the equinox passes (Ls = 0). The de-

\Y

crease in EUV-UV flux reaching Mars is evident in the trend in Lyman-alpha irradiance in Fig-

urg 4, which has a reduction in magnitude by nearly a half from near perihelion to the approach

I

of aphelion. When the effects of heliocentric distance were removed from the Lyman-alpha
i @ e, an overall decreasing trend was still present, characterized by a reduction in mag-

n ~15% from the first sampling period to the fourth. Thus, though the increase in he-

.

distance seems to be the strongest driver of the decrease in Lyman-alpha irradiance

t

is time, gradually decreasing solar activity is also a contributing factor, though to a

lesser eXent. The steady decrease of temperatures over the same time period mirrors this de-

U

crease ig Lyman-alpha irradiance, indicating the decreasing EUV-UV flux (largely as a func-

increasing heliocentric distance and to a lesser degree decreasing solar activity) strongly

A

contributed to this thermospheric temperature trend.

The sampling period during Ls = 69-75 includes aphelion at Ls = 71, the farthest Mars-

Sun distance. A relatively low average temperature of 174.7 & 24.2 K was extracted for this
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period. At the same time, the effect of the large heliocentric distance can be seen in the low
magnitude Lyman-alpha irradiance. With less EUV-UV radiation contributing to heating in the
thermosphere, temperatures would be expected to be relatively low. Thus, the low average ther-
mospheric temperature observed during Ls = 69-75 is likely in great part due to the peak in

heliocentric distance.

Her aphelion, heliocentric distance begins to decrease again. In Figure 4, a correspond-

imncrease in Lyman-alpha irradiance is observed between aphelion and Ls ~ 160.

Additionally, during the last two sampling periods, MAVEN began observing the northern hemi-
|

S[sere summer. The increase in temperature by about 20 K during the Ls = 126-135 sampling

pert d:hus likely corresponds to a combination of these factors.

emperatures reach their lowest value in the last NGIMS sampling period. This orbit

S

p&igh iff during Ls = 153-156, approaching northern hemisphere autumnal equinox, with he-

li distance decreasing and Lyman-alpha irradiance still increasing. If heliocentric dis-

U

taff®sscason, and solar activity were the only drivers of temperature in the thermosphere, tem-

pdfatures would be expected to continue rising. Additional processes are thus likely driving

f

the observed decrease in temperatures. As the thermosphere can also be strongly coupled to

5

atmosphere [Bougher et al., 2015a], effects from below could also be driving this
re change. Another factor that may contribute is the diurnal cycle. While most other

S periods were observed at a local time of noon to late afternoon, the period spanning

M

Ls = 153-156 was the earliest in the morning, as can be seen in Table 2. Several modeling stud-

ieg have found significant day-night temperature contrast in the thermosphere [Bougher et al.,

I

2

=)

15b; Gonzdlez-Galindo et al., 2009]. Close to equinox for solar minimum conditions (the

@ pproximate conditions to the Ls = 153-156 sampling period), the diurnal temperature

—

C

been estimated to be ~90 K [Bougher et al., 2015b]. However, at this point, there

.

ited local time coverage in the dataset to confirm the role of the diurnal cycle in this

Ut

rall, the phase of the trend in dayside thermospheric temperatures closely agrees with
th, e Lyman-alpha irradiances. Using Lyman-alpha irradiance as a proxy for the EUV-

which is made variable by changing solar activity and heliocentric distance, temper-

A

atures appear to be responding strongly to solar forcing during this time period.

Additionally, for each of the sampling periods, the density at a constant altitude can be

examined for this same trend with respect to Lyman-alpha irradiances. Specifically, looking
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at densities from NGIMS at the lowest altitude sampled in all the periods (159 km) gives some
insight into trends at the lower end of our altitude range as well as coupling with the atmo-
spheric column below. This is shown in Figure 6, which includes both Ar and CO; densities
at 159 km for each sampling period. The pattern of averaged densities at an altitude of 159
km clearly reveals the same general trend seen in the average temperatures over 150-180 km.
T*s imilies that at about 160 km, average densities also vary primarily due to changing he-
lio ic distance. However, this effect is likely a combination of the atmospheric seasonal
re&ar 160 km as well as the seasonal response of the atmospheric column below. Mul-
RiE=udes at/below 160 km would need to be sampled in order to extract the separate roles
of%ver and upper atmosphere in controlling density variations at 160 km.

O

w NGIMS and IUVS scale height trends and comparisons
h

e average scale heights extracted from each IUVS sampling period are included in Ta-
blaese scale heights derived from IUVS measured dayglow emission can be compared
Wi e heights calculated from the NGIMS CO; derived temperatures. This comparison
isc Figure 7, which shows average scale heights for both NGIMS, in black, and TUVS,
im a function of date and solar longitude. It is apparent that the I[UVS scale height trend

is consistent with the trend seen in the NGIMS data, especially within the range of the 1-sigma

orblgrbit variability for each.

As can be seen in Figure 5, the IUVS analysis does have a sampling period earlier than
cquld be used for NGIMS during Ls = 217-219, before perihelion. During this time period near
the Comet Siding Spring encounter, the largest IUVS scale heights are observed, at 13.4 +
1.@\‘he next [UVS sampling period, from Ls = 306-310, partially overlaps with the NGIMS
pegs m Ls = 306-308. At this time, the NGIMS average scale height was 13.6 & 0.9 km

x)IUVS average scale height was 13.3 & 0.7 km. These values are very close in mag-
Mike NGIMS, TUVS scale heights decrease after Ls = 306-310. A minimum scale height
is@ed for IUVS at Ls = 54-65, at 10.0 £ 1.0 km. This period also overlaps with an NGIMS
sampling period. The NGIMS sampling period at Ls = 54-65 has an average scale height of

1.7 km, within one standard deviation of the IUVS value. From near perihelion to near
aphelion, IUVS average scale heights show a 3.3 km decrease in scale height while NGIMS
shows a 3.1 km decrease in scale height over about the same time. Furthermore, the last sam-
pling period from IUVS at Ls = 133-147 shows a scale height value of 10.7 = 0.7 km. This

increase in average scale heights agrees with the increase in scale height values observed by
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NGIMS during this time period. Overall, there is strong agreement seen in the scale height
trends observed by NGIMS and IUVS as well as agreement in the magnitude of the average
scale heights themselves at the points where the sampling periods overlap in time. Relatively
small differences in scale height during these periods of overlapping observations are likely

attributable to the differences in viewing geometry between IUVS and NGIMS.

itional comparisons were made by examining the correlation between the trends in
Emux and heliocentric distance and average scale height. Variation of scale height with

Lyman-alpha irradiance and heliocentric distance is shown in Figure 8. Since there was good
|

aggeement between the NGIMS and IUVS averaged scale heights, all the sampling periods from

NGIMS and IUVS were combined into one dataset. Scale height was then compared to Lyman-

—

a diance measured by EUVM on MAVEN. The resulting linear Pearson correlation co-
efmwas 0.88, showing a high correlation between Lyman-alpha irradiance and scale height
trends over this time period. This would indicate that solar forcing is a strong driver of up-
per_thegghospheric temperatures for the solar conditions during this portion of the MAVEN mis-
si te that the MAVEN mission thus far has coincided with solar moderate to minimum
comummms.) Furthermore, when comparing the scale height trend to the heliocentric distance,

a mion coefficient of -0.84 is produced. This high anticorrelation with heliocentric dis-
tance indicates that the variability in EUV-UV flux received at Mars due to the Mars-Sun dis-
tancEys a significant role in driving the variability in thermospheric temperatures, more so

1 intrinsic solar variability on this time scale. Notably, the farthest outlying point seen
in Figure 8 corresponds to the last NGIMS sampling period which was observed at the ear-
lihl time with a low temperature of 168.3 4+ 21.8 K. If this NGIMS sampling period is
re W from the analysis, then the correlation between scale height and Lyman-alpha irra-
diance and the anticorrelation between scale height and heliocentric distance become some-
what stronger, with correlation coefficients of 0.94 and -0.95, respectively. This may further
mhat during the last sampling period, EUV-UV flux is not as significant a driver of ther-

m ic temperatures as at other times, and other processes might have a stronger influence.

Injon to Lyman-alpha irradiances, the trend in scale heights was compared to 17-22 nm

j nces, also measured by EUVM on MAVEN. A slightly lower (though still strong) cor-

relatiOMms seen in this EUV band with a correlation coefficient of 0.83 using the combined

NGIMS and IUVS dataset. It is possible that this correlation is slightly lower due to the more

strident solar rotation signature in the 17-22 nm irradiances than in the Lyman-alpha irradi-

ances.
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593 4.3 Comparison of M-GITM predicted temperatures and NGIMS temperatures

594 Two sampling periods are chosen for comparison of M-GITM simulated temperatures

595 and NGIMS derived temperatures: Ls = 327-330 (orbits 1059-1086) and Ls = 69-75 (orbits

596 2194-2274). The former corresponds to near vernal equinox (solar moderate) conditions. The

597 latter is associated closely with aphelion (solar minimum) conditions. M-GITM archived datasets
598 Hed that most closely match these vernal equinox (VEQUMED) and aphelion (APH-

599 \\mling conditions. Recall that the M-GITM code (developed prior to MAVEN) is pri-

600 marily solar driven and is thus far designed to capture the major processes that regulate the
|

601 thsrmospheric energetics and dynamics on longer time scales [Bougher et al., 2015b].

ulated temperatures are extracted from M-GITM along the NGIMS provided space-

602

G

603 craft trajectory (below 250 km) for each orbit contained in these two sampling periods. In-

S

604 b bit legs are solely used at this point, yielding a suite of temperature profiles for each

605 sa period that are subsequently averaged together. Finally, the averaged temperature pro-

U

606 fil used to further extract 150-180 km temperatures, for computing a final altitude av-

607 erfiged temperature. These M-GITM temperature values of ~236 K (VEQUMED) and ~172

N

608 K (APHMIN) are superimposed on the temperature trend illustrated in Figure 3.

a

609 s notable that the M-GITM absolute temperatures (above) and the combined seasonal/solar
610 trend simulated over these two sampling periods (AT ~ 64 K) is very similar to that

om NGIMS temperatures (AT ~ 54 K) (see Table 4). This suggests that the day-

611

M

612 side thermal budget simulated in the M-GITM code captures the combined solar forcing (EUV-

1

613 U ing) and cooling processes (CO5 15-um cooling and molecular thermal conduction)

614 ne, reasonably reproduce dayside temperature variations over 150-180 km. In addition,

0

615 wa cing effects may not be important in maintaining low SZA temperatures in the Mar-

616 tidh thermosphere, similar to that found in other model simulations [Medvedev et al., 2015].

g

617 Fyrther gonfirmation requires a detailed comparison of model and measured NGIMS O and

£

618 C nsities as a function of altitude for constraining CO- cooling rates within the MGITM
e Bougher et al. [2015a]). This task is beyond the scope of this paper.

619

620 Current MAVEN results contrasted with previous dayglow observations

Au

621 The temperatures and scale heights obtained in the present study can be directly con-
622 trasted with the values from previous studies over the same altitude region (150-180 km) with

623 relatively low SZAs. Specifically, the Jain et al. [2015] dayglow analysis revealed a temper-
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ature change from 300 K to 250 K (corresponding to a scale height change from 16.2 to 14.0),
between Ls = 218 and Ls = 337-352. This 50 K decrease in temperature from a time before
perihelion to near northern hemisphere spring equinox was attributed to changing solar forc-
ing. This seasonal range has been extended in the present study, with a ~70 K decrease in tem-
perature from before perihelion to aphelion. Slight differences in scale heights (~10%) de-
rixd fram IUVS observations between this study and Jain et al. [2015] are largely attributable
to urrent use of a Chapman fit, as seen in Figure 1, on the COQ+ UVD emission inten-
simhan an exponential fit [Jain, 2016]. Significantly, in both analyses, solar forcing

Wy X" Mificd as the main driver of the long-term change in thermospheric temperatures and

schghts over this altitude range.

Qs also important that the Jain et al. [2015] study found that on shorter time scales (e.g.
fr -6 May 2015), temperatures showed no correlation with the EUV flux, as indicated
by the 17-22 nm irradiance measured by EUVM. A similar short-term study was conducted
seekincdh correlation of dayside temperatures (from NGIMS sampling) and EUV-UV fluxes
oV, ays (spanning orbits 2023-2150) to examine the role of solar forcing on a shorter time
scﬁth the daily median 17-22 nm irradiances and daily mean Lyman-alpha irradiances
N . No correlation was found between the EUV-UV flux and temperatures over this
shorter time scale of about 24 days, with correlation coefficients of 0.07 (Lyman-alpha) and
0. 22 nm). Thus, in agreement with Jain et al. [2015], it can be concluded that over longer

ies (over at least several months), dayside temperature variability in the Martian ther-

mosphere is driven primarily by solar forcing. Over shorter time scales, however, temperatures

dhem to respond to solar forcing, possibly due to the much smaller change in the net
sc@ arriving at Mars or the stronger influence of waves [e.g. Stiepen et al., 2015].

ﬂrestingly, the Stiepen et al. [2015] analysis of temperatures and scale heights derived

s Express SPICAM dayglow observations (over the same altitude region with rel-
MW SZAs) came to different conclusions. In this study, ten years worth of upper at-
m@c scale heights were compared to the EUV flux (as indicated by the Mars-rotated F10.7-
cm indgg), but no correlation was identified (see section 1.1). This was interpreted to mean

riability in solar flux received at the top of the Martian atmosphere was not the dom-
inant driver of variability in thermospheric scale heights over this time period. Two possible
factors which may contribute to this discrepancy in the conclusions of these two studies are:
(a) differences in data sampling frequency and data analysis techniques, specifically in the av-

eraging of the datasets, and (b) differences in solar proxies used to characterize the solar EUV-
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UV forcing (yielding thermospheric heating) at Mars. In the study presented here, designated
short-term sampling period scale heights and temperatures were averaged and subsequently
the long-term trend of those sampling period averages were examined. This technique was ap-
plied because of the large intrinsic variability of the upper atmosphere on a day-to-day time
scale. This approach is different from that employed in the Stiepen et al. [2015] study, which
uid a H)—year period of derived scale heights but did not average any of these in smaller time
scazmpling periods. It is likely that the averaging performed in the analysis presented in

t rved to smooth some of this orbit-to-orbit variability, permitting the underlying
RO ing component to be observed. The implication of this is that orbit-to-orbit variations
in eight (caused by various potential sources such as solar flares or gravity waves) ap-
p@ominate over solar EUV driven seasonal variability in scale height on these short timescales

in theghermosphere. Furthermore, MAVEN IUVS (12-scans for each of 5-orbits per day) and
NM(S-orbits per day) sampling is of much higher frequency than the available Mars Ex-
press CAM dayglow limb scans. This means that temporal sampling is more sparse for SPI-
CAM measurements. Finally, a solar EUV proxy measured at Mars is inherently better than
thEO]-cm index measured at Earth and corrected for the Sun-Earth-Mars angle (i.e. the lat-
temt account for the changing face of the Sun and the corresponding temporal variations
in

ar EUV fluxes received at Earth and Mars).

=

5 Conclusions and future work

-

Mars dayside upper atmosphere temperature trends driven by seasonal and solar activ-
itearly revealed by measurements from the MAVEN mission from October 2014 to May
2( e IMS observations show a trend in Mars dayside thermospheric temperatures that largely

to the changing solar fluxes received at the planet. During the period of NGIMS ob-

selvations, solar forcing is primarily regulated by the changing season (from near perihelion

Gl

to after §phelion). Average temperatures derived from CO5 densities decrease after perihelion

from .0+ 155K to 174.7 £ 24.2 K at aphelion, a difference of ~70 K. The strong cor-
n between scale height and Mars-Sun distance demonstrates the highly significant ef-

fects of changing heliocentric distance on thermospheric scale heights at this time. Since it

is difficult to completely separate solar declination driven latitudinal effects (pure seasonal ef-

fects) from the effects of changing heliocentric distance, solar declination effects likely con-

tributed to some of the variability along the overarching scale height trend. Furthermore, a de-
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cline in solar activity at the same time may also contribute to this solar forcing trend, though

to a lesser extent than the changing heliocentric distance.

Average scale heights were also derived from the MAVEN IUVS dayglow observations,
using the CO;L UVD emission intensity. The IUVS and NGIMS datasets were then compared
over the same altitude range, 150 - 180 km, for SZA < 75°. NGIMS and IUVS dayside ther-
H scale height trends are found to strongly agree, especially within one standard de-

V 1-sigma intrinsic orbit-to-orbit variability). Both show maximum scale heights near

perihelion, decreasing scale heights until aphelion, and a slight increase in scale height some-
|

what thereafter. Furthermore, on occasions when sampling periods overlap in time, scale heights

th reconciles in-situ (NGIMS) and remote (IUVS) dayglow measurements for the first

frw instruments were similar, and remained within the 1-sigma range of both. In short,
ti ding a consistent characterization of the dayside thermosphere scale height and tem-

perature trends.

ese combined observations from both NGIMS and IUVS indicate that during this time
p@itbin the MAVEN mission (spanning solar moderate to minimum conditions), the Mars
dayside thermospheric temperature variability on longer time scales (at least several months)
ism tied to solar driven thermal balances. Using Lyman-alpha irradiance measured by
monitor on MAVEN as an indicator of EUV-UV heating, a trend is observed with
de g irradiance from near perihelion to right before aphelion. Since the primary source
of heating in the thermosphere comes from EUV heating, (see reviews by Bougher et al. [1999,
2Q] 5a]), this trend would indicate increased EUV heating near perihelion and decreased heat-
ing near aphelion. Correspondingly, the warmest average temperature (and highest scale height)
is @ ed near perihelion and a low average temperature (and scale height) near aphelion.
T ariability in EUV-UV irradiance is due to both the seasonal cycle (including the chang-
gentﬂc distance) and solar activity, and both may contribute to especially the first half
MServed trend, variation in heliocentric distance appears to be the most significant fac-
to@buting to temperature and scale height trends during these observations. The last NGIMS
sampling period, however, does not seem to follow this trend in EUV-UV flux, demonstrat-
t other processes may still (at times) have a significant effect on thermospheric tem-
peratures. Furthermore, the influence of solar forcing was not seen over shorter time scales
(~24 days). Overall, there is strong evidence that solar forcing over long time scales is largely
driving thermospheric temperature trends during the MAVEN mission thus far. These conclu-

sions differ from those in Stiepen et al. [2015] (as well as Leblanc et al. [2006]) which found
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thermospheric temperatures derived from SPICAM dayglow observations not to be driven by
solar forcing over longer time scales. However, differences in the frequency of data sampling,
averaging techniques, and the solar proxy used could be contributing to the difference in con-

clusions.

Three-dimensional model simulations from M-GITM have also yielded thermosphere tem-
“ (150-180 km) along the orbit trajectories for comparison to those derived from NGIMS
d Two sampling periods were chosen, corresponding to near vernal equinox (solar mod-
erate) to aphelion (solar minimum) conditions. Simulated temperatures ranged from 236 K to
|
1’ K, in contrast to NGIMS averaged values of 228 K to 175 K. The fact that the solar driven
M-GI model is able to reasonably reproduce this NGIMS derived temperature variation is
fuﬁ)nﬁrmation of solar forcing serving as the primary driver of dayside temperature vari-
atj er long time scales. These lower SZA temperature trends (under solar control) may
not be the same as those at higher SZA (i.e. high latitude, near the terminator and onto the
nightsidl). Numerical studies capturing gravity wave processes (i.e. both momentum and en-
ej:sitions) suggest that gravity waves effects may indeed be important at high latitudes
a

the nightside [e.g. Medvedev et al., 2015]. Further data-model comparisons are needed

atm SZA to quantify the importance of these non-solar processes.

asurements characterizing upper atmosphere temperatures during both extremes of

Ean seasons and the solar cycle have not yet been completed. The period of MAVEN
observations used in this analysis covers near perihelion to near autumnal equinox, with so-
lag cycle conditions changing from solar moderate to solar minimum. This yielded observa-
tions at aphelion for solar minimum conditions (the lower extreme of temperatures resulting
fr@nbined solar cycle and seasonal variability) with a temperature of 174.7 + 24.2 K.
Thy e is similar to temperatures observed by previous spacecraft and simulated by M-GITM
gr conditions. However, the next Martian aphelion should be even deeper into solar
m conditions, such that further observations at this time could find somewhat lower
te@res. Furthermore, during perihelion near solar maximum conditions (the other ex-
treme), dayside temperatures should be much warmer than seen in NGIMS observations near

lion for solar moderate conditions (242.0 £ 15.5 K). However, as solar maximum should

not occur for several more years, the MAVEN mission may not be able to provide this char-

acterization of the upper atmosphere.
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In order to expand this research, continued low SZA dayside measurements are needed
by multiple instruments to confirm and further extend the longer term (solar driven) and shorter
term (wave driven) trends in dayside temperatures first identified in Jain et al. [2015]. This in-
cludes both MAVEN IUVS and NGIMS measurements resulting in derived temperatures, as
well as EUVM measurements of solar Lyman-alpha and EUV fluxes. Furthermore, different
IUVS techniques for extraction of temperatures from dayglow limb profiles should continue

tomred. Finally, detailed numerical model calculations of energy deposition by solar

E and gravity waves must be compared to determine the relative roles of each in main-
RaMM®™ayside temperatures and driving their day-to-day variability. Pilot studies for grav-

it)%heating/cooling are being conducted and appear promising [England et al., 2016].
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927 Table 1. Pre-MAVEN Spacecraft Observations of the Mars Upper Atmosphere *

Mission Dates F10.7° Ls Ds_wm € SZA Temperature
(deg) (AU)  (deg) X)
Mariner 4 15 July 1965 77 139 1.55 67 212
Viking 1 Lander 20 July 1976 69 96 1.65 44 186
Viking 2 Lander 3 Sept. 1976 76 117 1.61 44 145
lobal Surveyor 1 ¢ 16 Jan. 1998 93 256 1.38 74 220
= mlsiselel0bal Surveyor 2 © 27 Oct. 1998 127 49 1.65 57 230
Uars Express * Oct.-Dec. 2004 105 100-138 1.63 15-37 197

C

Tablg is adapted from Table 1 in Bougher et al. [2000]

D F index (in units of 1022 W/m?/Hz) measured at Earth

S

-Sun distance

Marg Global Surveyor phase 1 aerobraking sample

Ul

¢ Mars Global Surveyor phase 2 aerobraking sample

M dayglow observations [Leblanc et al., 2006]
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928

Table 2. Characteristics of NGIMS sampling periods

Orbits N? Dates Ls Z,® SZA® Lat© LT®

(deg) (km)  (deg) (deg) (hr)
865 - 885 19 3/11/15-3/15/15  306-308 158  54-69 10-24 15.0-15.6
1099 - 1G86 28 4/17/15-4/22/15  327-330 150  1-13 22--11 11.4-12.0
19 00 89  9/20/15-10/9/15 44-53 153 50-73 51--30 11.8-13.9
2 115 10/14/15-11/7/15  54-65 156  47-59 39--10 93-11.7
B4 77 1115/15-1130/15  69-75 150  57-72 -11-8 72-8.7
QQTESA 88 3/22/16-4/10/16  126-135 159  49-74 66 — 74 11.9-187
31@2 24 5/15/16-520/16  153-156 157  63-72 38-52 7.0-8.0

of orbits

.

inimum altitude for sampling period

£

and maximum values of solar zenith angle, latitude, and local time, respectively
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929 Table 3. Characteristics of IUVS sampling periods.

Orbits N? Dates Ls Ds_mP SZA® Lat® LT® H
(deg) (AU) (deg) (deg) (hr) (km)
109 - 128 19 10/18/14-10/22/14 218 140  32-72 34-53 9-14 134+13
M 22 03/11/15-03/17/15 308 144  52-75 4--19 15-18 133407
97 14 04/01/15 - 04/03/15 318 146 26-74 -33-33 14-16 129+ 1.0
19— 1 04/15/15-04/15/15 320 148  33-60 25--34 13-14 13.0+ 0.6
| ]
1160-1309 43 05/05/15 - 06/02/15 345 152 12-73 17--75 8-12 11.6 + 1.0
2023-2150 93 10/14/15 - 11/07/15 61 1.66  49-75 11--47 7-11 10.0 + 1.0
20K1 -3gP9 114 04/05/16 - 05/03/16 140 156  15-75 15-70 9-18 10.7 + 0.7

r of orbits

SCI.

=Sun diastance

U

@fum and maximum values of solar zenith angle, latitude, and local time, respectively

eight
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Table 4. Temperatures (T) and scale heights (H) derived from NGIMS Ar and CO- densities

Orbits Tco, (K) Hco, (km) Ta, (K) Ha, (km)

865 - 885 242.0+£155 13609 24514156 151+1.0

1059 - 1086 2283 +243 128+14 228.14+232 141+14

1900 - 2000 2002 £275 11.2+15 20564277 127+x1.7

2023 -2150 187.0£309 105417 1943+31.6 12.0+£2.0

2194 -2274 17477+£242 98+14 1824 +£241 112=£15

= = 2873-2974 1942 +215 109£12 1999+215 124+13
L 3165-3192 1683 +21.8 94+1.2 173.6 £21.6 10.7+1.3

Fim Solid symbols show the intensity of COJ from scan two of orbit 110 (10 Oct. 2014). The red

culgdFslgwvs the empirical Chapman fit.
pegy

Averaged Ar (blue) and CO2 (green) derived temperature profiles for each NGIMS sampling
ge horizontal bars show the standard deviation (due to intrinsic variability) along the profile. Note
th

itude range here is slightly larger than the 150-180 km range used in the analysis.
Fim Average temperatures over 150-180 km for each NGIMS sample period. Vertical bars show the
o orbit standard deviation in temperature and horizontal bars show the time over which the average was
t each period. Red triangles show M-GITM average temperatures for certain sampling periods.
Figure 4. Time series of the daily mean Lyman-alpha irradiance measured by the EUV monitor on

Mhrom 19 October 2014 to 3 June 2016. The blue line segments show the time of the NGIMS sam-

ds and the red line segments show the time of the IUVS sampling periods.

The black curve shows the relation between the solar longitude (Ls) and heliocentric distance for

—

p

.

c circles on this curve show the average heliocentric distance and Ls for each sampling period for

‘&!ﬂﬂﬂws (blue) and TUVS (red).

The densities (number per cubic centimeter) for Argon (blue) and CO2 (green) at 159 km (the

titude sampled in all periods) averaged over each sampling period. Vertical bars show the orbit-to-

Al

orb1 ard deviation in density and horizontal bars show the time over which each average was taken.

Figure 7. Average scale heights over 150-180 km for each sample period from both NGIMS (black) and
IUVS (red). Vertical bars show the orbit-to-orbit standard deviation in scale heights and horizontal bars show

the time over which the average was taken for each period.
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Fi 8. Variation of scale height with Lyman-alpha irradiance measured by the EUV monitor on

F‘]

top) and scale height with heliocentric distance (bottom). Both IUVS and NGIMS sampling pe-

2=

combined for this analysis. The line of best fit and slope from a linear regression is included as

the linear Pearson correlation coefficient, R.

Author M
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