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Abstract The Mars thermosphere (above approximately 120 km) has been probed in situ for one Mars
year using accelerometers on board the Mars Atmosphere and Volatile Evolution (MAVEN) spacecraft. This
region is affected by radiation and energy deposition from the Sun and by energy and momentum from

the lower atmosphere. Densities derived from measurements made during the nominal science orbits
(periapsis > 140 km) show consistent trends with solar zenith angle and Sun-Mars distance, reflecting direct and
indirect heating of the thermosphere, although orbit-to-orbit variability is still significant. The six Deep Dip
campaigns that MAVEN has conducted (with periapsis dropping below ~135 km) significantly extend the vertical
profiles of the densities derived from accelerometer data. These show complex structure and high variability,
both dependent on season, local time, location, and lower atmosphere activity, including dust storms and wave
propagation from a dynamic lower atmosphere. In particular, the terminators are a region of convoluted
structure and high variability, which may be greatest in the postmidnight, predawn hours of the sol. This
space-time regime was not sampled by previous orbiters at Mars. While initial comparisons with thermospheric
general circulation modes show broad areas of agreement, these terminator transition regions are not simulated
well by current models. Judicious choice of the timing of these Deep Dip campaigns during the remaining
MAVEN mission, as periapsis continues to precess through local time, latitude, and longitude in both
hemispheres and in different seasons, should help clarify the processes at work in this complicated region.

1. Introduction

The thermosphere of Mars, as for other planetary atmospheres, is the transition region from a well-mixed
lower atmosphere to regions where gases diffusively separate and are lost to space. The structure and
circulation of this region is driven both by energy and momentum fluxes from the lower atmosphere and
by extreme ultraviolet (EUV) radiation, solar energetic particle, and solar wind influx from above. For Mars, this
occurs in the presence of a globally weak magnetic field. The resulting domain has been a challenge to
observe and to simulate numerically.

The Mars Atmosphere and Volatile Evolution (MAVEN) mission seeks to understand both the drivers and the
subsequent responses of the Martian upper atmosphere in order to understand quantitatively the current
mechanisms of escape and their possible contributions to the historic evolution of this atmosphere.
Observations of the bulk atmospheric density in the thermosphere help define the spatial and temporal
variation of atmospheric structure and the underlying chemical-radiative-dynamical processes at work.
Densities have been derived for the upper atmosphere by remote sensing [e.g., Forget et al., 2009; McDunn
et al,, 2010], but here we focus on in situ measurements of the thermospheric bulk density above 120 km.
In situ measurements by accelerometers on board spacecraft passing through the atmosphere are one
means of determining this bulk density structure. Such in situ bulk measurements have been carried out
previously as Mars spacecraft have transited to the surface (e.g., Viking) [Seiff and Kirk, 1977] or, more exten-
sively, as recent orbiters have aerobraked in the Martian atmosphere while establishing their primary science
orbits in a fuel-efficient way. Such aerobraking campaigns were carried out on Mars Global Surveyor (MGS) in
1997-1999, Mars Odyssey (ODY) in 2001-2002, and Mars Reconnaissance Orbiter (MRO) in 2006 [see, e.g.,
Tolson et al., 2008] (see Figure 1). (The ESA ExoMars Trace Gas Orbiter, which arrived at Mars in September
2016, plans to aerobrake throughout much of 2017.)

Spacecraft accelerometer measurements taken during aerobraking by these missions have revealed
phenomena as diverse as a “blooming” of density at a given altitude in response to a regional dust storm
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Figure 1. Traces of periapsis latitude, local solar time (LST), and areocentric longitude of the Sun, L, where spacecraft accel-
erometer data were obtained during the aerobraking missions of MGS, ODY, and MRO compared with the MAVEN periapsis
trace. Numbers mark locations of six MAVEN Deep Dip campaigns conducted in the prime and first extended missions over
one Mars year.

in the lower atmosphere (MGS) [Keating et al., 1998], a high-altitude winter polar warming (ODY) [Keating
et al., 2003; Bougher et al., 2006], stationary planetary waves at low latitudes, gravity waves, and tides [e.g.,
Forbes et al., 2002; Fritts et al. 2006; Tolson et al, 2006]. Even so, these aeromaneuver phases have
been relatively short and the time-space domain sampled has been relatively limited compared to the
scales of variation.

MAVEN entered Mars orbit in September 2014 and has added in a major way to observations of thermo-
spheric gas densities. MAVEN began its primary science mission in November 2014 without aerobraking
but did lower its periapsis to an altitude ~155km (apoapsis remains >6000 km). During its 1year primary
science phase and a nearly equally long first extended mission, MAVEN has observed thermospheric
densities along trajectories whose periapsis has been targeted to a density corridor of 0.05-0.15 kg/km?®
on nearly 4000 nominal science (NS) orbits. In six carefully planned Deep Dip (DD) campaigns, the
MAVEN team has lowered the spacecraft periapsis to even higher densities (lower altitudes), targeted to
a control corridor of 2.0-3.5 kg/km? with each campaign lasting a week or more.

Figure 1 shows how these new MAVEN data complement the time-space coverage of measurements by ear-
lier missions during their aerobraking campaigns. It is important to note that the periapsis altitudes of these
missions were not the same. In the nominal MAVEN science orbits, the altitude at spacecraft periapsis was
above 140 km. However, during the six Deep Dip campaigns, periapsis was at significantly lower altitudes
(115-135km; see Table 1). Periapsis altitudes for the earlier aerobraking missions could be more than
15km lower than the lowest MAVEN DD altitudes, and the densities there were correspondingly higher.
The MAVEN coverage is much more systematic with respect to local solar time (LST) coverage, as those pre-
vious missions were aerobraking to achieve midafternoon, Sun-fixed orbits for their prime missions. MAVEN
also covers a full Mars year, as indicated in the L; plots, where the areocentric longitude of the Sun, L, is used
as a slightly nonlinear measure of the Mars year (L;=0° 90°, 180°, and 270° mark the beginning of northern
spring, summer, fall, and winter, respectively). (The ESA Mars Express orbiter also has an orbit that precesses
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Table 1. Comparison of Nominal Science (NS) and Deep Dip (DD) n |ocal time, but, like MAVEN, it did
LN DS not aerobrake; unlike MAVEN, the

O ST PETETSED NS bD Mars Express periapsis does not dip
Period 45h 45h much below ~250 km.)

Inclination 75° 75° - S

Eccentricity 047 047 Deriving density in situ in the upper
Periapsis altitude 140-180 km 115-135 km atmosphere can also be done by

Targeted periapsis density 0.05-0.15 kg/km> 2.00-3.50 kg/km® interpreting the MAVEN delta velo-
Observed periapsis density 0.02°-5.00 kg/km3 1.00-11.00 kg/km3 city (DV) experienced by the space-

?Profiles where periapsis densities were <0.1kg/km> often exhibited craft during an orbit [Demcak et al.,
noise features (e.g., Figure 4d). 2016] and by in situ mass spectrome-
try, which can separate gases of
various molecular weight (Neutral
Gas and lon Mass Spectrometer, NGIMS) [Mahaffy et al., 2015a, 2015b]. NGIMS data have supported various
analyses [e.g., Withers et al., 2015; Yigit et al., 2015; Bougher et al.,, 2017], and efforts to compare with the
MAVEN accelerometer data are ongoing (see below). We report here on derivations using the MAVEN space-
craft onboard accelerometers described in Zurek et al. [2015]. The advantage of the accelerometer data over
the tracking data is that densities can be derived along the spacecraft trajectory through the atmosphere, as
opposed to interpreting the integrated value obtained by tracking the spacecraft. The accelerometer trace
thus enables an estimate of the density scale height at various altitudes, as well as density. The use of differ-
ent approaches, each with their individual limitations and uncertainties, ultimately provides a more robust
picture of atmosphere structure against which to compare and improve models of the thermosphere.

Section 2 gives pertinent information on the MAVEN periapsis trace through the space-time geometry of the
MAVEN primary mission and of its first extended mission (EM1), a period starting November 2014 and ending
1 October 2016 and spanning one Mars year. Section 3 describes representative profiles of density derived
from accelerations measured as the spacecraft passed through periapsis in the atmosphere (referred to here-
after as the aeropass).

Section 4 describes a four-parameter fit to these profiles (hereafter referenced as the ACC fits), yielding
estimates of periapsis density, scale height, and along-path gradients in both density and scale height.
These ACC fits enable characterization of the large-scale thermospheric structure and its variation in local
time and space at the expense of small-scale or rapidly changing phenomena that are not adequately
sampled by the MAVEN orbit. This approach is also more reliable for the nominal science orbits where the
accelerometer data have a lower signal-to-noise ratio (SNR) in the less dense half of the density corridor.
Although the ACC parameters are derived for both for NS and DD orbits, confidence in the ACC profile is
greater for the higher densities (see section 3). Section 5 focuses on analysis of ACC fits derived from data
taken during the six DD campaigns, and section 6 compares those DD results with simulations by the Mars
Global lonosphere-Thermosphere Model (M-GITM) [Bougher et al., 2015al.

2. The MAVEN Orbiter Periapsis Geometry

Since the start of the primary science phase, the MAVEN periapsis altitude has varied from ~140 to ~180 km
for the nominal science (NS) orbits, as the spacecraft team strove to keep the MAVEN periapsis densities in a
“corridor” between 0.05 and 0.15 kg/km?. This density corridor provided a safe environment for the space-
craft and science instrument operations. Note that altitudes are referenced to the oblate spheroid used to
navigate the spacecraft, with its equatorial radius of 3396.19km and a flattening ratio of ~5.886E—03
[Seidelmann et al., 2002].

Density corridor control was achieved by performing small propulsive orbit trim maneuvers (OTMs) that
lowered or raised periapsis; these also compensated for the effects of atmospheric drag caused by the low
periapsis altitudes (<200 km). The resulting altitudes are shown in Figure 2. Orbit trim maneuvers produce
the noticeable altitude changes; these are conducted when the densities trend outside the corridor, to either
higher or lower values, and are compensated by up or down maneuvers in altitude to lower or raise densities,
respectively. The DD-targeted density corridor was 2-3.5 kg/km? (Table 1), a regime where the atmosphere is
still relatively well mixed. DD campaigns typically lasted 1 week with DD corridor altitudes ranging from 115
to 135 km, as seen in Figure 2. Intermediate altitudes (e.g., most NS points below 140 km in Figure 2) between
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Figure 2. (left) MAVEN spacecraft periapsis altitude for the primary science phase and most of the first extended mission,
shown as a function of orbit number and areocentric longitude L. The jumps in altitudes reflect corridor maneuvers during
the mission as densities at a given altitude changed with season and periapsis location. In addition to the nominal science
(NS) orbits (blue), six Deep Dip (DD, red) campaigns were conducted at lower altitudes, with intermediate steps in altitude into
and out of the DD corridor. (right) The subsolar latitude (green) and the spacecraft periapsis latitude (blue) are shown as a
function of orbit number and calendar date (month/year). Vertical red bars indicate the time of the DD campaigns.

the NS and DD orbits occurred where the spacecraft stepped into (down in altitude) or out of (up in altitude)
the DD target density corridor. Note that the altitude of a constant density level—and thus the altitudes
of the target NS and DD density corridor—changes with season and, given the nonspherical shape of
Mars, with latitude. Further description of the navigation and flight processes of corridor control and
observing attitude of the spacecraft are given in Demcak et al. [2016].

The MAVEN orbit is inclined at ~75°. As seen in Figure 1 (right column), the MAVEN periapsis moved from
northern latitudes near 75° toward and across the equator to southern latitudes near 75° during the 1year
of the primary mission, then back to the northern limit and south again, reaching southern midlatitudes by
1 October 2016, the end of the first extended mission. Four DD campaigns were conducted during the
primary mission and two in the extended mission (red symbols and vertical lines in Figure 2).

Given a nominal 4.5h orbital period, MAVEN samples five to six longitudes spread around the planet
each Mars day (sol). This north-south variation and progression through local time will continue into
the second 2year extended mission that began 1 October 2016. The trace of the MAVEN periapsis by
orbit during the primary and first extended mission is shown in Figure 3 as a function of true local solar
time (TLST), solar zenith angle (SZA=0° is overhead Sun and local noon), and areocentric longitude L.
The minimum Sun-Mars distance (Mars perihelion) occurs at Ly ~251°. Note that the MAVEN orbit pre-
cesses through ~3.5 diurnal cycles per Mars year, providing adequate sampling/separation of the
diurnal/seasonal cycles.

L
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Figure 3. Parametric trace of MAVEN periapsis during the prime and first extended missions: (left) True local solar time
(TLST, blue) and solar zenith angle (SZA, green) as a function of orbit number and L;. (right) L (blue) and Mars-Sun
distance (green) for each MAVEN periapsis. Shown as a function of MAVEN orbit number and calendar date (month/year).
Vertical bars (red) indicate DD campaigns.
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3. Accelerometer Density Profiles

Accelerometers sense atmospheric drag on the spacecraft, from which density p along the flight path may be
derived by the traditional relationship
2M
= a, 1
p <V2CZA> (M

where the z axis is assumed to point along the direction of flight, A is the reference frontal area of the space-
craft orthogonal to the z axis, M is the mass of the spacecraft, V is the speed relative to the atmosphere, G, is
the aerodynamic force coefficient along the z axis of the spacecraft, and a, is the acceleration of the
spacecraft center of mass due to aerodynamic forces along the z axis. Details of this basic analysis of the
accelerometer data can be found in Tolson et al. [2006] and Zurek et al. [2015].

If the atmosphere were isothermal and hydrostatic, the density profile near periapsis is described by

p(h) = poexp (— ﬁ) o)
H
where pg is the density at periapsis, h is the altitude above periapsis, and H; is the density scale height. In the
idealized case of constant H,, the inbound and outbound density values are identical at the same altitude,
and the density profile as the spacecraft passes through periapsis (i.e., the aeropass) follows a Gaussian form
[King-Hele, 1964].

Figure 4 shows the altitude profiles (dashed black curves) and smoothed accelerometer-derived density
profiles (blue) generated using a 99-point running mean on the 1Hz accelerometer data. This smoothing
yields a 1 sigma noise level of ~0.02 kg/km® based on accelerometer performance [Zurek et al., 2015] and
provides robust results when the peak densities are greater than ~0.1 kg/km>. If the periapsis densities are
lower than that value, the profiles may have “wavy” structure that we interpret to be noise (e.g., Figure 4d).

It is important to remember that every aeropass is a two-dimensional pass through the atmosphere, mixing
vertical and horizontal variation. Thus, the time axis of the plots in Figure 4 represents principally spatial
variation. The spacecraft velocity at periapsis is ~4.2km/s, so 200s of flight time (marked on the x axis)
corresponds to ~840 km. Data are taken every second, while a 99-point running mean is used to smooth
the data for the ACC fits. This reduces the along-track spatial resolutions to several tens of kilometers in
the horizontal and a few kilometers in the vertical, though the angle between vertical and horizontal varies
with altitude, of course.

Nonrandom errors can be introduced in the conversion of accelerations to density by uncertainties in space-
craft attitude during the aeropass and in the associated aerodynamic error coefficients (equation (1)) [Zurek
et al.,, 2015; Tolson et al., 2017]. Comparisons with densities from slightly varying spacecraft attitudes during
different aeropasses indicate accuracies for profiles derived here within a few percent. As explained in
section 6, comparisons with the integrated changes in spacecraft velocity during the aeropass derived from
tracking data (delta-V) indicate systematic differences of less than 10%.

The profiles selected for Figure 4 vary in longitude, latitude, local time, and season. The DD density profiles
(for orbits P0O1060, P01515, P03552, and P03580) generally follow the Gaussian shape described by equation
(2). In some cases, such as in Figures 4c and 4d, the maximum density occurs slightly after periapsis. Of
particular interest are the scale heights near periapsis; note the cold regions indicated in Figure 4e, where
a sharp “beak” in density is seen at the lowest altitudes both before and after periapsis.

Higher-frequency variations sometimes appear in the profiles and may represent real density variation.
However, as noted above, when the peak density is low, as seen in Figure 4d, these fluctuations are likely
nonphysical and reflect the low SNR of the accelerometers. Of course, the atmosphere is typically consider-
ably more complex than the idealized isothermal and hydrostatic case, especially given the two-dimensional
nature of the aeropass trajectory. Figure 4b, a DD orbit, exhibits structure near periapsis that the idealized
model is unable to capture. These large-scale variations in the derived density with altitude or between
the inbound and outbound legs are likely real, especially when the peak densities are greater than
0.1kg/km?>. To capture these features, the four-parameter ACC fits shown in Figure 4 and described in the
next section were generated to provide a better representation of the density variation.
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Figure 4. Six panel pairs (two per row) show representative samples of the accelerometer profiles for the identified orbits. The 1 Hz accelerometer data have
been smoothed with a 99-point running mean (blue curves). (a—f, left column) The accelerometer-derived densities are shown in blue, and the ACC profile fits (see
section 4) areinred. The altitude profile is dashed black. The horizontal axes are (s) from periapsis (t = 0). (a—f, right column) The smoothed accelerometer-derived density
variation with altitude is in blue. The altitude ranges used to derive scale heights within 10 km of periapsis and on the ingress and egress legs at a reference altitude of
150 km are black line segments (e.g., arrows). Numerical values of the resulting density scale heights are given (in and above the right-hand panels of each pair).

4. Parametric ACC Fits to the Density Profiles

To capture the basic structure of the density field, the density profiles (represented by the blue profiles in
Figure 4) have been fit (red curves in Figure 4) using four adjustable parameters: (1) periapsis density po,
(2) along-track density gradient at the periapsis altitude, (3) density scale height near periapsis Hs, and (4)
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along-track scale height gradient at the periapsis altitude. The ACC profile density at any altitude h and time t
along the aeropass (t=0 at periapsis) is

B opy h
p(h,t) = (Po 5 t>exp( ) +%t> 3)

ot

Assuming that the contributions from the gradient terms are small compared to the nominal values, the
expression may be approximated to first order by

10p,. h 1 0H,
1 h =1 — Y t—— 4+ ——2th 4
(p(h,0) =10 py o Tt @

or, in terms of the four parameters (a, b, ¢, and d) in the least squares solution,

1n(p(h,t)) = a + bt + ch + dth (5)

Note that in the vicinity of periapsis, h is proportional to t2, 5o this expansion is essentially the third-order
Taylor series for 1n p in time and is therefore unsuitable for extrapolation.

As shown in Figure 4, the ACC profile fits (shown in red) capture the density structure in the vicinity of
periapsis. Cases were chosen in Figure 4 to exhibit both good and poor ACC profile fits to illustrate some
of the difficulties in capturing certain atmospheric phenomena. For example, Figures 4a and 4f are cases in
which the model is able to capture the density profile extremely well. Figure 4c is well represented by just
the H; gradient term in equation (4), while the profile in Figure 4b requires both gradient terms.
Nevertheless, the gradient terms are not interpreted as real properties of the atmosphere but rather indi-
cators that the atmosphere is not locally isothermal and hydrostatic. Real deviations, such as vertical tem-
perature or molecular weight variations, gravity waves, and thermal tides, are absorbed in these terms.
Also real are the differences seen between ingress and egress densities at a given altitude and also the
different scale heights, derived here for 10 km segments of the profile. These differences are most evident
in Figures 4a-4f (right column). The 150 km reference level was chosen to facilitate comparisons with ear-
lier orbiter missions.

The four parameters of the ACC fits are shown in Figure 5 in terms of density at periapsis, density scale height
at periapsis, and the gradients of 1n p and In H; with time from periapsis. Except for the first few hundred
orbits, when periapsis was being lowered into the NS corridor (Figure 2), all these orbits are either in or near
to the NS or DD corridors. As might be expected, the largest H, which is an indicator of atmospheric tempera-
ture, occurs during daylight hours and drops dramatically at sunset (also Figure 6). Typically, the temperature
increases with height in the thermosphere and so the H; variation in Figure 5 is also highly correlated with
altitude (compare with Figure 2). These competing effects are discussed in more detail below.

The mean along-track density gradient also shows temporal variability. This gradient is directly related
to the deviation of the maximum density from the time of periapsis. A systematic trend in the highly
inclined along-track H gradient might be expected to capture the natural latitudinal trends in temperature
and in molecular weight, but this signal appears to have a constant mean near zero. Correlations of
both mean values and deviations from the mean are of interest for atmospheric modeling and atmo-
spheric flight.

To provide more robust quantitative results, the orbits were divided into contiguous bins. Six of these bins
contained orbits from individual DD campaigns. Seventy-one additional bins were chosen to include 30 to
70 contiguous orbits between OTMs. This assured that each bin contained orbits at similar altitudes, latitudes,
TLST, and SZA. The mean and standard deviation for each of the 77 bins were calculated for the ACC
fit parameters.

Figure 6 illustrates the orbit-to-orbit variation for binned values of the ACC fit to log density and of the along-
track gradients of density and scale height, together with the binned values of H; itself. Whether the binned
periapses were in daylight or dark is also indicated. Because of the precession of the MAVEN orbit, the
sequence of time of day versus orbit number is reversed: Periapsis moved earlier from noon to sunrise to
midnight to sunset (Figure 3). Four of the six DD campaigns were deliberately chosen to occur near
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terms of density (top left) p, (bottom left) density scale height H,, and (right column) their along-track gradients V;. Deep
Dip (red) and nominal science (blue) periapsis values are shown. Shaded boxes (Figure 5, top left) indicate the target
corridors for periapsis density for DD and NS orbits.

-3
6 10 — b=
o * NS * .
06 o * : 3 ) DD' .: .
o e o Py >
. o ° 4 < o *®
>
] I L R S z |8 % e,
¥ &’ ® ..: « * < s S . .
= ° ”N . * e 4 S °,
: ¢ s s Nge %
02 ey "' e 218 .
1 °
0 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
-4
16 - PEAL
19 .
14 » .
e oy
@ %o e 3 ° ‘.‘0 *
o S . ’ - 7
Y - -~ .
= ° " o .~ Iw - ..0 .
A s o B B e e
K - ~ . - . L]
8 &, i v » * .‘. e \'.o\ d.‘:
o o * 1 . L4
6 ® °
L
4 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
orbit orbit
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Figure 7. (first panel) Derived ACC fit periapsis densities extrapolated to a constant reference altitude of 150 km and
averaged over 11 contiguous orbit sets. Red curve is a parametric fit (equation (6)) to dependences on seasonal and
diurnal (time-of-day) insolation. (second panel) This orbit-to-orbit uncertainty is derived as a deviation from the mean for
each of the 11 contiguous orbit sets (see text). (third panel) The orbit-to-orbit variability is normalized by the mean density
for the 11 contiguous orbits and a model fit derived (red curve and equation (7)). (fourth panel) The variations of solar
zenith angle (blue curve) and Sun-Mars distance (green) used in the fits. Magenta symbols (crosses) mark DD orbits.

The horizontal axes indicate calendar month/year (top), areocentric longitude L (middle), and MAVEN orbit number
(periapsis, bottom).

sunrise or sunset, as the twilight regions were relatively unexplored and the thermospheric structure there is
quite complex, posing significant challenges to model simulation (see section 6). In contrast, DD2 was chosen
to occur near noon and DD6 near midnight (Figure 3). There is clearly a high correlation between a day or
night bin and the orbit-to-orbit variability in density and the magnitude of both along-track gradients. All of
this strongly suggests that dynamics are playing a very significant and perhaps dominant role at night.
Except for H,, comparisons between DD and NS data do not suggest a persistent dependence on
altitude. At DD altitudes (where the atmosphere is well mixed), Hs is an indicator of atmospheric
temperature, with lower temperatures than at NS altitudes. For DD2 the nearby NS orbits have H; values
nearly twice the DD2 value, suggesting a large vertical temperature contrast between the DD and NS
altitudes, separated by ~50km. DD6 on the other hand has a much smaller ratio suggesting a much
smaller vertical temperature contrast (over ~25km) near the antisolar point, although this is one of the
colder regions sampled.

In a different approach to isolating long-term trends in density, the ACC fit periapsis densities, which occur at
a wide range of altitudes (Figure 1), are mapped to a reference altitude of 150 km, commonly used as a refer-
ence by previous aerobraking missions. Unfortunately, the localized scale heights derived from the model fits
(equation (3) and Figure 4) are generally not representative of the vertical differences between the periapsis
altitude and the reference altitude. From Figure 4 it is seen that inbound and outbound scale heights—as
well as density—are often quite different due to the horizontal separation of the aeropass trajectory and
the frequent appearance of vertically propagating waves (e.g., Figure 4f). Furthermore, some periapses occur
at altitudes well above 150 km.

Consequently, the extrapolation is performed using values of effective scale height from the Mars-GRAM
model [Justus, 2006] used by the spacecraft navigation team in planning OTMs [Demcak et al., 2016]. The
extrapolated densities are then averaged over 11 contiguous orbits to provide more robust values, particu-
larly for the lower density NS periapses. These are shown in Figure 7 (first panel). While there is
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Figure 8. Atmospheric scale heights derived from binned ACC fits near MAVEN periapsis altitudes as a function of (left)
altitude h and (middle) solar zenith angle (SZA). Red symbols are averages derived for the Deep Dip bins, with open
circles calling out DD5 and DD6. Blue symbols were derived for nominal science orbits and averaged over the bins
discussed earlier (e.g., Figure 6 and related discussion). (right) The residuals between the binned nominal science orbit data
and the simple linear model fit in cos(SZA) and delta altitude (6h) above 150 km (equation (8)).

considerable scatter, local time and seasonal variations are apparent, as shown by a parametric fit to the solar
zenith angle (SZA) and the inverse square of the Sun-Mars distance Rsy, (astronomical units, AU):

Ln (p[kg/km’]) = —5.45 + (8.22 + 2.63 x cos(SZA)) / Rew’ (6)

Both the cos (SZA)/Rsm? and the Rsy 2 modulate solar heating of the Mars atmosphere.

Figure 7 also shows the orbit-to-orbit variation defined as the 1 sigma deviation from the mean of each set of
11 contiguous orbits (i.e., periapsis longitudes circling the planet nearly twice).

Fitting sigma normalized by the mean g, to the SZA (blue line in Figure 7, fourth panel) yields
o11/p = 0.27 - 0.1 x cos(SZA) (7)

Figure 7 shows that the highest variability does occur on the nightside of the morning and evening termina-
tors, as was also suggested in Figure 6. Orbit-to-orbit variability of density varying from around 15% to 40% is
consistent with experience from aerobraking missions [e.g., Fritts et al., 2006] and recent NGIMS gravity wave
studies [e.g., Yigit et al., 2015].

Figure 8 (left and middle) shows the variation of scale height H; with periapsis altitude and solar zenith angle.
Recall from Figure 1 that the MAVEN orbit altitude and SZA are somewhat correlated: MAVEN strives to keep
periapsis in a density corridor which moves in altitude as affected by thermospheric heating and thus SZA. In
Figure 8, it is not surprising to see H; increasing with altitude h and cos(SZA), as that trend in temperature is a
defining characteristic of the thermosphere as it is heated by EUV absorption. A simple linear model was fit to
the NS orbit data to quantify the relative contribution of periapsis altitude h, above 150 km and cos(SZA) to
the changes in H; within the NS density corridor:

Hs(km) = 10.2 4+ 2.3 x cos(SZA) + 0.1 *h, (8)

Figure 8 (right) shows the residual between the data values and the model values. No obvious trends remain
in the residuals, which have a mean of zero and a standard deviation of 0.77 km. Equation (8) suggests that for
NS orbits, H; will increase by 4.6 km from the antisolar point to the subsolar point and by 1 km per 10 km of
altitude. Warmer daytime temperatures are also expected, but note the large variability in scale height on the
nightside of the terminator. This indicates that temperature as well as density has high variability there and
likely reflects effects of the cross-terminator circulations.

Even though there are only six DD bins, the data suggest that SZA is less significant in the DD corridor by
about a factor of 2, most likely because more of the EUV has been absorbed in the atmosphere above the
DD corridor and the lower altitudes are also more affected by the dynamical forcing from below.
Additional DD campaigns during the extended missions may provide additional support for this conjecture.
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Table 2. Deep Dip (DD) Campaign Orbit Numbers and Times

Deep Dip Start Orbit End Orbit Start Date Start Time End Date End Time
1 719 749 2/12/2015 07:12:49 2/17/2015 23:05:45
2 1059 1086 4/17/2015 05:54:49 4/22/2015 06:33:40
3 1506 1538 7/9/2015 03:02:11 7/14/2015 23:27:01

4 1807 1838 9/3/2015 03:07:46 9/9/2015 01:04:04
5 3290 3316 6/8/2016 03:17:20 6/12/2016 22:34:16
6 3551 3589 7/26/2016 04:03:20 8/2/2016 02:01:15

5. MAVEN Deep Dip Campaigns

Table 2 gives start and end orbit numbers and dates of the six DD campaigns that MAVEN has conducted as
of October 2016. These do not include those orbits where the spacecraft was stepping down or up from the
DD corridor. Representative L, solar zenith angle, local true solar time (LTST; h=1/24 Mars sol; noon=12h),
and periapsis latitudes are shown in Table 3, with a brief description of the environment (e.g., midnight at the
equator). These DD campaigns were spread unevenly over one Mars year with some emphasis on sampling
the terminator portions of the local time variation, as these were regions of high variability and of complex
interplay between dynamics and radiation. Six DD campaigns are not enough to sample the many possible
combinations of season, time of day, and location on the planet, but they do fill voids in the earlier coverage
from aerobraking Mars orbiters (Figure 1). In particular, DD2 (near noon) and DD6 (near midnight) sampled
low latitudes near the equinoxes, while DD1 and DD5 sampled the dusk and dawn terminators, respectively.

The different periapsis altitudes sampled during the DD campaigns are shown in Figure 9. Recall that since
the targeted density corridor was the same for all six campaigns, these altitude differences partially reflect
seasonal trends of solar heating at different latitudes. DD1a and DD2 were both conducted during/near
the perihelion season when Mars is closest to the Sun and the lower atmosphere had expanded due to
the greater solar heating. Also, the southern spring and summer are also the seasons when vast dust hazes
can be produced from regional dust storms, and the direct heating of the dusty atmosphere can further raise
the altitude of a constant density surface.

Finally, the local time and latitude also play a role, with the diurnal variations of temperature being large on
Mars and able to propagate their influence vertically. The dusty atmosphere and near-zero solar zenith angle
(combining effects of local time and latitude) appear to be responsible for similar density at higher altitudes
for DD2 compared with DD1 and for the two populations of altitudes during DD2. DD3 and DD4 are closest to
northern spring equinox, while DD6 is quite close to northern fall equinox. These orbits reveal similar densi-
ties at comparable altitudes. DD5 is remarkable for its low periapsis altitudes, and both DD5 and DD6 have
large variations at these lowest altitudes, suggesting the high variability of the lower thermosphere during
the midnight to predawn hours.

Several of the DD5 profiles exhibited a sharp beak near periapsis, indicating cold temperatures (Figure 4e,
orbit 3552). Indeed, these DD5 orbits may have grazed the top of a cold mesopause region at altitudes
observed by Mars Express SPICAM measurements [Forget et al., 2009; McDunn et al., 2010]. Unfortunately,
the MAVEN coverage is inadequate to make a more definitive statement.

6. Comparisons of MAVEN Accelerometer Data With M-GITM Simulations

The large periapsis densities encountered during DD campaigns yield accelerometer (ACC) values with very
good SNR. Before comparing the DD profiles to model simulations, it is important to determine if there are

Table 3. Deep Dip Campaign Geometric Characteristics

Deep Dip L (deg) SZA (deg) LTST (h) Latitude Characteristics

1 291 early northern winter 108 183 45-40°N High northern latitudes, past evening terminator

2 328 late southern summer 9 11.9 2-6°S Near noon at equator

3 11 early southern fall 11 34 61-64°S High southern latitudes, predawn

4 37 middle southern fall 91 16.0 66-62°S High southern latitudes, evening terminator

5 166 late northern summer 96 5.3 36-32°N Northern midlatitudes, dawn terminator

6 194 early southern spring 167 0.6 1-5°S Midnight at equator (antisolar point)
ZUREK ET AL. MAVEN ACCELEROMETER DATA 3808
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Figure 9. Periapsis ACC fit densities versus altitude for the six Deep Dip campaigns of the MAVEN primary and first
extended missions. The target density corridor for Deep Dip maneuvers is shaded.

any systematic errors that could bias such comparisons. Figure 10 compares the total delta-V derived inde-
pendently from navigational analysis of the spacecraft tracking data and recorded in the spacecraft Orbit
Propagation and Timing Geometry (OPTG) files [Demcak et al., 2016] and from the accelerometer analysis
[Tolson et al.,, 2017, this paper]. As shown in Figure 10 (bottom row), the comparison is very good with
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Figure 10. (top row) Comparison of total delta-V derived from accelerometer data and from the navigation OPTG files for
the six DD campaigns. (bottom row) Percent (%) differences between these quantities. The orbit number here is arbitrary
but sequential within each DD campaign.

ZUREK ET AL.

MAVEN ACCELEROMETER DATA 3809



@AG U Journal of Geophysical Research: Space Physics 10.1002/2016JA023641

differences of a few percent at most. This gives us confidence that for all the DD campaigns systematic
errors are small and therefore do not enter significantly into comparisons with model simulations or with
the in situ data from the NGIMS experiment. The latter are still being analyzed and will be the subject of a
later ACC-NGIMS mass density comparison paper. Here we focus on comparisons of the ACC densities with
model simulations.

6.1. Atmospheric Model Description

The Mars Global lonosphere-Thermosphere Model (M-GITM) combines the terrestrial GITM framework [Ridley
et al., 2006] with Mars fundamental physical parameters, ion-neutral chemistry, and key radiative processes in
order to capture the basic observed features of the thermal, compositional, and dynamical structure of the
Mars atmosphere from the ground to ~250 km [Bougher et al., 2015al. M-GITM simulates the conditions of
the Martian atmosphere all the way to the surface, with an emphasis on upper atmosphere processes.
Simulated three-dimensional upper atmosphere (80-250 km) fields include neutral temperatures, densities
(e.g., CO,, CO, O, N5, 0, and He), winds (zonal, meridional, and vertical), and photochemical ions (e.g.,, O%,
0,%, CO,*, N,*, and NO™). Simulations spanning the full range of applications of the current M-GITM code,
including 12 model runs spanning various solar cycle (minimum, moderate, and maximum) and seasonal
(Ls=0, 90, 180, and 270°) conditions, have been completed, and the results are described in a comprehensive
initial paper [Bougher et al., 2015a].

The M-GITM code produces outputs that are subsequently organized and gathered to create large three-
dimensional data cubes that can be used for comparison with aeropass density profiles. Archived simulation
cases (all computed prior to MAVEN arrival) are selected for study that corresponds most closely to the solar
(F107 cm index rotated to Mars) and seasonal (L) conditions of the MAVEN Deep Dip campaigns 1-6.
Software is then utilized to extract M-GITM-simulated mass densities along the appropriate spacecraft trajec-
tory paths (below ~180 km) for each orbit contained in these 6 Deep Dip campaign periods. This was done at
a common interval of 2 km, which is limited by the M-GITM code itself. Both inbound (ingress) and outbound
(egress) orbit legs are constructed separately, yielding a suite of mass density profiles for each campaign per-
iod that are subsequently averaged together.

MAVEN ACC data sets and corresponding M-GITM mass density outputs for each of the Deep Dip campaigns
were organized as follows for detailed comparisons. First, the 99 s running mean data sets described earlier
were used. In addition, both the data sets and M-GITM outputs were binned in altitude with a common reso-
lution (2.0 km) that approximates the resolution of the M-GITM model. Finally, 1 sigma variability at these
regular altitude levels spanning all orbits during each campaign is also calculated for examination. These
actions enable a more appropriate and complete comparison of data sets and model outputs along the orbit
tracks for each of these Deep Dip campaigns.

Note that these simulations, based on model runs all computed before MAVEN entered Mars orbit, do not
take into account the actual weather events such as the large regional dust storms that occurred during
southern spring and summer.

6.2. Comparisons Between M-GITM Simulations and NGIMS Data

The M-GITM physics, chemistry, and dynamical formulations are the most complete for the upper atmo-
sphere, and therefore, MAVEN data-model comparisons have largely focused on this region above
~115km. At this point, M-GITM simulations have been compared with NGIMS measurements obtained
during its first year of operations during four Deep Dip campaigns [Bougher et al., 2015b, 2015c]. In particular,
DD2 temperatures and key neutral densities have been compared with corresponding M-GITM fields
extracted along DD2 orbit trajectories on the dayside near the equator [Bougher et al., 2015b]; a good match
of key neutral densities and temperatures is revealed at these low solar zenith angles, close to the subsolar
point. In addition, the Martian seasonal trend of dayside thermospheric temperatures derived from NGIMS
densities was compared to M-GITM predictions; perihelion- to aphelion-measured temperature variations
were shown to match M-GITM predictions quite well [Bougher et al., 2017, this issue].

6.3. Comparisons Between M-GITM Simulations and Accelerometer Data

Figure 11 illustrates ingress, and Figure 12 presents egress mean mass density profiles (and corresponding 1
sigma variability bars) for Deep Dips 1-6. The averaged local solar time (LST) at periapsis over each campaign
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Figure 11. Comparisons of accelerometer densities with Mars Global lonosphere-Thermosphere Model (M-GITM) simulations for each DD campaign. Data for each
orbit are smoothed with 99-point running mean (red); for all orbits in the DD campaign, heavy curve shows the average and lines show 1 sigma variation. Simulated
densities from M-GITM for all model longitudes at the indicated true local time (LT) (blue); heavy curve is their average. Ingress (approaching periapsis) portions of the

orbits are shown here.

is also given for each Deep Dip. It is evident that evening terminator (DD1), near noon (DD2), deep nightside
(DD3), high southern latitude (DD4), morning terminator (DD5), and near midnight (DD6) conditions are
sampled during the campaigns conducted thus far. Corresponding M-GTIM campaign averaged mass
density profiles are plotted as well for the same solar and seasonal conditions. The 1 sigma variability bars
on the model results now correspond to longitude variations throughout a simulated model day for the
otherwise identical MAVEN trajectory paths (including the LST, latitude, and altitude variations).

For the ingress portion of these campaigns (Figure 11), the best ACC versus M-GITM model comparisons are
obtained for the DD2 campaign, at low solar zenith angle (SZA). Here the maximum discrepancy is not more
than ~40-50% near 130 and 170 km. This good match of M-GITM model densities to the accelerometer
densities is consistent with the corresponding close match of NGIMS-derived temperatures and M-GITM tem-
peratures for this same DD2 campaign [Bougher et al., 2015b, 2015c¢, 2017, this issue]. These studies together
imply that the M-GITM code reasonably captures the low SZA solar-driven thermal and corresponding mass
density structure of the Mars dayside thermosphere. This further suggests that the underlying M-GITM
thermal balances, basic photochemistry, and large-scale dynamics are reasonably correct at low SZAs. For
DD1 (evening terminator), the data-model discrepancies increase to a factor of ~1.6-2.0, with the M-GITM
code predicting larger densities. This may result from warmer model temperatures than the Martian thermo-
sphere at this location; i.e., the M-GITM may not properly capture the sharp horizontal temperature and
density gradients across the evening terminator.

The rest of the DD campaign comparisons at large SZAs (i.e., at high latitude, near midnight, and near dawn)
reveal larger differences with the M-GITM model. The data-model discrepancies are largest for DD3 (factors of
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Figure 12. Comparisons of accelerometer densities with Mars Global lonosphere-Thermosphere Model (M-GITM) simulations for each DD campaign. Data for each
orbit are smoothed with 99-point running mean (dark blue); for all orbits in the DD campaign, heavy curve shows the average and lines show 1 sigma variation.
Simulated densities from M-GITM for all model longitudes at the indicated true local time (LT) (black); heavy curve is their average. Egress (departing periapsis)
portions of the orbits are shown here.

~4.0 to 5.0) and DD5 (factor of 6.0) while smaller for DD4 (factor of ~3.0). In each of these cases, the
implication is that the primarily solar-driven M-GITM does not capture the high SZA behavior of the
thermospheric density and temperature structure. This may be the result of thus far neglecting gravity
wave impacts within M-GITM, including momentum and energy deposition that other model simulations
suggest may be important at higher latitudes, where polar jets are strong, and onto the nightside [e.g.,
Medvedev et al,, 2015; England et al., 2017, this issue]. This high-latitude forcing can affect even the
low-latitude circulation by continuity. Under such wave forcing, the simulated interhemispheric (and
day-to-night) thermospheric circulation may be weaker, consistent with cooler nightside temperatures and
reduced mass densities [e.g., Lillis et al., 2010]. In addition, incorporation of CO, cooling requires the
feedback of atomic O and CO, collisional exchange rates for accurate “dynamical” CO, cooling rates to be
calculated [Lillis et al., 2010; Bougher et al., 2017, this issuel. A comparison of the simulated M-GITM atomic
O abundances with NGIMS measurements on the nightside is therefore warranted. These O abundances
will be the subject of future data-model studies utilizing calibrated NGIMS data sets.

For the egress portion of these campaigns (Figure 12), the best ACC versus M-GITM model comparisons are
also obtained for the DD2 campaign (within ~30-50%). However, most of the rest of the egress campaigns at
high SZAs show an even larger discrepancy (compared to ingress) between data and model predictions at
most altitudes. For instance, DD3 (deep nightside) now reveals up to a factor of ~20 discrepancy between
data and model near 140 km. The spatial sampling provided by the DD3 orbits covers high southern latitudes
in the predawn sector (see Table 3). The simulated aeropass spatial (horizontal) variability is large in this
predawn sector, making mass density comparisons with NGIMS measurements difficult.
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Lastly, the dusk to dawn terminator asymmetry in the mass densities at thermospheric altitudes is clearly
seen by examining DD1 (dusk terminator and perihelion) and DD5 (dawn terminator and near autumnal
equinox) mass densities at altitudes ~130 to 150 km. During ingress, the dusk/dawn ratio is ~5.0 to
~10.0 (130 to 140 km), while for egress the same ratio is ~3.6 to ~2.7 (130 to 150 km). A change in season
occurred between DD1 and DD5 sampling periods and may be another contributor to these changes.
Nevertheless, these ratios indicate that the evening terminator exhibits significantly larger mass densities
at these altitudes (130 to 150 km). This same dusk to dawn trend is also predicted by M-GITM, although to
a lesser degree.

7. Summary

Densities derived above 140 km from MAVEN spacecraft accelerometer measurements taken during nom-
inal science orbits for a full Mars year show systematic trends with season and solar zenith angle, likely
reflecting changes in solar EUV heating (Figure 7). Variation with solar zenith angle reflects both seasonal
change of the subsolar point and the latitudinal location of the spacecraft periapsis. There is also correla-
tion at the lower DD altitudes, but it is not as strong, reflecting the greater influence there of lower atmo-
sphere inputs, which may reflect solar heating (at visible wavelengths) more indirectly. Interestingly, the
short-period variability was similar for both NS and DD orbits during much of the Mars year, although den-
sity and its variation were significantly larger for the last two DD campaigns (Figure 9), conducted just
before and after the southern spring equinox when forcing from a dusty lower atmosphere may have been
increasing. As expected, scale heights at the lower altitudes of the DD were smaller, reflecting mainly a
colder atmosphere as the spacecraft approached the Mars mesopause. Again, the fall equinox tempera-
tures were lowest (Figure 8). The largest density variations in any of the six DD campaigns were observed
(Figure 9) at the lowest (and coldest, Figure 6) altitudes, which were encountered during DD5 and DD6.
DD5 occurred during the predawn over northern midlatitudes and also showed a rapid decrease of density
with height (i.e., small-scale height) near periapsis (Figure 4e). DD6 occurred during midnight above the
equator (near the antisolar point). This space-time environment was not sampled by earlier aerobraking
missions (Figure 1).

Comparison of the integrated accelerometer data with the delta-V measurements from tracking the
spacecraft showed good agreement, indicating that there are no major biases between the two.
Thus, the DD density profiles at lower altitudes should be a particularly good standard for comparison
with other data. Comparisons of those DD density profiles with the precomputed M-GITM fields
showed generally good agreement at low solar zenith angles, but comparisons near the terminators
were not as good, with the largest differences in the predawn hours (Figures 11 and 12). This points
to deficiencies in the computed circulation. The absence in the model of gravity wave drag may be a
contributor, as well as deficiencies in the computation of collisional exchange and non-LTE radiative
cooling by CO,. Both will be investigated. These larger discrepancies were first revealed by the
MAVEN observations, as these local times were not well sampled during earlier aerobraking missions
at Mars (Figure 1).

The six Deep Dip campaigns that MAVEN has conducted thus far, while too few in number to character-
ize fully the upper thermosphere of Mars, have nonetheless revealed the complex structure of a region
affected by radiation and energy deposition from the Sun and by radiative exchange and wave propaga-
tion from a dynamic lower atmosphere. Season, local time, position on the planet, and weather in the
lower atmosphere can all play a role. In particular, the terminators are a region of strong gradients
and high variability, which may be greatest in the postmidnight, predawn hours of the sol. The analysis
here has focused on the most general features of the density variations; there is much information on
atmospheric waves and longitudinal variation that may be gleaned from these data with further analysis.
Two Deep Dips during the second MAVEN extended mission will test the repeatability (or the interannual
variability) of data already acquired for similar environmental conditions; currently, DD7 would sample
the evening terminator at high solar latitudes (similar to DD1) and DD8 would reexamine subsolar con-
ditions (similar to DD2). A third Deep Dip campaign would take advantage of an opportunity to explore
the upper atmosphere above strong crustal-magnetic field locations in the southern hemisphere on the
planetary dayside.
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