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Abstract. The turbopause and homopause represent the transition from

strong turbulence and mixing in the middle atmosphere to a molecular-diffusion

dominated region in the upper atmosphere. We use neutral densities mea-

sured by the Neutral Gas and Ion Mass Spectrometer (NGIMS) on the Mars

Atmospheric and Volatile EvolutioN (MAVEN) spacecraft from February 2015

to October 2016 to investigate the temperature structure and fluctuations

of the Martian upper atmosphere. We compare those with temperature mea-

surements of the lower atmosphere from the Mars Reconnaissance Orbiter’s

(MRO) Mars Climate Sounder (MCS). At the lowest MAVEN altitudes we

often observe a statically stable region where waves propagate freely. In con-

trast, regions from about 20 km up to at least 70 km are reduced in stabil-

ity where waves are expected to dissipate readily due to breaking/saturation.

We derive homopause altitudes from NGIMS N2 and Ar densities and find

that it varies between 60 and 140 km. From the standard deviations in monthly-

averaged temperature profiles, we determine the “wave-turbopause” altitude

where applicable and find that these altitudes agree with the homopause al-

titudes. We show that the homopause variability is driven by order of mag-

nitude changes in CO2 densities, which drastically affect the altitude at which
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the eddy diffusion is equal to the molecular diffusion. These variations are

observed as a function of local time, latitude, and season. That the turbopause/homopause

does not track a fixed density level means the eddy diffusion coefficient at

the turbopause can vary significantly, suggesting differences in the dominant

breaking waves and tidal modes.
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Keypoints:

• Mars’ turbopause altitude is governed by the transition from strong wave

dissipation and turbulence to weak dissipation and freely propagating waves.

• We have examined this transition region over a full Mars year using ob-

servations of the lower and upper atmospheric temperature structure as well

as N2/Ar ratios.

• Mars’ turbopause and homopause altitudes exhibit the same variations

with local time, latitude and season.
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1. Introduction

The transition between the well-mixed, turbulent lower atmosphere and the diffusive

upper atmosphere is a region of coupled physical processes that impact the structure and

dynamics of the mesosphere and thermosphere. The turbopause is typically defined as

the altitude at which the eddy diffusion coefficient is equal to the molecular diffusion

coefficient. It represents the transition from strong turbulent mixing below to diffusive

separation and little turbulence above. A similar concept, the homopause (or “mixing

turbopause”), is what demarcates the homosphere from the heterosphere — the mean

molecular mass changes from a constant value with altitude in the lower atmosphere to

altitude-dependent in the upper atmosphere. Additionally, because turbulence is gener-

ated by breaking waves in the mesosphere, the turbopause can be approximated by the

transition from strong wave dissipation to free propagation (the “wave-turbopause”) [Of-

fermann et al., 2006, ]. While each of these is measured differently and may occur at a

different altitude, each is governed by the same mechanisms. And, of course, they are

not infinitesimal boundaries but gradual transition regions. When referring to the generic

altitude regime where eddy and molecular diffusion are comparable, we will use either

“turbo/homopause,” or “transition region.” When one of “turbopause,” “homopause,”

or “wave-turbopause” appears, it is with reference to the definitions given above. In

Earth’s atmosphere the transition region has been studied extensively trough a variety

of techniques. The turbopause has been determined from observations of sodium clouds

ejected by sounding rockets [Lehmacher et al., 2011] and through turbulent energy dissi-

pation rates from radar measurements [Hall et al., 1998, ]; the homopause from profiles
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of mixing ratios [Danilov , 1979; Offermann et al., 1981]; and the wave-turbopause from

studies of wave dissipation [Offermann et al., 2006, ]. Furthermore, studies of this tran-

sition region on Earth have informed our understanding of the dominant processes in the

middle atmosphere and their consequences.

Studies of Earth’s mesospheric thermal structure and stability have been particularly

important. A static (or convective) instability occurs when the atmospheric lapse rate

is greater than the adiabatic lapse rate and can cause waves propagating from below to

dissipate through breaking/saturation [Lindzen, 1981]. So too can a dynamical instabil-

ity, which is generated by wind shear. Earth’s mesospheric temperature structure is such

that the static stability, as measured by the square of the Brunt-Väisälä frequency, N2,

is typically low between about 80-90 km [Gardner et al., 2002]. While the background

atmosphere is generally stable, small perturbations, especially at altitudes with smaller

values of N2, can induce instabilities. Waves that saturate generate turbulence [Hodges ,

1969; Lindzen, 1981; Leovy , 1982; Rapp et al., 2004], which is reflected by an increase

in the eddy diffusion coefficient. At these altitudes they also cause a downward heat

flux [Walterscheid , 1981; Gardner et al., 2002] and atmospheric drag that can weaken or

reverse the winds [Lindzen, 1981] (and are responsible for the warm winter mesopause).

Breaking/saturation limits amplitude growth, whereas amplitudes increase exponentially

with altitude where waves propagate freely [Fritts , 1984; Rapp et al., 2004; Offermann

et al., 2006]. This is the case above about 90 km on Earth. Approaching the mesopause,

the atmosphere becomes more statically stable [Gardner et al., 2002] and wave amplitudes

grow more rapidly [Rapp et al., 2004]. The transition from dissipation to freely propa-

gating waves and has been dubbed the “wave-turbopause” [Offermann et al., 2006, ].
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Upward propagation continues until dissipation mechanisms in the lower thermosphere

become strong enough to damp the waves. Yiğit et al. [2008] investigated the relative

strengths of different dissipative mechanisms throughout Earth’s thermosphere including

breaking, Newtonian cooling, ion drag, and molecular viscosity. Gravity wave amplitudes

and drag peak in the lower thermosphere where dissipation is substantial. Turbopause

altitudes have been shown to have latitudinal, seasonal, and long term changes [Hall et al.,

1998, ; Holmen et al., 2016; Offermann et al., 2007]. Such changes reflect the spatial and

temporal variability of all the processes described above and lead to an altitude and lati-

tude dependent energy budget [Gardner et al., 2002; Yiǧit and Medvedev , 2009], seasonal

distribution of species [Vlasov and Kelley , 2010], and circulation of the mesosphere and

thermosphere [Lindzen, 1981].

Studies of the turbo/homopause region at Mars have been much more limited. Based

on in-situ measurements of atmospheric N2 and Ar from the Viking landers, Nier and

McElroy [1977] found Mars’ homopause to be near 120 km. Recently, Jakosky et al.

[2017] calculated the homopause altitude from MAVEN (Mars Atmosphere and Volatile

EvolutioN) measurements of N2 and Ar densities from the NGIMS (Neutral Gas and Ion

Mass Spectrometer) instrument. Particular attention was paid to the separation between

the homopause and exobase because the diffusive separation that takes place between

these altitudes determines the relative abundance of species at the altitude at which

escape occurs. Thus, the homopause altitude is important for inferring total atmospheric

loss from the isotope record [Jakosky et al., 1994; Pepin, 1994; McElroy et al., 1977;

Wallis , 1989; Leblanc et al., 2012; Hu et al., 2015; Kurokawa et al., 2015; Slipski and

Jakosky , 2016; Jakosky et al., 2017]. In this paper, we extend the discussion to examine
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if the physical processes setting Earth’s turbopause adequately explain the homopause

altitudes derived for Mars from a simple extrapolation from N2 and Ar density profiles.

Specifically, we investigate whether Mars’ atmospheric structure is consistent with

strong wave dissipation below the turbo/homopause and free propagation above until

molecular dissipation damps wave activity. Evidence for gravity waves in the lower at-

mosphere has come from images of lee waves [Briggs and Leovy , 1974] and temperature

fluctuations [Creasey et al., 2006]. Instabilities in the middle atmosphere have been inter-

preted as consequences of gravity waves [Heavens et al., 2010], as have density perturba-

tions observed in the thermosphere [Yiğit et al., 2015; England et al., 2017; Terada et al.,

2017]. Fritts et al. [2006] showed that thermospheric perturbations (wavelengths < 200

km) can grow to extremely large amplitudes and that their spectral shape was consistent

with gravity waves undergoing dissipation. Here, we use temperature profiles of the lower

atmosphere from the Mars Reconnaissance Orbiter’s MCS (Mars Climate Sounder) and of

the upper atmosphere from temperatures derived from NGIMS Ar densities [Stone et al.,

submitted] (see also Bougher et al. [2015] and Bougher et al. [2017]). The datasets are

described in Section 2. From the temperature profiles, we calculate monthly averaged

profiles of N2, the square of the Brunt-Väisälä frequency, and the temperature variances.

We use the variances as a proxy for wave amplitudes to investigate wave dissipation and

calculate wave-turbopause altitudes [Offermann et al., 2006]. We also derive homopause

altitudes from N2/Ar profiles from NGIMS, described in Section 2. In Section 3, we

present the monthly averaged temperature, N2, and standard deviation profiles as well as

the homopause and wave-turbopause altitudes. We compare the profiles to Mars Climate

Database (MCD) simulations and interpret the results in terms of wave dissipation and
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propagation in different altitude regions in Section 4. We also compare the homopause

altitudes to the wave-turbopause altitudes and those predicted by the profiles by finding

where the eddy diffusion coefficient equals the molecular diffusion coefficient for a given

set of wave parameters. In Section 5, we summarize our results and conclusions.

2. Data and Methods

In this section, we describe the MAVEN and MRO datasets used as well as the tech-

niques to derive homopause, turbopause and wave-turbopause altitudes. First, we briefly

discuss neutral density measurements collected by NGIMS and their spatio-temporal ex-

tent and how N2 and Ar number densities are used to find homopause altitudes. Ar

densities are also used to derive temperatures, which we use to find monthly-averaged

temperature profiles of the upper atmosphere. Then, we describe the MCS temperature

measurements and how we bin them to compare with the upper atmospheric profiles.

From the temperature and density profiles we calculate Brunt-Väisälä frequencies, which

are useful to interpret the altitude regions where waves are likely to break/saturate, as

well as eddy and molecular diffusion coefficients and linear saturation and molecular dis-

sipation terms, which enable us to derive turbopause altitudes. We end this section with

a discussion of how monthly-averaged temperature standard deviations can be used as a

proxy for wave amplitudes and how the wave-turbopause can be derived from them.

In our analysis we use upper atmospheric neutral densities of Ar, N2, and CO2 from the

NGIMS instrument on MAVEN [Mahaffy et al., 2015a, ] from Feb 2015 - Oct 2016 (orbit

numbers 713 - 4377, MY 32 Ls = 290◦ - MY 33 Ls = 300◦). These densities are measured

every orbit between about 500 km and periapse (∼150 km), during both the inbound and

outbound segments of the orbit. Periapse was lowered to about 120 km during several
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“deep dip” campaigns that were performed during this time. The horizontal distance

covered along a single periapse pass is around 1500 km. A typical inbound pass spans

∼20◦ latitude and a few hours of local time (Fig. 1). O atoms interact with the walls of the

instrument ante-chamber, building up a layer that reacts with various species to form, for

example, additional CO, CO2, O2 and NO over the course of each pass. Background levels

of reactive species, like CO2, increase from this process much more significantly on the

outbound leg (higher gas load) than the inbound [Mahaffy et al., 2015b] (supplementary

info). Thus, we restrict our analysis to only the inbound portions of each periapse pass

and avoid outbound phases.

Periapse has swept through a wide range of latitudes and local times as the orbit has

precessed (Fig. 1) [Jakosky et al., 2015]. Here, we use the available Level 2 (version 07,

revision 01) NGIMS data. As can be seen in Fig. 1, there are some gaps in the 2015 data

due to solar conjunction from May 27 - July 2 (Ls = 348 - 6) and from spacecraft safe

mode events April 4 - 14 (Ls = 320 - 325), and Aug 12 - 21 (Ls = 26 - 30). Over the full

time range, latitudes within −74◦ to 74◦ and all local times were sampled. However, there

is limited overlap at a given point in latitude-local time space and repeat observations

occur at significantly different seasons.

We derive homopause altitudes calculated following the same method used by Mahaffy

et al. [2015b] and Jakosky et al. [2017]. Because MAVEN’s periapse does not reach as

low as the homopause, we must extrapolate NGIMS densities downward. We do so as

a function of altitude and as function of CO2 number density to the point where the

ratio of two species equals the lower atmospheric ratio (Fig. 2). Here, we use the ratio

of N2/
40Ar because CO2 densities can vary in the lower atmosphere with location and
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season due to deposition and sublimation, precluding knowledge of expected atmospheric

mixing ratios at the turbopause. N2 and 40Ar are both non-condensible species, so their

lower atmospheric ratio remains constant and has been measured at the surface in the

past by Viking (N2/
40Ar=1.7) and more recently by the SAM (Sample Analysis at Mars)

instrument on the Curiosity rover. The most recent analysis [Franz et al., 2017] pins the

ratio much closer to that measured by Viking [Owen et al., 1977] than previous SAM

results [Mahaffy et al., 2013; Franz et al., 2015]. We use N2/
40Ar=1.25 (Franz, personal

communication) as the lower atmospheric ratio everywhere and assume it stays constant

up to the homopause.

We present homopause altitudes derived from two days of orbits instead of from each

individual orbit for a few reasons. First, the homo/turbopause has traditionally been

thought of as an average value, not an instantaneous one because local changes in the

turbulent energy at any moment would cause the homo/turbopause to fluctuate. We are

interested more in long term and global variations and our observations are not frequent

enough to discern the conditions driving those short-timescale fluctuations. Though in

principle these could be studied. Also, density profiles show variability on orbit-to-orbit

timescales (several hours) from specific local conditions (Fig. 2). And profiles from indi-

vidual orbits display significant structure from dynamical phenomena and/or horizontal

variations (Fig. 2). So, we combine density measurements into two-day bins; each bin

contains 7 - 11 orbits. Though local time and latitude of periapse do not change sig-

nificantly during this interval, the longitude does, meaning that we have smoothed over

sun-asynchronous tidal features. For every two-day interval, we fit a line to the log of
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N2/
40Ar below 190 km, as displayed in Fig. 2. The altitude at which that extrapolated

line intersects 1.25 is assumed to be the homopause altitude.

We also use temperature profiles derived from a hydrostatic integration of NGIMS Ar

densities of each orbit as presented in Stone et al. [submitted], which follows the method

of Snowden et al. [2013] (see also Bougher et al. [2015] and Bougher et al. [2017]). The

integration provides an altitude profile of partial pressure for a given species, which can

then be converted to temperature using the ideal gas law. An integration constant, the

partial pressure at the highest altitude, is determined from the densities between 104 and

8 × 105 cm−3 assuming an isothermal atmosphere at these altitudes. The temperatures

used in this work are the same as those in Stone et al. [submitted] except they have not

been corrected for density variations arising from the horizontal motions near periapse,

though we have removed the points from the lowest 2 km. Though MAVEN moves hori-

zontally throughout its orbit at all altitudes, the horizontal variations between altitudes

are largest near periapse. In the last 2 km, the spacecraft covers roughly 200 km of hor-

izontal distance, which can be 20% of the horizontal change below 200 km but < 5% of

the vertical change. Correcting the NGIMS density measurements at all altitudes for the

horizontal motion of the spacecraft is outside the scope of this work, one can read Stone

et al. [submitted] for such a method and for further discussion on the topic. Because our

intention is to look at the variations between profiles, we have also ignored the tempera-

tures at the highest altitudes where each profile is assumed to be isothermal. For all the

profiles in an individual month, we binned the data into 0.5 km vertical bins and found the

average temperature in each bin to construct an average profile. We ignored any altitude

bins with fewer than 20 points in each bin. By averaging over many profiles covering a
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wide region we further alleviate temperature differences due to horizontal variations as

the spatial region is roughly as large as the horizontal variations in a single orbit. A single

example temperature profile is shown in Fig. 3a (red curve) for June 2016. The shaded

region represents the 1-sigma standard deviation of temperature in each altitude bin. The

latitude range of periapse passes in the example shown is 18◦ to 40◦ and the local time

range is 3 - 6 AM (Table 1). We repeated this for each month, again averaging over all

longitudes during that period.

In order to examine temperature profiles through the full atmosphere, we used MCS

measurements collected over the same time period. MCS is an infrared thermal emission

radiometer that uses 9 channels to measure radiance profiles of the Martian atmosphere

[McCleese et al., 2007]. From these profiles vertical temperature profiles are retrieved

[Kleinböhl et al., 2009, ], typically ranging from the surface to ∼80 km with ∼5 km reso-

lution. The instrument’s standard “forward in-track” viewing observes at two local times

— 3 AM and 3 PM. However, “cross-track” (90◦ to the left or right of the orbit track)

and “forward off-track” (between 0◦ and 90◦ of the orbit track) viewing has allowed for

observations at a much wider range of local times [Kleinböhl et al., 2013]. Here, we use

temperature profiles from Feb 2015 – Oct 2016 (Version 4). These data are used in con-

junction with monthly averaged temperatures derived from NGIMS, so we separated each

month of MCS profiles into 20◦ latitude × 4 hr local time bins. For each month, we only

used that bin with the most latitude and local time overlap with the NGIMS data of

the same month (Table 1). We binned all the profiles into 2 km vertical bins (up to 80

km where the uncertainty in an individual MCS temperature profile becomes large) and
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calculated the monthly mean temperature and standard deviation in each altitude bin.

Fig. 3a and c (blue curves) show examples for a single month.

We note that measurement geometries of NGIMS and MCS are substantially different.

NGIMS samples in-situ and the horizontal path covered through the orbit path have not

been removed from the data. MCS integrates over each ray path to produce vertical

profiles of the tangent point. Though I assume the NGIMS profiles to be representative

of the periapse point and MCS of the tangent point, they are not truly vertical profiles of

those points. Also, the measurements used here were not coordinated campaigns between

the two instruments; no pair of individual profiles is an instantaneous snapshot of the full

atmosphere. To that end, we do not attempt to compare individual profiles. Furthermore,

as stated above, we average months’ worth of profiles within a large, 20◦×4 hr spatial area

so the comparisons we make are between regionally distinct locations. While the horizontal

averaging of each instrument surely adds some uncertainty to the profiles presented in the

here, is outside the scope of this work.

To compare the lower and upper atmospheric profiles, we used simulations from the

Mars Climate Database (MCD) [Forget et al., 1999; Millour et al., 2015; González-Galindo

et al., 2009]. For each month we pulled a single simulation from the MCD Web Interface

with the mean latitude, local time, and Ls of the MAVEN periapse values during that

month (Table 1). Our goal was not to do a thorough analysis of the agreement between

the MCD simulations and the temperatures from MCS and NGIMS, but to guide us at

altitudes where there are no simultaneous measurements. The simulated profiles provide

an intuition about the altitude and temperature of the mesopause and a check on whether

the highest altitude MCS temperatures are compatible with the lowest altitude NGIMS
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temperatures. In addition, we use the MCD profiles to calculate various parameters in

the middle atmosphere where we do not have measurements from NGIMS or MCS.

Wave dissipation occurs in regions of instabilities. From a temperature profile, the static

stability of the atmosphere can be examined through the square of the Brunt-Väisälä

frequency, N2, at a given altitude, z:

N2(z) =
g

T (z)
(
∂T (z)

∂z
+

g

Cp
) (1)

where g is the gravitational acceleration, T is the temperature, and Cp is the specific heat

at constant pressure. We calculate the specific heat following Magalhães et al. [1999]:

Cp = 0.0033T 2 − 0.2716T + 656.3. The atmosphere is stable for values of N2 > 0 (the

adiabatic lapse rate is greater than the atmospheric lapse rate) and unstable for N2 < 0.

We also use N2 to calculate parameters related to wave dissipation (see below). Though

it is primarily indicative of where convective instabilities can occur, N2 is also useful in

assessing where dynamical instabilities are likely to occur [Gardner et al., 2002]. The

criterion often used to determine if the atmosphere is dynamically unstable is 0 < Ri <

0.25, where Ri is the Richardson number [Lindzen, 1981].

Ri =
N2

(∂u
∂z

)2 + (∂v
∂z

)2
(2)

where u is the zonal wind speed and v is the meridional wind speed. While we do not have

corresponding measurements of the wind profiles, Ri will be small for very low N2. So,

evaluating the static stability is a useful tool for studying dissipation at different altitudes.

We have computed N2 for each monthly averaged temperature at low and high altitudes

(see Fig. 3b). These values represent the background atmosphere, averaging perturbations

from waves and tides. Though the background atmosphere may be stable, smaller values
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represent regions that can more readily become unstable from small perturbations. At

Earth, gravity wave induced instabilities occur even when N2∼4 × 10−4 s−2 [Gardner

et al., 2002]. Unfortunately, our data set does not have the spatial resolution or temporal

resolution to determine whether or not static instabilities occurred for each individual

profile. Heavens et al. [2010] showed that the resolution of MCS profiles is sufficient to

find some instances of instabilities. However, our goal is not to find specific instances

of instabilities; rather, it is to use the mean static stability profiles to assess the relative

likelihood of wave propagation or wave breaking. This aids in interpreting profiles of

the temperature standard deviations (discussed below). We recognize that gravity wave

induced instabilities can occur at any of these altitudes (all our N2 values are less than

2.5× 10−4 s−2), especially where the wind shear is strong.

While a detailed analysis of individual waves in the thermosphere (see e.g.Fritts et al.

[2006], Yiğit et al. [2015], England et al. [2017], and Terada et al. [2017]), is outside the

scope of this work, we did calculate four parameters related to wave dissipation through-

out the atmosphere for each month: the molecular diffusion coefficient, Dmol, the eddy

diffusion coefficient, K, the dissipation due to Hodges-Lindzen breaking/saturation, βlin,

and the dissipation due to molecular viscosity, βmol. These parameters allowed us to find

the classical turbopause by finding the altitude at which K = Dmol and βlin = βmol.

The altitude dependence of Dmol is calculated from NGIMS CO2 number density, n (in

m−3), following Leovy [1982]:

Dmol = 1.2× 1020n−1(m2/s) (3)
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We extrapolated the NGIMS densities downward to derive a full profile, though Dmol is

very small below 120 km. The eddy diffusion coefficient that will balance the exponential

growth of a wave is given by

K = γ
k(c− u)4

2HN3
(4)

where k is the horizontal wavenumber, c the phase speed, u is the zonal wind, H the scale

height, and γ is an efficiency parameter, which we set to 0.1 [Imamura et al., 2016]. H and

N3 are calculated from the MCD temperature profiles because they span the full range

of altitudes. We let k be 2π
200

km−1 and c equal to 50 m/s, consistent with gravity waves

expected in the middle atmosphere [Yiğit et al., 2008; Imamura et al., 2016; Terada et al.,

2017]. We assumed a small background wind such that u = 0, though this is obviously a

simplification and is discussed further in Section 4. It is clear from Eq. 4 that the choice

of c will significantly influence the turbopause altitude. Order of magnitude differences

in the assumed values of k and c would be reasonable given the lack of observations of

waves between 50-120 km. We discuss the uncertainty associated with our assumptions

in Section 3.

The dissipation due to saturation/breaking is

βlin =
1

H
+

3

c− u
∂u

∂z
+

1

N

∂N

∂z
(5)

and the dissipation due to molecular viscosity is:

βmol =
νmolN

3

k(c− u)4
(6)

where νmol is the molecular viscosity given by νmol = 3.563 × 10−7T 0.69ρ−1 and we have

assumed a large Prandtl number (a value near 1 adds a factor of 2 to the equation and does
c©2018 American Geophysical Union. All Rights Reserved.



not change our results) [Yiğit et al., 2008]. Again, we utilized the temperature profiles

from the MCD simulations and the CO2 densities from NGIMS.

Furthermore, we used the monthly standard deviations in temperature as representative

of the real square-root of geophysical variations over a background temperature profile

due to wave activity — whether from planetary or gravity waves — during that time.

This assumption ignores that some variation is certainly due to changes in the solar

EUV intensity, small changes in local time and latitude, and large longitudinal changes.

Unless these generate large altitude-dependent temperature variations, our interpretations

will not be significantly affected. For instance, we determined the contribution from

longitudinal variations in the MCS data enabled by the large number of profiles available.

For each month, we binned the data into 16 longitude bins and calculated the standard

deviation as a function of altitude for each bin. We found that those mean standard

deviations were typically about 2 K less at all altitudes than the standard deviations

across all longitudes.

The amplitude (φ) of a (non-dissipative) vertically propagating wave will increase ex-

ponentially,

φ = φ0e
(z−z0)/(2H) (7)

where z and z0 are the height and a reference height, and H is the scale height. Examples

of the expected amplitude of temperature of freely propagating waves are shown by the

dotted lines in Fig. 3c.

Offermann et al. [2006] defined the wave-turbopause as the altitude at which the two

lines fit to the regions of small temperature fluctuations at low altitudes and high fluctua-
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tions at higher altitudes intersect (see also Offermann et al. [2007]; John and Kishore Ku-

mar [2012]; Hall et al. [2008, ]). The standard deviations are a proxy for wave amplitudes,

so where they increase less than exponentially, dissipation is significant. Dissipation in

the lower-middle atmosphere from saturation/breaking causes turbulence. So, the wave-

turbopause is an estimate of the turbopause because the transition from strong to weak

wave dissipation causes the transition from strong to weak turbulence. Though, again, the

turbopause is a transition region; a single point is an approximation —John and Kishore

Kumar [2012] have extended the concept of the wave-turbopause to a wave-turbopause

layer.

Because we lack temperatures between 80 – 120 km in months with deep dips and often

between 80 – 160 km, we do not have continuous profiles of the temperature standard

deviations. This makes it difficult to interpret for some cases whether we can reliably

determine the wave-turbopause. Based on the temperature, N2, and standard deviation

profiles (that sample different altitudes and vary with latitude and local time), we split

the data into four groups.

The first group consists of the months where there is no clear increase in standard

deviations at the lowest NGIMS altitudes (2015: May, Oct; 2016: Mar, Apr, Oct), an

increase spanning 10 km (Feb 2016, May 2016), or a decrease in the standard deviations

with altitude below 80 km (Sep 2016) such that reliable fits to the standard deviations

can not be obtained.

The second group are those months where the wave-turbopause can be calculated most

reliably. That is, at the lowest NGIMS altitudes there is an unambiguous, steep increase in

temperature, N2 is large (up to 1.5 – 2.0 ×10−4 s−2) near the maximum predicted by the
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MCD, and the temperature standard deviations increase dramatically (from ∼20 K to >

50 K below the isothermal region). These conditions suggest that lowest altitudes reached

by NGIMS are approaching the mesopause and that the waves are freely propagating

through this region, meaning that we are observing the transition region. The months in

this group are July 2015 and Jan, Jun, Jul, and Aug 2016. We fit the lower atmospheric

variations from 25 km to 80 km. For the upper atmospheric standard deviations, we

restricted the altitude range to where the atmosphere is statically stable and molecular

viscosity is not too high. That is, because the standard deviations do not increase with

altitude over the full range (discussed further in Section 4), we know that not all altitudes

are reflective of the freely propagating waves assumed in the wave-turbopause calculations.

Therefore, we only used those points for which N2 > 1.3× 10−4 s−2 and Dmol < 5× 106

m2/s. An example is shown in Fig. 3c. The dotted lines represent the fits to the MCS

and NGIMS temperature standard deviations and the intersection gives the altitude of

the wave-turbopause.

For several months at the lowest NGIMS altitudes, we see temperature standard devi-

ations that increase (often not nearly as significantly as those months in the first group)

and have N2 values that are larger than in the isothermal. These months (group three)

are Feb, Apr, Aug, Sep, and Dec 2015. In the last group (Mar and Nov 2015), there

is an increase in thermospheric temperature standard deviations, but N2 remains low

(1.0×10−4 s−2) even at the lowest NGIMS altitudes. We found wave-turbopause altitudes

for the months in these two groups as well, but we distinguish between these two groups

and the second group because it is not as clear that temperature fluctuations are due to

freely propagating waves. Additionally, we must choose individual altitude limits for each
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month by truncating where the atmosphere becomes isothermal and where there is a clear

increase in the standard deviations with altitude.

3. Results

Here, we first describe the general temperature structure and static stability of the

upper and lower atmosphere. We also remark on altitude regions with different tempera-

ture standard deviations. Then we present homopause, turbopause and wave-turbopause

altitudes, briefly comparing some of the similarities and differences between them.

Each monthly averaged temperature profile of the lower and upper atmosphere is shown

in Fig. 4. In some months, often when a deep-dip was performed, there is a strong positive

temperature gradient with height between 120–160 km (e.g., Feb 2015, Apr 2015, Jul 2015,

Sep 2015, Jul 2016). At the highest altitudes, the temperatures are isothermal. We find

that months with measurements on the dayside transition to isothermal temperatures at

higher altitudes (150-170 km) than on the nightside (140-150 km). These differences are

in agreement with predictions by Valeille et al. [2009]. A low transition to isothermal

(140 km) is seen, for example, in Fig. 3 for June 2016 where the local time was around

4AM. These are also the coldest exospheric temperatures observed. Variations in the

thermospheric temperatures are discussed in more detail in Stone et al. [submitted].

The temperature gradient in the lower atmosphere decreases with increasing altitude

up to around 60 km. This marks the transition to the middle atmosphere [Smith et al.,

2017] For those months where MAVEN’s periapse is low enough to see a large change

in temperature from the upper isothermal temperature, we find the temperatures at the

lowest MAVEN altitudes and those from MCS are close to the simulated MCD profiles.

This is visible in Fig. 3 for June 2016 and is generally the case in the lower atmosphere
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and lowest MAVEN altitudes for other months. However, for many months the model

isothermal temperatures are much cooler than observed, sometimes up to 100 K.

The square of the Brunt-Väisälä frequency, N2, for June 2016 is shown in Fig. 3b and

for all months in Fig. 4. There are several things to note: 1) The isothermal region

(>160 km) is characterized by low static stability, 2) the atmosphere is more stable in the

lower thermosphere (120 - 160 km) where the temperature is increasing significantly with

altitude, and 3) the middle atmosphere is less stable than from 120 –160 km, generally

becoming more stable closer to the mesopause. In the MCD profiles (Fig. 4) the maximum

N2values (about 2× 10−4 s−2) are seen just above 100 km.

Similar to Earth [Offermann et al., 2006], we find a region of low temperature variability

at low altitudes (here, 20-80 km) and high variability at high altitudes (>120 km). This

can be seen in Figs. 3c and 4. The MCS standard deviation profile in Fig. 3c has

magnitudes typical of all those shown in Figs. 4 and 8, about 5-10 K. This is consistent

with the amplitudes of Kelvin waves (1 – 3 K) and planetary waves (5-10 K) between 40

– 80 km observed previously by MCS [Guzewich et al., 2012]. Modeling of convectively-

generated gravity waves by Imamura et al. [2016] predict amplitudes of up to about 5

K below 30 km and up to 50 K from 50 – 100 km. These have dominant horizontal

wavelengths of about 10 km, so MCS is not sensitive to them. Together, these ranges

suggest that the perturbations observed below 80 km are the superposition of gravity

waves, Kelvin waves, and planetary waves.

The upper atmospheric standard deviations are > 20 K. More specifically, they increase

between ∼120 – 160 km from about 20 K to 40 – 60 K and reach constant values between

30 – 60 K above 160 km. The density perturbations from which the thermospheric tem-
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peratures are derived [Yiğit et al., 2008; England et al., 2017] and from accelerometer data

[Fritts et al., 2006] have been interpreted as gravity waves, though tides also drive density

perturbations [Liu et al., 2017; Gröller et al., 2018]. To test the effect of longitudinal

structures we binned all the NGIMS temperature profiles in the data set into 12 longi-

tude bins. There wave 1-3 structures in the temperatures, N2 values, and temperature

standard deviations up to around 160 km. The standard deviation in any given longitude

bin may vary up to ±10 K from the total standard deviation at the lowest altitudes and

±5 K above 160 km. However, the standard deviation profile of each bin has the same

generic shape — it grows from around 20 K to 60 K from 120 – 160 km before decreasing

to about 40 K at 220 km.

Between both 40 – 80 km and 120 – 150 km there is a roughly linear increase in the

standard deviation, with a steeper increase between 120 – 150 km. The lower altitude

amplitudes are not fit well by an exponential (Fig. 3c), but they do vary substantially

at a given altitude. In Fig. 5, we show the month-to-month variability in the standard

deviations at 70 km. The increase in the standard deviation of temperature with altitude

is much more rapid at higher altitudes, especially where there is a large positive increase

in temperature and N2, suggesting waves are likely propagating more freely.

Homopause altitudes derived from N2/Ar densities are between 60 – 140 km (Fig. 5,

orange circles); extrapolating as a function of CO2 density, the homopause levels are

between nCO2∼1010 cm−3 (∼135 km) and 1013 cm−3 (< 80 km) and vary through the

mission in the same manner (Fig. 6). The large dips in the homopause altitudes could

be a result of the extrapolation procedure ignoring the large temperature gradient in the

thermosphere. We can try to understand this effect by choosing a different temperature for
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the downward extrapolation. Though of course, the temperature change to mesospheric

temperatures does not happen instantaneously. For instance, in Dec 2015, if instead of

extrapolating the fit below periapse, we assume a background temperature much colder

than that inherent in the fit (150 K instead of 250 K), the homopause altitude can increase

by up to 30 km. Similarly in July 2015 and Jun 2016 the homopause altitudes below

90 km may increase by 10 km if 120 K is used instead of 170 K. The N2/Ar values

near periapse in Deep Dip 1 (Feb 2015) approach 1.25, so they are negligibly altered

by an alternative extrapolation. However, determining exactly how the thermospheric

temperature causes an underestimation in the homopause altitudes is difficult. First, a

wide range of temperatures below periapse may be feasible to use. Using the MCD as

a guide is instructive, but that introduces large uncertainty as well because nearly 100

K differences exist between MCD and the derived NGIMS temperatures. Additionally,

the temperature and altitude of the mesopause will ultimately determine the lower limit

of the temperature choice that is reasonable in the lower thermosphere. But again, we

would be forced to completely rely on the MCD profiles as we lack data at those altitudes.

Extrapolating down with a different temperature ignores the data we do have from NGIMS

and only considers the N2/Ar value at periapse. Furthermore, it is not clear that the

lower altitudes sampled by the changing periapse lead to higher homopause altitudes.

One would expect that cooler temperatures sampled by a lower periapse should lead to

steeper slopes of N2/Ar and higher homopause altitudes. For example, in June 2016 the

homopause drops below 100 km when periapse is around 150 km. Then, periapse lowers

to below 130 km but the homopause remains around 87 km; the fits to the N2/Ar profiles

are nearly identical even though colder temperatures are sampled. In fact, as discussed in
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the next section, dramatic decreases in the CO2 densities at 180 km accompany these low

homopause altitudes which may imply that the atmosphere is contracting significantly

and the aberrant homopause altitudes are real. It may still be the case that below 120 km

the temperature drops to ∼120 K and the homopause altitudes are still underestimated

by about 10 km, but it is not obviously so. Thus, we acknowledge that the homopause

altitudes below 90 km are likely lower than the true value and present them here with

caution.

The same changes through time are seen in the homopause altitudes and the standard

deviation curve in Fig. 5. The lowest homopause altitudes occur when the standard

deviations at 70 km are highest. The altitudes at which K = Dmol and βlin = βmol for

the given set of gravity wave parameters described in Section 2 are shown in Fig. 7 and

are higher than the homopause altitudes, though they show roughly the same trend with

time as the homopause altitudes. The highest homopause altitudes occur near Ls∼300◦

around 6 PM and the lowest altitudes are found near 90◦ and 160◦ Ls around 6 AM.

The high turbopause altitudes are a consequence of our choice of wave parameters. For

each month, the systematic uncertainty in the homopause due to those parameters can be

estimated by assuming different values. The turbopause altitudes for both K = Dmol and

βlin = βmol depend on the term H ln[k(c−u)4]. Decreasing c−u from 50 m/s to 5 m/s will

decrease the turbopause by about 100 km, assuming a constant H of 10 km. Increasing to

c− u = 100 m/s raises the turbopause by 30 km. A factor of 10 change in the horizontal

wavelength only varies the turbopause altitude by 2 – 5 km in either direction. Thus,

we do not believe the turbopause altitudes shown in Fig. 7 to be representative of the

true turbopause altitude. However, if the phase speed of the waves that break/saturate
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in the middle atmosphere do not vary wildly from the locations and seasons of our data

set, these altitudes will be higher or lower by the same amount each month, meaning the

variability is real. We discuss both the high turbopause altitudes and trends in time of

both the homopause and turbopause altitudes in more detail in Section 4.

So far we have shown that the background atmosphere at low altitudes is characterized

by a negative temperature gradient, such that it is reduced in stability. Additionally,

standard deviation in temperature increase less than exponentially with altitude. This

suggests that dissipation, and thus the generation of turbulence, is strong in this region.

There is strong month-to-month variability in the standard deviations at 70 km. Between

about 120 and 160 km, there is a large, positive temperature gradient and the atmo-

sphere is statically stable. This allows waves to propagate freely, which is reflected in the

large increase in wave amplitudes with altitude. Above 160 km the temperature becomes

isothermal such that its stability is reduced and βmol is large, causing wave amplitudes to

decrease less than exponentially.

From these distinct vertical regions, we have estimated the altitude at which the atmo-

sphere changes from strong to weak dissipation using the profiles of temperature standard

deviations, described in the previous section. Linear fits to the two regions in June 2016

result in a wave-turbopause altitude of 90 km, as shown in Fig. 3. Unfortunately, because

periapse is often too high to make measurements below the isothermal region, we can-

not calculate the wave-turbopause for every month individually. Our results range from

82 – 135 km. As described in Section 2, the months were divided into four groups. The

wave-turbopause altitudes for months with a strong indication of freely propagating waves

in the lowest altitudes measured by NGIMS (increasing T, large N2, and large positive
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gradient in the temperature standard deviations) are shown by the black bars in Fig. 5

alongside the homopause altitudes. If we vary the top and bottom altitude boundaries of

the fit to the MCS data we find the wave-turbopause can change by about 10 km. Raising

the top altitude of the fit to the NGIMS temperatures can have a drastic effect because the

standard deviations to not continue to increase above that altitude. If it is lowered, the

variation is about 5 km. There is also some uncertainty in the wave-turbopause because

we do not have full profiles of the standard deviations in the middle atmosphere, which

we take to be at least 5 km. Additionally, as mentioned above, the standard deviation at

a given altitude in the thermosphere may deviate by about 10 K, which acts to increase

or decrease the wave-turbopause by 10 km. Taken in quadrature, this represents an un-

certainty of 16 km. For those months, the wave-turbopause and homopause altitudes are

within about 15 km. The wave-turbopause altitudes for the other groups are shown by the

gray bars. For these, 16 km should be considered the lower limit of the uncertainty in the

wave turbopause. We display all data where N2 > 1.3×10−4 s−2 and Dmol < 5×106 m2/s

and the combined fits in Fig. 8, which produce an ”average” wave-turbopause altitude of

93 km .

4. Discussion

The results presented in the last section are consistent with the established view for

Earth with regard to stability and wave propagation in the middle and upper atmosphere.

That is, below the transition region (¡80 km), the atmosphere is reduced in stability and

waves dissipate; N2 is low and wave amplitudes (assessed by standard deviation in temper-

ature profiles) increase less than exponentially with altitude. In the lower thermosphere,

where the atmosphere has high static stability and molecular viscosity is not too high,
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wave amplitudes increase exponentially with height as waves propagate more freely. The

fact that the highest standard deviations at 70 km occur when the homopause is low

(60 – 90) km suggests that we may be seeing the transition to steeply increasing wave

amplitudes near the homopause altitude. Above about 160 km, N2 decreases as the atmo-

sphere becomes isothermal and molecular viscosity becomes larger than eddy diffusion.

These changes lead to further wave dissipation which results in temperature standard

deviations that remain approximately constant with altitude. The standard deviations

do not drop off precipitously because some waves are still present, even at 200 km [Yiğit

et al., 2015; Terada et al., 2017]. The homopause and wave-turbopause lie in this tran-

sition region, between 80 – 140 km. While this general picture explains the observations

of stability and wave amplitudes, differences in local conditions can lead to much differ-

ent turbo/homopause altitudes, which may be important for understanding the effects of

waves in the upper atmosphere. Below, we discuss how the homopause and turbopause

correlate with CO2 densities. That the homopause does not sit at a fixed density level has

implications for the strength of eddy diffusion at the homopause, which may be driven

by differences in the waves that break/saturate in this region. We briefly remark on how

this relates to our very high turbopause altitudes and effects these waves may have on the

mesosphere and thermosphere.

The CO2 densities at 180 km are between 106 and 109 cm−3. They are plotted as a

function of local time, latitude and season in Fig. 9. The minimum CO2 densities are seen

between 0 - 5 AM. The CO2 distribution generally mimics the background temperature —

low on the nightside and near the morning terminator and high on the dayside decreasing

at the evening terminator [Bougher et al., 2015; Valeille et al., 2009]. Such systematic
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trends in solar zenith angle have been observed in thermospheric densities and in models

(e.g., Zurek et al. [2017]; Bougher et al. [2017]) and are due primarily to solar EUV

variation.

The correlation between the CO2 densities at 180 km and the homopause altitudes is

clear. A maximum in both the CO2 densities and homopause altitudes is observed near

noon (Fig. 9). Fig. 9 demonstrates the possibility of a seasonal change in densities and

homopause altitudes as well. Around noon the largest values are observed between 240◦ –

360◦ Ls (lighter and gold colors) and the lowest values are between ∼50◦ – 180◦ Ls (darker

colors). The variation across seasons at that local time is about 30 km. The CO2 densities

at Ls∼280◦ around the morning terminator are much higher than for other seasons where

the latitudes sampled are much nearer to the southern pole (−50◦ to −70◦). Around

midnight for Ls∼90◦ (latitude ∼50◦), CO2 densities are much higher for those nearer

equinox, but the homopause does not show a relative increase even though one might be

expected in the northern hemisphere at this season from reinforced general circulation

[González-Galindo et al., 2009].

We interpret this to mean that the variability we see in both the homopause and tur-

bopause altitudes is, as expected, controlled by the strength of molecular viscosity in

the middle atmosphere (proportional to n−1). Where the density at a given altitude is

much lower than average, the molecular viscosity is much higher. The profiles of the

eddy diffusion coefficient — as calculated by Eq.4 — vary much less month-to-month

than the densities; H and N3 do change, which affects the turbopause altitude, but this

is small compared to the order of magnitude changes in densities (Fig. 9). Thus, there

is a straightforward relationship between the density variations (driven by solar forcing)
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and the homopause altitude variations. However, a few observations suggest that ther-

mospheric density variations do not fully explain the long term trends in the turbopause

level. For instance, the wave-turbopause altitudes rely only on the temperature standard

deviation profiles, which are not obviously explained by solar EUV variations. In addition,

the homopause density level is not constant. If the homopause and turbopause altitudes

were merely a response to the variation of densities with altitude as the thermosphere ex-

pands or contracts, then while their altitudes move up and down, the density or pressure

levels at which they occur should not. That is, because the altitude at which K = D is

governed by n (discussed below), variability of thermospheric densities should change the

turbopause altitude but not the density level. However, we see homopause density levels

that differ by three orders of magnitude.

Lower and middle atmospheric processes likely play a role as well. Changes in the

solar forcing, dust loading, and global circulation are responsible for spatial and temporal

variations in thermal structure at middle altitudes. These drive variations in the static

stability profile of the atmosphere. Fig. 10 demonstrates how these conditions vary

throughout the course of a Mars year (on the dayside at 30◦ N). The seasonal temperature

change is shown in Fig. 10a. The cold temperatures near the aphelion season around 50 –

70 km are accompanied by an increase in the static stability (Fig. 10c) and an increase in

the temperature standard deviations (Fig. 10b). Conversely, the higher temperatures and

lower stability for Ls > 200◦ at those altitudes have lower standard deviations. Because

the homo/turbopause altitudes are inversely correlated with high standard deviations at

70 km, we would expect the homo/turbopause to be lower in summer and higher in winter

for the example in Fig. 10 While measurements of the mesosphere are limited, changes in
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mesosphere altitudes and temperatures with season and latitude are clear in Forget et al.

[2009]. Indeed, N2 at 70 km shown in Fig. 4 can differ by up to a factor of 2 and the

maximum N2 values vary in the MCD profiles by 25%. Because the static stability affects

wave dissipation and propagation, changes in those profiles will affect the temperature

standard deviation profiles and lead to variations in the turbopause. When the region

of reduced stability is lower, waves dissipate at lower altitudes. And when the stability

increases rapidly at lower altitudes, waves that propagate into the thermosphere will grow

more rapidly at lower altitudes. This causes the standard deviation at a given altitude

in the middle atmosphere to be larger at times when the N2 minimum is lower, which is

shown in Fig. 10. So, we argue that the homo/turbopause level is set by the generation

of turbulence from wave dissipation and the strength of molecular viscosity. We attribute

the variations in those levels to the changing mesospheric and thermospheric conditions

brought about by heat flux, solar EUV, and global circulation.

The variability in homopause densities may shed light on the which waves

break/saturate in the middle atmosphere. If, instead of relying on our calculated tur-

bopause altitudes (discussed below), we assume that the homopause is equal to the tur-

bopause, then, using Eq. 3, we find eddy diffusion coefficients between 12 m2/s at the

lowest homopause levels to 1.2×104 m2/s at the highest levels. Table I in Leovy [1982] lists

predictions of expected values of K near the homopause if governed only by the breaking

of a particular tidal mode. He calculated that the sun-asynchronous semi-diurnal wave-4

mode would meet the breaking conditions to produce a dominant eddy diffusion coeffi-

cient of 4.5 × 103 m2/s. While this is consistent with some of the homopause altitudes,

that we find a range of three orders of magnitude suggests that this mode is not always
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responsible for setting the turbopause altitude. Leovy [1982] concluded that several wave

modes with smaller temperature and velocity perturbations were unlikely to break. It may

be that in some locations, those modes that can generate K∼104 m2/s do indeed break,

such as the sun-asynchronous semi-diurnal wave-3 mode or the topographically generated

semi-diurnal eastward wave-2 mode. And, for the lowest homopause levels (highest CO2

densities), modes that produce lower values of K (solar driven diurnal tides or gravity

waves) between 10 – 100 m2/s may be the dominant breaking modes.

Our derived turbopause altitudes are always above our homopause and wave-turbopause

altitudes. As noted in Section 3 the uncertainty in the turbopause altitudes is due to the

strong effect of (c− u)4. The 70 – 100 km (50 – 70 km for βlin = βmol) difference between

the turbopause and homopause altitudes can be accounted for if c− u is about an order

of magnitude lower than the assumed 50 m/s. This suggests that smaller phase speeds

are more likely to be the dominant waves undergoing saturation and dissipation below

the turbopause. It may also mean that winds on the order of 10 m/s are important for

reducing c − u, though a paucity of wind measurements preclude quantifying their role

here. However, the turbopause and homopause altitudes need not be equal. In fact,

Chabrillat et al. [2002] showed that for Earth, the impact of molecular diffusion of CO2 on

the temperature structure just below the turbopause (Dmol < K) is important enough to

force the homopause to be below the turbopause. It may be that some of the disagreement

between the turbopause and homopause altitudes is real, though likely not the magnitude

we have found here.

Gravity waves that dissipate near the turbopause or propagate into the thermosphere

can be formed by a variety of mechanisms: topography, convection, wind shear, and wave-
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wave interactions. Though work has been done to understand the expected wavelengths

and amplitudes of topographically generated gravity waves [Fritts et al., 2006; Spiga et al.,

2012], observations show no significant correlation with topography [Creasey et al., 2006;

Wright , 2012]. Imamura et al. [2016] showed gravity waves generated by boundary-layer

convection can propagate into the thermosphere. Observations by Yiğit et al. [2015] and

Terada et al. [2017] demonstrated that waves are present high in the thermosphere. Yiğit

et al. [2008] have shown that waves with higher phase speeds and directed against the

zonal mean wind are more likely to avoid selective filtering below the transition region

and propagate upward into the thermosphere. So, our results suggest that the waves

propagating with a near exponential increase in amplitude between 120 – 160 km have

high speed and are moving against the background wind. Of course, it need not be the

case that the waves that influence the lower-middle atmosphere standard deviations have

the same origin as those that influence the thermospheric deviations. And, the standard

deviations are the average of the perturbations of the background atmosphere over the

course of a full month where any individual profile may contain a superposition of waves

— the averaged profiles do not show the vertical propagation of any single wave.

The waves that propagate into the thermosphere with high phase speeds will produce

greater gravity wave drag and have a larger effect on dissipative heating and differential

gravity wave heating or cooling. Whether the dissipation in the thermosphere is pre-

dominantly due to molecular viscosity (or possibly ion drag) as opposed to convective

instability is unclear. Models suggest molecular viscosity is more important than linear

saturation in the thermosphere and show a decrease in wave amplitudes [Yiğit et al.,

2008, ]. However, we see relatively constant standard deviations in temperature above
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160 km from dissipation. It could be that breaking/saturation occurs in addition to dis-

sipation due to molecular viscosity. Indeed, the waves observed up to 250 km at Mars

show an inverse relation with temperature which may suggest that saturation is damping

the waves’ amplitudes [Terada et al., 2017]. We see a decrease in the static stability with

altitude above 140 km which fits with this interpretation — the atmosphere is reduced in

stability again in the thermosphere causing waves to dissipate from saturation, limiting

their amplitudes.

MCS is insensitive to short wavelengths, so temperature perturbations below 80 km

may be biased to those from long wavelength waves. Models predict that gravity wave

amplitudes in the lower atmosphere should be ∼5 K [Imamura et al., 2016], a few K less

than the typical standard deviations we observe at those altitudes. Unless many short-

wavelength features are frequently superposed, these should only slightly increase the

standard deviations observed in the lower atmosphere. We know that short wavelength

waves grow to very large amplitudes in the thermosphere [Fritts et al., 2006] and models

estimate the perturbations may be as high as 50 K from 50-100 km [Imamura et al., 2016].

Thus, the standard deviations at the highest MCS altitude — where short wavelength

amplitudes begin to grow very large — may be too low. If the MCS standard deviations

above 50 km are lower than reality due to insensitivity to short wavelengths, the wave-

turbopause altitudes will be systematically high. However, the perturbations from longer

wavelength waves should also grow exponentially, so we still see a lack of freely propagating

waves in the lower-middle atmosphere. Furthermore, visibility — the insensitivity to

short-wavelengths — is a well known problem for limb sounders of Earth’s atmosphere

and has been shown to have little effect on the increase in temperature fluctuations with
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altitude [Preusse et al., 2006]. Performing a similar analysis for the MCS observations

would be necessary to conclude the same here, though that is beyond the scope of this

work. Indeed, a better understanding of the wave spectrum at all altitudes will help in

interpreting dissipation and its effect on the turbopause as well as wave-coupling and wave

sources.

N2/Ar ratios give homopause altitudes assuming the transition to diffusive separation

happens instantaneously. This essentially constitutes the topmost altitude in the tran-

sition from eddy diffusion to diffusive separation. Within the transition region, K must

be comparable to Dmol, though they need not be equal. Lindzen [1981] found that the

turbulent diffusion may decrease rapidly after the breaking region, which occurs as |c−u|

approaches 0. This may explain why some waves can propagate freely after dissipation

is strong, but before molecular viscosity is large enough to dissipate. However, measure-

ments of the zonal winds and more observations of wave activity between 80 and 140

km will be necessary to investigate this further. We expect that the waves in this region

will have phase speeds close to the background zonal wind. Larger wave amplitudes at

lower altitudes lead to earlier breaking. If waves break earlier the turbopause will oc-

cur at a lower altitude and the gravity wave drag produced by the dissipation should be

stronger at lower altitudes. This should produce turbulence at lower altitudes and reduce

the altitude of the maximum zonal wind [Rapp et al., 2004]. So, where we observe the

lowest turbo/homopause, we expect there should be an accompanying reduced altitude of

maximum zonal wind.

It is worth noting that in July and Aug 2015 (Ls 7 – 35◦) measurements were made

below 48◦S and in each of those months we see the temperature inversion that enables a
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region of low static stability above 50 km studied by Heavens et al. [2010]. The reduction

in stability is accompanied by a slight decrease in temperature standard deviations due

to damping. A similar sharp reduction in stability is seen for June 2016 (Ls 161–178◦) in

Fig. 3, though here the measurements are from midlatitudes. The homopause altitudes

derived for these months are below the average homopause altitude. It is possible that

the strong dissipation from these unstable regions at low altitudes lowers the turbopause

altitude However, more information is needed between 80 and 100 km to draw any further

conclusions.

5. Conclusions

To summarize, we have used temperatures from MCS and densities from NGIMS to

investigate the transition from strong to weak wave dissipation and from turbulence to

molecular diffusion. Our homopause altitudes, derived from a simple extrapolation of

N2/Ar, are between 60 – 140 km. The variability in homopause altitudes is a direct result

of observed CO2 densities in the lower thermosphere, which vary with local time, latitude,

and season (highest at high summer latitudes near noon, lowest on the nightside especially

near 5 AM). A lower density implies that at a given altitude the molecular viscosity is

larger such that the altitude where molecular diffusion becomes more dominant than eddy

diffusion is lower. This means a lower turbopause altitude. We showed this by choosing a

set of wave parameters and estimating the the turbopause using CO2 densities measured

by NGIMS and comparing to our derived homopause altitudes. The homopause is not set

at a constant value of nCO2 and the variation of the density at the homopause suggests

that K can vary from 10 – 104 m2/s in the transition region, likely from changes in the

dominant breaking waves.

c©2018 American Geophysical Union. All Rights Reserved.



While the variability of the homopause is determined by changes in molecular viscosity,

the precise altitude at which the turbopause or homopause occurs is related to both the

molecular viscosity and wave propagation in the middle atmosphere. We have shown

that below 80 km the atmosphere is reduced in stability such that breaking/saturation

damps wave amplitudes characterized by low temperature standard deviations (∼10 K)

increasing slowly with altitude. This dissipation produces turbulence. Below 160 km in the

thermosphere, the atmosphere is much more stable, and waves can propagate more freely,

such that their amplitudes increase rapidly; temperature standard deviations increase

∼30 K from 120 – 160 km. The highest standard deviations at 70 km are seen when

the homopause is lowest, indicating that the region of rapidly increasing wave amplitudes

extends down to 70 km. The lack of dissipation implies that turbulence generation is

much less than it is at lower altitudes. The standard deviations at 70 km are inversely

correlated with the homopause altitudes and thus are highest on the nightside and near 5

AM and lowest near noon near Ls > 200. Their variability is driven by the temperature

profile and static stability of the lower atmosphere, so conditions that lead to colder

temperatures near 50 km and corresponding lower altitudes of higher stability (nightside,

Ls ∼ 90◦) , generate higher standard deviations at 70 km. So, we have used changes

in wave amplitudes as an estimate for the turbopause — we have extended the wave-

turbopause concept of Offermann et al. [2006] to Mars, calculating the altitude reliably

for 5 individual months and finding agreement within about 15 km of the corresponding

monthly averaged homopause altitudes. Above about 160 km, the atmosphere is again

reduced in stability and the molecular viscosity is high, which suggests that there is some

dissipation so that amplitudes, on average, cease to grow exponentially with altitude.
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Wave damping could be due to molecular viscosity or breaking/saturation. However,

waves continue to propagate, as the temperature standard deviations are still large (40-80

K).

The variation in turbopause altitudes means that energy, mass, and momentum trans-

ported vertically are deposited at different altitudes across the planet. This can have an

effect on the thermal and dynamical state of the middle-upper atmosphere. Though we

cannot identify the sources of the vertically propagating waves, their dissipation below

80 km and above 160 km will deposit momentum and cause drag on the background

winds. Additionally, lower homopause altitudes will cause species to diffusively separate

out at much lower altitudes, increasing the relative abundance of lighter constituents at

the highest levels of the atmosphere. Thus, neutral loss processes, like sputtering, will

fractionate isotopes more readily at these locations. Or, if sputtering is restricted to spe-

cific spatial locations, those homopause altitudes will be the most important for inferring

total atmospheric loss from isotopic ratios.
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Table 1. Monthly latitudes, local times, and wave-turbopause altitudes. The NGIMS ranges

given are the ranges of the periapse locations of the course of that month’s orbits. MCS ranges

are the bins where data is available and there is substantial overlap in latitude and local time

with the NGIMS data.
Month NGI Latitude (◦) MCS Lat (◦) NGI LT (hr) MCS LT (hr) Ls (◦) W-T Alt (km)
Feb 2015 (32, 45) (30, 50) 17 – 19 16 – 20 289 – 300 134
Mar 2015 (10, 32) (10, 30) 14 – 17 12 – 16 300 – 318 107
Apr 2015 (−12, 10) (−10, 10) 11 – 14 12 – 16 318 – 335 117
May 2015 (−30, −12) (−30, −10) 9 – 11 12 – 16 335 – 348
Jul 2015 (−73, −56) (−70, −50) 0 – 5 0 – 4 7 – 21 107
Aug 2015 (−73, −67) (−70, −50) 17 – 24 20 – 24 21 – 35 115
Sep 2015 (−66, −48) (−70, −50) 13 – 16 16 – 24 35 – 49 99
Oct 2015 (−47, −26) (−50, −30) 10 – 13 8 – 12 49 – 62 122
Nov 2015 (−26, −5) (−30, −10) 7 – 10 4 – 8 62 – 75 124
Dec 2015 (−5, 17) (−10, 10) 5 – 7 4 – 8 75 – 89
Jan 2016 (17, 40) (10, 30) 2 – 5 4 – 8 89 – 102 82
Feb 2016 (40, 60) (30, 50) 22 – 2 0 – 4 102 – 116
Mar 2016 (61, 74) (50, 70) 16 – 23 0 – 4 116 – 130
Apr 2016 (63, 74) (50, 70) 10 – 16 16 – 20 130 – 145
May 2016 (41, 62) (50, 70) 6 – 9 8 – 12 145 – 161
Jun 2016 (18, 40) (10, 30) 3 – 6 0 - 4 161 – 178 90
Jul 2016 (−5, 18) (−10, 10) 0 – 3 4 – 8 178 – 196 116
Aug 2016 (−27, −5) (−30, −10) 21 – 24 0 – 4 196 – 214 97
Sept 2016 (−47, −28) (−50, −30) 18 – 21 16 – 20 214 – 233
Oct 2016 (−67, −48) (−70, −50) 14 – 18 12 – 16 233 – 252
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Figure 1. Local time and geographic latitude coverage of NGIMS inbound passes below 300

km from Feb 2015 to Dec 2016. Each orbit is represented by a thin line of constant color, where

the color represents the Ls of that orbit.
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Figure 2. (a) Densities of CO2 (green dotted), Ar (red dashed), and N2 (blue solid) and (b)

the N2/Ar ratios measured by NGIMS for orbits 714-724. The solid black line and dashed line in

(b) are the lower atmospheric N2/Ar ratio and the fit used to calculate the homopause altitude,

respectively.
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Figure 3. Monthly averaged (a) temperature (b) N2 (Brunt-Väisälä frequency), and (c)

temperature standard deviations for June 2016. MCS data is shown and blue and NGIMS in

red. The black dashed lines in (a) and (b) are taken from an MCD simulation with the same

average latitude, local time, and season. Black dashed lines in (c) represent exponential increases

and the dotted lines are linear fits as described in Section 2.

c©2018 American Geophysical Union. All Rights Reserved.



Figure 4. Monthly averaged temperature (columns 1 and 4), N2 (columns 2 and 5), and

temperature standard deviations (columns 3 and 6) for each month. MCS data are shown and

blue and NGIMS in red. The dashed lines are taken from an MCD simulation with the same

average latitude, local time, and season.
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Figure 5. 2-day averages of homopause altitudes from Feb 2015 - Oct 2016 (corresponding

Ls values are shown at the top) are shown with orange dots. Horizontal bars show the wave-

turbopause altitudes calculated for various months. Black bars are those months for which a

wave-turbopause could be reliably calculated (group 2 as described in Section 2). Dark gray are

for those in group 3 and light gray for group 4. The blue squares show the standard deviations

at 70 km for each month (right axis, inverted).
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Figure 6. Comparison of derived homopause altitudes (same as in Fig. 5) and homopause

CO2 densities.
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Figure 7. Turbopause altitudes derived from K = D (red) and from βlin = βmol (blue)

from Feb 2015 - Oct 2016 (corresponding Ls values are shown at the top). See text for specific

parameters used.
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Figure 8. Monthly averaged temperature standard deviations where N2 >1.3×10−4 m2/s and

Dmol< 5×106 m2/s for all months. Black dashed lines are fits to the data where the intersection

marks the wave-turbopause (see text for more details).
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Figure 9. Homopause altitudes (top) and CO2 densities (bottom) shown in Fig. 5 as a function

of local time (left) and latitude (right). Colors correspond to seasons.
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Figure 10. (a) Temperature, (b) temperature standard deviations, and (c) N2 at 30◦ N around

3 PM as a function of Ls from MCS.
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