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Abstract Quantifying the eddy diffusion coefficient profile in the mesosphere and lower
thermosphere (MLT) is critical to the constituent density distributions in the upper mesosphere and
thermosphere. Previous work by Swenson et al. (2018, https://doi.org/10.1016/j.jastp.2018.05.014)
estimated the global mean eddy diffusion (k,,) values in the upper mesosphere using atomic oxygen (O),
derived from Sounding of the Atmosphere using Broadband Emission Radiometry (SABER) hydroxyl
(OH). In this study, vertical eddy diffusive transport velocities of O were determined from continuity of
mass in the mesopause region (80-97 km), primarily via the HO, chemistry. Global average constituent
climatology from previously deduced SABER ozone (O,) and atomic hydrogen (H) was applied.
Furthermore, we extended the global mean eddy transport velocities to new heights (105 km) in the MLT
using the newly available global mean Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography (SCTAMACHY) data. The combined method of determining O, loss and O density
climatology from SCIAMACHY, as well as an improved global mean background atmosphere from
SABER, provides new information for eddy diffusion determination in the MLT. Three prominent results
to emerge from this study include (i) global mean k,, profiles between 80 and 105 km derived from MLT
constituent climatologies, SABER, and SCTAMACHY global mean O density profiles averaged for
approximately one solar cycle, (ii) determination of O eddy diffusion velocities in the MLT consistent
between two satellite measurements and the thermosphere-ionosphere-mesosphere-electrodynamics
general circulation model, and (iii) resolution of historically large differences between deduced k,,
determined from O versus CO, by analysis of SABER and SCTAMACHY measurements.

1. Introduction

1.1. Eddy Diffusion in the MLT: Background and Relevance

Oxygen compounds (specifically, atomic, diatomic, and triatomic oxygen, or O, O,, and O;) are fundamental
to the aeronomy of the middle and upper atmosphere. The distribution of these compounds (mainly O and
0,) in the upper mesosphere and thermosphere is determined by dynamical, chemical, photochemical, and
diffusive processes in the mesopause region (80-105 km). Specifically, the upper mesosphere and lower
thermosphere (MLT) are important regions where the background atmosphere transitions are from being
well-mixed, controlled by small-scale wave dissipation and turbulence (approximated in most general cir-
culation models as eddy diffusion, k), to diffusively separated. The concept of k,, was pioneered >50 years
ago by Colegrove et al. (1965, 1966) to characterize the turbulent-induced diffusion and continues to be a
prominent area of research in the MLT (e.g., Fritts & Alexander, 2003, 2012), and ionosphere-thermosphere
(IT; e.g., Pilinski & Crowley, 2015; Qian et al. 2009, 2013; Salinas et al., 2016) communities.

The waves from the lower atmosphere (tidal and gravity), propagating upward from below, are filtered
en route by the background atmosphere and planetary waves and are largely responsible for generating
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turbulent mixing that affects the MLT dynamics and drives k,,. Numerous studies (e.g., Fukao et al., 1994;
Gardner, 2018; Kirchhoff & Clemesha, 1983; Khattatov et al., 1996; Liibken, 1997; Liu, 2009; Rao et al., 2001;
Sasi & Vijayan, 2001) have investigated turbulence and gravity wave effects and estimated local k,, in the
MLT. As an example, a high-resolution mechanistic global circulation model (GCM) was coupled with a
chemistry-transport model using wave sources from below to drive the MLT minor constituent distributions
Grygalashvyly et al., 2011, 2012. They used an advanced parameterization of turbulent diffusion described
by Becker and von Savigny (2010). The atmosphere above is also coupled to k,, in the MLT. Recent model-
ing studies using GCMs (e.g., Jones et al., 2017; Liu et al., 2018; Pilinski & Crowley, 2015; Qian et al., 2009;
2013) have demonstrated just how sensitive thermospheric and ionospheric mass and plasma densities in
general circulation models can be to underlying k,, and, more specifically, to global mean k,,. The major
focus of this study, simply put, is to establish the global mean k,, in the MLT region from the global mean O
and CO, climatology of the MLT. The climatological global mean k,, profile can provide diffusion informa-
tion to models which are working to couple the regions below and above, while more precisely describing
the diffusive transport and composition in the MLT region and above.

In addition to oxygen in the MLT, the population distribution and flux of metals are strongly dependent on
k,,. Resonant lidar systems have measured the climatology of metal distributions with altitude and Doppler
lidars have measured constituent fluxes. There is very large uncertainty (a few to 300 tons/day) in the global
cosmic dust input of metal to the MLT (Plane et al., 2015). Part of the uncertainty arises from the uncertainty
of metal loss processes from the MLT to the lower atmosphere. Gardner and Liu (2014) and Gardner and
Huang (2016) estimated the global cosmic dust input based on sodium (Na) lidar measurements. Liu and
Gardner (2005), Gardner and Liu (2010), and Gardner, Liu, et al. (2014) have estimated such transport pro-
cesses due to gravity wave dissipation and turbulence using a ground-based Na lidar. Simultaneous rocket
in situ and lidar measurements have also measured overturning scales contributing to vertical transport
(Larsen et al. 2004, Liu et al., 2004). This diffusive vertical transport plays a major role in determining the
mean density profiles of metal atoms. The source of these metals (from ablation of interplanetary dust parti-
cles entering the atmosphere) must be balanced by the downward transport processes and chemical sources
and sinks. Analogous to atomic oxygen loss described by Swenson et al. (2018) (S18), mass conservation of
metals requires the input rate to be balanced by their loss to the lower atmosphere, below 80 km. A better
knowledge of k,, enables better estimation of the metal loss that leads to a better estimation of the source
input rate from meteors. The global average k, is a key to providing improved knowledge of metal transport
processes in the MLT. The MLT is the source region for the neutral and ion populations in the thermosphere.
Early studies of thermospheric profiles of Mg* (Gerard & Monfils, 1978) led to morphological observational
studies of the ion (Fesen & Hays, 1982) and fountain transport at low latitudes in the E region (Mende et al.,
1985). Gardner et al. (1999) observed and quantified latitudinal neutral Na and Fe densities as well as ions
well into the upper thermosphere with the GLO-1 spectrometer instrumentation on Space Shuttle missions.
Measurement technology development in lidar has led to the ability to sense Na to above 170 km and to use
Doppler methods to measure temperature and winds to 140 km (Liu et al., 2016).

Accurately simulating the mass density, neutral composition, and electron density of the IT system, and
its variability, depends heavily on understanding processes in the MLT region. For example, a recent issue
involving global-mean eddy diffusion (k,,) centers on its role in driving the thermosphere-ionosphere annual
oscillation (AO; winter solstice maximum and summer solstice minimum) and semiannual oscillations
(SAO; equinoctal maximum and solstice minimum). Knowledge of global mean thermospheric density is
crucial for the satellite drag force and satellite lifetime predictions, especially for LEO (Low Earth Orbit)
satellites. The theories describing the SAO and AO continue to evolve with recent interest. It is well known
that solar forcing and geomagnetic forcing are not enough to drive the global mean AO and SAO in ther-
mospheric density (Field et al., 1998; Jacchia, 1964, 1970, 1971; Lal, 1998; 1992; Paetzold & Zschorner, 1961;
Prolss, 1995; Walterscheid, 1982). Instead, the “thermospheric spoon” mechanism caused by the seasonally
varying thermosphere general circulation was proposed as the primary driver of the SAO (Fuller-Rowell,
1998). In order to account for the discrepancy between models and observations with the “thermospheric
spoon” effect, Qian et al. (2009) suggested that global-mean eddy k,, may also be important in generating
the AO and SAO in the IT region. They varied k,, at the lower boundary of the thermosphere-ionosphere
electrodynamics-GCM based on satellite neutral density measurements in the upper thermosphere to dif-
ferentially affect the O density and molecular species densities to reproduce thermospheric AO and SAO
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variations. Although Jones et al. (2018) demonstrated that seasonally varying k,, was sufficient, but not nec-
essary, to drive a thermospheric general circulation model to self-consistently reproduce the climatological
IT SAO, they did conclude that seasonally varying tidal mixing and k,, played a notable role in modulating
the amplitude of the IT SAO.

Even lighter species (H and He) that do not become major species in the Earth's atmosphere until the
upper thermosphere (altitudes > ~600 km) are affected by k,, in the MLT. For example, escape fluxes of
H have been studied using the upper limit of molecular diffusion supporting the escape flux at the base of
the exosphere (e.g., Catling & Zahnle, 2009; Catling & Kasting, 2017), with aeronomic considerations of H
composition from the stratosphere to the base of the exosphere, and Jeans escape. Early studies including
Colegrove et al. (1966) describe the importance and early calculations of vertical H transport at the tur-
bopause (~100 km), followed by detailed studies by Liu and Donahue (1974), Hunten (1973), and Hunten
and Strobel (1974). The upper limit of loss at the exobase is constrained by the upper limit of molecular
diffusion, which is temperature dependent. This was adopted as the limit because little was known about
other potential limits, such as the eddy diffusion rates at the mesopause. Simply put, global average k,, val-
ues determined herein, as well as refinements in the knowledge of composition including H, H,, CH,, and
H,O at the turbopause, form a basis to revisit fluxes at the MLT. A substantial change in limiting flux due
to lower k,, will also affect escape rates of H in the exosphere (Jeans, 2009; Shizgal & Arkos, 1996).

1.2. Introducing the Method

Deducing k,, from ground-based and rocket observations (e. g. Gardner, 2018; Liibken, 1997) has a rich his-
tory in the MLT community. Since space-borne techniques prohibit direct measurements of eddy/turbulence
scales, using satellite measured tracers can be used to derive the global k. Recently, long-term satellite mea-
surements of neutral constituents in the MLT have emerged and been analyzed (e.g., Salinas et al., 2016;
Swenson et al., 2018) such that global mean k, can now be deduced. In this case, the term global means from
averaging ~ 1 solar cycle of constituents from data at middle and low latitudes from both hemispheres. Sali-
nas et al. (2016) used global SABER (Sounding of the Atmosphere using Broadband Emission Radiometry)
CO, observations to derive global-mean k,, profiles that span more than one solar cycle. It was then shown
that the seasonality of these coefficients was consistent with global-mean k,, from gravity wave parameteri-
zations (Garcia et al., 2014; Jones et al., 2017). Salinas et al. (2016) then forced the thermosphere-ionosphere
electrodynamics-GCM lower boundary with their CO,-derived global-mean k,, and found that they could
not reproduce the results of Qian et al. (2009) (i.e., k,, could not drive the observed AO and SAO in the I/T
region). Similar to Jones et al. (2018), they concluded that the IT SAO (and therefore IT constituents) was
sensitive to changes in global-mean k,,, but not a dominant driver of the SAO. These studies demonstrate
that an accurate global-mean k,, is important in understanding the thermospheric and ionospheric neutral
and plasma densities and their variations.

Historically, k,, has been determined from the meteorology from below (e.g., Grygalashvyly et al., 2011) or it
has been calculated in order to define variability of O in the thermosphere (e.g., Qian et al., 2009). The focus
of this study is to determine the global mean k_, profile from the climatology of O density measurements in
mesosphere, similar to S18. The vertical distributions of all constituents in the MLT are uniquely defined by
the eddy and molecular diffusion coefficient profiles through the relative dominance of one versus the other.
Thermospheric O density is primarily defined in altitude by its mass (molecular diffusion) but in the meso-
sphere below 105 km by the chemical loss and eddy diffusion. The downward flux of O and chemistry
governs the O loss rate which must be balanced by its production rate (via photodissociation) ~120 km. It is
the knowledge of constituent climatologies and loss chemistry that enables this study to determine improved
MLT k,, profiles.

An alternative to the use of direct wind or temperature observations in estimating eddy diffusion would
be the use of chemical constituent observations. Early studies conducted by Allen et al. (1981) and others
used rocket observations to derive local eddy diffusion coefficients from different chemical constituents.
Advances in our observational capacity have now allowed us to measure chemical species on a global scale.
Ideally, tracers with a photochemical lifetime significantly larger than its transport lifetime should be used to
derive k,, so that the complicating factors of chemical production and loss can be largely ignored. CO, is an
example of this (Garcia et al., 2014; Lopez-Puertas et al., 2000; Smith et al., 2011). Actually, even for studies
interested in looking at the variability of CO, in time scales greater than 1,000 days, CO,'s photochemistry
is fairly well understood (Garcia et al., 2014). Thus, most of its uncertainties are in the transport processes.
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Consequently, when taking its global-mean, uncertainties in its vertical profile can solely be attributed to
uncertainties in k.. Salinas et al. (2016) took exactly this approach by utilizing SABER CO, observations to
derive global-mean k,, throughout the MLT region. The present study, in contrast, takes on the challenge of
deriving k,, from chemically active species and follows the recent work of S18, where 12 years of SABER O
were used to determine a global mean of k.

An important aspect of this study is the determination of k,, associated with the downward flux of atomic
oxygen driven by chemical loss. The flux is due to turbulence, dissipating gravity and large-scale waves,
and molecular diffusion which contribute to the transport of O with respect to the background atmosphere.
The effective diffusivity described by Grygalashvyly et al. (2012) is a paramaterization that has assumptions
similar to that used in this 1-D study. Turbulence as well as mixing processes associated with dissipating
gravity waves contribute to the eddy diffusion processes. Guo et al. (2017) provides a summary of the history
of the evolution of turbulence measurements and estimated the turbulence transport of heat in the MLT that
can resolve both gravity waves and turbulence spectra. Gardner (2018) analyzed statistical measurements
by Na lidars to determine the vertical transport of O at two mountain stations. These studies clearly demon-
strate that both dissipating gravity waves and turbulence share the role of the vertical eddy transport of O in
the MLT.

1.3. What is New and Unique in This Study Compared to S18?

S18 presented an analysis of the global average of SABER O from OH valid between 80 and 96 km.
The method, unique to atomic oxygen, recognizes O is produced in the 120-130 km altitude region and is
chemically lost below 100 km. Well-known loss chemistry and rates were used to determine the diffusive
flux of O. A key discovery was the MLT column density, previously considered to be constant, varies with
the solar cycle. The background atmosphere used to define the recombination chemistry, dominated by O,
production, employed the NRLMSISE-00 model atmosphere. An altitude profile of k,, was calculated from
the downward flux of O due to eddy processes, with value of 5-8 x 10> cm?/s, and was compared to other
recent k,, determinations. The standard deviation of the annual averaged global mean k,, was < 5%.

A number of additions and significant improvements were made since the earlier S18 study including the
following:

(i) The climatological values of O, and H chemistry producing O, loss best represents the climatology of
the main atmospheric constituents involved in O loss;

(ii) An additional O data base from the SCTAMACHY (Scanning Imaging Absorption Spectrometer for
Atmospheric Chartography) instruments on Envisat from both OH (valid 80-96 km) and O('S) (valid
90-105 km); significant improvements include the following:

(a) changing the “background atmosphere” to the SABER climatology global mean state,

(b) providing relevance and insights of global mean k,,

(c) including the temperature gradient term (relatively minor) in the expression for the determina-
tion of k,,

(d) addressing O density sensitivity to the chemistry and diffusion transport times in response to k,.

2. Description of Method and Analysis

2.1. Global Mean [O], [0;], [H], and Total (SABER) N, and O, Densities

Atomic oxygen density profile ([O]) global measurements in the upper mesosphere and lower thermosphere
have been made by a number of spacecraft sensors in recent years. Some of these measurements provide
climatologies over a solar cycle, the period of influence of [O] variation through dissociative processes in
the upper atmosphere.

Limb measurements using OH emission from SABER instrument (described by Russell et al. 1999) for
11 years (2002-2013) (Mlynczak et al., 2013) were refined by Mlynczak et al. (2018) and extended to 16 years
for +55°. SABER is aboard the TIMED (Thermosphere, Ionosphere, Mesosphere Energetics and Dynamics)
satellite which was launched on 7 December 2001. The mission has a latitudinal coverage of 82°N to 53°S
or 53°N to 82°S with alternating coverage due to the spacecraft yaw cycle every 60 days. The mission has
an orbital period of 1.6 hr and a local time precession of 12 min per day. These SABER OH observations
processed for O densities formed the basis for the analysis described in S18. The altitude of maximum vol-
ume emission rate is ~87 km, which provides a reasonable signal-to-noise ratio for limb viewing the layer
to invert [O] between 80 and 96 km in altitude.
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A new data set included in the current version of our model comes from the SCTAMACHY instrument on
Envisat, which measured a near global O (i.e., spanning 50°S to 80°N) from O('S) green line emissions
(Kaufmann et al., 2014). The altitude of maximum volume emission rate for O(*S) is ~96 km, providing a
reasonable signal-to-noise ratio of O density between 90 and 105 km and allowing us to extend our chem-
ical O model (and thus our k,, values) to 105 km. Note that the [O] measured from SCIAMACHY O('S)
(Kaufmann et al., 2014) has been independently validated against Optical Spectrograph and Infrared Imag-
ing System [O] data from O, A-band measurements onboard the Odin satellite (Sheese et al., 2011) at low
latitudes between 2007 and 2009. More recently, Zhu and Kaufmann (2018) have also deduced O densi-
ties from SCTAMACHY OH measurements in the 80-96 km region and found some significant differences
between those derived from SABER OH radiance measurements and those derived from SCTAMACHY OH
nightglow measurements. The altitude range of O densities derived from SCTAMACHY O('S) and SCIA-
MACHY OH data overlaps between 90 and 96, with minimal difference (<15-20% ) between them. In our
study, we employ O densities from both SCTAMACHY OH and SABER OH, as well as SCTAMACHY O('S).

Another data set used in the present investigation that extends from the work of S18 is the global mean of
[O;] from Smith et al. (2013) derived from nine different instruments, including SABER. The [O;] clima-
tology from Smith et al. (2013) covers the period between 1991 and 2012. Global means from four satellites
including SABER 9.6 and 1.27 um channels all compared favorably. The nighttime SABER measurements
between 80 and 100 km in Figure 12 of Smith et al. (2013) were used in this analysis. Mlynczak et al. (2018)
suggests that the Smith et al. (2013) daytime SABER [O,] may be too large but there is high confidence in
the nighttime measurements. We also make use of the global mean [H] climatologies initially determined
by Mlynczak et al. (2014) and revised by Mlynczak et al. (2018). The [H] determination was refined with the
consideration of refined SABER [O] (see Mlynczak et al., 2018). [O;] and [H] global mean climatologies are
key elements that provide a major improvements in the loss chemistry of O.

The global mean background atmosphere was measured by SABER (Mlynczak et al., 2014). Mlynczak et al.
(2014) deduced the global [H] climatology by assuming the ozone loss chemistry (O, + H= OH + O,) equals
production (O + O, + M), where SABER O, O,, and M and Smith et al. (2013) O, densities were used to
solve for the unknown [H], and the background atmosphere was that measured by SABER. We reversed
the calculation herein, using Mlynczak et al. (2018) H, and deduced the SABER equivalent N, and O,. Note
that the SABER N, and O, used are ~ 20% lower between 80 and 90 km than the NRLMSISE-00 model
values used in S18. In summary, all of the data employed in the computation of the global mean k,, are
“climatological” data, with the assumption made by Mlynczak et al. (2018) in the determination of [H].

2.2. Overview of the [O] Method

Since this study represents a major revision of our original work, we describe in detail the methodology
employed to derive k,, values. The method involves calculating the net downward diffusion flux of O, given
the condition O is produced in the lower thermosphere from photodissociation of O, near 120 km, where
it diffuses throughout the thermosphere. The production below 105 km is assumed to be negligible [see
section 4]. In the mesopause region (80-105 km), the eddy flux for O is downward, and the molecular dif-
fusion flux of O is upward, with the dominant downward eddy flux transported O being lost via chemical
processes. The downward O flux must balance, on the average, the chemical loss of odd oxygen, which is
determined from well-established chemistry.

The differential flux, or flux divergence with versus altitude is defined as (see equation (9) of Colegrove et al.,
1966, and equation (1) of Salinas et al., 2016):

ddo

5 =Pl 1)

where ¢, = v,[0] (v, is the diffusion velocity). In the case of atomic oxygen below 105 km,

do,
Y __L 2
& ©)
Equation (9) of Colegrove et al. (1966) has both the production (P) and loss (L) terms, but S18 reduced this
to L only below 105 km, the altitude region over which the k_, is being determined herein. A criterion in
the solution of the divergence that was not included in the earlier studies (Allen et al., 1981; Colegrove
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etal., 1966) is the fact that the downward flux of atomic oxygen, at and below 105 km, must supply the total
chemical loss, or integral loss, that is,

do@) = / (-L) dZ ©)

=80

The chemical losses are in the dark period where O, is chemically lost rather than being photodissociated in
daytime. The daily average loss of O is assumed one-half the nighttime loss, the same assumption used in S18.
In this study, we are only concerned with the chemical loss of odd oxygen. In addition to O, chemistry, we
also consider O losses through three-body recombination, two-body collisions with O5, and HO, chemistry,
where the densities used to calculate the chemical rates were calculated using the global mean atmosphere
defined above. This model is consistent with Smith et al. (2010) and Mlynczak et al. (2013) chemical loss
processes of odd oxygen.

The main O loss in the mesosphere is due to the net loss of odd oxygen due to O, catalysis by HO,
described by

O0+0,+M— 0, +M, Kk, =6.4x107*(300/T)** (4)
and subsequently,
O;+H - OH"+0,, k,=14x10""exp(—470/T) (5)
followed by
O+OH — 0,+H, k;=22x10""exp(120/T) 6)

where the rate coefficients k;, k,, and k, are given by Sander et al. (2011) and OH in equation (6) includes
OH and OH'(v < 6). Regarding the HO, chemistry above, since the O, produced in equation (4) is all

destroyed in equation (5), the loss rate can be computed using either chemical process in determination of
the odd-oxygen loss rate from the HO, reactions.

Under the assumption of chemical equilibrium, one O is lost when one O, is produced (equation (4)), fol-
lowed by OH formation (equation (5)), and subsequent OH destruction by O (equation (6)) where the second
O is lost. The S18 study used equation (4), but in doing so, relied on model values for some of the parame-
ters, including [N,] and O[,]. In this study, the loss is determined from equation (5). The rationale for this
consideration is that the mean [O,] and [H] climatologies deduced from SABER best represent the global
mean state for ozone chemistry in the MLT and are consistent with the SABER [O] values herein.

The downward flux of O below a given altitude is expressed in equation (7) below, where the loss terms
include that due to ozone (i.e., term 1 in equation (7)),

Z
$o(@) = 80(_2k2[o3][H] — 2k, [OF*[M] — 2k5[0][05] — 2k[H][0,][M]) dz’ @)

z=
where the first term is the loss due to the HO, process, where the Integer 2 quantifies the number of O atoms
lost in the process. The minor contributions from other chemical reactions are the Terms 2-4 in equation (7),
where the processes are described in S18 and the rate coefficients (k,, k5, and k) in Sander et al. (2011). The
second term is from three-body recombination (O + O + M), the third from O + O;, and the forth from HO,.
S18 included the metal chemistry also, but found it to be insignificant, and consequently it is not included
here. Calculations for equation (7) are determined for each kilometer, between 80 and 105 km, and the down-
ward flux is determined from the integral loss below each altitude. The losses above 100 km are dominated
by three-body recombination (the second term in the integral expression). We assume zero loss below 80 km.

Once the vertical flux is calculated from equation (7), the downward diffusion velocity is equation (8):

_ Do(2)
[01(z)

Vo(2) ®
Calculations are made for each altitude between 105 and 80 km, for the flux (equation (7)), and total O
transport velocity (equation (8)). Note that this is the total downward velocity, that is, the combined eddy
and molecular components.
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Note that the vertical flux of any species at MLT altitudes is the aggregate of the dynamical processes includ-
ing gravity waves and atmospheric tides, (e.g., Jones et al., 2014) and chemical fluxes (e.g., Gardner & Liu,
2010), the flux due to both eddy and molecular diffusion, and advection. There is no attempt in this study to
partition the components contributing to the total, as was done by Jones et al. (2017) and also by Gardner
(2018). However, since Jones et al. (2017) demonstrated that the vertical transport due to eddy diffusion was
the dominant process acting to transport O vertically between ~75 and 105 km, we assume the effective eddy
diffusion velocity of O can be computed by subtracting the molecular diffusion velocity of O (v, ,4(z)), rela-
tive to the background atmosphere, from the total O velocity. This is especially important for the transition
region between 95 and 105 km.

The total diffusive flux is described in equation (9). S18 found the temperature term to be relatively small, but
it is included here. The eddy diffusion velocity is calculated in equation (11) where the molecular diffusion
component is defined in equation (10) and is subtracted from the total in equation (11).
1 1dT 1 d[O]) <1 1dT | 1 d[O]>
2=-D[O]| =+ ===+ —=—-) -k 01 =+ =—+ —— 9
Po(2) ,[](Hi Tdz T 0] dz zz[]H Tdaz T 0] dz ©
where the general expression for the molecular diffusion velocity for a given species i is
1 1d7 . 1 din]
=D |=+=—+— 10
vmsmd(z) i <Hi T dZ [ni] dZ > ( )
V0,eddy(2) = Vo(2) = Vg 1nq(2) 11
The effective k,, defined in equation (12) is calculated from the eddy diffusion velocity defined in
equation (11).
v
kzz __ O,eddy (12)
1, 1dr 1 dio]
<H T dz [0] dz )
The terms for the above are defined as
D;;: mutual diffusion coefficient for ith and jth gases (D y, = 0.26(T/T,)""*(P,/P))
D;: species molecular diffusion coefficient (1/D;, = ). il /ND;))
g: acceleration of gravity
H: scale height (xT/mg)
H;: species scale height (xT/m;g)
k,,: eddy diffusion coefficient
k: Boltzmann constant
m;: species molecular weight
m: mean molecular weight
n;: density of ith constituent
N: total density (N = Y ;n;)
¢;: species flux (¢; = n;v;)
T: temperature
v;: species diffusion velocity for ith species
z: altitude
The turbulence was the initial physical process for the relationship described by equation (12) with the scale
height and vertical gradient terms. Jones et al. (2017) used NCAR TGCMs to analyze the individual O trans-
port components of O in the mesopause region including the advective component. They found the global
annual mean advective velocity component to be ~ 20% of the eddy velocity component. Our assumption
in this study is the advective component of vertical velocity is neglible. This will be considered in the dis-
cussion of errors, where the k , described here is an upper limit, and the actual values would be reduced by
the same percentage.
2.3. Analysis and Results From the [0] Method
This 1-D approach is useful for long-term averaging. The analysis is confined to the middle and low latitudes,
averaging for ~ 1 solar cycle.
SWENSON ET AL. 13,525
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105 T T T The global mean SABER and SCTIAMACHY O data used in this study are
o gg:ﬁmg:z g(r: S) E shown in Figure 1. The reader is referred to Zhu and Kaufmann (2018) for a
100 2= SABER | comparison of SABER OH and SCIAMACHY OH data. Figure 2 describes the
percent difference between the two, with larger O densities for SCCAMACHY
between 82 and 88 km, and lower above and below. The large below 82 km
E‘ o5} ' ’1 ] may be due to the low quenching rates of OH(v = 8) with O, used in the
o I retrieval of SABER data by Mlynczak et al. (2018), which resulted in lower
E /' [O] derived from OH radiance measurements.
= L §2 i
<% . ~ Figure 3 is a plot of the chemical loss rates for odd oxygen in the 80-105 km
/,—’/ altitude region. The dominant loss process due to the HO, chemistry
85[ e ] (equation (5)), employed the global average climatology of SABER O, and
> H from Smith et al. (2013) and Mlynczak et al. (2018), respectively (large
8 _ | dashes). For comparison, the method of O, production (equation (5)) for
101 10" 1012 SABER O (squares) and SCIAMACHY O (dash dot). Consequently, the
O density [# cm™] downward flux of O is the same for both SABER and SCTAMACHY, but the

Figure 1. Global mean atomic oxygen density profiles from

respective O densities are responsible for differing eddy diffusion velocities,

SCIAMACHY O('S) (dotted, Kaufmann et al., 2014), SCTAMACHY OH  in this study. Note that the SABER O; production rate is equal to the ozone
(solid, Zhu & Kaufmann, 2018), and SABER (dash dotted, Mlynczak loss rate (dashed) since the SABER background atmosphere was calculated

et al., 2018) and S18).

105 T

to force the two chemical rates to be equal (Mlynczak et al., 2018). Note the
dominance of the loss of O via the three-body recombination rate, integrated

100 |

Altitude [km]
[{<]
(3]

©o
o
T

80

between 80 and 105 km, is 2.6% that due to HO, chemistry.

The loss rates of O described by the climatology of O; and H are used to calcu-
late the eddy diffusion velocity (shown in Figure 4). The lower eddy diffusion
velocity from SABER results from a larger [O] above 88 km. Below 88 km
the eddy diffusion velocities of SABER and SCIAMACHY are approximately
the same. For reference, the global and annual average total vertical trans-
port velocity minus the molecular diffusion component calculated by Jones
8 et al. (2017) from the National Center from Atmospheric Research (NCAR)
thermosphere-ionosphere-mesosphere-electrodynamics general circulation
model (TIME-GCM) is also shown in Figure 4. In section 3.3, we examine
how the Jones et al. (2017) total vertical transport velocity of O compares to
the eddy diffusion velocities calculated from SABER and SCIAMACHY.

-60 -40

SCIAMACHY [O] to SABER [O] ratio [%]

Figure 2. SCTAMACHY to SABER mean O density ratio in percent
within the mesopause region. Positive percent means SCTAMACHY O is

larger than SABER O.

-20

0

2'0 4'0 50 The k,, profiles deduced from SABER (solid) and SCTAMACHY (dashed) are

depicted in Figure 5. The difference between the original k,, shown from
S18 (dotted) and the SABER k,, derived herein (dashed) is ~ 20%, and is the
result of using the global mean climatology of constituents (equation (5))
rather than the production rate of [O,] (equation (4)) for the [O] loss rate,
the background atmosphere, and the added temperature gradient term in
equation (12). The differences in the SABER versus SCIAMACHY k,, values are due to the respective O
densities determining their eddy velocities and (1/[O]) x (d[O]/dz) term in equation (12).

3. Comparison of O Deduced k_, With Other Results

3.1. Methodology and Results From [O, ]

[N,] and [O,] are the dominant well-mixed constituents of the background atmosphere through which the
minor constituents diffuse in the upper mesosphere. The effect of recombination on the [O,] distribution
was determined by summing the total recombined O, for a night, which is 0.1%, or the maximum increase
in the [O,] at 88 km. The largest downward flux of [O] (and upward flux of [O,]) is near the turbopause
near 100 km. This was described by Colegrove et al. (1966) as a continuity condition for O and k,, in that
study. In this study, a calculation was made describing mass continuity of O, using global means of measured
constituents from satellites.

A requirement of continuity for O and O, is the downward flux of O (lost in the mesosphere and O, pro-
duction), which must be balanced by the upward flux of O, into the thermosphere, the source region of O.
We chose to calculate the downward flux of O relative to the upward flux of O, to satisfy continuity at 100 km.
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105 s . : For that, SCTAMACHY data extending up to 105 km and k,, at 100 km were
""Q,;: - i :_::gy recombination used in these calculations. The eddy and molecular transport velocities for O at
RN NN N ——Ho, 100 km are shown in Figure 4. Equation (10) was used to calculate the molecular
100 F N R —=-==-0+02+M SCIAMACHY |] . i X . .
. ~ o oM saBER diffusion velocity, and equation (13) (below) for the eddy velocity for O,.
IS 2
E 95 BN 1 1
> AN Poseaty@ =100 =~k | = o (13)
< \\a\ Tdz [0;] dz
= N @
Z 9 “ B 1  The total downward flux of atomic oxygen (8 x 101! cm=2- s~1) results in a total,
\3‘\ eddy, and molecular diffusion velocity values of 2.0, 1.6, and 0.4 cm/s, respec-
o5 /' tively. Note in Figure 4 the molecular diffusion velocity is 0.6 cm/s at 105 km and
o
- ! the eddy velocity for SCTAMACHY is ~ 3 times that value, whereas the diffusion
o /",«” coefficients are approximately equal (see Figure 6). This is largely explained by
3
80 Ll the dominance of the scale height term and difference between the molecular
10° 10° 10°

O loss rate [# cm® s'1]

Figure 3. The chemical loss rates of odd oxygen versus altitude. The
dominant loss is from the HO,, chemistry for both equation (4), that
is, O3 + H, and equation (5), O + O, + M. Equation (4) employed
SABER O3 by Smith et al. (2013) and of H by Mlynczak et al. (2018)
(long dashes). A comparison is made O loss using equation (5)
employing O from SABER (squares), and SCITAMACHY (dot-dash).
Note the SABER results are identical (squares and dashes), but
SCIAMACHY (dot-dash) differs slightly due to the different global
mean O density profile. The minor losses from O three-body
recombination (dots), O + O3 (dot dash), and HO, chemistry (solid)
have also been calculated with SABER climatologies of N, and O,.

105 ; '
=——SABER | . i M
— = SCIAMACHY - a R
g Jones et al.

100 [ Molecular | . .
E o5t 1
=
o
k-]

2

< O e ‘ 1
85 1
80
107

O diffusion velocity [cm s'1]

Figure 4. Atomic oxygen diffusive velocities versus altitude. Shown
are the eddy diffusion profiles assuming SCTAMACHY (dashed) and
SABER (solid) O densities and the total velocities from the flux
deduced from the loss rates shown in equation (7). The eddy
diffusion velocities are calculated from the total minus the
molecular diffusion (small dots) and are directionally downward.
The total velocity (less that by molecular diffusion) calculated by
Jones et al. (2017) is plotted for comparison (squares).

and eddy scale height values, which is nearly a factor of 2 for mass of O ver-
sus the mean molecular mass (see equation (10) and (12) for the effect). The
required upward flux of O, from continuity is therefore 4x 10! cm=2- s7!. Using
the SABER climatology deduced O, density, the total, eddy, and molecular diffu-
sion velocities are 0.23, 0.15, and 0.07 cm/s, respectively. This calculated upward
flux of O, is within ~10% of that determined from O. Consequently, the eddy dif-
fusion coefficient determined from chemical loss of O also satisfies continuity
requirement for the upward flux of O, near the turbopause.

In summary, the vertical flux of O and O, was determined for a critical alti-
tude where O is chemically lost below and produced above. This satisfies
continuity constraints with the calculated eddy and molecular diffusion, and
SCIAMACHY determined k,, at 100 km. The redistribution of the O, chemically
produced in the MLT was considered. The total loss over a period of 10 days cor-
responds to a 1% change in O, density. Diffusion and advection processes are
more than sufficient to redistribute the relatively small amount of chemically
produced O, in the MLT.

3.2. Methodology and Results From [CO,]

The CO, profiles are also from the SABER instrument. The CO, profiles only
have daytime coverage. Detailed reasons behind the SABER CO, retrieval algo-
rithm can be found in Rezac et al. (2015). For this work, all V2 SABER CO,
profiles from February 2002 to December 2015 are utilized.

To calculate the global-mean CO, profiles, the SABER/TIMED CO, profiles
were first binned evenly into 5° nonoverlapping latitude bins from 50°S to 50°N
over a 2-month (yaw cycle) period with a 1-month overlap. Note here that this
involved selecting the exact dates of the profiles and determining which month
and year they belonged to. For example, the zonal-mean CO, profile for January
2003 comprises all profiles from 1 January 2003, to 28 February 2003, in order to
account for the 60 day local time precession. Then, from these zonal-mean pro-
files, the cosine-of-latitude weighted global-mean CO, profiles were calculated.
The observed global-mean profiles were then modeled using a one-dimensional
photochemical and transport model (Allen et al., 1981; Liang et al., 2007; Salinas
et al., 2016). However, the modeling approach in this paper is slightly differ-
ent from the modeling approach of Salinas et al. (2016) to ensure that not only
the apparent seasonal variations are captured, but also the other periodic and
nonperiodic signals.

The SABER/TIMED profiles were first interpolated into the same pressure surfaces corresponding to 1-D
model pressure surfaces. Then, the lower boundary CO, concentration of the model is matched with that
observed. Finally, the model's k,, profile is adjusted. The initial model profile is given by Allen et al. (1981).
Specifically, the model's k,, was adjusted at eight altitude bands: 72-75, 76-80, 82-85, 86-90, 92-95, 96-100,
102-105, and 106-110 km. Salinas et al. (2016) only modified the model's k,, at three altitude bands.
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Figure 5. SCTAMACHY (dashed) and SABER (solid) k,, values
deduced from their respective O densities and using the eddy
diffusion velocities shown in Figure 4. The SABER OH k,,
calculated here is ~ 20% less than the k,, calculated by S18 (dotted).
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Figure 6. The eddy diffusion profiles from SCTAMACHY (dashed)
and SABER (solid) are the same as Figure 5. The large squares are
derived from SABER global CO, mean densities Salinas et al. (2016)
and described in the text. The small dots are D, the molecular
diffusion coefficient for O.

In modeling the profile, a simple iterative algorithm was used wherein each alti-
tude band was multiplied by a scaling factor from bottom to the top. The initial
factor is just 1 and is adjusted by increments of 0.1 until the root-mean-square
(rms) is minimized. When the rms is minimized for a current altitude band,
the algorithm then proceeds with the next altitude band above the current. The
rms computed is between the modeled CO, and SABER CO,. By “increments
of 0.17; this means that the adjustment factor is modified by either adding 0.1
or subtracting 0.1 depending on whether the rms is improved or not. After
going through all altitude bands, adjustments are done again, beginning with
the lowest altitude band. Two more rounds of adjustments are done with the 0.1
increment. Then, one round of adjustments is done with the increment reduced
to 0.05 and finally, a last round of adjustments is done with the increment
reduced to 0.01. Note that the choice of altitude bands, order of iteration, num-
ber of iterations and choice of increments are all arbitrary. As long as the rms
is improved, the choices for these parameters does not matter. The k, profiles
were determined from SABER CO, densities averaged between from February
2002 to December 2015.

The k,, from CO,, described above, is plotted in Figure 6. For historical per-
spective, there have been large differences between k,, deduced from O versus
CO, in the MLT region (e.g., Lopez-Puertas et al., 2000; Siskind et al., 2014 and
S18). The k,, calculated from OH emission (both SABER and SCIAMACHY)
has a larger error below 85 km due to the distance below the centroid peak
emission altitude of 88 km. SABER k_,'s values for O and CO, compare well at
90 km. SABER k_, from CO, are ~0.5 the values of SCCAMACHY at 100 km. All
three profiles show increasing values above 90 km. This is the first time k, for
CO, and O has been shown to be consistent between two different minor con-
stituents measured by the same instruments, but processed differently, at least
above 85 km. The k, calculated from CO, is much larger than from k, calcu-
lated from O at 80 km. The larger values of k,z in CO, may be attributed to the
weak vertical gradients around 80 km (Rezac et al., 2015). Weak vertical gradi-
ents generally mean that altering the mixing ratio distribution requires stronger
vertical transport.

3.3. Comparison With Jones et al. (2017) Results

Jones et al. (2017) focused on understanding the relative contribution of MLT
diffusion (eddy and molecular), dynamics, and chemistry to the globally aver-
aged SAO in the upper thermosphere and ionosphere. They calculated the
various global and annual average vertical transport velocities of O from a cli-
matological NCAR's TIME-GCM simulation. Shown in Figure 4 (squares) is
the “total” vertical transport velocity of O, consisting of the sum of the eddy,
large-scale advective (i.e., by the mean vertical wind), and the net tidal (W’ or
vertical wind perturbation term; see Jones et al., 2017, for more details) trans-

port velocities. These calculated velocities show that the eddy diffusion velocity component between 85
and 105 km (calculated from O using a similar equation to equation (9) above) accounts for ~50-60% of
the total velocity shown in Figure 4. The general good agreement between the SABER, SCIAMACHY, and
TIME-GCM supports the methodology used herein for calculating the global average k,, values from a
chemically reactive species, such as O.

4. Discussion and Uncertainties

The vertical diffusion velocity of atomic oxygen and k,, computed in this study were determined from the
climatologies of SABER and SCIAMACHY. The eddy diffusion velocity of O above 85 km is ~1-2 cm/s and
slightly larger below 85 km. They were compared to the results of Jones et al. (2017), and showed favorable

agreement.
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k,, is ~3-6 x 10° cm?/s below 90 km, increasing above. SCTAMACHY k,, increases from ~ 7 x 10° cm?/s at
90 km to 0.9-1.2 X 10° cm?/s at 105 km. The SCIAMACHY k,, is increasing from a minimum near 80 km
to a maximum above 100 km. k,, was also calculated for SABER CO,, which compared favorably with the
calculation from SABER and SCTAMACHY O results, including their altitude.

The upward flux of O, was determined to be ~half of the downward flux of O at 100 km which is consistent
with the continuity of O. The O, for that calculation and the background atmosphere for all the results pre-
sented in this study used a SABER-based climatology, from the same period as the SABER and SCTAMACHY
O data.

This study deduced the total O velocity transport but could not differentiate components of turbulence,
advection, gravity waves, tides, or tidal filtering of gravity waves as Jones et al. (2017). The issue with k , and
the advection term is that it does not follow the relationship described in equation (11). Our assumptions
have assumed that all components do, and consequently the k,, determined here is an upper limit, with
the true value reduced by the fraction of advection to the total. The fraction of the global average advective
velocity by Figure 4 of Jones et al. (2017) to the SCTAMACHY total velocity is 0.15, 0.21, 0.32, and 0.35 at 100,
95, 90, and 85 km, respectively. The same fraction to the SABER total velocity is 0.35, 0.41, and 0.35 at 95,
90, and 85 km, respectfully. The formulation of the relationship between the effective O diffusion velocity
and k,, was originally derived for turbulent processes by Colegrove et al. (1965) and for gravity wave effects
by Grygalashvyly et al. (2012) and Gardner (2018). The residual circulation with polar upwelling in summer
and downwelling in the winter certainly is an advection process that primarily has a global effect on O at high
latitudes. Gardner (2018) argues the advective contribution to vertical transport of O is minimal at middle
and low latitudes, and larger in polar regions. Given that the global means in this study are equatorward of
55° latitude and the Jones et al. (2017) study included polar regions, the contributions described above may
be an overestimate of a potential advective contribution to the long-term, global average vertical velocity
of O in this study. A contribution from advection at high latitudes could be accomplished via the residual
circulation where downwelling in the polar night transpires at a warmer temperature than in the upwelling
region, where a temperature difference of an assumed 20 °C in the MLT results in a ~6% change in the
integrated loss rate (see equation (4)). A planned study of intra-annual variations including latitudinal and
seasonal effects in the vertical transport velocity will likely provide improved information on the advection
contribution to the global mean determination of k,, from O.

A brief discussion of diffusion processes and diffusive equilibrium is relevant. Mathematically, diffusive
equilibrium is the condition that the flux divergence and eddy diffusive velocities are negligible. However,
in the case of atomic oxygen, there is chemical production in the molecular diffusion regime and loss in
the eddy diffusion regime. This requires a modeling of the diffusion coefficients and velocities in order to
define the altitude distribution of minor constituents. Diffusion velocities are large (and diffusion times are
short) in the thermosphere relative to the mesopause region. Lednyts'’kyy et al. (2017) calculated a time
delay of 13 days between the 27-day solar rotation cycle and the variation in O density at 90-100 km using
SCIAMACHY data. The low diffusion velocities in the MLT (Figure 4), ranging 1.0-1.7 cm/s, translate to
transport times of ~5 to 8 days between 88 km (the altitude of maximum O loss) and 95 km, the mean
altitude used by Lednyts'kyy et al. (2017). Combining those times results in a total delay of 18-22 days for
O to travel from 120 and 88 km. Delays between 120 km and the thermosphere would further add to these
delays. These time delays are not normally an issue for model users since the density effect is the goal, and
adjusting k,, is a physically reasonable tool to accomplish that. We might ask “How does this compare to
the chemical time to influence a significant change in the O density?” At 88 km, if replenishment ceases,
the loss rate (i.e., dn/dt = —L) results in the O density e-folding in ~8 days. The bottom side O layer is very
active chemically and diffusively. The high chemical loss rate shapes the O layer profile for the relatively
slow O transport velocity (and k) present.

The assumption herein is that diffusive transport of O from above 105 km is the source of all O in determi-
nation of the diffusion velocity and k, (i.e., there is no O production below that altitude). The uncertainty
associated with this assumption is addressed below. The production of O in the mesosphere relative to the
fraction produced in the thermosphere was addressed in S18 but is revisited considering the assumptions
made in this study. Determination of dissociation rates in the mesosphere and thermosphere was performed
by Solomon and Qian (2005). The total dissociation rate profile from 80-400 km shown in their Figure 5b
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for the overhead Sun was integrated with altitude, with the resulting ratio of the production rate below ver-
sus above 105 km of ~2.8%. Their study ignored the predissociation of O, by the Schumann-Runge bands.
That process was studied by Frederick and Hudson (1980), which is shown to be important below 92 km in
their Figure 2. We calculated the predissociation production by applying the rates described in Table A2 of
Frederick and Hudson (1980) and the O, densities determined herein (section 2.1). The integrated loss below
90 km contributes <0.3%, which combined with the EUV dissociation of ~2.8%, is ~3.1%. This fraction of
O production by photodissociation and predissociation below and above 105 km is a relatively insignificant
effect in the determination of k ;.

Of note is the uncertainty in k,,. Significant departures exist at 80 km between the k,, determined from
SABER and SCIAMACHY O densities and the k,, determined from SABER CO,. Above 82 km CO, is no
longer well mixed and begins to exhibit a vertical gradient. We have no explanation for the significant
increase of the k,, from CO, below 85 km, or its divergence from k,, determined from O. The uncertainty in
O density increases significantly below 85 km, and marginal at best at 80 km, due to the weaker OH emission
and noise induced by viewing through the layer from above.

The difference between O from SABER and that from SCIAMACHY, deduced from OH between 80 and
96 km, shown in Figure 2, is <20%. The relative uncertainty for a given platform (SABER and SCTAMACHY)
is minuscule due to the large number of samples over the 11-16 years of measurements. We note the largest
k,, from SCTAMACHY global mean data is above 100 km. SCHIAMACHY measurements at these altitudes
are made from the O(*S) emission, for which there is little uncertainty in the measurement interpretation.
SCIAMACHY high-latitude data coverage extends 50-80°, whereas SABER data analyzed was equatorward
of 55°. Note that SCCAMACHY O('S) data above 65° in latitude was generally not used to derive atomic oxy-
gen due to the effect of aurora, as shown in Figure 2 of Kaufmann et al. (2014). The high-latitude regions may
have a bias in the advective component of velocity due to the residual circulation where there is upwelling
in summer and downwelling in winter (Fritts & Alexander, 2003; Roble & Ridley, 1994). If there is a sam-
pling bias for a given season or hemisphere, a bias may occur for the vertical component of the advective
flux. The next phase of study is to compute seasonal and latitudinal profiles of O density for determinations
of the transport velocities and k,. This may further elucidate the relative contributions of atomic oxygen in
the MLT.

5. Summary and Conclusions

This study of global mean vertical transport of constituents (primarily O) in the MLT revised values of global
averaged k,, following the methodology of S18 but with notable improvements. Originally, S18 used [O]
determined from SABER OH emission data (Mlynczak et al., 2018). Our reevaluated calculations in this
study included the following:

(a) Determination of O loss in the mesosphere with O; + H — OH + O,, where the global mean densities
were obtained directly from SABER O; by Smith et al. (2013) and H by Mlynczak et al. (2018).

(b) Global mean O densities are determined from SABER OH (same as S18, see Mlynczak et al., 2018) and
from SCIAMACHY OH and O('S) as described by Kaufmann et al. (2014) and Zhu and Kaufmann (2018).

The prominent results and conclusions to emerge from this study are the following:

(i) The eddy diffusion velocity of O above 85 km is ~1 to 1.7 cm/s and slightly larger below. A favorable
comparison was found between the values determined in this study and that of Jones et al. (2017). This
is important because k,, is a powerful tuning parameter used in a number of general circulation models
in the IT community to better produce observed mass, electron, and constituent densities. The time for
an O atom to diffuse between 88 km altitude (where O is lost) and 120 km, where O is produced, is ~17
to 22 days.

(i) The eddy diffusion coefficient (k) calculated herein is ~3 to 6 x 10° cm?/s below 90 km, increasing to
~0.9 to 1.2 X 10% cm?/s at 105 km. The calculated values are a factor of 2 lower at 90 km where lidar
studies suggest GWs are dominant, relative to the 100-105 km range. k,, determined with SABER data
in this study is ~20% lower than the values determined in S18.

(iii) k,, was calculated for SABER CO, following Salinas et al. (2016) and compared favorably with SABER
O k,, above 85 km. The favorable comparison here differs from the history of large differences between
k,, derived from O versus CO,.
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The natural evolution to follow this is a study of the intra-annual variability in k,, profiles in the MLT.
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