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4.1. TEM Velocities
[21] Figure 1 shows a vector representation of the

WACCM climatological TEM velocity for the solstice
months of June and December in the MLT region. The
pattern shows two circulation cells: upward in summer and

downward in winter below about 90 km (geometric altitude)
and upward in winter and downward in summer above
the same altitude. The strongest vertical velocity is the
upwelling in the summer high latitudes that is responsible
for the cold summer mesopause. To illustrate the displace-
ments associated with the velocity vectors, note that
meridional velocity of 1 m/s corresponds to 2.57 degrees of
latitude per day and vertical velocity of 0.01 m/s corre-
sponds to 1.16 km/day. For the solstice periods, the mean
velocities in the MLT can be as large as 10 degrees of lat-
itude and 5 km in the vertical per day.
[22] Both the winter and summer circulation are stronger

in the SH although the differences are much more pro-
nounced in winter. Smith et al. [2010b] discuss the hemi-
spheric differences in the TEM circulations during the late
spring and early summer. The hemispheric differences
during both seasons result from differences in the gravity
wave forcing of the circulation in WACCM (Figure 2).
Stratospheric winds filter upward propagating gravity waves
and therefore can have a strong impact on the driving of the
MLT circulation, which is due in large part to breaking
or dissipating gravity waves. The stronger jet in the SH
stratosphere leads to a greater disparity between eastward
and westward gravity wave fluxes and ultimately to stronger
circulation driving than in the NH. Siskind et al. [2003]
reported a stronger gravity wave driven circulation in July
than in January in simulations using a two‐dimensional
model, consistent with the WACCM results for those
months (not shown). Note that the weak NH gravity wave
forcing climatology also includes the effects of sudden
stratospheric warmings, which occur in about 60% of
winters in these simulations. Even though the NH gravity
wave drag appears to be weak in the December average
in WACCM, the simulated mean winds are realistic [Richter
et al., 2010].
[23] The TEM velocity can also be written in terms of a

stream function c*, defined by

v* ¼ " 1
!0 cos"

@!0#*
@z

! "
ð13Þ

w* ¼ 1
a cos"

@#*
@"

ð14Þ

Figure 1. Vectors showing the WACCM climatological
TEM flow for June and December averaged over 1960–
2006 for four model realizations. The scale at the lower right
shows the maximum v* and w* in m/s. For reference, the
right axis on all figures gives the climatological global mean
geometric altitude from WACCM.

Figure 2. WACCM climatological gravity wave drag for June and December averaged over 1960–2005
for four model realizations. Units are m/s/day.

SMITH ET AL.: WACCM POLAR WINTER TRANSPORT D20115D20115
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Summer Winter

lower-thermosphere

mesosphere

(Smith+, 2011)

It was first predicted by whole atmosphere model simulation 
Smith et al. (2011), WACCM simulations of the mean circulation and trace 
species transport in the winter mesosphere, J. Geophys. Res.
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Not all models can reproduce  
the lower-thermospheric circulation…
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diurnally averaged zonal-mean natural logarithm of O/N2 and vectors of meridional winds and vertical winds
on 30 January 2007, from the default run (Figure 1a) and the run with the residual circulation (Figure 1b). The
red and blue vectors indicate upward and downward vertical winds, respectively. It is evident that in most
part of the thermosphere (vertically, from about z =!5 and upward), there is a summer-to-winter interhemi-
spheric circulation, with upwelling in the summer hemisphere and downwelling at low to mid-high latitudes
in the winter hemisphere, driven by summer-to-winter difference in solar radiation. This large-scale circula-
tion causes a summer-to-winter latitudinal gradient of O/N2, with larger O/N2 in the winter hemisphere
and smaller O/N2 in the summer hemisphere [e.g., Mayr et al., 1978; Burns et al., 1989; Qian et al., 2016a].
The upward vertical winds at high latitudes in the winter hemisphere in Figures 1a and 1b are driven by
high-latitude Joule heating, which decreases O/N2 at winter high latitudes. In the lowest two pressure scale
heights, the winds are very small compared to those at higher altitudes, so we plotted the wind vectors at
these two pressure scale heights on a different scale in Figures 1c and 1d. The diurnally averaged zonal-mean
wind vectors from the default run still show some tidal signatures, whereas the wind vectors from the residual
circulation run show a winter-to-summer circulation with upwelling at low and mid-high latitudes in the win-
ter hemisphere and downwelling in the summer hemisphere. The upwelling reduces O/N2 in the winter
hemisphere, and the downwelling increases O/N2 in the summer hemisphere [Burns et al., 1989; Qian et al.,
2016a]. Imposing the winter-to-summer residual circulation at the bottom of the thermosphere greatly
reduces O/N2 in the entire winter hemisphere but only slightly increases O/N2 in the summer hemisphere
at high latitudes. This in turn reduces the summer-to-winter latitudinal gradient of O/N2. In addition, although
the residual circulation resides at the bottom of the thermosphere with a vertical extent of only ~10 km, the
change of composition by the residual circulation in this region is transmitted to the entire thermosphere
through molecular diffusion and changes the composition in the entire thermosphere (Figures 1a and 1b).

Figure 1. TIE-GCM-simulated O/N2 and meridional circulation on 30 January 2007. Quantities shown here are diurnally averaged zonal-mean quantities. The
overplotted wind vectors are the vectors of meridional and vertical winds, with red and blue vectors representing upward and downward vertical winds, respec-
tively. The vertical winds were multiplied by 100 to be compatible with the meridional winds to draw the wind vectors. (a) Natural logarithm of O/N2 and vectors of
meridional and vertical winds from the default run. (b) Natural logarithm of O/N2 and vectors of meridional and vertical winds from the residual circulation run.
(c) Vectors of meridional and vertical winds at the lowest two pressure scale heights (~97–110 km) from the default run. (d) Vectors of meridional and vertical winds at
the lowest two pressure scale heights (~97–110 km) from the residual circulation run.
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TIE-GCM (lower boundary at 97 km)
base run, V-W, January

(Qian & Yue, 2017)
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only models “with lower atmospheric 
components” can reproduce
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Discovery 

Can we observe the lower-thermospheric circulation? 

Mechanism 

What drives the lower-thermospheric circulation? 

Impacts 

Why does it matter for the whole thermosphere?
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Yes, but the first clues came from indirect observations 
CO2 in mesosphere and lower thermosphere is chemically 
inert gas, and can be used to track air-parcel movement 

(SABER CO2; Qian+, 2017)
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There exist maximum vertical gradients of CO2  
at summer mesosphere and winter lower-thermosphere

(SABER CO2; Qian+, 2017)
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CO2 in mesosphere and lower thermosphere  
is chemically inert gas, and can be used to 
track air-parcel movement 
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There exist maximum vertical gradients of CO2  
at summer mesosphere and winter lower-thermosphere

(SABER CO2; Qian+, 2017)

January

July

The location of the max. 
vertical gradient indicates 
there is a convergence which 
is created by upwelling below 
and downwelling above.

Summer Winter

SummerWinter
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CO2 and H2O vertical gradient suggests  
a reversed layer above the mesospheric circulation
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CO2 and H2O vertical gradient suggests  
a reversed layer above the mesospheric circulation

(SABER CO2; Qian+, 2017)
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Can we directly observe  
the lower-thermospheric circulation?
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Let's see if TIDI can reveal the reversed circulation
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TIMED-TIDI
105 km

85 km

V-wind

sensitivity is due to the multiplexing advantage of
the simultaneous recording of spectra from all four
telescopes. The CLIO further reduces the readout
noise of the CCD by removing the need to sample
individual pixels (Hays, 1990).

The four TIDI telescopes are orthogonally
oriented, allowing the instrument to measure
neutral wind vectors on both sides of the satellite
track. The two telescopes viewing the same side of
the track observe the same locations with a time
delay of 9min as the spacecraft moves forward. The
viewing directions of these two telescopes are
perpendicular to one another. Assuming that the
neutral winds do not change much during the short
time period, the samplings at the two directions can
be used to form the neutral wind vector in terms of
the meridional and zonal components.

The local time coverage on day 2004080 (March
20, 2004) is shown in Fig. 1. There are four local
time samplings at latitudes equatorward of 7601
and two at latitudes poleward of 7601. The local
time coverage pattern shifts slowly (by 0.2 h/day)
towards earlier local times as time progresses. The
satellite orbits the Earth 15 times (98min per orbit),
and the local time of the orbit will not change much
within a day. As the Earth rotates under the
TIMED orbit, TIDI provides longitudinal coverage
around the globe. The single black arrow indicates

the flight direction of the satellite. The two-head
arrows mark the hemispheres where the coldside
(southern) or warmside (northern) samplings pro-
vide equator to pole coverage with similar local
times. The four telescopes scan the O2 (0–0) airglow
emissions P9 line in a repeating sequence called a
scan cycle, which defines the operational mode.
TIDI has both daytime and nighttime operational
modes. Typical day and nighttime operational
modes of TIDI take about 105 s to complete and
TIDI repeats the same scan pattern until the
spacecraft crosses the day/night boundary. The
100 s temporal resolution translates to about 71
latitudinal grid for spatial coverage. The TIDI
daytime coverage extends from 70 to 115 km. The
nighttime coverage is narrower (between 80 and
105 km) due to the more limited altitude range of
nightglow emissions.

3. TIDI data analysis

The data-processing procedure comprises three
stages. In the first stage, the TIDI spectral data are
merged with spacecraft orbital information to form
Level 1 spectral data. The spectral data are
processed to remove the various backgrounds and
then normalized to physical units of Rayleigh/cm
for each spectral channel. Line-of-sight winds are
computed without any inversion algorithm. In the
second stage, the spectral data are inverted in
altitude to form line-of-sight inverted winds (Level
2 data). In the final stage, the inverted line-of-sight
winds from different telescopes are combined to
form neutral wind vectors in terms of meridional
and zonal components (Level 3).

TIDI experienced some anomalies after the
launch, namely the ice buildup on instrument
optical surfaces and higher than expected back-
ground (Skinner et al., 2003). The ice buildup on
optical surface caused a strong cross-talk between
telescope fields and a reduction in the instrument
throughput. Fortunately, the ice buildup has been
reduced by two roll maneuvers, during which the
satellite coldside was tilted towards the warmer
Earth surface and away from the much colder deep
space. Consequently, the instrument was warmed
up to allow ice to sublimate. The cause of the high
background is likely due to the leak on the back of
the instrument, which allows the Earth’s reflection
of the sunlight to enter the instrument and register
on the instrument detector. The cause for the high
background was later confirmed by the close

ARTICLE IN PRESS

Fig. 1. Local time and latitude coverage during March 20, 2004
(day 80) at 85 km altitude. The red(blue) is for the warmside
(coldside). The open (closed) symbols are for the daytime
(nighttime) sector. The single black arrow point towards the
satellite flying direction. The two-head arrows mark the segments
of the data where warmside (coldside) for the northern(southern)
hemisphere provides nearly similar local time from the equator to
the pole. These data segment are later used in the analysis.

Q. Wu et al. / Journal of Atmospheric and Solar-Terrestrial Physics 68 (2006) 408–417410

?
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Confirmed with TIDI observations 
a winter-to-summer circulation exists at ~105 km
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Reproduced by SD-WACCMX 
a narrow circulation exists between 105-125 km
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Can we observe the lower-thermospheric circulation? 

• TIDI reveals a robust lower-thermospheric circulation 

• WACCM-X reproduces the observed circulation pattern 

• Seasonal discrepancies in circulation strength

18

Key takeaways 
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To understand the driving mechanism,  
we turn to the zonal-mean zonal momentum budget

20

∂ū
∂t

+ [ 1
a cos ϕ
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(ū cos ϕ) − f] v̄* +
∂ū
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1

ρ0a cos ϕ
∇ ⋅ F + GWF

local  
tendency

meridional advection  
+ Coriolis force
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GW forcing



2026 CEDAR Workshop: Wave-Driven Circulation in the Lower Thermosphere

Don’t panic! Let’s break it down
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local  
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meridional advection  
+ Coriolis force

vertical  
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∂ū
∂t

+ [ 1
a cos ϕ

∂
∂ϕ

(ū cos ϕ) − f] v̄* +
∂ū
∂z

w̄* =
1

ρ0a cos ϕ
∇ ⋅ F + GWF

parameterized 
GW forcing

Local time tendency is small on seasonal time scale, 
it can be neglected
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parameterized 
GW forcing

∂ū
∂t

+ [ 1
a cos ϕ

∂
∂ϕ

(ū cos ϕ) − f] v̄* +
∂ū
∂z

w̄* =
1

ρ0a cos ϕ
∇ ⋅ F + GWF

Scale analysis suggests vertical advection  
plays a minor role in zonal-mean zonal momentum budget
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Now the equation is much friendlier  
(and still contains the important physics!)

24

response of the mean meridional circulation  

= resolved wave forcing + parameterized GW forcing

[ 1
a cos ϕ

∂
∂ϕ

(ū cos ϕ) − f] v̄* =
1

ρ0a cos ϕ
∇ ⋅ F + GWF
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Which wave forcing term is responsible for driving 
the lower-thermospheric circulation?

25

response of the mean meridional circulation  

= resolved wave forcing + parameterized GW forcing

[ 1
a cos ϕ

∂
∂ϕ

(ū cos ϕ) − f] v̄* =
1

ρ0a cos ϕ
∇ ⋅ F + GWF
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What drives the lower-thermospheric circulation? 

• Lower-thermospheric circulation is mainly driven by 

the resolved wave forcing, including tides and IGWs.

27

Key takeaway
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Our Scientific Journey Over the Past 5 Years

Discovery 

Can we observe the lower-thermospheric circulation? 

Mechanism 

What drives the lower-thermospheric circulation? 

Impacts 

Why does it matter for the whole thermosphere?



2026 CEDAR Workshop: Wave-Driven Circulation in the Lower Thermosphere

MSIS shows a [O] phase reversal on seasonal time scale,  
which qualitatively agrees with SD-WACCMX simulation

29

contour level is 10%

∆[O] relative to annual average, 2009D354 ± 15days
(a)NRLMSIS 2.0 (b)SD-WACCMX
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MSIS shows a [O] phase reversal on seasonal time scale,  
which qualitatively agrees with SD-WACCMX simulation

30

contour level is 10%

∆[O] relative to annual average, 2009D354 ± 15days
(a)NRLMSIS 2.0 (b)SD-WACCMX
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The seasonal phase reversal of O is linked to  
the lower-thermospheric circulation
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[O] in the lower thermosphere acts as a reservoir  
for neutral density in upper atmosphere 
Define the absolute value of mass density (precondition)

32

[O] @ 90 to 110 km 
source and sink region

mass density @ thermosphere

dynamical driver
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Traditional turbopause paradigm 
The turbopause marks the altitude where molecular 
diffusion becomes dominant

(Lindzen, 1981)

eddy

molecular

turbopause
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Vertical advection can dominate over eddy diffusion, 
defining the altitude range of the turbopause layer.

(Lindzen, 1981)
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Why does it matter for the whole thermosphere? 

• Vertical advection associated with the circulation can 

efficiently transport O between its source and sink region 

within the vertical column in the lower thermosphere. 

• Vertical advection appears to play a dominant role in seasonal 

[O] variability. 

• The turbopause is likely a “turbolayer”: a broad transition 

region where molecular diffusion overtakes eddy diffusion and 

vertical advection.

35

Key takeaways 
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Our Scientific Journey Over the Past 5 Years

Discovery 
TIDI reveals a robust lower-thermospheric circulation,  
and SD-WACCMX reproduces the observed circulation pattern. 

Mechanism 
Lower thermospheric circulation is driven by  
model-resolved waves (tides + gravity waves). 

Impacts 
Vertical advection can efficiently transport O between its 
source and sink region within the vertical column in the 
lower thermosphere.
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Our Scientific Journey Over the Past 5 Years

Discovery 
TIDI reveals a robust lower-thermospheric circulation,  
and SD-WACCMX reproduces the observed circulation pattern. 

Mechanism 
Lower thermospheric circulation is driven by  
model-resolved waves (tides + gravity waves). 

Impacts 
Vertical advection can efficiently transport O between its 
source and sink region within the vertical column in the 
lower thermosphere.
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Our Scientific Journey Over the Past 5 Years

Discovery 
TIDI reveals a robust lower-thermospheric circulation,  
and SD-WACCMX reproduces the observed circulation pattern. 

Mechanism 
Lower thermospheric circulation is driven by  
model-resolved waves (tides + gravity waves). 

Impacts 
Vertical advection can efficiently transport O between its 
source and sink region within the vertical column in the 
lower thermosphere.
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Recent advances in the topics

39
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Related and Complementary Studies

40
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• 2014 CEDAR workshop  
@ Seattle 

• My first CEDAR workshop. 

• My first visit to the US…

Thank you, CEDAR, for opening the door to my career, 
to the NSF for the support along the way, 
and to my advisors, Loren Chang, Scott Palo, Jia Yue, 
whose mentorship has shaped my path from the beginning. 
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Lower-thermospheric circulation is driven  
by tides and resolved inertia gravity waves
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Divergence of momentum flux (model resolved wave 
forcing) exhibits semi-annual variation
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Figure 13. TIME-GCM w/o GW+TD Full Tilt simulated (a) IAVs in globally
averaged [O] at 400 km (solid line) and column O density (ΣO, dashed line)
relative to their global annual averages in percent as a function of day of
year. (b) Height profiles of the globally and annually averaged O time
constants for chemistry (!Chem, black) and molecular diffusion (!Mole, red).
(c) Zonally and diurnally averaged !Chem as a function of geographic
latitude and height on day of year 172. Contours are shown every power of
10 in days.

To further reinforce the importance of O chemistry to the T-I SAO,
Figures 13b and 13c depict the time constants of molecular diffusion and
chemistry. The chemical time constant of O (!Chem) is determined from the
main chemical loss process of O in the thermosphere, that is, O+O+M →
O2 + M, where M is either O2 or N2. Following Yamazaki and Richmond
(2013), !Chem is the reciprocal of

"O

2k(mo

m
)[O]2

, (9)

where "o is the mass mixing ratio of O, k is rate coefficient in units of
cm6 s−1 after Burkholder et al. (2015), and mo is the mass of O. The time
constant of molecular diffusion (!Mole) is H2/D(O,N2), where H is the mean
scale height, and D(O,N2) is the mutual diffusion coefficient in units of
m2 s−1 from Colegrove et al. (1966). Between 80 and 100 km, the chemical
lifetime of O is on the order of∼100 days, which is close to the frequency of
the SAO (Figure 13b, black line) and comparable to !Mole. As evidenced by
Figure 13c, !Chem has both a latitudinal and seasonal dependence because
(1) !Chem is dependent on the amount of O atoms available, which is at least
in part determined by winter downwelling via the thermospheric spoon
and (2) the O three-body recombination rate, k, is temperature dependent.
This results in shorter O chemical lifetimes in the winter hemisphere as
compared to the summer hemisphere near 80 km. This latitudinal struc-
ture quickly flips to shorter O chemical lifetimes in the summer hemisphere
relative to the winter hemisphere near 90 km, a feature that extends
upward to ∼130 km. This complex seasonal and latitudinal variability in
O chemistry in the MLT region likely contributes to a net change in O at
these altitudes on seasonal time scales. All of the above lead us to con-
clude that dynamically driven chemical changes in O at MLT altitudes may
be as important as the TSM in determining the strength of the T-I SAO, so
that the original TSM concept is an incomplete description of the T-I SAO
origins. Furthermore, gravity wave and tidal breaking and dissipation will
also affect the morphology of !Chem, thereby introducing an additional way
that gravity waves and tides can contribute to the T-I SAO.

5. Summary and Conclusions

Numerous modeling studies over the last 20 years have given rise to
two prominent mechanisms that could explain the global T-I SAO: (1)
the TSM offered by Fuller-Rowell (1998) and (2) the Kzz hypothesis dis-
cussed by Qian et al. (2009). The TIME-GCM results presented herein clearly
demonstrate that the primary source of the global T-I SAO is the chang-
ing solar illumination due to the Earth’s obliquity. The TSM accurately
describes the dominant intermediary source of the global T-I SAO. We
quantified changes in the simulated mean meridional circulation of the
thermosphere that resulted from changes in Earth’s obliquity with a set
of numerical experiments from the TIME-GCM. We further diagnosed the
effects that this seasonally varying large-scale thermospheric circulation

has on thermospheric constituent transport by analyzing the different forcing terms in the species continuity
equation. Our main conclusions from this numerical study are the following:

1. In the absence of lower atmospheric gravity wave and tidal forcing a ∼30% SAO in globally averaged mass
density (with respect to its global annual average) is simulated in the TIME-GCM (see Figure 2 and Table 1).
This supports the conclusion of Jones et al. (2017) that an SAO in Kzz is not the primary driver of the T-I SAO.
When the Earth’s obliquity is reduced to half its normal value, 11.75∘, the mass density SAO drops to ∼10%;
furthermore, when the Earth’s obliquity is set to zero (i.e,. perpetual equinox) the T-I SAO is reduced further
to ∼2% and the overall IAV only includes two extrema (i.e., it does not have a semiannual character). In the

JONES ET AL. 950

Jones+ (2018)
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diffusion coefficients (m2/s)
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∂z ⟨w[O]⟩ |

⟨[O]⟩
× H2

effective vertical advection coef.

eddy diffusion 
vertical advection

eddy diffusion 
vertical advection 
molecular diffusion

diffusion coefficients (m2/s)Vertical advection is more 
effective in transporting O from 

its source to sink than 
Kzz(small-scale turbulence)
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diffusion coefficients (m2/s), 110-130 km

2008, DOY
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SD-WACCMX vertical advection 
SD-WACCMX eddy diffusion

Vertical advection is effective in driving the intra-
annual variation of O in the lower thermosphere

| ∂
∂z ⟨w[O]⟩ |

⟨[O]⟩
× H2

effective vertical advection coef.

(Qian+, 2009)

TIE-GCM eddy diffusion, 97 km
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Lower thermospheric circulation 
during stratospheric sudden warming
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Lower thermospheric circulation 
during stratospheric sudden warming
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Jan. 24, 2009Jan. 24, Dif.
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Lower thermospheric circulation 
during geomagnetically disturbed time
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µO and µO vertical gradient, SD-WACCMX, 2009
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O forcing term, SD-WACCMX, 2009 day 354
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[O] seasonal variation is 
dominated by advection

58

O forcing term, SD-WACCMX, 2009 day 354
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Lower-thermospheric circulation can 
modulate upper part of the 

thermospheric circulation as well
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Specified Dynamics configuration runs of  
the Whole Atmosphere Community Climate Model eXtended 
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• three-dimensional, time-dependent 
• surface-500km 
• resolution:0.9°x 1.25°, 0.25 scale height 

above ~50km (one scale height = ~25 km in 
thermosphere) 

• explicit gravity wave parameterization 
(sub-grid waves) 
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The Mass Spectrometer Incoherent Scatter radar  
or MSIS series of empirical model 

61
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In summary, the model defines a density profile of a particular species in terms of up to 35 (possibly fitted
and/or variable) parameters: 24 temperature parameters and 1 pressure parameter (which are common to
all species); 1 mixing ratio or reference density; 3 mass profile parameters; and up to 6 correction parameters
(C and R terms in Equation 2). The O profile additionally uses eight unconstrained spline coefficients
between 50 and 85 km. Figure 3 shows the global average density and mixing ratio profiles for seven species
represented by the model.

The major difference between the MSIS 2.0 species density profile and earlier versions is the treatment of the
transition region (~70–200 km) between the fully mixed lower and middle atmosphere and the diffusively
separated upper thermosphere. Earlier versions compute separate mixed and diffusive profiles, with the dif-
fusive profile reference density defined at 120 km, then combine the two profiles using a geometric average
(Hedin, 1987, Equation A12a). This decouples the thermosphere from temperature variations in the lower
and middle atmosphere. In contrast, the effective mass profile in MSIS 2.0 couples, via the hydrostatic term
in Equation 2, several species densities (N2, O2, He, and Ar) to the entire temperature profile and other spe-
cies densities (O, H, and N) to the temperature profile down to reference altitudes in the mesosphere and
lower thermosphere. Thus, in MSIS 2.0, species densities in the thermosphere are affected by temperature
variations in the lower and middle atmosphere.

MSIS 2.0 eliminates the thermal diffusion term that in earlier versions was applied to He, Ar, and H. As dis-
cussed in Picone et al. (2016), the inclusion of thermal diffusion is not physically consistent with static com-
position profiles. Furthermore, we found that the effect of thermal diffusion in MSISE‐00 is statistically
unsupported by available He, Ar, and H data in lower andmiddle thermosphere, where vertical temperature
gradients are sufficiently large for thermal diffusion to be active.

MSIS 2.0 andMSISE‐00 both employ logistic function terms for dynamical corrections to species densities; in
Equation 2, we express this term in terms of the hyperbolic tangent:

R 1þ tanh
ζ − ζR
HR

! "# $
¼ 2R

1þ exp −2 ζ − ζRð Þ=HR½ &
(8)

However, in MSISE‐00 and earlier versions, this term is used to produce specified mixing ratios near the
turbopause, whereas in MSIS 2.0 this term is an upward projecting correction that represents departures
from the hydrostatic/diffusive profile, such as winter bulges in the lighter species (e.g., Reber &
Hays, 1973; Sutton, 2016). In MSIS 2.0, this term thus effectively takes on the role of the 120 km refer-
ence density in earlier versions, which represented such low frequency perturbations (Picone
et al., 2013).

Earlier versions of MSIS use logistic function terms to represent chemical loss of O, H, and N and produce
peaks in those species. MSIS 2.0 instead uses the simpler Chapman‐like exponential term in Equation 2,
which, unlike the logistic term, does not relax to a lower asymptote (earlier versions impose lower limits

Figure 3. Global average density profiles in NRLMSIS 2.0. (a) Number density of Ar (black), O2 (purple), N2 (blue), O (green), N (yellow), He (orange),
and H (red). (b) Volume mixing ratio of each species expressed as a percentage. (c) Volume mixing ratio on a log scale.

10.1029/2020EA001321Earth and Space Science

EMMERT ET AL. 7 of 37

(Emmert+, 2020)



2026 CEDAR Workshop: Wave-Driven Circulation in the Lower Thermosphere 62

H2O, CO2 observations suggested an existence of  
this reversed layer above the mesospheric circulation
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Qian et al., (2017)
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IAV in global-mean mass density @ 400 km
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Enhancement of ion drag and Joule heating induce  
additional circulations in the lower thermosphere during storm times.
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diurnally averaged zonal-mean natural logarithm of O/N2 and vectors of meridional winds and vertical winds
on 30 January 2007, from the default run (Figure 1a) and the run with the residual circulation (Figure 1b). The
red and blue vectors indicate upward and downward vertical winds, respectively. It is evident that in most
part of the thermosphere (vertically, from about z =!5 and upward), there is a summer-to-winter interhemi-
spheric circulation, with upwelling in the summer hemisphere and downwelling at low to mid-high latitudes
in the winter hemisphere, driven by summer-to-winter difference in solar radiation. This large-scale circula-
tion causes a summer-to-winter latitudinal gradient of O/N2, with larger O/N2 in the winter hemisphere
and smaller O/N2 in the summer hemisphere [e.g., Mayr et al., 1978; Burns et al., 1989; Qian et al., 2016a].
The upward vertical winds at high latitudes in the winter hemisphere in Figures 1a and 1b are driven by
high-latitude Joule heating, which decreases O/N2 at winter high latitudes. In the lowest two pressure scale
heights, the winds are very small compared to those at higher altitudes, so we plotted the wind vectors at
these two pressure scale heights on a different scale in Figures 1c and 1d. The diurnally averaged zonal-mean
wind vectors from the default run still show some tidal signatures, whereas the wind vectors from the residual
circulation run show a winter-to-summer circulation with upwelling at low and mid-high latitudes in the win-
ter hemisphere and downwelling in the summer hemisphere. The upwelling reduces O/N2 in the winter
hemisphere, and the downwelling increases O/N2 in the summer hemisphere [Burns et al., 1989; Qian et al.,
2016a]. Imposing the winter-to-summer residual circulation at the bottom of the thermosphere greatly
reduces O/N2 in the entire winter hemisphere but only slightly increases O/N2 in the summer hemisphere
at high latitudes. This in turn reduces the summer-to-winter latitudinal gradient of O/N2. In addition, although
the residual circulation resides at the bottom of the thermosphere with a vertical extent of only ~10 km, the
change of composition by the residual circulation in this region is transmitted to the entire thermosphere
through molecular diffusion and changes the composition in the entire thermosphere (Figures 1a and 1b).

Figure 1. TIE-GCM-simulated O/N2 and meridional circulation on 30 January 2007. Quantities shown here are diurnally averaged zonal-mean quantities. The
overplotted wind vectors are the vectors of meridional and vertical winds, with red and blue vectors representing upward and downward vertical winds, respec-
tively. The vertical winds were multiplied by 100 to be compatible with the meridional winds to draw the wind vectors. (a) Natural logarithm of O/N2 and vectors of
meridional and vertical winds from the default run. (b) Natural logarithm of O/N2 and vectors of meridional and vertical winds from the residual circulation run.
(c) Vectors of meridional and vertical winds at the lowest two pressure scale heights (~97–110 km) from the default run. (d) Vectors of meridional and vertical winds at
the lowest two pressure scale heights (~97–110 km) from the residual circulation run.
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diurnally averaged zonal-mean natural logarithm of O/N2 and vectors of meridional winds and vertical winds
on 30 January 2007, from the default run (Figure 1a) and the run with the residual circulation (Figure 1b). The
red and blue vectors indicate upward and downward vertical winds, respectively. It is evident that in most
part of the thermosphere (vertically, from about z =!5 and upward), there is a summer-to-winter interhemi-
spheric circulation, with upwelling in the summer hemisphere and downwelling at low to mid-high latitudes
in the winter hemisphere, driven by summer-to-winter difference in solar radiation. This large-scale circula-
tion causes a summer-to-winter latitudinal gradient of O/N2, with larger O/N2 in the winter hemisphere
and smaller O/N2 in the summer hemisphere [e.g., Mayr et al., 1978; Burns et al., 1989; Qian et al., 2016a].
The upward vertical winds at high latitudes in the winter hemisphere in Figures 1a and 1b are driven by
high-latitude Joule heating, which decreases O/N2 at winter high latitudes. In the lowest two pressure scale
heights, the winds are very small compared to those at higher altitudes, so we plotted the wind vectors at
these two pressure scale heights on a different scale in Figures 1c and 1d. The diurnally averaged zonal-mean
wind vectors from the default run still show some tidal signatures, whereas the wind vectors from the residual
circulation run show a winter-to-summer circulation with upwelling at low and mid-high latitudes in the win-
ter hemisphere and downwelling in the summer hemisphere. The upwelling reduces O/N2 in the winter
hemisphere, and the downwelling increases O/N2 in the summer hemisphere [Burns et al., 1989; Qian et al.,
2016a]. Imposing the winter-to-summer residual circulation at the bottom of the thermosphere greatly
reduces O/N2 in the entire winter hemisphere but only slightly increases O/N2 in the summer hemisphere
at high latitudes. This in turn reduces the summer-to-winter latitudinal gradient of O/N2. In addition, although
the residual circulation resides at the bottom of the thermosphere with a vertical extent of only ~10 km, the
change of composition by the residual circulation in this region is transmitted to the entire thermosphere
through molecular diffusion and changes the composition in the entire thermosphere (Figures 1a and 1b).

Figure 1. TIE-GCM-simulated O/N2 and meridional circulation on 30 January 2007. Quantities shown here are diurnally averaged zonal-mean quantities. The
overplotted wind vectors are the vectors of meridional and vertical winds, with red and blue vectors representing upward and downward vertical winds, respec-
tively. The vertical winds were multiplied by 100 to be compatible with the meridional winds to draw the wind vectors. (a) Natural logarithm of O/N2 and vectors of
meridional and vertical winds from the default run. (b) Natural logarithm of O/N2 and vectors of meridional and vertical winds from the residual circulation run.
(c) Vectors of meridional and vertical winds at the lowest two pressure scale heights (~97–110 km) from the default run. (d) Vectors of meridional and vertical winds at
the lowest two pressure scale heights (~97–110 km) from the residual circulation run.
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We constrain the lower thermosphere 
using SD-WACCMX and compare the 
results with a base run.
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diurnally averaged zonal-mean natural logarithm of O/N2 and vectors of meridional winds and vertical winds
on 30 January 2007, from the default run (Figure 1a) and the run with the residual circulation (Figure 1b). The
red and blue vectors indicate upward and downward vertical winds, respectively. It is evident that in most
part of the thermosphere (vertically, from about z =!5 and upward), there is a summer-to-winter interhemi-
spheric circulation, with upwelling in the summer hemisphere and downwelling at low to mid-high latitudes
in the winter hemisphere, driven by summer-to-winter difference in solar radiation. This large-scale circula-
tion causes a summer-to-winter latitudinal gradient of O/N2, with larger O/N2 in the winter hemisphere
and smaller O/N2 in the summer hemisphere [e.g., Mayr et al., 1978; Burns et al., 1989; Qian et al., 2016a].
The upward vertical winds at high latitudes in the winter hemisphere in Figures 1a and 1b are driven by
high-latitude Joule heating, which decreases O/N2 at winter high latitudes. In the lowest two pressure scale
heights, the winds are very small compared to those at higher altitudes, so we plotted the wind vectors at
these two pressure scale heights on a different scale in Figures 1c and 1d. The diurnally averaged zonal-mean
wind vectors from the default run still show some tidal signatures, whereas the wind vectors from the residual
circulation run show a winter-to-summer circulation with upwelling at low and mid-high latitudes in the win-
ter hemisphere and downwelling in the summer hemisphere. The upwelling reduces O/N2 in the winter
hemisphere, and the downwelling increases O/N2 in the summer hemisphere [Burns et al., 1989; Qian et al.,
2016a]. Imposing the winter-to-summer residual circulation at the bottom of the thermosphere greatly
reduces O/N2 in the entire winter hemisphere but only slightly increases O/N2 in the summer hemisphere
at high latitudes. This in turn reduces the summer-to-winter latitudinal gradient of O/N2. In addition, although
the residual circulation resides at the bottom of the thermosphere with a vertical extent of only ~10 km, the
change of composition by the residual circulation in this region is transmitted to the entire thermosphere
through molecular diffusion and changes the composition in the entire thermosphere (Figures 1a and 1b).

Figure 1. TIE-GCM-simulated O/N2 and meridional circulation on 30 January 2007. Quantities shown here are diurnally averaged zonal-mean quantities. The
overplotted wind vectors are the vectors of meridional and vertical winds, with red and blue vectors representing upward and downward vertical winds, respec-
tively. The vertical winds were multiplied by 100 to be compatible with the meridional winds to draw the wind vectors. (a) Natural logarithm of O/N2 and vectors of
meridional and vertical winds from the default run. (b) Natural logarithm of O/N2 and vectors of meridional and vertical winds from the residual circulation run.
(c) Vectors of meridional and vertical winds at the lowest two pressure scale heights (~97–110 km) from the default run. (d) Vectors of meridional and vertical winds at
the lowest two pressure scale heights (~97–110 km) from the residual circulation run.
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Figure 3 are monthly median ∑O/N2. GUVI column number density ∑O/N2 is calculated above an altitude
where the N2 column density is 1017 cm!2 [Zhang et al., 2004] (approximately 140 km). The model-
simulated ∑O/N2 was also calculated above the altitude where the simulated N2 column density was
1017 cm!2. The model-simulated ∑O/N2 from the default run (Figure 3b) is significantly higher than the
observed ∑O/N2 in the winter hemisphere (the northern hemisphere). In the residual circulation run, the
simulated ∑O/N2 in the winter hemisphere (Figure 3c) is reduced due to the imposed winter-to-summer
residual circulation near the model lower boundary, and consequently, it is in a much better agreement
with the observed ∑O/N2 (Figure 3a).

This impact of the residual circulation on thermospheric composition has implications for the ionosphere
as we show in Figure 4. This figure shows the simulated diurnally averaged zonal-mean O/N2 at model
pressure surface z = ln(P0/P) = 3 (Figure 4a) and NmF2 from the default run and the residual circulation
run, on 30 January 2007. The model pressure level z = 3 is near the F2 peak. O/N2 in the winter hemisphere
is significantly reduced. Consequently, NmF2 from the residual circulation run is also greatly reduced com-
pared to the default run. On the other hand, O/N2 is only slightly increased in the summer hemisphere, so
is NmF2.

Figure 3. Model-data comparisons of monthly median ∑O/N2 for January 2007. (a) ∑O/N2 observed by TIMED/GUVI.
(b) ∑O/N2 simulated by the TIE-GCM from the default run. The simulated ∑O/N2 was sampled at the TIMED/GUVI
geolocations; (c) ∑O/N2 simulated by the TIE-GCM from the residual circulation run. The simulated ∑O/N2 was sampled
at the TIMED/GUVI geolocations.
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The [O] continuity equation provides insight 
into the seasonal variability of atomic oxygen
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d⟨[O]⟩
dt

= −
∂
∂z

⟨w[O]⟩ −
∂
∂z

⟨Γz⟩ + ⟨P⟩ − ⟨L̄[O]⟩ −
∂
∂z

⟨w′￼[O]′￼⟩

chemical production and loss

vertical advection (due to lower-thermospheric circulation)

tidal and planetary wave transport

eddy and molecular diffusion (due to small-scale turbulence)

⟨ ⟩ : global mean
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SD-WACCMX diffusion coefficients (m2/s), ~100km
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(Fig. 9(b) and (c)). Higher-order harmonics also contribute
to the shape of the average IAV, but do not produce addi-
tional extrema.

The amplitude of the SAO and AO tends to increase
with increasing solar activity (Bowman et al., 2008b;
Emmert and Picone, 2010; Lei et al., 2012c), as shown in
Fig. 9(b) and (c), by about 5% from solar minimum to solar
maximum. The magnitude of this effect, which is encapsu-
lated in GAMDM and JB2006 (and JB2008), is compara-
ble to the !5% interannual variability of the SAO and
AO amplitudes (Emmert and Picone, 2010).
NRLMSISE-00 reproduces well the observed overall

IAV, but its SAO and AO amplitudes instead decrease with
increasing solar activity. This is because the
NRLMSISE-00 global temperature IAV is not modulated
by F10.7: The invariant temperature IAV produces a smaller
density IAV at solar maximum because of the larger scale
heights under these conditions (see Section 3.1).

Guo et al. (2008) found that geomagnetic activity mod-
ulates both the global IAV and its latitudinal dependence,
whereas Emmert and Picone (2010) found no statistically
significant coupling between global intra-annual variations
and the global density response to geomagnetic activity.

Locally, thermospheric density at subtropical latitudes
exhibits a seasonally driven AO due to greater solar heating
(and hence upward expansion of thermosphere) in the sum-
mer. Similarly, tropical latitudes experience a small SAO in
solar heating. But the strong IAV in the global average
cannot be explained as the sum of these local effects, which
tend to cancel out. The observed SAO is in fact only
weakly dependent on latitude (Guo et al., 2008; Lei et al.,
2012c), as shown in Fig. 10. The seasonal AO is larger in
the southern hemisphere than in the northern (Lei et al.,
2012c), which accounts for the global AO. The eccentricity
of Earth’s orbit around the Sun, with perihelion in
January, contributes to the global AO, but explains less
than half of it (in Fig. 9, this effect has already been
removed). NRLMSISE-00 indicates that both a tempera-
ture IAV and composition IAV contribute to the observed
density variations. The temperature component causes the
relative amplitudes to increase with increasing height, while
the composition component consists mainly of a
height-independent variation of the number density of O.
The interpretation of the IAV as a primarily composition
effect is supported by the fact that a very similar pattern
is observed in ionospheric parameters, including global
total electron content (TEC) (Hocke, 2009; Lean et al.,
2011b; Emmert et al., 2014a). Because it is spatially inte-
grated global quantity, TEC is not directly sensitive to tem-
perature changes, which primarily affect the vertical
distribution of the gas.

The thermospheric IAV is still not fully explained, but
several mechanisms have been proposed and may be gener-
ally categorized as lower and middle atmospheric, internal,
and directly solar. We review studies within each category,
focusing primarily on lower and middle atmospheric mech-
anisms, because mechanisms in the other categories are
apparently too weak to explain key features of the
observed IAV. See also the review in Qian et al. (2009).

4.3.1. Lower and middle atmosphere mechanisms
In modeling the middle and upper atmosphere,

subgrid-scale transport originates primarily as the net effect
of small-scale wave breaking and the resultant turbulence
generation. Here, “small-scale waves” refers to the spec-
trum of waves with horizontal scales below the resolution
of a general circulation model. Small-scale gravity wave
breaking gives rise to irreversible mixing and transport
whose large-scale (i.e., at resolved scales) effects can be

Fig. 9. (a) Average variation of 1986–2007 orbit-derived global average
density at altitude 400 km as a function of day of year, in 15 day bins
(circles). Solar and geomagnetic activity effects were filtered from the data
using GAMDM, prior to computing the averages. Error bars denote the
estimated 1r uncertainty of the mean. Also shown are the corresponding
variations from GAMDM (solid line), JB2006 (dashed line), and
NRLMSISE-00 (dotted line), with F10.7 set to 127 sfu, which is the
average value of the data. (b) Amplitudes of the semiannual component of
the intra-annual variation in the three models, as a function of altitude,
under solar minimum (blue) and solar maximum (red) conditions. The
error bars denote the 1r uncertainty of the GAMDM results. Adapted
from Emmert and Picone (2010). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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