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Motivation: Observations reveal a decrease in the zonal and diurnal mean 
NmF2 during SSWs. The source of this depletion is unknown.

−60
−40
−20

0
20
40
60

M
ag

ne
tic

 L
at

itu
de

−10 0 10 20 30 40 50 60 70 80

Zonal and Diurnal Mean NmF2, COSMIC Obs.

0

1

2

3

4

5

x 
10

5  
cm

−3

a.

−60
−40
−20

0
20
40
60

M
ag

ne
tic

 L
at

itu
de

−10 0 10 20 30 40 50 60 70 80

Zonal and Diurnal Mean NmF2, 2007−2009 Climatology

0

1

2

3

4

5

x 
10

5  
cm

−3

b.

0

0

5
−10

−60
−40
−20

0
20
40
60

M
ag

ne
tic

 L
at

itu
de

−10 0 10 20 30 40 50 60 70 80
Day of Year, 2009

Zonal and Diurnal Mean NmF2 − Residual

−15
−10
−5

0
5

10
15

%

c.

We hypothesize that the decrease in diurnal and zonal mean 
NmF2 is due to changes in the atmospheric tides during SSWs



The dissipation of atmospheric tides impacts the circulation in the lower 
thermosphere, leading to global reductions in [O]/[N2] and electron densities

YAMAZAKI AND RICHMOND: IONOSPHERIC RESPONSE TO TIDES
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Figure 5. Percent difference in the zonal mean [O1]/[N2] ratio (left) and temperature (right) computed
with and without the lower-boundary forcing (including both migrating diurnal and semidiurnal GSWM
tides). Contour interval is 5%.

thermospheric composition do not exist. TIME-GCM sim-
ulations are carried out with and without lower-boundary
tidal forcing, which is specified as migrating diurnal and
semidiurnal tides from the GSWM. Other external bound-
ary conditions are set to be the same as our TIE-GCM
calculations, i.e., calendar day is 80; F10.7 is 120; and cross-
polar-cap potential is 30 kV. The difference in the zonal
mean [O1]/[N2] ratio calculated with and without lower-
boundary tidal forcing is shown in Figure 6, confirming the
reduction in the [O1]/[N2] ratio due to upward-propagating
tides. Although, as we noted earlier, tidal effects evalu-
ated by the TIE-GCM and TIME-GCM are not directly
comparable, the qualitative agreement of the composition
results from the two models gives us confidence that the
composition changes due to tides in the TIE-GCM are not
artificial effects resulting from the lower-boundary condi-
tions. Causes for the decrease in the zonal mean [O1]/[N2]
ratio will be examined in the following section using the
TIE-GCM.

3.3. Tidal Mixing
[27] Figure 7 shows the global mean mass mixing ratio of

major species with and without lower-boundary tidal forc-
ing. The results show a decrease in atomic oxygen and
increase in molecular species due to tidal forcing at almost
all heights. This is consistent with prior results by Akmaev
and Shved [1980] and Forbes et al. [1993]. Those studies
suggested that tides produce a mixing effect, e.g., a similar
effect as would be produced if the eddy diffusion coeffi-
cient is increased. We found that a TIE-GCM simulation
without lower-boundary tidal forcing but with the eddy dif-
fusion coefficient increased by 1.5 times gives almost the
same results as Figure 7 (not shown). Recently, Qian et al.
[2009] were able to reproduce seasonal variations in the
[O1]/[N2] ratio by modifying the eddy diffusivity used in the
TIE-GCM. They multiplied the model eddy coefficient by
seasonally varying factors of about 0.3–2.0, attributing it to
the seasonal variation in turbulence caused by gravity waves
coming from the middle atmosphere. Our results indicate

that the presence of upward-propagating migrating tides has
a comparable impact on the thermospheric composition.

[28] How do upward-propagating migrating tides produce
the mixing effect in the model thermosphere? To provide
some idea for possible mechanisms, we look into the neu-
tral composition equation of the model. In the TIE-GCM,
the time derivative of the mass mixing ratios of O1 and O2
is expressed as a sum of these compositional forcing terms:
molecular diffusion, eddy diffusion, advection, and sources
and sinks. That is,

@!

@t
= TMD + TED + TAV + TSS, (9)

−80 −60 −40 −20 0 20 40 60 80
−6

−5

−4

−3

−2

−1

0

1

2

3

4

5

6
[O1]/[N2] %

Z

Latitude [deg.]

120

150

200

300

400

500

Alt. [km]

−50

−40

−30

−20

−10

0

10

20

30

40

50

Figure 6. Same as the left panel of Figure 5 but simulated
by the TIME-GCM.
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(Yamazaki and Richmond, 2013)
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Figure 5. Percent difference in the zonal mean [O1]/[N2] ratio (left) and temperature (right) computed
with and without the lower-boundary forcing (including both migrating diurnal and semidiurnal GSWM
tides). Contour interval is 5%.
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results from the two models gives us confidence that the
composition changes due to tides in the TIE-GCM are not
artificial effects resulting from the lower-boundary condi-
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ratio will be examined in the following section using the
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[27] Figure 7 shows the global mean mass mixing ratio of

major species with and without lower-boundary tidal forc-
ing. The results show a decrease in atomic oxygen and
increase in molecular species due to tidal forcing at almost
all heights. This is consistent with prior results by Akmaev
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suggested that tides produce a mixing effect, e.g., a similar
effect as would be produced if the eddy diffusion coeffi-
cient is increased. We found that a TIE-GCM simulation
without lower-boundary tidal forcing but with the eddy dif-
fusion coefficient increased by 1.5 times gives almost the
same results as Figure 7 (not shown). Recently, Qian et al.
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seasonally varying factors of about 0.3–2.0, attributing it to
the seasonal variation in turbulence caused by gravity waves
coming from the middle atmosphere. Our results indicate

that the presence of upward-propagating migrating tides has
a comparable impact on the thermospheric composition.

[28] How do upward-propagating migrating tides produce
the mixing effect in the model thermosphere? To provide
some idea for possible mechanisms, we look into the neu-
tral composition equation of the model. In the TIE-GCM,
the time derivative of the mass mixing ratios of O1 and O2
is expressed as a sum of these compositional forcing terms:
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Figure 6. Same as the left panel of Figure 5 but simulated
by the TIME-GCM.
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percentage change in [O]/[N2] due to migrating diurnal and semidiurnal tides

Changes in [O]/[N2] will impact ionosphere electron densities 
Previous studies have focused on ionosphere-thermosphere changes due to tides being either 
included or not included in simulations. We use the NCAR TIE-GCM to investigate the impact of 
the short-term (~5-10 day) enhancements of tides during SSWs on the ionosphere-thermosphere.



NCAR Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM)

Thermosphere-Ionosphere
Model

Control Experiment Experiment 1 Experiment 2

Thermosphere-Ionosphere
Model

Thermosphere-Ionosphere
Model

…

TIE-GCM is a first principles global model of the ionosphere and thermosphere, with 
self-consistent electrodynamics

The TIE-GCM altitude domain is ~97 to 500-700 km, and the horizontal resolution is 
2.5° in latitude/longitude 

We impose lower atmospheric forcing reflective of the 2013 SSW at the TIE-GCM 
lower boundary using dynamical fields from a TIME-GCM simulation of the 2013 
SSW previously performed by Maute et al. [2015]

To determine the source of the diurnal and zonal mean variability in the ionosphere, 
experiments are performed that exclude select tides and/or planetary waves.



2013 Sudden Stratosphere Warming
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The control simulation reveals a near global reduction in NmF2 and [O]/[N2] following the 
SSW. The depletion is coincident with the increase in the SW2.
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Removal of the SW2 and planetary waves from the TIE-GCM demonstrates 
that these waves are the primary source of the NmF2 and [O]/[N2] variability

Effect is primarily due to SW2 with secondary contribution from PWs
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For comparison, the DW1 does not impact the NmF2 and [O]/[N2] depletion
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SW2 modifies the circulation in the lower thermosphere, directly altering the atomic oxygen 
distribution below ~120-130 km. Vertical diffusion transfers these changes to higher altitudes.
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Impact of changes in the mean circulation in the lower thermosphere

Simulation without SW2+PWs, zonal mean V and ω below ZP=-3 
(~ 130 km) replaced with V and ω from  simulation with all waves Simulation with all TIME-GCM PWs and Tides at 

LB

- The changes in lower thermosphere mean circulation due to the SW2 are 
the primary source of the NmF2 and [O]/[N2] reduction at mid latitudes. 

- At low-latitudes the ionosphere-thermosphere variability is due to a 
combination of circulation and electrodynamic changes 
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Summary and Conclusions

- Observations reveal that a decrease in the zonal and diurnal mean electron 
density occurs during SSWs. 

- The depletion in the zonal and diurnal mean NmF2 is connected to the short-
term enhancement in the SW2 during SSW time periods

- The dissipation of the SW2 modifies the lower thermosphere circulation, leading 
to a decrease in the zonal and diurnal mean [O]/[N2] and electron density at low-
mid latitudes 

- The present study neglected the impact of SSW related changes in gravity 
waves, which may also contribute to changes in the thermosphere composition 
during SSWs.

- Our results illustrate that in addition to modulating the equatorial 
electrodynamics, changes in the SW2 during SSWs impact the global 
ionosphere-thermosphere system.

- Significant short-term enhancements in tides during other time periods may have 
similar impact on reducing the zonal and diurnal mean NmF2 and [O]/[N2]


