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Abstract In this study, the Thermosphere Ionosphere Electrodynamics Global Circulation Model and the
extended Canadian Middle Atmosphere Model are utilized to investigate the seasonal variations of the
upward propagation of the migrating terdiurnal tide from the mesosphere and lower thermosphere (MLT).
Three main conclusions are drawn from a series of controlled simulations: (1) The background thermospheric
zonal and meridional winds and neutral temperature can affect the upward propagation of the terdiurnal
tide. (2) The background zonal winds can play an important role in the variation of the vertical advection
and adiabatic cooling/heating, especially in the low thermosphere, and as a consequence, the upward
propagation of the terdiurnal tide is modulated. (3) The terdiurnal tide in the MLT has influences not only on
the latitudinal distributions and magnitudes of the terdiurnal tide in the upper thermosphere but also on the
effect of the background winds on the upward propagation of the terdiurnal tide.

1. Introduction

Thermospheric temperature is generally high during the daytime and low at night due mostly to the diurnal
variation of the absorption of solar irradiation. There is no direct solar radiation heating to the thermosphere
at night. An unexpected thermospheric temperature maximum during the nighttime over the equatorial
region, however, has been observed by both ground-based and satellite measurements since 1970s [e.g.,
Sobral et al., 1978; Spencer et al., 1979; Burnside et al., 1981; Arduini et al., 1997; Hickey et al., 2015]. It is named
the midnight temperature maximum (MTM). A similar nighttime enhancement in thermospheric mass
density (MDM) has also been reported [Mayr et al., 1979]. The nighttime enhancements in thermospheric
temperature and mass density exhibit significant seasonal variation, in that the MTM/MDMs at middle and
high latitudes occur more frequently in winter [Oliver et al., 2012; Ruan et al., 2014]. The formation and
evolution of MTM/MDM are associated with the interplay of different modes of tides, especially the migrating
terdiurnal tide and other higher-order tides [Akmaev et al., 2010; Ruan et al., 2015]. The investigation of the
seasonal characteristics in the upward propagation of the migrating terdiurnal tide should shed light on
the corresponding seasonal variations of thermospheric nighttime temperature and density enhancements.
However, there have been very few such investigations so far.

In the study ofMcLandress [2002], the effects of the zonal winds on the upward propagation of the migrating
diurnal tide in the mesosphere and lower thermosphere (MLT) are examined. The study indicated that the
background winds, especially the zonal winds, play an important role in modulating the tide, including both
the amplitude and phase. The zonal winds, along with themeridional temperature gradients, were suggested
to modulate the tidal upward propagation via mode coupling [e.g., Forbes and Garrett, 1979; Forbes, 1982b],
which refers to the generation and appearance of other modes. As the Doppler shifting due to the back-
ground zonal winds would change the tidal vertical wavelength, the tides with shorter vertical wavelength
would dampen faster in the MLT region because of the stronger tidal dissipation there [Forbes and Hagan,
1988]. As expected, themigrating terdiurnal tide, which propagates westward with a period of 8 h and a zonal
wave number of 3, could be strongly influenced by the background winds and temperature.

In this study, we employ the National Center of Atmospheric Research-Thermosphere Ionosphere
Electrodynamics Global Circulation Model (TIEGCM) to investigate the upward propagation of the migrating
terdiurnal tide and its controlling factors. We focus on the June solstice, which represents the winter season
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and summer season in the Southern
Hemisphere and Northern Hemisphere,
respectively. Simulations by forcing dif-
ferent background winds are conducted
to investigate the effect of neutral winds
on the tidal propagation.

2. Terdiurnal Tidal
Specification at the TIEGCM
Lower Boundary

The migrating terdiurnal tide utilized
in this work is given by the extended
Canadian Middle Atmosphere Model
(eCMAM) [Beagley et al., 1997;
McLandress, 2002; Fomichev et al.,
2002]. It was demonstrated that the
eCMAM terdiurnal tide is consistent
with the observations [Yue et al., 2013;
Du and Ward, 2010]. The terdiurnal tide
from the eCMAM is specified at the

lower boundary of the TIEGCM to conduct further investigation. The details about terdiurnal tidal specifica-
tion can be found in Ruan et al. [2015]. Figure 1 illustrates the latitudinal and longitudinal variations of a
migrating terdiurnal tide in neutral temperature at ~99 km altitude and 00:00 UT in March. This terdiurnal tide
is symmetric with respect to the geographic equator. This is achieved by mapping the monthly mean terdiur-
nal tide in the Southern Hemisphere from the eCMAM to the Northern Hemisphere. Thus, the source terdiur-
nal tide in theMLT in both hemispheres is the same. The hemispheric differences of terdiurnal tide seen in the
upper thermosphere are the result of the different background conditions in the two hemispheres. As shown
in Figure 1, the terdiurnal tide has peaks of 3–4 K at ~15°S and ~45°S and the same at the corresponding
geographic latitudes in the Northern Hemisphere. This terdiurnal tide is utilized to investigate the seasonal
variations of upward propagation of terdiurnal tide in the thermosphere. Note that the diurnal and semidiur-
nal tides are not included in the TIEGCM lower boundary in this study; the influence of the diurnal and semi-
diurnal tides on the upward propagation of the migrating terdiurnal tide will be investigated in future work.

3. Results and Discussion

Figure 2 shows the latitudinal and altitudinal variations of the migrating terdiurnal tide in neutral tempera-
ture from TIEGCM simulations, which give the propagation results of the symmetric terdiurnal tide applied
at the model lower boundary in different seasons. The propagating results of the same terdiurnal tide for
the March equinox (Case 1) and June solstice (Case 2) are illustrated in Figures 2a and 2b, respectively. In both
cases, the same terdiurnal tide (Figure 1) is applied at the model lower boundary. As shown in Figure 2a, the
tidal amplitude at 40°S–60°S reaches 18 K at ~130 km, and it is almost invariant with an amplitude of about
8 K above ~200 km. This is due to the tidal dissipation, which is associated with thermospheric molecular
and eddy diffusion [Forbes, 1995]. The tidal dissipation is also responsible for the equatorial tidal damping
above 150 km. In the Northern Hemisphere, the terdiurnal tide peaks at 40°N–60°N and its amplitude is
18 K at ~ 130 km and remains ~10 K above about 200 km. Thus, in March equinox, the terdiurnal tide in the
upper thermosphere is generally symmetric with respect to the equator. However, for the June solstice case,
the situation is different. As illustrated in Figure 2b, above 300 km, the terdiurnal tidal amplitude is ~13 K at
~50°S, which is about 80% higher than the tidal amplitude of 7–8 K at the same latitudes in the Northern
Hemisphere, although the background neutral temperature is higher in the summer hemisphere than in
the winter hemisphere (not shown). This hemispheric asymmetry indicates that the background thermo-
sphere plays an important role in the upward propagation of the terdiurnal tide. Given that the difference
between Case 1 and Case 2 is larger at the midlatitudes, this study concentrates on the impact of the
background thermosphere on the seasonal variation of the upward propagation of the terdiurnal tide at
midlatitudes, although there is a third peak at the altitude of ~130 km in the equatorial region.

Figure 1. Latitudinal and longitudinal variation of the hemispherically
symmetric terdiurnal tide in temperature at 00:00 UT and ~99 km
according to the terdiurnal tide in March from eCMAM. This tide is applied
at the lower boundary of the TIEGCM.
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The simulation in Case 3, which is similar
to that in Case 2 but with the zonal
mean zonal winds forced to be zero at
each model time step, is conducted to
study the impact of the background
zonal winds on the tidal propagation.
The latitudinal and altitudinal variations
of the temperature terdiurnal tide for
Case 3 are given in Figure 3. Compared
with the result of Case 2, the terdiurnal
tide in Case 3 becomes weaker in the
Southern Hemisphere. The situation is
opposite in the Northern Hemisphere;
i.e., the amplitude of the terdiurnal
tide is larger. Thus, the upward propa-
gation of the terdiurnal tide is appar-
ently modulated by the background
zonal winds.

Figure 4 displays latitudinal and altitudi-
nal distributions of the zonal mean
zonal winds (positive eastward) of June
in Case 2. The zonal winds are different
between the winter (southern) and
summer (northern) hemispheres in the
upper thermosphere. In the winter
hemisphere, the background zonal
mean zonal winds are eastward with a
peak speed of 50m/s at ~ 50°S near
150 km. On the other hand, the zonal
mean zonal winds are westward with a
peak speed of ~70m/s in the summer
hemisphere. These hemispheric differ-
ences of the background zonal winds
should contribute to the hemispheric
asymmetry in the upward propagation
of the terdiurnal tide.

The hemispheric asymmetry of the ter-
diurnal tide in the thermosphere is
illustrated in more detail in Figure 5.
Figure 5a shows the vertical profiles of
the migrating terdiurnal tide in neutral
temperature at 50°S and 50°N in Cases
2 and 3. The winter tidal amplitude
(the red solid line in Figure 5a) in Case
2 grows remarkably below 130 km with
a peak of about 22 K, then decreases to
14 K at ~250 km, and becomes constant
above. Again, this height variation could
be associated with thermospheric mole-
cular diffusion [Forbes, 1995]. The winter
terdiurnal tide in Case 3 (red dashed
line) exhibits a similar vertical structure,
but the peak amplitude is 19 K and the

Figure 2. Latitudinal and altitudinal variation of the terdiurnal tide in tem-
perature obtained from the differences between the simulation with the
symmetric terdiurnal tide specified at the model lower boundary
(Figure 1) and the simulations without specifying any tides at the model
lower boundary. (a) March equinox (Case 1). (b) June solstice (Case 2).

Figure 3. Same as Figure 2b but for the case that the background zonal
mean zonal wind is set to zero at each model time step.
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amplitude in the upper thermosphere is
about 10 K. These differences in tidal
amplitude indicate a significantly sup-
pressed upward propagation of the
terdiurnal tide in the winter hemisphere
in Case 3. Associating these differences
in the tidal amplitudes in Cases 2 and 3
with the different background winds
(Figure 5b), we can see that eastward
background winds facilitate the upward
propagation of the terdiurnal tide. On
the other hand, westward winds tend
to inhibit the upward propagation of
the terdiurnal tide at 50°N, given that
the tidal amplitude at 50°N is larger in
Case 3 than that in Case 2 in the upper
thermosphere.

Now we examine the energy equation
of the neutral gas to investigate how

the background thermospheric winds affect the propagation of the terdiurnal tide. The energy equation of
thermospheric neutral gas is given as follows:

∂Tn
∂t

¼ geZ

p0Cp

∂
∂Z

KT

H
∂Tn
∂Z

þ KEH
2Cpρ

g
Cp

þ 1
H
∂Tn
∂Z

� �� �
� Vn�∇Tn �W

∂Tn
∂Z

þ RTn
Cpm

� �

þ Qexp � eZLexp

Cp
� Limp

(1)

where Tn is the neutral temperature, t is the time, g is the gravitational acceleration, Cp is the specific heat per
unit mass, p0 is the reference pressure, KT is the molecular thermal conductivity, H is the pressure scale height,
KE is the eddy diffusion coefficient, ρ is the atmospheric mass density, Vn is the horizontal neutral velocity
with the zonal and meridional components un and vn, W is the tendency of vertical velocity given by W
¼ dZ

dt , R is the universal gas constant, m is the mean atmospheric mass, and Q and L are the other heating
and cooling terms. More information about the energy equation can be found in Roble et al. [1988]. The
terdiurnal oscillations in each term are explored to further understand the evolution of the terdiurnal tide
in the thermosphere.

The right-hand side of equation (1) is broken down into four terms:
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Figure 4. Latitudinal and altitudinal variations of the background zonal
mean zonal wind in Case 2 (eastward is positive).
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where un and vn are the zonal and
meridional neutral winds, respectively.
These four terms represent thermal
conductivity, zonal advection, meridio-
nal advection, and vertical heat advec-
tion and adiabatic heating/cooling,
respectively.

The migrating terdiurnal components
in the four terms at 50°S and 50°N in
Cases 2 and 3 are given in Figure 6. As
illustrated in this figure, all the terms,
except for the term of meridional advec-
tion, are closely related to the back-
ground zonal winds. In Case 2 (solid
lines), vertical advection and adiabatic
heating/cooling (red solid lines) and
thermal conductivity (blue solid lines)
are the main contributors to the tem-
perature terdiurnal tide above 200 km.
Meanwhile, the effect of zonal advec-
tion (green solid lines) is comparable
to thermal conductivity below
~130 km. The meridional advection
(pink solid lines) has little effect on
the temperature tidal amplitude. Thus,
the vertical advection and adiabatic
heating/cooling term dominates the
variation of the temperature terdiurnal
tide above 100 km. A similar situation
presents in Case 3, but the effect of
zonal advection (green dashed lines) is
weaker due to the zero background
zonal winds in every model time step.

Further term analysis is conduced to
examine the effect of the background
zonal winds on the vertical advection
and adiabatic heating/cooling term.
The linearization of the vertical advec-
tion and adiabatic cooling is given
as follows:

W
∂Tn
∂Z

þ RTn
Cpm

� �
¼ W� ∂Tn

∂Z
þ RTn
Cpm

� �0

þW
0 � ∂Tn

∂Z
þ RTn

Cpm

� �
(2)

Here the overlined and primed variables stand for the background zonal mean and the migrating terdiurnal
component of the variables, respectively. Given that the second term on the right-hand side of equation (2)
is the main contributor to the vertical advection and adiabatic heating/cooling term (not shown), the
vertical profiles of the terdiurnal oscillation of vertical motion (W0) and the background zonal mean asso-

ciated with temperature ∂Tn
∂Z þ RTn

Cpm

� 	� �
at the latitudes of 50°S and 50°N are illustrated in Figure 7. The

difference in W0 between Case 2 and Case 3 is significant, which indicates that the background zonal wind
is effective in influencing the vertical motion of the thermospheric neutral gas. Thus, the different back-
ground zonal winds in the two hemispheres contribute to the hemispheric asymmetry of the tidal propa-
gation during the solstices.

Figure 5. (a) Vertical profiles of the terdiurnal tide in temperature
obtained from Case 2 and Case 3 at latitudes of 50°S (red line) and 50°N
(blue line). (b) Vertical profiles of the background zonal mean zonal winds
(east is positive) in Case 2 and Case 3 at latitudes of 50°S (red line) and
50°N (blue line).
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It should be noted here that the simulations presented so far are based on a hemispherically symmetric
migrating terdiurnal tide at the TIEGCM lower boundary (Figure 1). We conducted more TIEGCM simulations
with different terdiurnal tide at the TIEGCM lower boundary (Figure 8).

Figures 8a, 8e, and 8i give the terdiurnal tide applied at the model lower boundary for three different kinds of
background thermospheric winds. Figures 8b–8d, 8f–8h, and 8j–8l are the modeled terdiurnal tides in the
thermosphere for the corresponding background winds. The terdiurnal tide in Figure 8a is obtained from
the eCMAM and represents the monthly average in June. By mapping the terdiurnal tide in Figure 8a from
one hemisphere to another, two symmetric terdiurnal tides with respect to the geographic equator are
obtained and shown in Figures 8e and 8i. In Figure 8e, the terdiurnal tide has peaks with amplitude of
5–6 K in the latitudes of ~25°and ~45°in both the Northern and Southern Hemispheres. The terdiurnal tides
in Figures 8a and 8e are the same in the Southern Hemisphere. However, the terdiurnal tide in Figure 8i peaks
at the equatorial region with an amplitude of 5 K and its magnitude and structure in the Northern
Hemisphere are the same as those in Figure 8a.

Figures 8b, 8f, and 8j are the results with the default background winds in the simulations, while Figures 8c,
8g, and 8k are for the zero background zonal winds in each model time step. Figures 8d, 8h, and 8l represent
the simulations with zero background zonal and meridional winds in each model time step. As illustrated in
Figures 8b and 8f, the simulated upward propagation of terdiurnal tides in the Southern Hemisphere is
significantly different for these two cases. In Figure 8b, the terdiurnal tide in the upper thermosphere
concentrates on the latitudes of 20–30°S and 25–50°N with the amplitudes of ~18 K. In Figure 8f, the thermo-
spheric terdiurnal tide peaks at three latitudinal regions: ~40°S, equator, and ~30°N. As illustrated in Figure 8f,
the thermospheric terdiurnal tide is amplified in the equatorial region, where the tidal amplitude is larger

Figure 6. Vertical profiles of terdiurnal tide and the terdiurnal oscillation in each term at latitudes of (a, b) 50°S and (c, d) 50°N.
The solid and dashed lines are for Case 2 and Case 3, respectively. Note that the heating and cooling terms in this plot
have been divided by the radian frequency of the terdiurnal tide.
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than in middle latitudes. Thus, the structure of the upward propagation of the terdiurnal tide in these two
simulations is different in the Northern and Southern Hemispheres. However, the applied boundary
terdiurnal tide is the same in the Southern Hemisphere (Figures 8a and 8e). A similar situation also occurs
in the Northern Hemisphere. In the Northern Hemisphere of Figure 8j, the upward propagation of the
terdiurnal tide is significantly suppressed in the upper thermosphere, which is quite different from the
result of the upward propagation in Figure 8b.

The tides in the MLT are superposed by different Hough modes, and each Hough mode stands for a unique
global latitudinal distribution: symmetry or antisymmetry with respect to the equator. In Figure 8e or 8i, the
boundary terdiurnal tide is composed of the equatorial symmetric Hough modes, while it is different for the
situation in Figure 8a, even though they are the same in the Northern or Southern Hemisphere. Thus, because
of the variable vertical wavelengths of each Hough mode, they display a different pattern of the upward
propagation with the same background winds.

Comparing the results with default winds to those with zero background zonal winds (Figures 8b, 8c, 8f, 8g,
8j, and 8k), we can conclude that the background zonal winds can significantly affect the upward propaga-
tion of the terdiurnal tide. However, at 50°S in Figure 8g, the amplitude of the terdiurnal tide above
200 km is higher than that in Figure 8f. This is different from the comparison between Case 2 and Case 3.
Thus, the influence of the background zonal winds on the upward propagation of terdiurnal tide also
depends on the latitudinal distribution of the terdiurnal tide in the MLT region or at the model
lower boundary.

As suggested by previous studies [e.g., Forbes and Vincent, 1989; Forbes, 1982a; McLandress, 2002], the back-
ground zonal winds can increase or decrease the vertical wavelength of the tides via Doppler shift and the

Figure 7. Vertical profiles of the terdiurnal tide and the terdiurnal oscillation in vertical velocity and the background mean
temperature vertical gradient at latitudes of (a, b) 50°S and (c, d) 50°N. The blue and red lines are for Case 2 and Case 3,
respectively.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023761

RUAN ET AL. SEASONAL VARIATION OF TERDIURNAL TIDE 3743



tides with shorter vertical wavelength would be preferentially dampened during the upward propagation of
the tides. Meanwhile, the Hough modes of the tides would be turned into different Hough modes, which is
referred as mode coupling [Forbes and Garrett, 1979]. However, the coupling between the tidal Houghmodes
in the thermosphere is difficult to be characterized. With the condition of the background zonal winds, the
atmospheric waves will be Doppler shifted and the primary frequency would be

σD ¼ σter � 3un
rcosθ

;

where σD is the Doppler-shifted frequency. Thus, the period of the waves with 8 h period and 3 wave number
would be shifted to 10.5 h and 7 h at 50°N and 50°S, respectively. However, the period of the thermospheric
waves in our simulations is generally 8 h during the upward propagation. The buoyancy frequency is also
suggested to play a key role in the upward propagation of the terdiurnal tide in the MLT region [Smith and
Ortland, 2001], while the classical theory of the ideal atmosphere might be not suitable in the upper
atmosphere, as the diffusion is strong there.

Figure 8. (a, e, and i) Latitudinal and longitudinal variation of the terdiurnal tides in temperature at the lowermodel bound-
ary. The monthly averaged migrating terdiurnal tide in June from eCMAM (Figure 8a); the associated hemispherically
symmetric terdiurnal tides (Figures 8e and 8i). (b, f, and j) Latitudinal and altitudinal variations of terdiurnal tide in
temperature obtained from the difference between the runs with/without the terdiurnal tide of Figures 8a, 8e, and 8i
specified at lower model boundary. (c, g, and k) Same as Figures 8b, 8e, and 8h but under the conditions of zero
background zonal mean zonal winds; (d, h, and l) the conditions of zero background zonal mean zonal winds and zero
background meridional winds.
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To further understand the effects of the background winds, three more TIEGCM simulations were conducted
with both zero background mean zonal winds and zero background mean meridional winds, and the results
of the upward propagation of the terdiurnal tide are illustrated in Figures 8d, 8h, and 8l. The terdiurnal tides in
Figures 8d, 8h, and 8l are different from the ones in Figures 8c, 8g, and 8k. In Figures 8d and 8l, the amplitudes
of the terdiurnal tide in the winter hemisphere are larger than those in the summer hemisphere, which is
significantly opposite to the scenarios in Figures 8c and 8k. Thus, the background meridional winds, same
as the background zonal winds, can play an important role in affecting the upward propagation of the
terdiurnal tide, despite the fact that the meridional winds are generally weaker. The results above suggest
that the role of the background winds in the classical theory of the atmospheric tides, especially in the
thermosphere, should be repositioned and be further investigated.

However, the tidal upward propagation still exhibits an obvious hemispheric asymmetry in Figures 8h and 8l;
even the boundary terdiurnal tide is symmetric with respect to the equator and both background zonal and
meridional winds are zero. This is due to the hemispheric asymmetry of the neutral temperature and compo-
sition during the June solstice, which results in a different tidal dissipation in the two hemispheres [Forbes and
Hagan, 1988]. It should be noted here that our work is about the upward propagation of the terdiurnal tide in
the thermosphere. However, the background thermosphere (including the winds, temperature, and compo-
sition) might affect the upward propagation of the other migrating and nonmigrating tides and the planetary
waves as well.

Then, how does the seasonal variation of the terdiurnal tidal upward propagation affect the seasonal and
hemispheric variations of the MTMs? Figure 9 gives the nighttime variation of the temperature deviation from
the background zonal mean at the height of ~300 km as a function of local time and latitude obtained from
different runs. These results in Figure 9 are from the TIEGCM simulations with the different terdiurnal tides
specified at the lower model boundary and under different background zonal mean winds. Since the migrat-
ing diurnal tides and migrating semidiurnal tides are not specified at the lower model boundary in the simu-
lations, the results in Figure 9 demonstrate the impact of the upward propagation of terdiurnal tide on the
MTM. As shown in Figure 9, the MTMs are clearly shown in all runs. For instance, the temperature at 25°S in
Figure 9b has an enhancement at �1:00 local time (LT), reaches a peak at about 2:00 LT, and decreases
successively, which gives an evidence MTM appearance with an amplitude of ~25 K. The nighttime tempera-
ture in Figure 9c also gives a clear appearance of the MTM. However, compared with Figure 9b, a stronger
MTM is shown in Figure 9c at 25°S where the MTM magnitude increases to ~35 K instead of ~25 K. Besides,
the MTM in Figure 9c also happens at 25°N and higher latitudes, and it peaks at around 0:00 LT, while the
MTM in the Northern Hemisphere is absent in Figure 9b. The nighttime temperature in Figure 9d gives a
different pattern of MTM variation. In Figure 9d, the nighttime temperature enhancement at 25°S peaks at
~3:00 LT, which occurs later than the peak time of the MTMs in Figures 9b and 9c. Since the model lower
boundary is the same for the results in Figures 9b–9d, the difference of MTM could be associated with the
background winds. The variations of the MTM in Figures 9f and 9l are different from the one in Figure 9b
as well. For instance, the MTM in Figure 9f mainly occurs at the equatorial region and peaks at about
3:00 LT, while the MTM in Figure 9l gives a large range of the latitudes from 60°S to 25°N with an amplitude
of ~40 K at 1:00 LT and at 30°S. However, the MTM in Figure 9b tends to happen in the Southern Hemisphere
and its peak time is ~2:00 LT. Note that the background thermosphere is the same in the runs of Figures 9b,
9f, and 9l; the different lower model boundary conditions might contribute to these differences. Thus, the
background thermosphere and the lower boundary terdiurnal tide, which determine the upward propaga-
tion of the terdiurnal tide, also play an important role in the seasonal variation of the MTM.

From the observations, the MTMs of middle or high latitudes occur more often in the winter season, espe-
cially in the Northern Hemisphere [Oliver et al., 2012; Ruan et al., 2014]. This might be associated with the
hemispheric asymmetry of the migrating terdiurnal tide and other tides with shorter period [Akmaev et al.,
2010]. Our simulations show that the upward propagation of the terdiurnal tide is modulated by the back-
ground thermosphere, including neutral winds and temperature. For a given terdiurnal tide of MLT, the
terdiurnal component in temperature at middle latitudes will be about ~7 K higher in the winter hemisphere
than that in the summer hemisphere. However, the magnitude of MTMs reaches about 50–150 K, which is
much larger than the terdiurnal tidal hemispheric difference in our simulations. Note that the effect of the
backgroundwinds and temperature on the upward propagation of the shorter periodic tides might be similar
to that of the terdiurnal tide. Besides, the in situ excited tidal components of the thermosphere are not taken
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into account in this work. These factors contribute to the seasonal variation of the MTMs as well. To further
assess the effect of the background winds on the upward propagation of the terdiurnal tide, more
concurrent observations of the terdiurnal tide in the MLT region and in the upper thermosphere and the
associated MTMs are needed.

4. Conclusions

In this study, we conduct a series of numerical simulations to investigate the causes of the seasonal variations
of the upward propagation of the terdiurnal tide from the MLT to the upper thermosphere. The mechanisms
for the terdiurnal tide might be applicable to other tides and planetary waves as well. The terdiurnal tide from
the eCMAM is applied at the lower boundary of the TIEGCM. This tide, however, is modified so that it is
hemispherically symmetric with respect to the geographic equator. This facilitates the study of the effect
of different background mean winds on the upward propagation of the terdiurnal tide. The main results of
this study are as follows:

Figure 9. (a, e, and i) Latitudinal and longitudinal variation of the terdiurnal tides in temperature at the lower model
boundary. The monthly averaged migrating terdiurnal tide in June from eCMAM (Figure 9a); the associated hemispheri-
cally symmetric terdiurnal tides (Figures 9e and 9i). (b, f, and j) Nighttime variation in temperature deviation from the
background zonal mean at height of ~300 km as a function of local time and latitude obtained from the runs with the
terdiurnal tide of Figures 9a, 9e, and 9i specified at lower model boundary. (c, g, k) Same as Figures 9b, 9e, and 9h but under
the conditions of zero background zonal mean zonal winds; (d, h, and l) the conditions of zero background zonal mean
zonal winds and zero background meridional winds.
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1. The background zonal winds play an important role in modulating the upward propagation of the terdiur-
nal tide. During solstice, the terdiurnal tide in neutral temperature is larger in the winter hemisphere than
in the summer hemisphere, although the tidal forcing at the model lower boundary is the same for
the two hemispheres and the zonal mean neutral temperature is higher in the summer hemisphere than
in the winter hemisphere. However, the terdiurnal tide becomes larger in the summer hemisphere under
the condition of zero background zonal wind. The background meridional winds also contribute to the
modulation of the upward propagation of the terdiurnal tide in the upper thermosphere.

2. The term analysis indicates that vertical advection and adiabatic cooling/heating is the main process for
the terdiurnal tide in the altitude range of 100–150 km during the upward propagation. Our simulations
suggest that the background winds have a significant impact on the thermospheric vertical advection
and adiabatic cooling/heating.

3. The latitudinal structure of the terdiurnal tide in the MLT greatly affects the upward propagation of the
terdiurnal tide. Furthermore, the terdiurnal tide in the MLT also modulates the effect of the background
winds so that the contribution of background winds on the tidal propagation can be very different in
solstices with different latitudinal distributions of the MLT terdiurnal tides.

References
Akmaev, R. A., F. Wu, T. J. Fuller-Rowell, H. Wang, and M. D. Iredell (2010), Midnight density and temperature maxima, and thermospheric

dynamics in Whole Atmosphere Model simulations, J. Geophys. Res., 115, A08326, doi:10.1029/2010JA015651.
Arduini, C., G. Laneve, and F. A. Herrero (1997), Local time and altitude variation of equatorial thermosphere midnight density maximum

(MDM): San Marco drag balance measurements, Geophys. Res. Lett., 24, 377–380, doi:10.1029/97GL00189.
Beagley, S. R., J. de Grandpre, J. N. Koshyk, N. A. McFarlane, and T. G. Shepherd (1997), Radiative-dynamical climatology of the first-generation

Canadian Middle Atmosphere Model, Atmos. Ocean, 35, 293–331, doi:10.1080/07055900.1997.9649595.
Burnside, R. G., F. A. Herrero, J. W. Meriwether, and J. C. G. Walker (1981), Optical observations of thermospheric dynamics at Arecibo,

J. Geophys. Res., 86, 5532–5540, doi:10.1029/JA086iA07p05532.
Du, J., and W. E. Ward (2010), Terdiurnal tide in the extended Canadian Middle Atmospheric Model (CMAM), J. Geophys. Res., 115, D24106,

doi:10.1029/2010JD014479.
Fomichev, V. I., W. E. Ward, S. R. Beagley, C. McLandress, J. C. McConnell, N. A. McFarlane, and T. G. Shepherd (2002), Extended Canadian

Middle Atmosphere Model: Zonal-mean climatology and physical parameterizations, J. Geophys. Res., 107(D10), 4087, doi:10.1029/
2001JD000479.

Forbes, J. M. (1982a), Atmospheric tides: 1. Model description and results for the solar diurnal component, J. Geophys. Res., 87, 5222–5240,
doi:10.1029/JA087iA07p05222.

Forbes, J. M. (1982b), Atmospheric tide: 2. The solar and lunar semidiurnal components, J. Geophys. Res., 87, 5241–5252, doi:10.1029/
JA087iA07p05241.

Forbes, J. M. (1995), Tidal and planetary waves, in The Upper Mesosphere and Lower Thermosphere: A Review of Experiment and Theory,
Geophys. Monogr. Ser., vol. 87, edited by R. M. Johnson and T. L. Killeen, pp. 67–87, AGU, Washington, D. C.

Forbes, J. M., and H. B. Garrett (1979), Theoretical studies of atmospheric tides, Rev. Geophys., 17, 1951–1981, doi:10.1029/RG017i008p01951.
Forbes, J. M., and M. E. Hagan (1988), Diurnal propagating tide in the presence of mean winds and dissipation: A numerical investigation,

Planet. Space Sci., 36(6), 579–590, doi:10.1016/0032-0633(88)90027-X.
Forbes, J. M., and R. A. Vincent (1989), Effects of mean winds and dissipation on the diurnal propagating tide: An analytic approach, Planet.

Space Sci., 37(2), 197–209, doi:10.1016/0032-0633(89)90007-X.
Hickey, D. A., C. R. Martinis, P. J. Erickson, L. P. Goncharenko, J. W. Meriwether, R. Mesquita, W. L. Oliver, and A. Wright (2015), New radar

observations of temporal and spatial dynamics of the midnight temperature maximum at low latitude and midlatitude, J. Geophys. Res.
Space Physics, 119, 10,499–10,506, doi:10.1002/2014JA020719.

Mayr, H. G., I. Harris, N. W. Spencer, A. E. Hedin, L. E. Wharton, H. S. Porter, J. C. G. Walker, and H. C. Carlson Jr. (1979), Tides and the midnight
temperature anomaly in the thermosphere, Geophys. Res. Lett., 6, 337–450, doi:10.1029/GL006i006p00447.

McLandress, C. (2002), The seasonal variation of the propagating diurnal tide in the mesosphere and lower thermosphere: Part II. The role of
tidal heating and zonal mean winds, J. Atmos. Sci., 59, 907–922, doi:10.1175/1520-0469(2002)059<0907:TSVOTP>2.0.CO;2.

Oliver, W. L., C. R. Martinis, D. A. Hickey, A. D. Wright, and C. Amory-Mazaudier (2012), A nighttime temperature maximum in the
thermosphere above Saint Santin in winter, J. Geophys. Res., 117, A06324, doi:10.1029/2012JA017855.

Roble, R. G., E. C. Ridley, A. D. Richmond, and R. E. Dickinson (1988), A coupled thermosphere/ionosphere general circulation model, Geophys.
Res. Lett., 15, 1325–1328, doi:10.1029/GL015i012p01325.

Ruan, H., J. Lei, X. Dou, W. Wan, and Y. C.-M. Liu (2014), Midnight density maximum in the thermosphere from the CHAMP observations,
J. Geophys. Res. Space Physics, 119, 3741–3746, doi:10.1002/2013JA019566.

Ruan, H., J. Du, M. Cook, W. Wang, J. Yue, Q. Gan, X. Dou, and J. Lei (2015), A numerical study of the effects of migrating tides on thermosphere
midnight density maximum, J. Geophys. Res. Space Physics, 120, 6766–6778, doi:10.1002/2015JA021190.

Smith, A. K., and D. A. Ortland (2001), Modeling and analysis of the structure and generation of the terdiurnal tide, J. Atmos. Sci., 58,
3116–3134, doi:10.1175/1520-0469(2001)058<3116:MAAOTS>2.0.CO;2.

Sobral, J. H. A., H. C. Carlson, D. T. Farley, and W. E. Swartz (1978), Nighttime dynamics of the F region near Arecibo as mapped by airglow
features, J. Geophys. Res., 83, 2561–2566, doi:10.1029/JA083iA06p02561.

Spencer, N. W., G. R. Carignan, H. G. Mayr, H. B. Neimann, R. F. Theis, and L. E. Wharton (1979), The midnight temperature maximum in the
Earth’s equatorial thermosphere, J. Geophys. Res., 6, 444–446, doi:10.1029/GL006i006p00444.

Yue, J., J. Xu, L. C. Chang, Q. Wu, H. L. Liu, X. Lu, and J. Russell (2013), Global structure and seasonal variability of the migrating terdiurnal tide
in the mesosphere and lower thermosphere, J. Atmos. Sol. Terr. Phys., 105, 191–198, doi:10.1016/j.jastp.2013.10.010.

Journal of Geophysical Research: Space Physics 10.1002/2016JA023761

RUAN ET AL. SEASONAL VARIATION OF TERDIURNAL TIDE 3747

Acknowledgments
Simulation outputs used in this study
are archived on the USTC computer
system and can be obtained upon
request from Haibing Ruan
(haibingr@gmail.com). This work was
supported by the National Natural
Science Foundation of China (41325017,
41274157, and 41421063), the Project
of Chinese Academy of Sciences
(KZZD-EW-01), the National Key
Basic Research Program of China
(2012CB825605), and the Thousand
Young Talents Program of China. The
National Center for Atmospheric
Research is sponsored by the National
Science Foundation. Jian Du is
supported by NSF AGS-1453943.

http://doi.org/10.1029/2010JA015651
http://doi.org/10.1029/97GL00189
http://doi.org/10.1080/07055900.1997.9649595
http://doi.org/10.1029/JA086iA07p05532
http://doi.org/10.1029/2010JD014479
http://doi.org/10.1029/2001JD000479
http://doi.org/10.1029/2001JD000479
http://doi.org/10.1029/JA087iA07p05222
http://doi.org/10.1029/JA087iA07p05241
http://doi.org/10.1029/JA087iA07p05241
http://doi.org/10.1029/RG017i008p01951
http://doi.org/10.1016/0032-0633(88)90027-X
http://doi.org/10.1016/0032-0633(89)90007-X
http://doi.org/10.1002/2014JA020719
http://doi.org/10.1029/GL006i006p00447
http://doi.org/10.1175/1520-0469(2002)059%3c0907:TSVOTP%3e2.0.CO;2
http://doi.org/10.1175/1520-0469(2002)059%3c0907:TSVOTP%3e2.0.CO;2
http://doi.org/10.1175/1520-0469(2002)059%3c0907:TSVOTP%3e2.0.CO;2
http://doi.org/10.1029/2012JA017855
http://doi.org/10.1029/GL015i012p01325
http://doi.org/10.1002/2013JA019566
http://doi.org/10.1002/2015JA021190
http://doi.org/10.1175/1520-0469(2001)058%3c3116:MAAOTS%3e2.0.CO;2
http://doi.org/10.1175/1520-0469(2001)058%3c3116:MAAOTS%3e2.0.CO;2
http://doi.org/10.1175/1520-0469(2001)058%3c3116:MAAOTS%3e2.0.CO;2
http://doi.org/10.1029/JA083iA06p02561
http://doi.org/10.1029/GL006i006p00444
http://doi.org/10.1016/j.jastp.2013.10.010
mailto:haibingr@gmail.com


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


