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Abstract: We present the first simultaneous observations of a traveling ionosphere wave (TID) event,

measuring electron concentration (Ne), vertical plasma drift (Vz), and ion and electron temperatures

(Ti, Te) using the Arecibo incoherent scatter radar. A TID with a period of 135 min was evident

in all four state variables in the thermosphere. The amplitudes of Vz and relative Ti fluctuations

show only small height variations from 200 to 500 km and their vertical wavelengths increase with

altitude. The Te fluctuation shows different characteristics from EISCAT in both phase and amplitude.

When the geomagnetic dip angle is 45◦, half of the driving gravity wave’s (GW’s) equatorward

velocity is mapped to Vz. This meridional-to-vertical velocity coupling amplifies GW’s effect in

Ne through vertical transport. The amplifying and anisotropic effects of the geomagnetic field

explain the ubiquitous presence of TIDs and their preferred equatorward propagation direction in

the geomagnetic mid-latitudes, as well as the midnight collapse phenomenon observed at Arecibo.

Keywords: mid-latitude ionosphere; traveling ionosphere disturbance; thermospheric gravity wave;

Arecibo ISR

1. Introduction

Thermospheric gravity waves (GWs) and traveling ionosphere disturbances (TIDs)
are global phenomena that have been widely observed by various radar/radio and optical
methods (e.g., [1–4]). Large-scale TIDs originate in the auroral zone caused by intense Joule
heating and auroral particle precipitation associated with geomagnetic storms [5]. It is
well-documented that GWs induce wave-like perturbations in ionosphere state variables.
The ubiquitous presence of wave-like events has been established through electron density
observations by the Arecibo incoherent scatter radar (ISR) (e.g., [6,7]). Although the
sensitivity of Arecibo ISR spans from the D- to the F-region (e.g., [8–10]), TID observations
have been confined to electron densities above 125 km so far. Here, we report the first
simultaneous observations of TIDs, measuring electron concentration (Ne), vertical ion
velocity (Vz), and electron and ion temperatures (Te, Ti) at Arecibo using a new ISR analysis
method reported in [11]. Other multivariable TID studies were carried out at high latitudes
using the EISCAT radar ([1,12]).

Numerous theoretical and modeling studies have focused on thermospheric gravity
waves (GWs), which are characterized by strong dissipation due to large molecular vis-
cosity, thermal diffusion, and ion drag (e.g., see [13–16], and references therein). While
the governing equations for GWs are largely the same across all theories, the underlying
assumptions can significantly affect the conclusions. Full-wave models (FWMs), applica-
ble for steady-state sources, indicate that the vertical wavelength increases with altitude
(e.g., [17,18]). The wave-packet model (WPM), which applies to time-dependent and lo-
calized sources, shows that the vertical wavelength remains the same or decreases above
the maximum dissipation height (e.g., [19]). Thus, observing the vertical wavelength is
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particularly important when determining which type of model more suitably describes the
propagation of GWs and TIDs.

In the following section, we present the observational results of Ne, Vz, Ti, and Te, with
emphasis on their perturbations. In Section 3, we discuss the amplitude, phase, and vertical
wavelength of the TID as revealed in the four ionosphere state variables. We further discuss
the coupling between TID and GW. The main results and conclusions are summarized in
Section 4.

2. Data Analysis and Results

The data used for this study were taken by the Arecibo ISR (18.3◦N, 66.7◦W; dip angle:
43.6◦) located in Puerto Rico on 12 September 2014, using the coded-long-pulse program.
Interference mitigation and data reduction from raw voltage samples to geophysical pa-
rameters, including the molecular ion fraction using a new fitting method, are discussed
in [11,20]. In Figure 1, we present the plasma frequency (which is proportional to the
square root of the electron density), upward ion drift velocity (Vz), and electron and ion
temperatures (Te, Ti) for 12 September 2014. Although data on the molecular ion fraction
are available, they do not have the time resolution and altitude coverage for TID studies.
The independent time and height resolution values are 15 min and 18 km, respectively.
The minimum fo f2 (plasma frequency at the F-region peak height), occurring at 7:00 LT
and 250 km, corresponds to a divergence region (i.e., ions move upward above this point
and downward below it), and the maximum fo f2 (occurring at around 300 km and 16:00
LT) corresponds to a convergence region (i.e., ions move upward below this altitude and
downward above it) as seen in the velocity plot. Such behaviors indicate that the short-term
variations in F-region electron density are controlled by vertical transport. The largest
electron temperature elevation over ion temperature (as measured by Te/Ti) after 8:00 LT
occurs slightly below the peak altitude of the electron concentration (hm f2) due to the high
photoionization rate. The electron temperature shows an anticorrelation with electron
concentration above 200 km. While the simultaneous observations of state variables reveal
the fundamental principles of aeronomy, our focus here is on the study of TIDs.

To reveal perturbations in the state variables, we smooth the data using a time window
of 135 minutes and a height window of 18 km. The averaged data are subtracted from the
data shown in Figure 1 to obtain fluctuations for each variable. To compress the dynamic
range, we use the signed square root of the absolute value (SSA) function, defined as

Fssa(x) =

{ √
x, x g 0

−
√

|x|, x < 0
. We use ∆x and ∆x/x to indicate the fluctuation and relative

fluctuation of variable x, respectively. The SSAs of ∆Ne/Ne, ∆Te/Te, ∆Ti/Ti, and ∆Vz as
functions of altitude and time are plotted in Figure 2. ∆Ne/Ne is similar to what was
previously reported at Arecibo ([7,10,21]). The wave structures in Vz, Ti, and Te have
not been reported at middle or low latitudes. On a one-hour time scale, the peak trough
variation of ∆Ne/Ne often exceeds 100% above 200 km, while it is much smaller than
180 km. Below 200 km, ∆Ne/Ne and ∆Te/Te exhibit smaller amplitudes and different
characteristics than those above. As there is no substantial change in the amplitude of the
vertical velocity perturbation, the larger amplitude variations at higher altitudes in ∆Ne/Ne

and ∆Te/Te are mainly due to the change in ion composition from dominantly molecular
ions below 170 km to primarily O+ above 200 km in the F-region ([11]). In the region
where O+ dominates, the largest ∆Ne/Ne occurs slightly below hm f2, the peak altitude of
the F2 region. Ne and Te are closely coupled through the energy balance equation. The
anticorrelation between Ne and Te discussed in [22], above 180 km, is seen here as well.
The ∆Ti/Ti perturbation is larger below 200 km than above, with the largest amplitude
occurring between 9:00 and 10:00 LT, in conjunction with the largest changes in ion velocity
in both temporal and spatial directions.
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Figure 1. (a) Plasma frequency (MHz); (b) upward vertical ion velocity (m/s); (c) electron temperature

(K); (d) ion temperature (K) measured by the Arecibo ISR on 12 September 2014. The superposed

black line is hm f2.

Figure 2. Fluctuations of (a) ∆Ne/Ne, (b) ∆Te/Te, (c) ∆Ti/Ti, (d) ∆Vz for the data displayed on 12

September 2014. The displayed values are transformed using the signed square root method. The

data are obtained by subtracting a 2D moving average from the data shown in Figure 1.
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To analyze the frequency components, we display the magnitudes of the Fourier
transform of the perturbations between 8:00 and 17:00 LT in Figure 3. The values at a period
of 135 min, corresponding to the frequency of 0.0074/min, are scaled to represent the fitting
amplitude of a sinusoidal wave. For the most part, the main frequency components of
∆Ti/Ti and ∆Vz are confined between 108 and 180 min (0.0056–0.0093/min in frequency),
while ∆Ne/Ne and ∆Te/Te have significant low-frequency components. Below 200 km,
the dominant frequency for ∆Vz is at 180 min, while ∆Te/Te and ∆Ti/Ti have similar
frequencies at 108 min. In Figure 4a, we plot the “bandpass amplitude” of the fluctuations
for periods from 108 to 180 min. This “bandpass amplitude” is the square root of the
total power spectral densities within the period from 108 to 180 min. For this discussion,
we will use A(x) to represent the bandpass amplitude for variable x. A(x) is a proxy
for the amplitude of the TID observed in variable x. As shown in Figure 4a, at 300 km,
A(∆Ne/Ne) is the largest, which is slightly below the average, hm f2, with an amplitude of
16%. Above 300 km, A(∆Te/Te) is about half of A(∆Ne/Ne), and it decreases very quickly
with decreasing altitude below 300 km. Below 230 km, A(∆Ti/Ti) is about the same as
A(∆Te/Te) and much smaller than A(∆Te/Te) in the main F2 region from 250 to 400 km.
A(∆Vz), at about 10 m/s, and A(∆Ti/Ti), exhibit small altitudinal variations from 200 to
500 km.

Figure 3. Magnitude of the Fourier transform for the data shown in Figure 2. The frequency resolution

is 0.0019/min.

To explore the TID phase relationships in the four state variables, we plot their phase
angles (in cycles) at the period of 135 min in Figure 4b. For easier comparison, the phase
angle of −∆Ne/Ne, φ(−∆Ne/Ne), is plotted. The decreasing phase angle as a function
of altitude indicates a downward phase progression. The rate of change of the phases in
all four state variables is faster at lower altitudes than at higher ones. To quantitatively
describe the phase angle, we model it using a 4-parameter exponential function, as φ(x; z) =

a + be
− (z−z0)

(h0+β(z−z0)
1/2) , for variable x at altitude z (in km), where z0 is 149.70 km. Table 1 lists

the fitting parameters of the four state variables. A large h0, as observed for Ne, indicates a
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closer match to the linear phase. Because z is common for all variables, we will shorten
φ(x; z) as φ(x). The fitted φ(∆Vz) and φ(∆Ti/Ti) are plotted twice with a full cycle offset
for easier comparison. The line size in Figure 4b is proportional to the relative magnitude
of the Fourier transform (normalized by the maximum at the period of 135 min) shown in
Figure 3. The altitudinal derivative of the phase is proportional to the vertical wavelength.
We use λz to denote the vertical wavelength and λz(x) to denote the λz for variable x. Using
the fitted phases, λz values for all four variables are shown in Figure 4c on a logarithm
scale. For all four state variables, the overall trend is that λz increases with altitude even
though λz(∆Ne/Ne) and λz(∆Te/Te) appear to change from very large between 250 and
300 km to about 500 km above 350 km.

Figure 4. (a) Bandpass amplitudes of 0.5∆Ne/Ne, ∆Te/Te, ∆Ti/Ti, and ∆Vz/500. (b) Phase angles

of −∆Ne/Ne, ∆Te/Te, ∆Ti/Ti, and Vz on 12 September 2014, for the TID at 135 min. The thin lines

denote the model-fitting results for the variable with the matching color. (c) Vertical wavelengths

derived from the fitted phases in (b). The black line denotes the vertical wavelength derived from the

dispersion relation in [23] with a horizontal wavelength of 1200 km and an intrinsic period of 135

min.

Figure 4b shows that Ne is out of phase with Te, i.e., φ(∆Te/Te) = φ(−∆Ne/Ne) =
π − φ(∆Ne/Ne) in the entire altitude range of 200 to 500 km, which is common in ISR
observations [22]. φ(∆Te/Te) and φ(∆Ti/Ti) are largely the same below 370 km. Above
350 km, φ(∆Vz) and φ(∆Ti/Ti) are about the same, with both showing little altitudinal
variation. Among the four variables, φ(∆Vz) exhibits the smoothest variation across all
altitudes. φ(∆Ti/Ti) departs from the exponential fitting the most at 280 km. On average,
φ(∆Vz) is slightly larger than the three other phases, i.e., it lags slightly behind the others.

The TID event on 12 September was likely impacted by the geomagnetic storm (Kp = 7,
Dstmin = −75 nT) associated with a halo CME and an X1.6 flare that occurred on 10
September 2014. Details of the storm, including solar wind data from the ACE spacecraft
and Dst observations, can be found in [24]. The max 3-hr kp index reached 7 from 12 to 15
UTC (8 to 11 LT); the kp variation can be found at https://www.spaceweatherlive.com/
en/archive/2024/09/12/kp.html. We also note that the two bright yellow color bands
in Figure 2 are separated by eight hours. The terdiurnal tide was previously found to be
enhanced during a stratospheric warming event [25]. It is possible that the 8-hour tide and
the 2-hour wave were enhanced due to the geomagnetic storm.
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Table 1. Fitting parameters for the phases.

a b h0 β

−Ne −2.683 2.979 1085 9.597
Te −1.190 1.828 −1.3 24.45
Ti −0.293 0.984 36.25 4.041
Vz −0.647 1.373 35.6 12.41

3. Discussion

There is little doubt that the TID discussed here is generated by the GW. How the
GW manifests in ionosphere variables depends on the coupling mechanisms between the
neutral and ion variables. The couplings between ∆Ne/Ne and GW have been discussed
by several authors (e.g., [21,26]). Ref. [12] provides a comprehensive discussion of the
relationship between the various TID variables and GW. Our discussion here focuses on
the effect of the geomagnetic dip angle on the coupling in the velocity between TID and
GW and the subsequent impact on TID in other ionosphere variables.

In the F-region of the ionosphere, the ion velocity perpendicular to the geomagnetic
field, B, is given by E × B/B2, where B denotes the magnitude of B. For convenience, the
geomagnetic coordinate system is used. Accounting for the effect of the vertical neutral
wind, but neglecting the field-aligned current, the ion velocity along B (upward being
positive) is as follows:

vBu = ueq cos I + uz sin I − vd (1)

where ueq and uz denote the equatorward and upward neutral winds, respectively, and I
denotes the dip angle. vd denotes the ambipolar diffusion velocity, whose expression can
be found in [12,27]. Accounting for the effect of the electric field perpendicular to the field
line, the theoretical upward ion vertical velocity, vz, can be expressed as follows:

vz =
Eea

B2
cos I +

sin(2I)

2
ueq + uz sin2 I − vd sin I (2)

where Eea denotes the eastward electric field. For I = 45◦, applicable to Arecibo, the
theoretical upward ion velocity perturbation can be expressed as follows:

∆vz =

√
2∆Eea

2B2
+

1

2
(∆ueq + ∆uz)−

√
2

2
∆vd (3)

Diffusion is a response to the gradient and always works to reduce it. Its effect is secondary,
as shown in [12]. Although Eea does not vary along the field line, it has a vertical variation
because of the different field lines. Eea is generated through the dynamo effect mainly by
the E-region’s meridional wind. Due to the short vertical wavelength in the E-region and
the integrated dynamo effect, ∆Eea is not expected to be a significant part of ∆vz most of
the time. For I = 45◦, we have the simplified expression of the following:

∆vz ≈
1

2
(∆ueq + ∆uz) (4)

The horizontal wind or its perturbation is expected to be much larger than that in the
vertical direction. The large amplitude of a GW’s horizontal wind perturbation is reflected
in the vertical ion motion, which the radar can measure more accurately. The dependence
of ∆vz on the dip angle explains why TIDs are more easily observed at middle latitudes but
more difficult above the equator. Equations (3) and (4) apply to all frequency components
in the neutral wind. The effective conversion of meridional wind into vertical ion drift
within the tidal components explains why dramatic changes hm f2 and fo f2, known as
“midnight collapse”, are often observed at Arecibo (e.g., [27]). Equation (1) shows that a
vertically propagating GW above the equator cannot be detected from vertical ion motion
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no matter how large its amplitude is. Since ∆vz is a linear combination of ∆ueq and ∆uz, its
amplitude is linearly proportional to the amplitude of the GW, and it has the GW’s vertical
wavelength.

For mid-latitudes, Equation (3) shows that it is easiest to observe GWs whose horizon-
tal velocities are aligned with the geomagnetic meridional plane. The classical polarization

relationship for GWs in a non-dissipative atmosphere is expressed as ∆uh ∼ − kz
kh

∆uz (∆uh

and kh denote the horizontal velocity perturbation and wavenumber, respectively), indi-
cating that the upward velocity is in phase with the horizontal velocity in the direction of
wave propagation for upward-propagating GWs (i.e., negative kz). While the simplified
polarization is likely modified by the presence of dissipations, Ref. [15] shows that the
phase relationship between vertical and horizontal velocities still holds, at least under the
assumption where k2

z k k2
h and k2

z k 1
4H2 , with H denoting the scale height. Equation (3)

implies that the amplitude of an equatorward-propagating GW is larger than that of a
poleward-propagating GW with the same perturbation amplitude. This is consistent with
the preferred southward GW propagation directions observed at Arecibo [10] and by the
MU radar in Japan, where I = 42◦ and the declination angle is 1◦ toward the east [3]. The
slight southeastward tilt at Arecibo may also be influenced by the 8.5◦ declination of the
geomagnetic field toward the west. In the polar region, TID and GW are expected to have
the same anisotropic characteristics as ∆uz ≈ ∆vz when I = 90◦.

Due to the ionosphere’s vertical stratification, vertical ion velocity perturbation ampli-
fies the effect of TIDs on other state variables. The peak-to-trough perturbation of ∆Ne/Ne

exceeds 100% in one hour, as seen in Figure 2. Such a large fluctuation overwhelms the
GW-induced Ne variations associated with density changes in neutral species, with ∆Ne/Ne

being almost entirely attributable to the transport effect of ∆vz. The much smaller fluctu-
ation amplitude below 180 km is due to the presence of large amounts of molecular ions
whose short lifetime reduces the effect of transport.

The electron temperature variation is related to the electron density variation. As
previously observed at Arecibo and EISCAT [22,28], Figure 4a shows that ∆Ne/Ne and
∆Te/Te are largely 180◦ out of phase. This is generally understood to be due to the cooling
rate increasing faster than the heating rate as Ne increases. A detailed analysis of the
perturbation in [12] shows that ∆Te/Te is in phase with ∆Ti/Ti in the lower F-region, in
anti-phase with Ne in the main F-region, and in phase with ∆vZ in the upper F-region. Our
observation is consistent with this conclusion. Furthermore, our results indicate that all the
phases of ∆Vz, ∆Ti/Ti, ∆Te/Te, and −∆Ne/Ne are within about 36◦ from 200 km to 500 km,
with the phase of ∆Vz being slightly behind.

It is of interest to compare our results with those obtained from the EISCAT radar
reported in [28]. The large dip angle of 77.6◦ at EISCAT results in 21% of the meridional
wind being mapped as vertical ion velocity, compared to 50% at Arecibo. On average,
we expect the vertical ion velocity perturbation at Arecibo to be larger than that at EIS-
CAT, which is reflected in the ubiquitous presence of TID at Arecibo. The average ion
velocity perturbation reported in [28] is about 4 m/s while ours is about 10 m/s. Since Vz

denotes the driving forces of the fluctuations of Ne and Te, ∆Ne/Ne and ∆Te/Te are also
expected to be larger at Arecibo. The largest ∆Ne/Ne and ∆Te/Te near the F-region peak
in our observations are 16% and 7%, respectively, while they are 5% and 1.5% at EISCAT,
respectively. Of the four state variables, ∆Te/Te at the two sites displays the most distinct
characteristics. The altitudinal variation of ∆Te/Te at Arecibo has a bell shape, with the
maximum occurring near hm f2, while the EISCAT ∆Te/Te variation is small across the
entire thermosphere and is largely flat above 300 km. The vertical wavelength of ∆Te/Te at
EISCAT is larger than those of other state variables below 350 km, which is not the case at
Arecibo. ∆Ti/Ti at Arecibo is only slightly larger than that at EISCAT. The closer match
in ∆Ti/Ti at the two sites may indicate that this parameter is more closely coupled to the
driving GW’s temperature perturbation than with the Vz. While the comparison shows
interesting similarities and differences, more observations are needed at Arecibo to confirm
their generality. As mentioned in the introduction, the characteristics of the GW’s vertical



Remote Sens. 2024, 16, 4104 8 of 10

wavelength are considered critical when determining the applicability of theoretical GW
models. The event discussed here and the EISCAT results from [28] show that the vertical
wavelength increases with altitude, which can be interpreted as supporting the applicability
of the full-wave model (FWM). Ref. [19] drew the opposite conclusion about the behavior
of vertical wavelengths, drawing on results from the Poker Flat [29] and Arecibo ISRs. The
cited Arecibo results were from the Ne observations in [21] and a manuscript that was then
in preparation, which appears to be [10].

Ref. [10] presented two sets of vertical wavelengths using ∆Ne/Ne data from 23 to 25
July 2009, from 130 km to 350 km. The first set of vertical wavelengths, λz(∆Ne/Ne), is
directly from ∆Ne/Ne, and the second set, λz(∆vNe), is from the calculated ion velocities
using ∆Ne/Ne. λz(∆Ne/Ne) and λz(∆vNe) are further divided into two groups, one for
mostly morning hours and another for afternoon hours. While the morning λz(∆Ne/Ne)
appears to be flat from 250 km to 350 km, the afternoon λz(∆Ne/Ne) appears to increase
with altitude, even though the rate of increase is not large. We also note that the 350 km
top altitude used in [10,21] makes it difficult to distinguish between a straight line and
exponential growth when the vertical wavelength is much larger than the altitude range
used for its derivation. λz(∆vNe) clearly decreases from 250 km to 350 km. The process of
deriving λz(∆vNe), however, involves several assumptions, and the results contain several
GW and ionosphere parameters, which may not be accurately measured. As deriving
λz(∆vNe) is a highly involved process, its reliability is questionable. Any derived vertical
wavelength variation needs to withstand visual tests. The vertical wavelength can be
roughly seen from the contours of perturbation plots directly. Visual inspections of the
published Arecibo ∆Ne/Ne plots (e.g., [7,10,21]) and Figure 2 do not provide evidence that
λz decreases with increasing altitude. Thus, we conclude that the wavelengths of Arecibo
TIDs generally increase with increasing altitude.

Several authors have given the dispersion equation for the full-wave model for thermo-
spheric GW by considering molecular viscosity, thermal diffusivity, and the Coriolis force
(e.g., [13]). Ref. [23] considers the wind shear and temperature gradient while neglecting
the Coriolis force. Here, we apply the 8th-order polynomial dispersion equation derived
in [23] to find the altitudinal variation of the vertical wavelength using the MSIS model
atmosphere (assuming no background wind). To obtain the theoretical vertical wavelength,
we chose the horizontal wavelength to be 1200 km. The vertical wavelength is plotted in
Figure 4c as a black line. The intrinsic wave period is likely different from the observed
one. The comparison mainly shows that the observed vertical wavelength is within the
realm of theoretical possibilities. We also observe that when dissipations are omitted, the
classical isothermal dispersion theory presented in Ref. [30] predicts an increasing vertical
wavelength with altitude in the thermosphere. When the temperature gradient is consid-
ered, the dispersion relations derived in [23,31] also show the same trend as the isothermal
dispersion but at a slower rate. The observed rapid expansion in the vertical wavelength
with altitude can only be achieved when dissipations are factored into the model.

One important aspect of TIDs is their often extensive vertical range, spanning several
hundred kilometers in altitude. For the driving GWs to propagate over multiple scale
heights, the overall dissipation must nearly exactly counterbalance the exponential growth
of the wave’s amplitude caused by decreasing atmospheric density. If the dissipation is
overdamped, the GW will dissipate at lower altitudes. If the dissipation is underdamped,
the exponential growth cannot be sustained until the wave breaks. Thus, a suitable ther-
mospheric wave propagation theory needs to have the amplitude-damping term e−0.5z/H

as the dominant altitudinal variation term. Only such an amplitude-damping term can
account for the largely altitude-invariant A(∆Vz), and to a lesser extent, A(∆Ti/Ti), as
shown in Figure 4a.

4. Summary and Conclusions

Simultaneous observations of Ne, Vz, Te, and Ti using the Arecibo ISR reveal a TID with
a period of 135 minutes across all four state variables from 200 to 500 km. The bandpass am-
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plitude of ∆Ne/Ne within the period from 108 to 180 min, A(∆Ne/Ne), reaches a maximum
of 16% slightly below the peak F-region altitude. A(∆Te/Te) is half of A(∆Ne/Ne) above
300 km. While A(∆Ne/Ne) and A(∆Te/Te) depend strongly on Ne, A(∆Vz) and A(∆Ti/Ti)
have little altitudinal variation, with the former being about 10 m/s and the latter slightly
below 2% throughout the altitude range of 200 to 500 km. ∆Vz, ∆Ti/Ti, and ∆Te/Te are
mostly in phase, and they are out of phase with ∆Ne/Ne. The vertical wavelength of ∆Vz,
λz(∆Vz) increases from 200 km to over 1000 km exponentially in the altitude range of
200–500 km. At geomagnetic mid-latitudes, λz(∆Vz) is a good representation of the GW’s
vertical wavelength. A(∆Te/Te) at Arecibo demonstrates stronger altitudinal variation
than at EISCAT. At EISCAT, λz(∆Te/Te) below 350 km is much larger than those of the
other state variables, while the vertical wavelengths of all the variables are about the same
at Arecibo.

A major contributor to TIDs in the middle geomagnetic latitude is the GW’s meridional
velocity. Ion-neutral coupling maps half of a GW’s meridional velocity into the vertical
direction when the dip angle is 45◦. The large vertical ion velocity causes significant
fluctuations in electron density through vertical transport. Large electron density variations
cause large electron temperature changes as the two variables are closely coupled through
the energy balance equation. The meridional-to-vertical velocity coupling explains the
ubiquitous presence of TIDs and their preferred equatorward propagation direction at
mid-latitudes. The same mechanism also explains the midnight collapse at Arecibo. The
fact that A(∆Vz) can be observed over several hundred kilometers in altitude without much
variation implies that dissipations dampen GW amplitude predominantly in the form of
e−0.5z/H .
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