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Abstract

This paper reports our simulations of the volume emission rate (VER) of the O($"1D$) redline nightglow perturbed by waves
traveling across the thermosphere at around 250 km altitude. Waves perturb the electronic and neutral background densities and
temperatures in the region and modify the O($"1D$) layer intensity as it is captured by ground-based nightglow instruments.
The changes in the integrated volume emission rate are calculated for various vertical wavelengths of the perturbations. We
demonstrate that, as the solar activity intensifies, the vertical scales of most likely observable TID waves become larger. For
high solar activity, we demonstrate that only waves presenting vertical wavelengths larger than 360 km are likely to be observed.
The variation of the range of likely observable vertical wavelengths with the solar cycle offers a plausible explanation for the
low occurrence rate of TID in measurements of the redline nightglow during high solar activity periods. We have compared
our results with those of \citeA{Negale:2018} and \citeA{Paulino:2018} to verify that observed vertical wavelengths distribute
around 140-210 km, in good correspondence with our predicted threshold wavelength $\lambda_{z} " t\sim$160 km for very low
solar cycle period.



10

11

12

13

14

15

16

Travelling Ionosphere Disturbance Signatures on
Ground-Based Observations of the O(*D) Nightglow
Inferred from 1D Modeling

Fabio Vargas'

1University of Illinois at Urbana-Champaign

Key Points:

+ In general conditions, traveling ionosphere disturbances (TID) of longer verti-
cal wavelengths (A, >160 km) are more likely than shorter vertical wavelength
TID to be observed from ground-based imagery of the O(* D) nightglow.

« For high solar activity periods, the volume emission rate of the O(! D) nightglow
layer is thicker (larger FWHM) and peaks at higher altitudes due to a larger con-
centration of O, at higher altitudes in the thermosphere.

- Because the O(! D) layer is thicker under high solar activity conditions, only TID
of A, > 360 km are likely to be detected from ground-based observations. This
explains the lower observation rate of TID in the O(! D) nightglow all-sky imagery

in high solar activity intervals.

Corresponding author: Fabio Vargas, fvargas@illinois.edu



17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

a4

45

46

Abstract

This paper reports our simulations of the volume emission rate (VER) of the O(D) red-
line nightglow perturbed by waves traveling across the thermosphere at around 250 km
altitude. Waves perturb the electronic and neutral background densities and temper-
atures in the region and modify the O(' D) layer intensity as it is captured by ground-
based nightglow instruments. The changes in the integrated volume emission rate are
calculated for various vertical wavelengths of the perturbations. We demonstrate that,

as the solar activity intensifies, the vertical scales of most likely observable TID waves
become larger. For high solar activity, we demonstrate that only waves presenting ver-
tical wavelengths larger than 360 km are likely to be observed. The variation of the range
of likely observable vertical wavelengths with the solar cycle offers a plausible expla-
nation for the low occurrence rate of TID in measurements of the redline nightglow dur-
ing high solar activity periods. We have compared our results with those of Negale et
al. (2018) and Paulino et al. (2018) to verify that observed vertical wavelengths distribute
around 140-210 km, in good correspondence with our predicted threshold wavelength

AL ~160 km for very low solar cycle period.

1 Introduction

Traveling ionosphere disturbances (TID) on the ionospheric plasma have been ob-
served for several decades. The initial reports date from the 1950s, such as those of Munro
(1950), Munro (1958), and Martyn (1950). A successful interpretation of this phenomenon
describes the TID as a manifestation of atmospheric gravity waves (AGW) perturbing

the plasma (Hines, 1960).

W. Hooke (1968) further extended the Hines (1960) theory to account for gravity
wave perturbations on the ionospheric plasma to show that their primary effect is dom-
inated by the ratio of the neutral-plasma collision frequency to the giro-frequency un-
der the influence of the geomagnetic field at thermospheric altitudes. In the ionosphere,
gravity waves impart the motion of the neutral gas parallel to the magnetic field to the
ionization via collisional interactions. W. Hooke (1968) also showed that only certain
gravity wave modes are capable of creating perturbations in the ionosphere, and waves

imparting velocities of 20 m/s seemed capable of exciting TID of larger magnitudes,



a7

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

given the right background conditions. W. H. Hooke (1970) showed the ionosphere re-
sponse to gravity waves as dependent on the propagation azimuth of the wave pertur-
bation, evidencing the anisotropy of the propagation direction of TID in the lower and
upper ionosphere. He found that the anisotropy is a function of the wave parameters

and the ionospheric conditions.

Later on, Francis (1974) simulated a spectrum of gravity waves generated above
the mesosphere to identify the effects of direct waves and ground-reflected waves on
the upper levels around 200-300 km. This simulation explained the sources of the trav-
eling ionosphere disturbances. The large and medium scale TID could be better dis-
tinguished, with the large scales being less frequent than the medium scales because
of their correlation with the high latitude phenomena in the auroral TID source region
in times of magnetic storms (kp>5), and particle precipitation generation of AGWs via
Joule heating with the Lorentz force ongoing on charged particles under the Earth’s
magnetic field at those locations. Francis (1974) also pointed out that TID could be pe-
riodic and non-periodic, with the non-periodic TID being observed as frequently as their
periodic counterparts. However, the non-periodic TID would resemble medium scale

only.

Medium scale TID (MSTID) are the focus of this paper because of the number of
poorly understood aspects of their nature. The MSTID, as presented earlier, can be pe-
riodic or non-periodic; therefore, it is more difficult to identify their cause. Whereas
many papers (Nishioka et al., 2009; Negale et al., 2018) have identified the main source
of TID at high latitudes, there are accounts of MSTID being excited at equatorial lat-
itudes (e.g., Shiokawa et al., 2009; Paulino et al., 2018) and mid-latitudes as well (Shiokawa

et al., 2003; Martinis et al., 2010; Paulino et al., 2018).

Observations of MSTID have been made via ground-based imagery of the ther-
mospheric redline nightglow corresponding to the O(®*P —! D) transition line at 630 nm.
Although MSTID are frequently observed, only few articles report the vertical scales
of these observed thermospheric oscillations, primarily because of the lack of background
information about neutral wind at the layer altitude. For instance, one of the few ar-
ticles showing the spectral distribution the vertical scales of MSTID for data collected

over a three-year period is that of Negale et al. (2018). Moreover, combined modeling
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and observational studies of MSTID of several vertical scales are carried out only spar-
ingly. For example, Porter et al. (1974) studied the behavior of the O(! D) nightglow bright-
ness under the influence of gravity waves from a purely theoretical perspective, com-
paring the changes in both the nightglow intensity and electron density, while Ogawa

et al. (2002) presented a simplified model to account for TID oscillations in the neutral

and electron densities to explain perturbations in the total electron content and in the

redline nightglow observed over Shigaraki, Japan.

In this work, we model the O(* D) emission perturbed by MSTID/AGW of var-
ious vertical wavelengths to show which wave scales would be promptly accessible from
ground-based observations. The model concerns zenith observations of the redline us-
ing all-sky imagers, but can also be extended to any zenith-integrated atmosphere vari-
able affected by TID/gravity waves, such as photometry of the nightglow or GPS-TEC
observations. The results are obtained under regular atmospheric conditions and for
different solar activity scenarios as well. The implications of our findings are then an-
alyzed in light of observed MSTID scales and features obtained from the redline im-

agery technique.

2 Methodology

The approach used here is similar to that of Vargas et al. (2007) for the simula-
tion of the mesospheric nightglow layers perturbed by gravity waves. Here, however,
we have also implemented equations to account for perturbations on the ion and elec-
tron densities. Beyond that, we have also applied wave perturbations on the ion and

electron temperatures in the same way as that for the neutrals temperature.

Fig. 1 presents the input parameters utilized in our simulations taken from the
IRI12016 and NRLMSISE-00 models for Jan 01, 2016, corresponding to low solar activ-
ity conditions for (30.3°S, 70.7°W), the coordinates of the Andes Lidar Observatory (ALO),
in Chile. Fig. 1a shows vertical profiles of the O, O, and N, (from NRLMSISE-00), and
the O™ ion and electron number densities (from IR12016). Atomic nitrogen is constant
throughout the range as used in Link and Cogger (1998). The temperature for ions T;,

electrons T, and neutrals T}, are also from the IRI2016 model and are in Fig. 1b. Input
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Figure 1. Background (a) densities, (b) temperatures, and (c) environmental parameters calcu-

lated for low solar activity conditions (Jan 01, 2016) for (30.3°S, 70.7°W), the coordinates of the

Andes Lidar Observatory. Neutral densities are from the NRMSISE-00 model. Electron and ion

densities, and neutral, electronic, and ionic temperatures are from the IRI2016 model. The in-

put parameters for the NRMSISE-00 and IR12016 mo

accompanying this publication.

dels are in the supporting information file

parameters for the IRI2016 and NRLMSISE-00 models are given in the supporting in-

formation file accompanying this publication.

The environmental parameters in Fig. 1c are the Brunt-Viisild period 1y = 271/N,

where N is the Brunt-Vdisild frequency, and the scale height for neutrals H = RsT,/ Muw g,

where Rs = 8.31432x 103 NmK~1kmol~! is the universal gas constant, M, the mean

molecular weight, and g the gravity acceleration. The parameter N is given by N =

% (dT,/dz+ g/cp), where dT,, /dz is the environmental lapse rate, g/cp =9.8 K/km

is the adiabatic lapse rate, and ¢, is the specific heat at constant pressure.
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Table 1. Chemical Reactions and Reaction Rates

Reaction Reaction Rate Units Reference
1 0"+0,— 05 +0 ki = 3.23 x 102 exp <% - %Z) cm®s~!  (Chen et al., 1978)
2 Of +e—0('D,'S)+0(°P) ay = 1.95 x 1077(T,/300) 07 cm®s~1  (Torr, Torr, Walker, Nier, et al., 1976)
3 O('D)+ N2 — O(P) + N ky, = 2.00 x 10~ exp(111.8/T;) cm3s~1 (Streit et al., 1976)
4 O('D)+0;— OFP)+0, ko, =2.90 x 10~ exp(67.5/T,) cm3s~! (Streit et al., 1976)
5 O(D)+0— 0(P)+0 ko =213 x 10712 4260 x 10713795 —2.44 x 10T, cm3s~ (Yee et al., 1990)
6 O(D)+e—OCP)+e ke = 1.60 x 1012791 cm®s~!  (Berrington & Burke, 1981)
7 OF +N—NO'+0 ky=18x107"1 cm®s~1  (Ferguson, 1974)
8 OF+N,— NOT+N kig = 2.78 x 10713 exp(% - (”I",L}“\%O)Z) em3s~1  (Chen et al., 1978)
9 NO*+e—N+O a9 = 4.00 x 10~7(T,/300) 09 em®s~1 (Torr, Torr, Walker, Brace, et al., 1976)
10 O('D) — O(®P) + hv(6300) Ao(ip) = Aeao + Aezes = 681 x 1073 s~!  (Link & Cogger, 1988)
11 O('D) quantum yield for reaction 2 foapy =1.10 - (Sobral et al., 1992)

“Footnote text here.

2.1 The O(D) Volume Emission Rate

To produce excited oxygen in the O(! D) state in the ionosphere, the dissociative
recombination of the molecular oxygen ion is the relevant process (reaction 2 in Table
1). The products of this reaction are oxygen atoms in the ground state O(*P) and in the
excited states O(! D) and O(!S), where the O(! D) excited state is responsible for the ther-
mosphere redline nightglow. The number of O(! D) atoms produced from the disso-
ciative recombination is determined by the quantum yield fo(1p). The O('D) species
can be deactivated by quenching of O, Oy, N, and electrons, as well as by the spon-
taneous radiation emission represented by Ay 1p). These reactions and their correspond-

ing reaction rates are in Table 1.

To obtain the volume emission rate for the redline emission, we assume the pho-

tochemical equilibrium between production and losses, which leads to Eq. 1:

0.756 AO(lD) fO(lD) k1 [Oz] [6]
([e]/[0F))(Aoqp) +kolO] + ko, [O2] + kn, [Na] + Ke[e])

VERo(lD) - (1)

where

/107 =1+ () (14 B )l

ayle] +ky agle] wgle]

as given by Link and Cogger (1988).
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Figure 2. Low solar activity (a) unperturbed O(! D) volume emission rate and electron density,

and (b) production and loss terms of the O(' D) volume emission rate from Eq. 1.

We evaluate Eq. 1 by plugging in the reaction rates in Table 1 and the numerical
values of the quantities in Fig. 1a and Fig. 1b, and plot the unperturbed profile of the
O(' D) volume emission rate in Fig. 2a. The redline layer peaks at 282 km and presents
79 km full width at half maximum (FWHM) under the conditions simulated here. At
the layer peak, the VER~180 photons/cm?®/s. For reference, we also plot in Fig. 2a the
electron density profile (dash-dot line) to show its maximum about one scale height
(~38 km) above the redline layer centroid. The unperturbed [e] density is much wider
(FWHM~231 km) than the VER, and peaks at 323 km with a peak density of ~4.6x10°

electrons/cm?.

Fig. 2b shows the contribution of individual production and loss terms in Eq. 1.
The thick continuous line in Fig. 2b represents the production term corresponding to
the numerator of Eq. 1, while the thick dash-dot line is the sum of all loss terms in the
denominator. The thin dash-dot, colored lines are the individual losses. Note that the
loss of the O(! D) excited state due to the atomic oxygen dominates up to 275 km. Above
that level the radiation term involving A1) dominates the loss of O('D). The term
due to quenching by electrons is the least below 270 km, while the N term is the small-

est above that level.
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2.2 Perturbing the O(!D) Volume Emission Rate and Intensity

The O(! D) volume emission rate response in the thermosphere to gravity waves
is calculated by first obtaining the perturbations on the neutral and charge densities,
vertical and horizontal winds, temperatures, and rate coefficients. To do so, we have
set the characteristics of waves in terms of the vertical wavelength for a wave period

taken from the 24 TID events observed by Paulino et al. (2018).

The layer brightness is the O(' D) zenith intensity captured by nightglow imagers
and photometers in ground-based experiments. We compute the O(! D) intensity as the
integral of the VER in altitude, where the VER is composed of the steady plus the per-
turbed states, that is, VER=VER+VER’, where VER corresponds to the curve in Fig.
2a. From the integral of the VER it follows that I = [ VERdz = [ VER+ VER'dz =

I+ 1.

Other perturbed parameters are calculated as follows. According to the linear grav-
ity wave theory (Hines, 1960), the wave frequency w = 27t/ 7, horizontal wavenum-
ber k = 27/ A, and the vertical wavenumber m = 271/A; are related by the disper-

sion relation (Eq. 2),

2 (N2+w2) 2 (Uz o 1
"= (w2+f2)k +'ng 4H2 @)

where v = ¢,/ ¢y is the specific heat ratio, and f is the Coriolis term. The parameters

T, Ay, and A, are the intrinsic wave period, the horizontal wavelength, and the verti-

cal wavelength of the perturbation, respectively. Notice that Eq. 2 holds for an isother-
mal atmosphere, what is nearly the case in the thermosphere. However, Eq. 2 does not
take into account effects of viscous dissipation or heat diffusion dissipation on the grav-
ity wave amplitudes. This is a limitation of the present simulation which must be ad-

dressed in an upcoming work.

Oscillations in the neutral density, temperature, and wind components are obtained

from Eq. 3,

(u’,w’, F;:, TY/‘) = %{(a,w,p, Tn) exp % +i[m(z —z) +wt]] } 3)
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where v/, W/, p' /p, and T}/ T, are the fluctuations in the wind component parallel to
the wave orientation, the vertical wind, the neutral density, and the neutral tempera-
ture, respectively. The terms i, @, g, T, represent the complex amplitudes of each wave
field. The total fields are givenby u = i+ u', w = w+w',p = p+p/,and T, =
Ty + T,

The reference altitude z, in Eq. 3 is set at 200 km where the wave amplitude T, =
10%. The neutral temperature amplitude T, is the reference parameter for the other quan-
tities; that is, all other complex amplitudes are specified in terms of T}, via the polari-

zation relations from the gravity wave linear theory.

The factor § in Eq. 3 accounts for the wave amplitude growth or decay. For g <1
the wave amplitude grows with increasing altitude, and for § >1 it decays. For g =1,
the wave amplitude is constant, resembling the behavior of a saturated wave. We keep
B = 1in these simulations to straightforwardly quantify the effect of the wave per-
turbation in the O(! D) layer throughout the simulation range. This makes sense because
the layer response will be due solely to the layer’s photochemistry and dynamics, once

the relative wave amplitude T, is constant everywhere.

The complex amplitudes il and @ are given by the relations 4 and 5,

ik

0= 2 “ 7 In 4)
Nzl\laﬂ (% +iHm — KNLZ)

P2 (G +iHm—x)

w= N2 1 . Kw? T, ®)
w2 (7 +iHm = 57)

while the complex amplitude for the neutral density p is given by Eq. 6.

1— 2H _ oipy
3(771) Tn (6)
1— % —2iHm

=3

Perturbations in number densities of Ny, O,, and N follow Eq. 6 as

, @)
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while atomic O perturbation follows Eq. §,

/ / o !
O _pye 1-DHT, ®)
[O] P -1 T,
where D = dlr;io] is the scale height of the [O] density. The perturbed temperatures
T; and T, follow that of the neutrals temperature, that is,
2 = L‘g = I—’; )
T, T. Ty

The perturbation response of electrons due to the TID in the thermosphere is ex-
pressed as a function of the magnetic induction field B and the magnetic inclination
angle as discussed in Hooke (1968). The total electron density is given by [¢] = [¢] +
[e]’. The fluctuation [e]” is found from:

[e) {MM} +i(B-2) [1 + d(ln[e])], (10)

]

where the vector 7 = u/'f +w'2 and k = k& 4+ m2. The unit vectors 2 and ¢ are par-
allel to the vertical direction and to the wave orientation, respectively, and B is the unit
vector parallel to B. Observe from the term (7’ - B) that TID with stronger meridional
component will have larger effect on the [e] density because B has a small zonal com-
ponent. As confirmed in observations, equatorward traveling TID are promptly seen

in ionospheric measurements (e.g., Francis, 1974; Shiokawa et al., 2006).

Temperature-dependent reaction rates are also affected by gravity wave oscilla-
tions via temperature oscillations. Perturbed states of the reaction rates are evaluated
by plugging the perturbed temperatures into the corresponding reaction rate expres-

sions (Table 1).

To carry out the simulations, we have chosen the vertical wavelength and the wave
period as input parameters. A constant period of T =45 min is set corresponding to
one of 24 wave periods reported by Paulino et al. (2018) for TID perturbing the ther-
mospheric redline. The vertical wavenumber m = 277/ A; is specified iteratively, with

A, varying from 50 km to 500 km by increments of 5 km. Then, we calculate k = 27t/Ay,

-10-
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Figure 3. The perturbed (a) O(1D) volume emission rate and (b) electron density calculated for
24 different phases of a perturbing gravity wave in a full wave cycle. The perturbing wave pro-
gresses vertically upwards in the thermosphere. The thick continuous lines are the unperturbed
profiles of the VER and [e] as in Figure 2. The gray thin lines are the perturbed VER’ and [e]’ pro-
files. The dashed lines represent the standard deviation of the VER' and [e]’ profiles, respectively.

The perturbing wave has the following properties: Ay= 852 km, A,= 230 km, 7= 45 min, T,= 10%,

B=1.

from the dispersion relation (Eq. 2) and the other perturbed quantities from Egs. 4 to
9 within each iteration by setting T, =10% of the background neutral temperature at
the reference altitude. Notice that the horizontal wavenumber varies slightly with height

due to variable environmental parameters Ty and H (Fig. 1c).

Eq. 10 is evaluated by setting B = —69 £ + 19956  — 11937 2 [nT], correspond-
ing to components of the geomagnetic field at (30.3°S, 70.7°W) geographic coordinates
and with -30.9° inclination angle with the horizontal plane at this location for the An-
des Lidar Observatory, Chile. The unit vectors £, §, and Z point toward the zonal, merid-

ional, and vertical directions, respectively.

The relative perturbations are obtained for 1 km altitude resolution and 5; time
increments (this is equivalent to increments of 0.26 radians of the wave phase) within
a wave cycle. All the perturbed quantities are finally plugged in Eq. 1 within each it-

eration to find the perturbed volume emission rate and intensity.

-11-
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3 Results

The effect of wave perturbations on the redline layer VER is plotted in Fig. 3a. The
perturbed VER profiles (gray thin lines) oscillate around the steady VER layer (thick
continuous line), but the largest effect occurs at the peak at 286 km. The standard de-
viation oy g of the perturbed VER profiles is the dashed line in Fig. 3a, and confirms
the higher variance around the layer peak height. The oygr profile indicates where the
wave perturbation is more vigorous within the layer, which in the case of the O(D) oc-

curs right at the peak of the thermospheric VER profile.

The altitude where oy g peaks is distinct for the mesospheric nightglow layers.
In the mesosphere, oy pr profiles of the OH, Oy(b), and O('S) perturbed layers peak
~2.5 km below their respective steady layer centroids (Vargas et al., 2007). This has a
subtle impact on the interpretation of observational results when comparing data of

the temperature and intensity of the mesospheric nightglows.

Fig. 3b shows the unperturbed [e] profile with amplitude of ~9.5% at the peak
of the unperturbed [e] layer (thick continuous line). The standard deviation oj, of the
[e]” profiles is also presented as the dashed line. Similarly to the VER, oy, also shows

large TID activity at the peak of the electron density profile.

Fig. 4 shows the time vs. altitude cross-section of (a) the temperature perturba-
tion, (b) the perturbed O('D) VER, and (c) the perturbed electron density for a full wave
cycle. The perturbing TID wave has the following properties: A,= 852 km, A,= 230 km,
7= 45 min, T,= 10%, B= 1. The TID has a discernible effect on the layer as it progresses
vertically through the thermosphere. Fig. 4b demonstrates the changes in the VER. Ob-
serve that the layer peak height varies by about by 5 km during the wave period, while
its thickness is as great as 78 km and as small as 62 km during the interval. Similarly,
Fig. 4c shows that the TID causes the centroid of the [e] profile to go up (down) as the

layer gets thicker (narrower), respectively.

The phase relationship among the perturbations in intensity, temperature, and ver-
tical velocity due to the wave is in Fig. 5. The perturbation of the neutral temperature
is opposite in phase to that of the intensity; that is, lower layer intensity corresponds

to higher temperatures in the region, and conversely. On the other hand, the neutral

12—
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Figure 4. Time versus altitude cross-section of the (a) perturbed neutral temperature, (b) per-
turbed O(' D) volume emission rate, and (c) perturbed electron density. The perturbing wave

properties are the same as in Figure 3.

-13—-



254

255

256

264

265

266

267

268

269

270

271

0.8 ¢

0.6

04r

0.2+

.
.
.
.
Y

-0.2 -

Normalized Amplitude
o

-0.4

0.6 - — %] |
e T %] |
- [%] |
—1e]' [%]

084,

0 ;‘ 10 1‘5 2‘0 2‘5 3‘0 35 40 45
Time [min]
Figure 5. The phase of the vertical wind, neutral temperature, O(* D) layer intensity, and electron

density for a full wave period measured at the centroid altitude of the VER.

temperature and the vertical velocity perturbations are in phase quadrature as expected.
The intensity and the vertical velocity perturbations are also in phase quadrature, with
the vertical velocity leading in time. This translates to a brighter layer intensity as the
wave moves particles upwards to a region of lower density around the VER peak where
the quenching by Ny, O,, and O is smaller. This causes less deactivation of the O(! D)
species and enhances the emission of 630 nm photons. Conversely, as the wave moves

particles downward, the layer becomes dimmer.

The ratio of the relative perturbation in intensity 17, to that in neutral temperature

1'/1
T, /T,

% is also calculated (Fig. 6). This ratio, called the cancellation factor (CF= ), is used
to determine how the layer responds to wave perturbations of various vertical scales.
For a layer response in intensity larger than the input perturbation in temperature, the
ratio CF is larger than the unit, indicating a gain or amplification of the wave pertur-

bation in intensity. If the CF ratio is less than the unit, we interpret that as a suppres-

sion or attenuation of the wave perturbation.

The threshold vertical wavelength A! is defined as the wavelength for which can-
cellation factor ratio is equal to one. It is displayed in Fig. 6 by the vertical dotted line
at AL = 230 km. Note that A! dissects the CF plot into two wavelength regimes, one
for the A, < AL range (attenuation regime) and the other for A, > Al (amplification
regime). The CF ratio decreases faster in the A, < Al interval, indicating that the at-

tenuation takes over rapidly in that regime. Waves in the A, < A! regime will be more

14—
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challenging to observe from ground-based measurements of the O(' D) nightglow be-

cause the layer response in intensity decreases fast with decreasing wavelength.

In the attenuation regime (A, < A%), the cancellation factor indicates that the layer
response is less than the input perturbation amplitude. For example, taking A, = 100
km, we see that CF(A;) = 0.35 from Fig. 6. The layer intensity response to a wave of
such vertical scale is expected to be I'/ I=T,/T,; x CF = 10% x 0.35 = 3.5%, corre-
sponding to a much smaller amplitude in intensity and a strong attenuation of the orig-

inal input perturbation due to the layer structure and thickness.

In the amplification regime (A, > Al), especially for the longer wavelength range,
the asymptotic value of the CF ratio is 1.12. Thus, given an original input perturbation
of T,/ T, =10 %, the maximum layer response in intensity is expected to be I /T =
T,/Ty x CF = 10% x 1.12 = 11.2%, indicating a small but welcome amplification
of the wave amplitude in brightness for TID of larger vertical scales (A, > AL =230
km). For this reason, the simulation suggests that TID in the amplification regime are
more regularly detectable and identifiable in ground-based measurements because of

the enhancement of the TID amplitude acting on the thermospheric redline nightglow.
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Nonetheless, the asymptotic value of the O(! D) layer is notably smaller than those
calculated for the mesospheric nightglow layers (Vargas et al., 2007). For the mesospheric
OH layer, the asymptotic CF value is 3.5, while it is 4.5 for the mesospheric O('S) green-
line layer. This implies that, for an original perturbation of equal magnitude, we would
notice a brighter wave perturbation from the mesospheric greenline layer than from the
thermospheric redline layer. This expected behavior is due to the fact that a layer’s re-
sponse to an initial wave perturbation is linked to the distinct vertical structures and

photochemistries of each nightglow layer.

4 Discussion

To understand how likely a TID is to be detected from ground-based observations
of the O(! D), we first demonstrate the variations in the redline layer structure, and then
how the VER responds to waves of various vertical scales in different environmental
conditions. These environmental conditions are set considering the solar cycle under
(1) very low (F10.7= 66 solar flux units for 3-month average), (2) low (F10.7= 105 so-
lar flux units for 3-month average), and (3) high activity (F10.7= 201 solar flux units for
3-month average) regimes. The input parameters for the IRI2016 and NRLMSISE-00
models to obtain the background variables for each solar cycle regime are specified in
the supporting information file accompanying this publication and correspond to the
location of the Andes Lidar Observatory (30.3°S, 70.7°W) because we want to utilize

the results of this work in the investigation of TIDs observed over ALO.

The top panels in Fig. 7 show that the VER thickens and peaks at higher altitudes
as the solar activity increases. For instance, for the very low conditions (Fig. 7a), the
VER profile is 64 km wide and has centroid at 282 km. The VER for the low solar ac-
tivity interval (Fig. 7b) peaks at 282 km and presents 79 km FWHM. On the other hand,

the layer is 119 km thick and peaks at 343 km in the high solar cycle scenario (Fig. 7c).

We have performed sensitivity tests to determine which factor plays a major role
in the changes of the O(! D) layer structure as the solar cycle evolves. We have found
that, even though temperature changes in the thermosphere are quite remarkable, they

cause negligible effects in the VER because direct changes in temperature affect the re-
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Figure 7. The top charts depict the O(D) VER for (a) very low, (b) low, and (c) high solar activ-
ity. The bottom charts depict the electron and molecular oxygen densities for (d) very low, (e) low,

and (f) high solar activity.

action rates, which are small quantities of magnitude from 10713 to 10~7. Similarly, changes

in the O, Ny, and N densities also have a minor effect on the layer’s structure.

The charge density peak altitude also changes with the solar cycle. This can be
verified from the thick lines in Figs. 7d, e, and f, which represent the ion density in the
thermosphere for the simulated conditions. Above ~240 km the ion density coincides
with the electron density assuming the plasma neutrality principle, and both profiles
peak at the same altitude. Although changes in the charge density are not small, we
have verified that they are not the primary factor impacting the changes in the VER struc-
ture. We have tested this by taking the electron density from the high solar cycle pe-
riod and plugging it into the very low and low solar activity scenario simulations. From
that, we have seen only negligible changes in the VER structure. This is expected from
the photochemistry standpoint once the quenching of the excited O(' D) atoms by elec-

trons represents the smallest loss term in Eq. 1 as depicted in Fig. 2b.

On the other hand, for example at 250 km, the O, density changes by about one
order of magnitude from very low to high solar cycle scenarios (dashed-dot lines in Figs.

7d, e, and f, respectively). By taking the O, density from the high solar cycle period and
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plugging it into the very low and low solar activity scenario simulations, we have ver-
ified major changes in the O(* D) VER structure as well as in the layer thickness and

in the layer peak altitude.

In Table 1, even though the dissociate recombination (reaction #2) is responsible
for the production of the atomic oxygen in the ' D excited state, the charge exchange
(reaction #1) is the rate-determining reaction (Shiokawa et al., 2006). Thus, with a higher
density of O, available in the thermosphere during the high solar cycle, we expect to
see a brighter o('D) nightglow with a thicker VER profile peaking at higher altitudes.
Because the [O"] changes are much smaller than those in [O;] as the solar cycle pro-
gresses, we attribute the O('D) VER changes simulated here to the [O;]. The O; den-
sity increase with solar cycle is due to the expansion of the atmosphere due to the higher
temperatures, which cause the densities of all constituents to increase in the upper ther-
mospheric levels. Molecular diffusion also increases due to the markedly higher tem-
perature, and so do the scale heights of the individual atmospheric constituents (Vickers

et al., 2014; Swenson et al., 2018).

Thicker VER profiles, as discussed before, have direct impact on the observations
of TID from the Earth’s surface. To show how this occurs, we plot in Fig. 8 the CF ra-
tios for three different solar activity scenarios, showing the tendency of the threshold
vertical wavelength AL to increase accordingly. For instance, observe in the CF curve
for the very low solar activity (dotted line) that AL =160 km , while for the high so-
lar activity scenario AL =360 km (dash-dotted line in Fig. 8). The high solar activity
AL is nearly double that of the very low solar activity scenario. Thus, we expect more
difficulties in observing TID in the redline emission as the solar activity increases be-

cause the range of strong attenuation (A, < Al) shifts to ever larger vertical scales.

The cancellation effect described by the CF ratio is more effective for waves with
vertical wavelengths smaller than or comparable to the layer thickness. For example,
if the wave vertical scale is of the order of the layer thickness, the the wave will present
positive (negative) phase above the layer peak and negative (positive) phase below the
peak. Because the intensity is the vertical integral of the VER, the positive part above
the peak cancels out the negative part below, resulting in a very attenuated wave am-

plitude from the ground. As the layer gets thicker as the solar activity increases, the
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Figure 8. The O('D) cancellation factor for different solar activity scenarios. Note that the

threshold vertical wavelength (the wavelength where CF=1) increases with solar activity.

attenuation starts affecting the larger wavelengths as well, and only longer vertical scale

TID will be detectable.

The low occurrence rate of TID in the O(!S) layer during high solar cycle has been
confirmed by observational data (e.g., Garcia et al., 2000; Shiokawa et al., 2003; Can-
dido et al., 2008; Pimenta et al., 2008; Park et al., 2010; Martinis et al., 2010). For instance,
Bowman (1992) and Park et al. (2010) reported an inverse sunspot cycle occurrence rate
of MSTID. Candido et al. (2008) showed that the maximal occurrence rate of MSTID
happens during solar minimum. Nonetheless, Fedorenko et al. (2013) claim that TID
occurrence does not depend on the sunspot number, while Klausner et al. (2009) show
that TID have larger amplitudes during high solar activity. Thus, there are still oppor-
tunities for deeper investigation of the occurrence rate of TID around the globe to con-

firm these reports.

The Perkins instability (Perkins, 1973) has been invoked in many papers as the
cause of the low occurrence of TID during high solar activity in mid latitude observa-
tories (Taylor et al., 1998; Shiokawa et al., 2003; Nishioka et al., 2009; Takeo et al., 2017).
The negative correlation with the solar activity is explained in terms the growth rate
of the Perkins instability; that is, if the growth rate is large, which coincides with pe-
riods of low solar activity, the generation of MSTID is also large (Duly et al., 2013; Lak-
shmi Narayanan et al., 2014). However, Yokoyama and Hysell (2010) and Kubota et al.

(2011) argue that the Perkins instability does not contribute to the generation of MSTID.
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Other investigators show that neither the propagation direction (southwestward ori-
entation) nor the scale size of TID is predicted correctly by the Perkins instability the-
ory (Kotake et al., 2007; Shiokawa et al., 2009). Also, Paulino et al. (2016) show that TID
wavefronts are not northeast-southwest oriented, in disagreement with Perkins insta-
bility predictions. Thus, while the Perkins instability role in the MSTID generation is
still controversial, our model offers a simpler explanation for the low occurrence rate
of TID in the high solar activity intervals in terms of the attenuation of the wave’s am-
plitude. It is due to the redline layer vertical structure that benefits the observation of

longer rather than shorter vertical wavelength TID.

Only a few studies provide the vertical scales of the observed TID. For instance,
Negale et al. (2018) show that the measured fall seasonal day/night distribution of MSTID
at high latitudes in the northern hemisphere presents a vertical wavenumber spectrum
distributed around 273 km (mean) and 216 km (median). This is in good agreement
with the threshold vertical wavelength shown in Fig. 8 for the low solar activity curve.
Moreover, the vertical wavelength distribution measured by Negale et al. (2018) peaks
at 230 km for the altitude range of 200-250 km, while the A, distribution peaks at ~190
km within the altitude between 250-300 km. It is remarkable that only a few waves are
present in the vertical wavelength range larger than 400 km. Thus, with few very long
wavelength TID present in the spectrum in combination with the cancellation/attenuation
effect for waves presenting A, < AL, we anticipate it should be harder to observe TID
during high solar activity periods, and only dominant waves presenting larger ampli-

tudes are likely detectable from ground-based measurements.

Paulino et al. (2018) also provided a climatology for TID observed in imagery of
the redline nightglow from 2012-2014 (rising phase of the solar cycle 24) observed near
the equatorial region at (7.4°S, 36.7°W) over the Brazilian sector. They did not calcu-
late the vertical wavelength of the observed waves but provided a detailed table of wave
features that permitted us to calculate and plot the histogram of the vertical wavelength
distribution shown in Fig. 9. The wavelengths in the histogram are estimated using atmos-
phere background information from the NRLMSISE-00 and IR12016 models for July 16,
2012 (F10.7=128 sfu, 3-month average) because most of the events were observed in 2012.

To obtain the vertical wavelength, we have used Eq. 2. For instance, taking event 22 from
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Figure 9. Distribution of observed vertical scales of TID/gravity waves calculated from data of
Paulino et al. (2018) taken from 2012-2014 in the Brazilian sector in the rising phase of the solar

cycle 24.

Paulino’s Table 1, the horizontal wavelength is 170.7 km and the intrinsic period is 20.7
min. From our simulation running with background parameters for the Paulino’s ob-
servatory location for July 16, 2012, we have determined that ¢ = 9.06 m/s, H = 44.82
km, cs=ygH = 753.18 m/s, N = 0.00969171 rad/s, and f = —1.8784 x 10~° rad/s.
Plugging these values into Eq. 2 and taking the square root, we obtain m = 5.96 x

10° rad /m, which corresponds to a vertical wavelength of 105.3 km.

By using the same background atmosphere conditions as for Fig. 9 and varying
the intrinsic wave period in our model, we have found how the threshold vertical wave-
length and the cancellation factor change with these two TID attributes (Fig. 10). For
instance, the cancellation factor in the amplification regime (A, > AL) is much stronger
(CF~1.8) in the short wave period range (10-20 min) than that in the longer wave pe-
riod range (7; > 20 min), where CF~1.1. We also notice that AL grows rapidly in the
shorter wave period range (up to 70 min), then it tends to stabilize in a more steady

value (AL ~ 375 km) for periods longer than 70 min.

Fig. 10 permits a direct comparison with Fig. 9 from where we have obtained good
agreement with the observational data. The distribution in Fig. 9 shows maximal oc-
currence of TID wavelengths within the range of 144-168 km. If we analyse the period
distribution of the Paulino’s events, we verify that most of them (16 out of 24 events)

fall in the range of 10-20 min (14.7 min in average). Observe in Fig. 10 that for 7; ~ 14.7
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Figure 10. Variation of the cancellation factor with the vertical wavelength and the intrinsic
period of TID. The diagram was composed by taking the same atmospheric conditions utilized in
Fig. 9. The thick continuous line represents where CF=1. The vertical dashed line represents the

threshold vertical wavelength of ~160 km for a wave period of ~14.7 min (horizontal dashed line).

min, the threshold wavelength is ~160 km. This is consistent with the maximal range

distribution found for Paulino et al. (2018) events in Fig. 9.

Wavelengths smaller than 160 km would pose an observational challenge for ground-
based measurements given the cancellation effect discussed earlier. However, Fig. 9 still
shows a number of TID events having A, <96 km. It is possible that TID would still
be detectable even under the attenuation regime (A, < AL = 160 km) if they present
sufficiently large amplitudes, which can occur when waves are near critical levels where
the wave action is absorbed (Gossard & Hooke, 1975). In fact, Paulino et al. (2018) show
a number of TID events with intrinsic period close to the Brunt-Viisdlad period 1y, in-
dicating those events were close to critical levels. Near these critical levels, the verti-
cal wavelength of waves shrinks, which would explain the presence of smaller verti-
cal scale waves in the distribution. Also, as waves approach critical levels, the ampli-
tude increases to compensate for the shrinking effect in A, (Gossard & Hooke, 1975).
Supposedly, the signal from the airglow would then be enhanced, making these waves

observable.

Another possible explanation for the shorter vertical wavelengths is that large scale
waves like atmospheric tides would act on the O('D) emission causing variations in the

layer’s thickness in a manner similar to that demonstrated in Fig. 4b. As the layer thins
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down within the wave cycle, it would be possible to observe shorter vertical scale waves

at the instant the layer gets sufficiently thinner.

It is also possible that the vertical small scale TID events in Fig. 9 have been mis-
taken for gravity waves in the mesosphere. This could be the case when the O(* D) ther-
mospheric signal is contaminated by the mesospheric OH(9-3) band signal recorded
by all-sky imagers. This possibly occurs as the mesospheric OH(9-3) has a marked bright-
ness peak at 630 nm and a mean intensity 25% that of the thermospheric redline. In fact,
this contamination has been noticed in our nightglow measurements at the Andes Li-
dar Observatory, were we run all-sky imagers equipped with filters for the OH and the
redline running sequentially. In nights of large wave activity in the OH emission, we
have observed the presence of the exact same wave structures in redline images—a clear
indication that the contamination occurs. Thus, a cross-check between sequential OH
and redline images would be necessary to confirm that the observed TID are in fact prop-

agating across the thermosphere at a given instant.

5 Conclusion

This paper has reported our simulations of the thermospheric redline nightglow
emission under the influence of oscillations of various vertical scales and under dis-
tinctive solar activity conditions. The goal here was to understand which waves per-
turbing the redline emission would be more likely to be detected in ground-based night-
glow measurements. We have also compared the results with observations of TID ac-
tivity in the thermosphere registered in the redline imagery. The main findings of this

work are as follows:

+ Under general background conditions and solar activity, we have found that TID,
or gravity waves, perturbing the redline emission will be more likely seen if they
present relatively large vertical wavelengths. Waves having A, >160 km will be
promptly detectable.

+ Also under general conditions, waves of smaller vertical scales (A, <160 km) would
be observed only if they present larger amplitudes, that is, amplitude large enough
to compensate for the attenuation (or cancellation effect) caused by the redline

layer structure on the wave amplitude (in intensity) when measured from the ground.
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Waves presenting long vertical scales (A; > A!) would be more likely detectable
from the ground because the layer response in radiance is amplified due to the
photochemistry of the redline emission. This amplification effect is much smaller
than those calculated for the mesospheric nightglow layers (Vargas et al., 2007).
As the solar activity intensifies, the scales of the most likely observable waves

in the redline shift to ever larger vertical wavelengths. Under high solar activ-
ity conditions, only waves presenting vertical wavelengths larger than 360 km
would be likely observed because the redline layer structure gets thicker and the
layer peak shifts to higher altitudes, reinforcing the estimated cancellation effect.
The increase of the molecular oxygen density in the thermosphere during high
solar activity periods is the dominant factor to account for the increased thick-
ness and peak altitude of the O( D) layer.

We have found a favorable correspondence between the most likely observable
TID vertical wavelengths from the simulation and those of the observation (Negale
et al., 2018; Paulino et al., 2018). The distribution of observed wavelengths peaks
in the vertical wavelength range approximately equal to or larger than the range
of the predicted threshold wavelength AL =160 km.

The low occurrence rate of MSTID in measurements of the O(* D) during high
solar cycle can be explained by the stronger layer cancellation effect during high
solar cycle—an effect caused by changes in the redline layer structure in com-
bination with a smaller occurrence of long vertical wavelength waves (Negale et

al., 2018).
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Travelling Ionosphere Disturbance Signatures on
Ground-Based Observations of the O(*D) Nightglow
Inferred from 1D Modeling
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Key Points:

+ In general conditions, traveling ionosphere disturbances (TID) of longer verti-
cal wavelengths (A, >160 km) are more likely than shorter vertical wavelength
TID to be observed from ground-based imagery of the O(* D) nightglow.

« For high solar activity periods, the volume emission rate of the O(! D) nightglow
layer is thicker (larger FWHM) and peaks at higher altitudes due to a larger con-
centration of O, at higher altitudes in the thermosphere.

- Because the O(! D) layer is thicker under high solar activity conditions, only TID
of A, > 360 km are likely to be detected from ground-based observations. This
explains the lower observation rate of TID in the O(! D) nightglow all-sky imagery

in high solar activity intervals.
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Abstract

This paper reports our simulations of the volume emission rate (VER) of the O(D) red-
line nightglow perturbed by waves traveling across the thermosphere at around 250 km
altitude. Waves perturb the electronic and neutral background densities and temper-
atures in the region and modify the O(' D) layer intensity as it is captured by ground-
based nightglow instruments. The changes in the integrated volume emission rate are
calculated for various vertical wavelengths of the perturbations. We demonstrate that,

as the solar activity intensifies, the vertical scales of most likely observable TID waves
become larger. For high solar activity, we demonstrate that only waves presenting ver-
tical wavelengths larger than 360 km are likely to be observed. The variation of the range
of likely observable vertical wavelengths with the solar cycle offers a plausible expla-
nation for the low occurrence rate of TID in measurements of the redline nightglow dur-
ing high solar activity periods. We have compared our results with those of Negale et
al. (2018) and Paulino et al. (2018) to verify that observed vertical wavelengths distribute
around 140-210 km, in good correspondence with our predicted threshold wavelength

AL ~160 km for very low solar cycle period.

1 Introduction

Traveling ionosphere disturbances (TID) on the ionospheric plasma have been ob-
served for several decades. The initial reports date from the 1950s, such as those of Munro
(1950), Munro (1958), and Martyn (1950). A successful interpretation of this phenomenon
describes the TID as a manifestation of atmospheric gravity waves (AGW) perturbing

the plasma (Hines, 1960).

W. Hooke (1968) further extended the Hines (1960) theory to account for gravity
wave perturbations on the ionospheric plasma to show that their primary effect is dom-
inated by the ratio of the neutral-plasma collision frequency to the giro-frequency un-
der the influence of the geomagnetic field at thermospheric altitudes. In the ionosphere,
gravity waves impart the motion of the neutral gas parallel to the magnetic field to the
ionization via collisional interactions. W. Hooke (1968) also showed that only certain
gravity wave modes are capable of creating perturbations in the ionosphere, and waves

imparting velocities of 20 m/s seemed capable of exciting TID of larger magnitudes,
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given the right background conditions. W. H. Hooke (1970) showed the ionosphere re-
sponse to gravity waves as dependent on the propagation azimuth of the wave pertur-
bation, evidencing the anisotropy of the propagation direction of TID in the lower and
upper ionosphere. He found that the anisotropy is a function of the wave parameters

and the ionospheric conditions.

Later on, Francis (1974) simulated a spectrum of gravity waves generated above
the mesosphere to identify the effects of direct waves and ground-reflected waves on
the upper levels around 200-300 km. This simulation explained the sources of the trav-
eling ionosphere disturbances. The large and medium scale TID could be better dis-
tinguished, with the large scales being less frequent than the medium scales because
of their correlation with the high latitude phenomena in the auroral TID source region
in times of magnetic storms (kp>5), and particle precipitation generation of AGWs via
Joule heating with the Lorentz force ongoing on charged particles under the Earth’s
magnetic field at those locations. Francis (1974) also pointed out that TID could be pe-
riodic and non-periodic, with the non-periodic TID being observed as frequently as their
periodic counterparts. However, the non-periodic TID would resemble medium scale

only.

Medium scale TID (MSTID) are the focus of this paper because of the number of
poorly understood aspects of their nature. The MSTID, as presented earlier, can be pe-
riodic or non-periodic; therefore, it is more difficult to identify their cause. Whereas
many papers (Nishioka et al., 2009; Negale et al., 2018) have identified the main source
of TID at high latitudes, there are accounts of MSTID being excited at equatorial lat-
itudes (e.g., Shiokawa et al., 2009; Paulino et al., 2018) and mid-latitudes as well (Shiokawa

et al., 2003; Martinis et al., 2010; Paulino et al., 2018).

Observations of MSTID have been made via ground-based imagery of the ther-
mospheric redline nightglow corresponding to the O(®*P —! D) transition line at 630 nm.
Although MSTID are frequently observed, only few articles report the vertical scales
of these observed thermospheric oscillations, primarily because of the lack of background
information about neutral wind at the layer altitude. For instance, one of the few ar-
ticles showing the spectral distribution the vertical scales of MSTID for data collected

over a three-year period is that of Negale et al. (2018). Moreover, combined modeling
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and observational studies of MSTID of several vertical scales are carried out only spar-
ingly. For example, Porter et al. (1974) studied the behavior of the O(! D) nightglow bright-
ness under the influence of gravity waves from a purely theoretical perspective, com-
paring the changes in both the nightglow intensity and electron density, while Ogawa

et al. (2002) presented a simplified model to account for TID oscillations in the neutral

and electron densities to explain perturbations in the total electron content and in the

redline nightglow observed over Shigaraki, Japan.

In this work, we model the O(* D) emission perturbed by MSTID/AGW of var-
ious vertical wavelengths to show which wave scales would be promptly accessible from
ground-based observations. The model concerns zenith observations of the redline us-
ing all-sky imagers, but can also be extended to any zenith-integrated atmosphere vari-
able affected by TID/gravity waves, such as photometry of the nightglow or GPS-TEC
observations. The results are obtained under regular atmospheric conditions and for
different solar activity scenarios as well. The implications of our findings are then an-
alyzed in light of observed MSTID scales and features obtained from the redline im-

agery technique.

2 Methodology

The approach used here is similar to that of Vargas et al. (2007) for the simula-
tion of the mesospheric nightglow layers perturbed by gravity waves. Here, however,
we have also implemented equations to account for perturbations on the ion and elec-
tron densities. Beyond that, we have also applied wave perturbations on the ion and

electron temperatures in the same way as that for the neutrals temperature.

Fig. 1 presents the input parameters utilized in our simulations taken from the
IRI12016 and NRLMSISE-00 models for Jan 01, 2016, corresponding to low solar activ-
ity conditions for (30.3°S, 70.7°W), the coordinates of the Andes Lidar Observatory (ALO),
in Chile. Fig. 1a shows vertical profiles of the O, O, and N, (from NRLMSISE-00), and
the O™ ion and electron number densities (from IR12016). Atomic nitrogen is constant
throughout the range as used in Link and Cogger (1998). The temperature for ions T;,

electrons T, and neutrals T}, are also from the IRI2016 model and are in Fig. 1b. Input
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Figure 1. Background (a) densities, (b) temperatures, and (c) environmental parameters calcu-

lated for low solar activity conditions (Jan 01, 2016) for (30.3°S, 70.7°W), the coordinates of the

Andes Lidar Observatory. Neutral densities are from the NRMSISE-00 model. Electron and ion

densities, and neutral, electronic, and ionic temperatures are from the IRI2016 model. The in-

put parameters for the NRMSISE-00 and IR12016 mo

accompanying this publication.

dels are in the supporting information file

parameters for the IRI2016 and NRLMSISE-00 models are given in the supporting in-

formation file accompanying this publication.

The environmental parameters in Fig. 1c are the Brunt-Viisild period 1y = 271/N,

where N is the Brunt-Vdisild frequency, and the scale height for neutrals H = RsT,/ Muw g,

where Rs = 8.31432x 103 NmK~1kmol~! is the universal gas constant, M, the mean

molecular weight, and g the gravity acceleration. The parameter N is given by N =

% (dT,/dz+ g/cp), where dT,, /dz is the environmental lapse rate, g/cp =9.8 K/km

is the adiabatic lapse rate, and ¢, is the specific heat at constant pressure.
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Table 1. Chemical Reactions and Reaction Rates

Reaction Reaction Rate Units Reference
1 0"+0,— 05 +0 ki = 3.23 x 102 exp <% - %Z) cm®s~!  (Chen et al., 1978)
2 Of +e—0('D,'S)+0(°P) ay = 1.95 x 1077(T,/300) 07 cm®s~1  (Torr, Torr, Walker, Nier, et al., 1976)
3 O('D)+ N2 — O(P) + N ky, = 2.00 x 10~ exp(111.8/T;) cm3s~1 (Streit et al., 1976)
4 O('D)+0;— OFP)+0, ko, =2.90 x 10~ exp(67.5/T,) cm3s~! (Streit et al., 1976)
5 O(D)+0— 0(P)+0 ko =213 x 10712 4260 x 10713795 —2.44 x 10T, cm3s~ (Yee et al., 1990)
6 O(D)+e—OCP)+e ke = 1.60 x 1012791 cm®s~!  (Berrington & Burke, 1981)
7 OF +N—NO'+0 ky=18x107"1 cm®s~1  (Ferguson, 1974)
8 OF+N,— NOT+N kig = 2.78 x 10713 exp(% - (”I",L}“\%O)Z) em3s~1  (Chen et al., 1978)
9 NO*+e—N+O a9 = 4.00 x 10~7(T,/300) 09 em®s~1 (Torr, Torr, Walker, Brace, et al., 1976)
10 O('D) — O(®P) + hv(6300) Ao(ip) = Aeao + Aezes = 681 x 1073 s~!  (Link & Cogger, 1988)
11 O('D) quantum yield for reaction 2 foapy =1.10 - (Sobral et al., 1992)

“Footnote text here.

2.1 The O(D) Volume Emission Rate

To produce excited oxygen in the O(! D) state in the ionosphere, the dissociative
recombination of the molecular oxygen ion is the relevant process (reaction 2 in Table
1). The products of this reaction are oxygen atoms in the ground state O(*P) and in the
excited states O(! D) and O(!S), where the O(! D) excited state is responsible for the ther-
mosphere redline nightglow. The number of O(! D) atoms produced from the disso-
ciative recombination is determined by the quantum yield fo(1p). The O('D) species
can be deactivated by quenching of O, Oy, N, and electrons, as well as by the spon-
taneous radiation emission represented by Ay 1p). These reactions and their correspond-

ing reaction rates are in Table 1.

To obtain the volume emission rate for the redline emission, we assume the pho-

tochemical equilibrium between production and losses, which leads to Eq. 1:

0.756 AO(lD) fO(lD) k1 [Oz] [6]
([e]/[0F))(Aoqp) +kolO] + ko, [O2] + kn, [Na] + Ke[e])

VERo(lD) - (1)

where

/107 =1+ () (14 B )l

ayle] +ky agle] wgle]

as given by Link and Cogger (1988).
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Figure 2. Low solar activity (a) unperturbed O(! D) volume emission rate and electron density,

and (b) production and loss terms of the O(' D) volume emission rate from Eq. 1.

We evaluate Eq. 1 by plugging in the reaction rates in Table 1 and the numerical
values of the quantities in Fig. 1a and Fig. 1b, and plot the unperturbed profile of the
O(' D) volume emission rate in Fig. 2a. The redline layer peaks at 282 km and presents
79 km full width at half maximum (FWHM) under the conditions simulated here. At
the layer peak, the VER~180 photons/cm?®/s. For reference, we also plot in Fig. 2a the
electron density profile (dash-dot line) to show its maximum about one scale height
(~38 km) above the redline layer centroid. The unperturbed [e] density is much wider
(FWHM~231 km) than the VER, and peaks at 323 km with a peak density of ~4.6x10°

electrons/cm?.

Fig. 2b shows the contribution of individual production and loss terms in Eq. 1.
The thick continuous line in Fig. 2b represents the production term corresponding to
the numerator of Eq. 1, while the thick dash-dot line is the sum of all loss terms in the
denominator. The thin dash-dot, colored lines are the individual losses. Note that the
loss of the O(! D) excited state due to the atomic oxygen dominates up to 275 km. Above
that level the radiation term involving A1) dominates the loss of O('D). The term
due to quenching by electrons is the least below 270 km, while the N term is the small-

est above that level.
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2.2 Perturbing the O(!D) Volume Emission Rate and Intensity

The O(! D) volume emission rate response in the thermosphere to gravity waves
is calculated by first obtaining the perturbations on the neutral and charge densities,
vertical and horizontal winds, temperatures, and rate coefficients. To do so, we have
set the characteristics of waves in terms of the vertical wavelength for a wave period

taken from the 24 TID events observed by Paulino et al. (2018).

The layer brightness is the O(' D) zenith intensity captured by nightglow imagers
and photometers in ground-based experiments. We compute the O(! D) intensity as the
integral of the VER in altitude, where the VER is composed of the steady plus the per-
turbed states, that is, VER=VER+VER’, where VER corresponds to the curve in Fig.
2a. From the integral of the VER it follows that I = [ VERdz = [ VER+ VER'dz =

I+ 1.

Other perturbed parameters are calculated as follows. According to the linear grav-
ity wave theory (Hines, 1960), the wave frequency w = 27t/ 7, horizontal wavenum-
ber k = 27/ A, and the vertical wavenumber m = 271/A; are related by the disper-

sion relation (Eq. 2),

2 (N2+w2) 2 (Uz o 1
"= (w2+f2)k +'ng 4H2 @)

where v = ¢,/ ¢y is the specific heat ratio, and f is the Coriolis term. The parameters

T, Ay, and A, are the intrinsic wave period, the horizontal wavelength, and the verti-

cal wavelength of the perturbation, respectively. Notice that Eq. 2 holds for an isother-
mal atmosphere, what is nearly the case in the thermosphere. However, Eq. 2 does not
take into account effects of viscous dissipation or heat diffusion dissipation on the grav-
ity wave amplitudes. This is a limitation of the present simulation which must be ad-

dressed in an upcoming work.

Oscillations in the neutral density, temperature, and wind components are obtained

from Eq. 3,

(u’,w’, F;:, TY/‘) = %{(a,w,p, Tn) exp % +i[m(z —z) +wt]] } 3)



170

179

180

181

182

183

184

185

187

where v/, W/, p' /p, and T}/ T, are the fluctuations in the wind component parallel to
the wave orientation, the vertical wind, the neutral density, and the neutral tempera-
ture, respectively. The terms i, @, g, T, represent the complex amplitudes of each wave
field. The total fields are givenby u = i+ u', w = w+w',p = p+p/,and T, =
Ty + T,

The reference altitude z, in Eq. 3 is set at 200 km where the wave amplitude T, =
10%. The neutral temperature amplitude T, is the reference parameter for the other quan-
tities; that is, all other complex amplitudes are specified in terms of T}, via the polari-

zation relations from the gravity wave linear theory.

The factor § in Eq. 3 accounts for the wave amplitude growth or decay. For g <1
the wave amplitude grows with increasing altitude, and for § >1 it decays. For g =1,
the wave amplitude is constant, resembling the behavior of a saturated wave. We keep
B = 1in these simulations to straightforwardly quantify the effect of the wave per-
turbation in the O(! D) layer throughout the simulation range. This makes sense because
the layer response will be due solely to the layer’s photochemistry and dynamics, once

the relative wave amplitude T, is constant everywhere.

The complex amplitudes il and @ are given by the relations 4 and 5,

ik

0= 2 “ 7 In 4)
Nzl\laﬂ (% +iHm — KNLZ)

P2 (G +iHm—x)

w= N2 1 . Kw? T, ®)
w2 (7 +iHm = 57)

while the complex amplitude for the neutral density p is given by Eq. 6.

1— 2H _ oipy
3(771) Tn (6)
1— % —2iHm

=3

Perturbations in number densities of Ny, O,, and N follow Eq. 6 as

, @)
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while atomic O perturbation follows Eq. §,

/ / o !
O _pye 1-DHT, ®)
[O] P -1 T,
where D = dlr;io] is the scale height of the [O] density. The perturbed temperatures
T; and T, follow that of the neutrals temperature, that is,
2 = L‘g = I—’; )
T, T. Ty

The perturbation response of electrons due to the TID in the thermosphere is ex-
pressed as a function of the magnetic induction field B and the magnetic inclination
angle as discussed in Hooke (1968). The total electron density is given by [¢] = [¢] +
[e]’. The fluctuation [e]” is found from:

[e) {MM} +i(B-2) [1 + d(ln[e])], (10)

]

where the vector 7 = u/'f +w'2 and k = k& 4+ m2. The unit vectors 2 and ¢ are par-
allel to the vertical direction and to the wave orientation, respectively, and B is the unit
vector parallel to B. Observe from the term (7’ - B) that TID with stronger meridional
component will have larger effect on the [e] density because B has a small zonal com-
ponent. As confirmed in observations, equatorward traveling TID are promptly seen

in ionospheric measurements (e.g., Francis, 1974; Shiokawa et al., 2006).

Temperature-dependent reaction rates are also affected by gravity wave oscilla-
tions via temperature oscillations. Perturbed states of the reaction rates are evaluated
by plugging the perturbed temperatures into the corresponding reaction rate expres-

sions (Table 1).

To carry out the simulations, we have chosen the vertical wavelength and the wave
period as input parameters. A constant period of T =45 min is set corresponding to
one of 24 wave periods reported by Paulino et al. (2018) for TID perturbing the ther-
mospheric redline. The vertical wavenumber m = 277/ A; is specified iteratively, with

A, varying from 50 km to 500 km by increments of 5 km. Then, we calculate k = 27t/Ay,

-10-
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Figure 3. The perturbed (a) O(1D) volume emission rate and (b) electron density calculated for
24 different phases of a perturbing gravity wave in a full wave cycle. The perturbing wave pro-
gresses vertically upwards in the thermosphere. The thick continuous lines are the unperturbed
profiles of the VER and [e] as in Figure 2. The gray thin lines are the perturbed VER’ and [e]’ pro-
files. The dashed lines represent the standard deviation of the VER' and [e]’ profiles, respectively.

The perturbing wave has the following properties: Ay= 852 km, A,= 230 km, 7= 45 min, T,= 10%,

B=1.

from the dispersion relation (Eq. 2) and the other perturbed quantities from Egs. 4 to
9 within each iteration by setting T, =10% of the background neutral temperature at
the reference altitude. Notice that the horizontal wavenumber varies slightly with height

due to variable environmental parameters Ty and H (Fig. 1c).

Eq. 10 is evaluated by setting B = —69 £ + 19956  — 11937 2 [nT], correspond-
ing to components of the geomagnetic field at (30.3°S, 70.7°W) geographic coordinates
and with -30.9° inclination angle with the horizontal plane at this location for the An-
des Lidar Observatory, Chile. The unit vectors £, §, and Z point toward the zonal, merid-

ional, and vertical directions, respectively.

The relative perturbations are obtained for 1 km altitude resolution and 5; time
increments (this is equivalent to increments of 0.26 radians of the wave phase) within
a wave cycle. All the perturbed quantities are finally plugged in Eq. 1 within each it-

eration to find the perturbed volume emission rate and intensity.

-11-
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3 Results

The effect of wave perturbations on the redline layer VER is plotted in Fig. 3a. The
perturbed VER profiles (gray thin lines) oscillate around the steady VER layer (thick
continuous line), but the largest effect occurs at the peak at 286 km. The standard de-
viation oy g of the perturbed VER profiles is the dashed line in Fig. 3a, and confirms
the higher variance around the layer peak height. The oygr profile indicates where the
wave perturbation is more vigorous within the layer, which in the case of the O(D) oc-

curs right at the peak of the thermospheric VER profile.

The altitude where oy g peaks is distinct for the mesospheric nightglow layers.
In the mesosphere, oy pr profiles of the OH, Oy(b), and O('S) perturbed layers peak
~2.5 km below their respective steady layer centroids (Vargas et al., 2007). This has a
subtle impact on the interpretation of observational results when comparing data of

the temperature and intensity of the mesospheric nightglows.

Fig. 3b shows the unperturbed [e] profile with amplitude of ~9.5% at the peak
of the unperturbed [e] layer (thick continuous line). The standard deviation oj, of the
[e]” profiles is also presented as the dashed line. Similarly to the VER, oy, also shows

large TID activity at the peak of the electron density profile.

Fig. 4 shows the time vs. altitude cross-section of (a) the temperature perturba-
tion, (b) the perturbed O('D) VER, and (c) the perturbed electron density for a full wave
cycle. The perturbing TID wave has the following properties: A,= 852 km, A,= 230 km,
7= 45 min, T,= 10%, B= 1. The TID has a discernible effect on the layer as it progresses
vertically through the thermosphere. Fig. 4b demonstrates the changes in the VER. Ob-
serve that the layer peak height varies by about by 5 km during the wave period, while
its thickness is as great as 78 km and as small as 62 km during the interval. Similarly,
Fig. 4c shows that the TID causes the centroid of the [e] profile to go up (down) as the

layer gets thicker (narrower), respectively.

The phase relationship among the perturbations in intensity, temperature, and ver-
tical velocity due to the wave is in Fig. 5. The perturbation of the neutral temperature
is opposite in phase to that of the intensity; that is, lower layer intensity corresponds

to higher temperatures in the region, and conversely. On the other hand, the neutral
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Figure 4. Time versus altitude cross-section of the (a) perturbed neutral temperature, (b) per-
turbed O(' D) volume emission rate, and (c) perturbed electron density. The perturbing wave

properties are the same as in Figure 3.
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Figure 5. The phase of the vertical wind, neutral temperature, O(* D) layer intensity, and electron

density for a full wave period measured at the centroid altitude of the VER.

temperature and the vertical velocity perturbations are in phase quadrature as expected.
The intensity and the vertical velocity perturbations are also in phase quadrature, with
the vertical velocity leading in time. This translates to a brighter layer intensity as the
wave moves particles upwards to a region of lower density around the VER peak where
the quenching by Ny, O,, and O is smaller. This causes less deactivation of the O(! D)
species and enhances the emission of 630 nm photons. Conversely, as the wave moves

particles downward, the layer becomes dimmer.

The ratio of the relative perturbation in intensity 17, to that in neutral temperature

1'/1
T, /T,

% is also calculated (Fig. 6). This ratio, called the cancellation factor (CF= ), is used
to determine how the layer responds to wave perturbations of various vertical scales.
For a layer response in intensity larger than the input perturbation in temperature, the
ratio CF is larger than the unit, indicating a gain or amplification of the wave pertur-

bation in intensity. If the CF ratio is less than the unit, we interpret that as a suppres-

sion or attenuation of the wave perturbation.

The threshold vertical wavelength A! is defined as the wavelength for which can-
cellation factor ratio is equal to one. It is displayed in Fig. 6 by the vertical dotted line
at AL = 230 km. Note that A! dissects the CF plot into two wavelength regimes, one
for the A, < AL range (attenuation regime) and the other for A, > Al (amplification
regime). The CF ratio decreases faster in the A, < Al interval, indicating that the at-

tenuation takes over rapidly in that regime. Waves in the A, < A! regime will be more
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challenging to observe from ground-based measurements of the O(' D) nightglow be-

cause the layer response in intensity decreases fast with decreasing wavelength.

In the attenuation regime (A, < A%), the cancellation factor indicates that the layer
response is less than the input perturbation amplitude. For example, taking A, = 100
km, we see that CF(A;) = 0.35 from Fig. 6. The layer intensity response to a wave of
such vertical scale is expected to be I'/ I=T,/T,; x CF = 10% x 0.35 = 3.5%, corre-
sponding to a much smaller amplitude in intensity and a strong attenuation of the orig-

inal input perturbation due to the layer structure and thickness.

In the amplification regime (A, > Al), especially for the longer wavelength range,
the asymptotic value of the CF ratio is 1.12. Thus, given an original input perturbation
of T,/ T, =10 %, the maximum layer response in intensity is expected to be I /T =
T,/Ty x CF = 10% x 1.12 = 11.2%, indicating a small but welcome amplification
of the wave amplitude in brightness for TID of larger vertical scales (A, > AL =230
km). For this reason, the simulation suggests that TID in the amplification regime are
more regularly detectable and identifiable in ground-based measurements because of

the enhancement of the TID amplitude acting on the thermospheric redline nightglow.

—-15-



290

298

299

300

301

310

311

312

313

314

315

Nonetheless, the asymptotic value of the O(! D) layer is notably smaller than those
calculated for the mesospheric nightglow layers (Vargas et al., 2007). For the mesospheric
OH layer, the asymptotic CF value is 3.5, while it is 4.5 for the mesospheric O('S) green-
line layer. This implies that, for an original perturbation of equal magnitude, we would
notice a brighter wave perturbation from the mesospheric greenline layer than from the
thermospheric redline layer. This expected behavior is due to the fact that a layer’s re-
sponse to an initial wave perturbation is linked to the distinct vertical structures and

photochemistries of each nightglow layer.

4 Discussion

To understand how likely a TID is to be detected from ground-based observations
of the O(! D), we first demonstrate the variations in the redline layer structure, and then
how the VER responds to waves of various vertical scales in different environmental
conditions. These environmental conditions are set considering the solar cycle under
(1) very low (F10.7= 66 solar flux units for 3-month average), (2) low (F10.7= 105 so-
lar flux units for 3-month average), and (3) high activity (F10.7= 201 solar flux units for
3-month average) regimes. The input parameters for the IRI2016 and NRLMSISE-00
models to obtain the background variables for each solar cycle regime are specified in
the supporting information file accompanying this publication and correspond to the
location of the Andes Lidar Observatory (30.3°S, 70.7°W) because we want to utilize

the results of this work in the investigation of TIDs observed over ALO.

The top panels in Fig. 7 show that the VER thickens and peaks at higher altitudes
as the solar activity increases. For instance, for the very low conditions (Fig. 7a), the
VER profile is 64 km wide and has centroid at 282 km. The VER for the low solar ac-
tivity interval (Fig. 7b) peaks at 282 km and presents 79 km FWHM. On the other hand,

the layer is 119 km thick and peaks at 343 km in the high solar cycle scenario (Fig. 7c).

We have performed sensitivity tests to determine which factor plays a major role
in the changes of the O(! D) layer structure as the solar cycle evolves. We have found
that, even though temperature changes in the thermosphere are quite remarkable, they

cause negligible effects in the VER because direct changes in temperature affect the re-
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Figure 7. The top charts depict the O(D) VER for (a) very low, (b) low, and (c) high solar activ-
ity. The bottom charts depict the electron and molecular oxygen densities for (d) very low, (e) low,

and (f) high solar activity.

action rates, which are small quantities of magnitude from 10713 to 10~7. Similarly, changes

in the O, Ny, and N densities also have a minor effect on the layer’s structure.

The charge density peak altitude also changes with the solar cycle. This can be
verified from the thick lines in Figs. 7d, e, and f, which represent the ion density in the
thermosphere for the simulated conditions. Above ~240 km the ion density coincides
with the electron density assuming the plasma neutrality principle, and both profiles
peak at the same altitude. Although changes in the charge density are not small, we
have verified that they are not the primary factor impacting the changes in the VER struc-
ture. We have tested this by taking the electron density from the high solar cycle pe-
riod and plugging it into the very low and low solar activity scenario simulations. From
that, we have seen only negligible changes in the VER structure. This is expected from
the photochemistry standpoint once the quenching of the excited O(' D) atoms by elec-

trons represents the smallest loss term in Eq. 1 as depicted in Fig. 2b.

On the other hand, for example at 250 km, the O, density changes by about one
order of magnitude from very low to high solar cycle scenarios (dashed-dot lines in Figs.

7d, e, and f, respectively). By taking the O, density from the high solar cycle period and

-17-



335

343

344

345

346

347

348

349

350

359

360

361

362

363

364

365

plugging it into the very low and low solar activity scenario simulations, we have ver-
ified major changes in the O(* D) VER structure as well as in the layer thickness and

in the layer peak altitude.

In Table 1, even though the dissociate recombination (reaction #2) is responsible
for the production of the atomic oxygen in the ' D excited state, the charge exchange
(reaction #1) is the rate-determining reaction (Shiokawa et al., 2006). Thus, with a higher
density of O, available in the thermosphere during the high solar cycle, we expect to
see a brighter o('D) nightglow with a thicker VER profile peaking at higher altitudes.
Because the [O"] changes are much smaller than those in [O;] as the solar cycle pro-
gresses, we attribute the O('D) VER changes simulated here to the [O;]. The O; den-
sity increase with solar cycle is due to the expansion of the atmosphere due to the higher
temperatures, which cause the densities of all constituents to increase in the upper ther-
mospheric levels. Molecular diffusion also increases due to the markedly higher tem-
perature, and so do the scale heights of the individual atmospheric constituents (Vickers

et al., 2014; Swenson et al., 2018).

Thicker VER profiles, as discussed before, have direct impact on the observations
of TID from the Earth’s surface. To show how this occurs, we plot in Fig. 8 the CF ra-
tios for three different solar activity scenarios, showing the tendency of the threshold
vertical wavelength AL to increase accordingly. For instance, observe in the CF curve
for the very low solar activity (dotted line) that AL =160 km , while for the high so-
lar activity scenario AL =360 km (dash-dotted line in Fig. 8). The high solar activity
AL is nearly double that of the very low solar activity scenario. Thus, we expect more
difficulties in observing TID in the redline emission as the solar activity increases be-

cause the range of strong attenuation (A, < Al) shifts to ever larger vertical scales.

The cancellation effect described by the CF ratio is more effective for waves with
vertical wavelengths smaller than or comparable to the layer thickness. For example,
if the wave vertical scale is of the order of the layer thickness, the the wave will present
positive (negative) phase above the layer peak and negative (positive) phase below the
peak. Because the intensity is the vertical integral of the VER, the positive part above
the peak cancels out the negative part below, resulting in a very attenuated wave am-

plitude from the ground. As the layer gets thicker as the solar activity increases, the
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Figure 8. The O('D) cancellation factor for different solar activity scenarios. Note that the

threshold vertical wavelength (the wavelength where CF=1) increases with solar activity.

attenuation starts affecting the larger wavelengths as well, and only longer vertical scale

TID will be detectable.

The low occurrence rate of TID in the O(!S) layer during high solar cycle has been
confirmed by observational data (e.g., Garcia et al., 2000; Shiokawa et al., 2003; Can-
dido et al., 2008; Pimenta et al., 2008; Park et al., 2010; Martinis et al., 2010). For instance,
Bowman (1992) and Park et al. (2010) reported an inverse sunspot cycle occurrence rate
of MSTID. Candido et al. (2008) showed that the maximal occurrence rate of MSTID
happens during solar minimum. Nonetheless, Fedorenko et al. (2013) claim that TID
occurrence does not depend on the sunspot number, while Klausner et al. (2009) show
that TID have larger amplitudes during high solar activity. Thus, there are still oppor-
tunities for deeper investigation of the occurrence rate of TID around the globe to con-

firm these reports.

The Perkins instability (Perkins, 1973) has been invoked in many papers as the
cause of the low occurrence of TID during high solar activity in mid latitude observa-
tories (Taylor et al., 1998; Shiokawa et al., 2003; Nishioka et al., 2009; Takeo et al., 2017).
The negative correlation with the solar activity is explained in terms the growth rate
of the Perkins instability; that is, if the growth rate is large, which coincides with pe-
riods of low solar activity, the generation of MSTID is also large (Duly et al., 2013; Lak-
shmi Narayanan et al., 2014). However, Yokoyama and Hysell (2010) and Kubota et al.

(2011) argue that the Perkins instability does not contribute to the generation of MSTID.
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Other investigators show that neither the propagation direction (southwestward ori-
entation) nor the scale size of TID is predicted correctly by the Perkins instability the-
ory (Kotake et al., 2007; Shiokawa et al., 2009). Also, Paulino et al. (2016) show that TID
wavefronts are not northeast-southwest oriented, in disagreement with Perkins insta-
bility predictions. Thus, while the Perkins instability role in the MSTID generation is
still controversial, our model offers a simpler explanation for the low occurrence rate
of TID in the high solar activity intervals in terms of the attenuation of the wave’s am-
plitude. It is due to the redline layer vertical structure that benefits the observation of

longer rather than shorter vertical wavelength TID.

Only a few studies provide the vertical scales of the observed TID. For instance,
Negale et al. (2018) show that the measured fall seasonal day/night distribution of MSTID
at high latitudes in the northern hemisphere presents a vertical wavenumber spectrum
distributed around 273 km (mean) and 216 km (median). This is in good agreement
with the threshold vertical wavelength shown in Fig. 8 for the low solar activity curve.
Moreover, the vertical wavelength distribution measured by Negale et al. (2018) peaks
at 230 km for the altitude range of 200-250 km, while the A, distribution peaks at ~190
km within the altitude between 250-300 km. It is remarkable that only a few waves are
present in the vertical wavelength range larger than 400 km. Thus, with few very long
wavelength TID present in the spectrum in combination with the cancellation/attenuation
effect for waves presenting A, < AL, we anticipate it should be harder to observe TID
during high solar activity periods, and only dominant waves presenting larger ampli-

tudes are likely detectable from ground-based measurements.

Paulino et al. (2018) also provided a climatology for TID observed in imagery of
the redline nightglow from 2012-2014 (rising phase of the solar cycle 24) observed near
the equatorial region at (7.4°S, 36.7°W) over the Brazilian sector. They did not calcu-
late the vertical wavelength of the observed waves but provided a detailed table of wave
features that permitted us to calculate and plot the histogram of the vertical wavelength
distribution shown in Fig. 9. The wavelengths in the histogram are estimated using atmos-
phere background information from the NRLMSISE-00 and IR12016 models for July 16,
2012 (F10.7=128 sfu, 3-month average) because most of the events were observed in 2012.

To obtain the vertical wavelength, we have used Eq. 2. For instance, taking event 22 from
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Figure 9. Distribution of observed vertical scales of TID/gravity waves calculated from data of
Paulino et al. (2018) taken from 2012-2014 in the Brazilian sector in the rising phase of the solar

cycle 24.

Paulino’s Table 1, the horizontal wavelength is 170.7 km and the intrinsic period is 20.7
min. From our simulation running with background parameters for the Paulino’s ob-
servatory location for July 16, 2012, we have determined that ¢ = 9.06 m/s, H = 44.82
km, cs=ygH = 753.18 m/s, N = 0.00969171 rad/s, and f = —1.8784 x 10~° rad/s.
Plugging these values into Eq. 2 and taking the square root, we obtain m = 5.96 x

10° rad /m, which corresponds to a vertical wavelength of 105.3 km.

By using the same background atmosphere conditions as for Fig. 9 and varying
the intrinsic wave period in our model, we have found how the threshold vertical wave-
length and the cancellation factor change with these two TID attributes (Fig. 10). For
instance, the cancellation factor in the amplification regime (A, > AL) is much stronger
(CF~1.8) in the short wave period range (10-20 min) than that in the longer wave pe-
riod range (7; > 20 min), where CF~1.1. We also notice that AL grows rapidly in the
shorter wave period range (up to 70 min), then it tends to stabilize in a more steady

value (AL ~ 375 km) for periods longer than 70 min.

Fig. 10 permits a direct comparison with Fig. 9 from where we have obtained good
agreement with the observational data. The distribution in Fig. 9 shows maximal oc-
currence of TID wavelengths within the range of 144-168 km. If we analyse the period
distribution of the Paulino’s events, we verify that most of them (16 out of 24 events)

fall in the range of 10-20 min (14.7 min in average). Observe in Fig. 10 that for 7; ~ 14.7
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threshold vertical wavelength of ~160 km for a wave period of ~14.7 min (horizontal dashed line).

min, the threshold wavelength is ~160 km. This is consistent with the maximal range

distribution found for Paulino et al. (2018) events in Fig. 9.

Wavelengths smaller than 160 km would pose an observational challenge for ground-
based measurements given the cancellation effect discussed earlier. However, Fig. 9 still
shows a number of TID events having A, <96 km. It is possible that TID would still
be detectable even under the attenuation regime (A, < AL = 160 km) if they present
sufficiently large amplitudes, which can occur when waves are near critical levels where
the wave action is absorbed (Gossard & Hooke, 1975). In fact, Paulino et al. (2018) show
a number of TID events with intrinsic period close to the Brunt-Viisdlad period 1y, in-
dicating those events were close to critical levels. Near these critical levels, the verti-
cal wavelength of waves shrinks, which would explain the presence of smaller verti-
cal scale waves in the distribution. Also, as waves approach critical levels, the ampli-
tude increases to compensate for the shrinking effect in A, (Gossard & Hooke, 1975).
Supposedly, the signal from the airglow would then be enhanced, making these waves

observable.

Another possible explanation for the shorter vertical wavelengths is that large scale
waves like atmospheric tides would act on the O('D) emission causing variations in the

layer’s thickness in a manner similar to that demonstrated in Fig. 4b. As the layer thins
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down within the wave cycle, it would be possible to observe shorter vertical scale waves

at the instant the layer gets sufficiently thinner.

It is also possible that the vertical small scale TID events in Fig. 9 have been mis-
taken for gravity waves in the mesosphere. This could be the case when the O(* D) ther-
mospheric signal is contaminated by the mesospheric OH(9-3) band signal recorded
by all-sky imagers. This possibly occurs as the mesospheric OH(9-3) has a marked bright-
ness peak at 630 nm and a mean intensity 25% that of the thermospheric redline. In fact,
this contamination has been noticed in our nightglow measurements at the Andes Li-
dar Observatory, were we run all-sky imagers equipped with filters for the OH and the
redline running sequentially. In nights of large wave activity in the OH emission, we
have observed the presence of the exact same wave structures in redline images—a clear
indication that the contamination occurs. Thus, a cross-check between sequential OH
and redline images would be necessary to confirm that the observed TID are in fact prop-

agating across the thermosphere at a given instant.

5 Conclusion

This paper has reported our simulations of the thermospheric redline nightglow
emission under the influence of oscillations of various vertical scales and under dis-
tinctive solar activity conditions. The goal here was to understand which waves per-
turbing the redline emission would be more likely to be detected in ground-based night-
glow measurements. We have also compared the results with observations of TID ac-
tivity in the thermosphere registered in the redline imagery. The main findings of this

work are as follows:

+ Under general background conditions and solar activity, we have found that TID,
or gravity waves, perturbing the redline emission will be more likely seen if they
present relatively large vertical wavelengths. Waves having A, >160 km will be
promptly detectable.

+ Also under general conditions, waves of smaller vertical scales (A, <160 km) would
be observed only if they present larger amplitudes, that is, amplitude large enough
to compensate for the attenuation (or cancellation effect) caused by the redline

layer structure on the wave amplitude (in intensity) when measured from the ground.
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Waves presenting long vertical scales (A; > A!) would be more likely detectable
from the ground because the layer response in radiance is amplified due to the
photochemistry of the redline emission. This amplification effect is much smaller
than those calculated for the mesospheric nightglow layers (Vargas et al., 2007).
As the solar activity intensifies, the scales of the most likely observable waves

in the redline shift to ever larger vertical wavelengths. Under high solar activ-
ity conditions, only waves presenting vertical wavelengths larger than 360 km
would be likely observed because the redline layer structure gets thicker and the
layer peak shifts to higher altitudes, reinforcing the estimated cancellation effect.
The increase of the molecular oxygen density in the thermosphere during high
solar activity periods is the dominant factor to account for the increased thick-
ness and peak altitude of the O( D) layer.

We have found a favorable correspondence between the most likely observable
TID vertical wavelengths from the simulation and those of the observation (Negale
et al., 2018; Paulino et al., 2018). The distribution of observed wavelengths peaks
in the vertical wavelength range approximately equal to or larger than the range
of the predicted threshold wavelength AL =160 km.

The low occurrence rate of MSTID in measurements of the O(* D) during high
solar cycle can be explained by the stronger layer cancellation effect during high
solar cycle—an effect caused by changes in the redline layer structure in com-
bination with a smaller occurrence of long vertical wavelength waves (Negale et

al., 2018).
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