
1. Introduction
Since the first discovery of thermosphere-ionosphere metal (TIMt) layers by lidar observations in Antarctica (Chu 
et al., 2011), TIMt layers have been reported in Fe (TIFe), Na (TINa), and K (TIK) in the 100–200 km altitudes 
and in Ca + (TICa +) up to 300 km with intermittent occurrence in the polar regions (e.g., Chu et al., 2011, 2020; 
Lübken et al., 2011; Tsuda et al., 2015) and at mid-to-low latitudes (e.g., Friedman et al., 2013; Gao et al., 2015; 
Jiao et  al.,  2022; Liu et  al.,  2016; Raizada et  al.,  2015,  2020; Smith & Chu,  2015; Wang et  al.,  2012; Xun 
et  al.,  2019). In stark contrast to the intermittent occurrence, high-sensitivity Na Doppler lidar observations 
at Boulder have revealed the regular occurrence of TINa layers in the 100–200 km (Chu et al., 2021). These 
Boulder TINa layers occur regularly after dusk and before dawn in all six cases reported in that paper and tens 
of other cases examined at that time. Both post-dusk and predawn layers show downward-progression phases 
in the Na mixing ratio contours, consistent with the semidiurnal tidal wind phases over Boulder, according to 
Hough-Mode-Extension (HME) tidal winds measured by the Ionospheric Connection Explorer (ICON) (Chu 
et al., 2021; Cullens et al., 2020; Immel et al., 2018).

Abstract We have discovered that the peak phase time of predawn thermosphere-ionosphere Na (TINa) 
layers (∼110–150 km altitude) undergoes clear annual variations with the earliest occurrence in summer and 
latest in winter over Boulder (40.13°N, 105.24°W), which are closely correlated to annual phase variations of 
sunrise and tidal winds. Such discoveries were enabled by the first characterization of 12 monthly composites 
of TINa layers from January through December using 7 years of lidar observations (2011–2017). Despite 
their tenuous densities, the predawn TINa layers have nearly 100% occurrence rate (160 out of 164 nights 
of observations). Monthly composites show downward-phase-progression TINa descending at similar phase 
speeds as Climatological Tidal Model of the Thermosphere tidal winds. These TINa layers occur in ion 
convergence but neutral divergence regions, modeled using tidal winds. These results support the formation 
mechanism (neutralization of converged TINa + forming TINa) proposed previously and suggest that migrating 
tidal winds experience annual phase variations.

Plain Language Summary With tons of cosmic dust falling on Earth every day, metallic atoms 
and ions (e.g., Fe, Na, K, and Ca +) are released via meteor ablation and sputtering into the upper atmosphere, 
forming permanent metal layers (∼75–105 km) that have been known for nearly a century. What was unknown 
until 2011 was the existence of thermosphere-ionosphere metal (TIMt) layers that were discovered with 
high-sensitivity lidar observations first from Antarctica and then were observed globally. These neutral TIMt 
layers locate above the permanent layers with an upper reach to ∼200 km and exhibit intermittent occurrence. 
In 2021 surprising regular occurrence of TIMt layers in Na species (TINa) was reported for the first time from 
lidar observations over Boulder, Colorado, where TINa layers occur before dawn and after dusk nearly every 
night. By analyzing 7 years of lidar data, we have further discovered that the Boulder predawn TINa layers 
occur in earlier hours in summer than in winter. Such annual phase variations are correlated with sunrise and 
solar-heating-driven tidal winds. These TIMt layers are of great scientific interest as they provide unique tracers 
for making direct measurements in the least understood but crucially important “thermospheric gap” region of 
100–200 km.
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There are compelling reasons to study TIMt layers. First, these metal layers provide a natural laboratory for 
studying the mechanisms of ion transport and plasma-neutral coupling in the E–F regions, as leading theories 
hypothesize that neutral TIMt layers are formed via the neutralization of converged TIMt + ion layers (e.g., Chu 
& Yu, 2017; Chu et al., 2011, 2020, 2021; Plane et al., 2015). Second, these layers provide unique tracers for 
profiling temperatures and winds in the E to F regions (∼100–300 km), helping fill the “thermospheric gap” 
(Forbes et al., 2022; Oberheide et al., 2011). While significant efforts have been spent on closing this gap, many 
of these methods use indirect techniques, for example, HME modeling is widely used to extend observations from 
the mesopause region into the middle/upper thermosphere. In contrast, lidar detections of TIMt and TIMt + layers 
between 100 and 300 km offer direct measurements of neutral species, metallic ions, temperatures, and neutral 
winds in this “thermospheric gap” region, which will help study the “space weather” of the thermosphere and 
ionosphere (Oberheide, 2022).

Of particular interest are the TINa layers with regular occurrence (Chu et al., 2021) as they provide a new tracer 
to delineate thermospheric tides in this gap region. This study utilizes 7-year lidar data (2011–2017) from Boul-
der to explore the predawn TINa layers and their relation to tidal winds. Not only do we provide the first-ever 
characterization of 12 monthly composites of TIMt layers, but we also discover the predawn TINa layer phase 
varying with season and correlating well with sunrise time. Researching the possible causes, we find from the 
Climatological Tidal Model of the Thermosphere (CTMT) (Oberheide et al., 2011) that the phases of semidiurnal 
westward-propagating tidal winds (SW2) undergo similar annual variations as sunrise and predawn TINa. Such 
TIMt studies provide clues for the TIMt formation mechanisms and a new perspective to investigate thermal tides.

2. First Characterization of 12 Monthly Composites of Boulder Predawn TINa Layers
The lidar observations, which led to the discovery of TINa regular occurrence, were made from 2011 to 2017 
at Table Mountain Observatory (40.13°N, 105.24°W), north Boulder, Colorado. Such high-sensitivity detection 
of tenuous TINa layers was enabled by the advanced Na Doppler lidar technologies as described in Smith and 
Chu (2015) and Chu et al. (2021). The raw photon counts were collected in temporal and vertical resolutions 
of 3 s and 24 m. To achieve sufficient signal-to-noise ratios (SNRs), all data of Na densities, temperatures, and 
vertical winds were retrieved with the same temporal integration of 7.5 min and spatial binning of 960 m. Na 
mixing ratios are then calculated by dividing Na densities with the corresponding total number densities of the 
atmosphere computed from MSISE00 (Picone et al., 2002).

Through 7 years of lidar observations, totally 225 nights of data were accumulated. Only 164 nights were chosen 
for predawn TINa examination. Because the time separation between TINa peak phase and sunrise can exceed 
2 hr, only data duration longer than 3 hr and covering sunrise are included. Another screening criterion is that data 
must possess sufficiently high SNRs which are necessary for identifying these tenuous layers. In the Na mixing 
ratio contours of qualified nights, predawn TINa layers are identified as layer structures that possess continuous 
phase evolutions of peak Na mixing ratios and whose maximum peak altitudes reach above 125 km. This thresh-
old of 125 km is chosen to distinguish TINa layers from sporadic metal layers in the altitude range of 80–105 km 
(Plane, 2003) and from thermosphere-ionosphere sporadic metal layers (Wu et al., 2022) that are usually below 
120 km. Meteoric ablation efficiency decreases significantly above this altitude (Plane et al., 2015).

Predawn TINa layers were found in 160 nights out of the 164 qualified nights. Each of the 160 nights shows a 
single predawn TINa layer, exhibiting clear downward phase progression, similar to the six cases shown in Chu 
et al. (2021). Figure S1 in Supporting Information S1 shows 12 more examples from January through December. 
The monthly distributions of the qualified nights and predawn TINa nights are listed in Table S1 in Supporting 
Information S1. The occurrence rates are 100% in January–March and July–December, regardless of the number 
of monthly observations ranging from 5 to 30 nights. Only 4 nights in April to June did not show predawn TINa 
layers, likely related to geomagnetic disturbance. These four cases are beyond the scope of this paper but will be 
addressed in future studies. The overall occurrence rate of Boulder predawn TINa is 97.56%. Such nearly 100% 
occurrence rate has unequivocally confirmed the surprisingly regular occurrence of TINa layers over Boulder 
discovered by Chu et al. (2021).

Among the 160 cases, predawn TINa appear around similar time and descend from similar altitudes within the 
same month but exhibit different features among different months. For instance, most TINa cases in Novem-
ber start around 10 UT and descend from 140 to 110 km with phase speeds of ∼2.7 m/s, similar to the three 
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cases  shown in Chu et al. (2021), but the predawn TINa layers start earlier in summer than in winter (Figure S1 
in Supporting Information S1). To characterize the similarities within the same month but the differences among 
different months, taking the monthly composites from January to December is a viable solution because monthly 
composites largely reduce incoherent features while preserving coherent structures within each month.

To form monthly composites, the 160 TINa nights are further screened. Eventually 138 nights are used in monthly 
composites (see the monthly distribution in Table S1 in Supporting Information S1) after excluding data with 
gaps. June has the least but still four cases, sufficient for composite calculations, while maximum 24 nights of 
data remain in November after six nights were excluded. A monthly composite of lidar data covering from dusk 
to dawn is obtained by averaging TINa mixing ratios or number densities in the same local time at the same alti-
tude bin but in different nights within the same month. Such 12 monthly-composite mixing ratio contours from 
January through December are plotted in Figure 1 with identical uneven color bars.

Figure 1 shows elevated Na mixing ratios in the predawn hours of all 12 months from nearly 150 to ∼120 km 
or lower, when compared to earlier hours in the night. These elevated Na mixing ratios exhibit continuous 
downward phase progression from the top altitudes (roughly 135–150 km) to ∼110 km in each month, and such 
features qualify them as the predawn TINa layers. Using the composite contour of September as an example, 
the downward phase of predawn TINa starts around 145 km at ∼8 UT, then descends to around 115 km at ∼12 
UT. Such clear phase progression is stunning, especially considering the composite was made from averaging 
11 nights of data taken in three different years (2013–2015). An implication is that the driving factors of these 
predawn TINa layers must have excellent year-to-year repeatability. Furthermore, the November and January 
composite contours show that the predawn layers start ∼10–11 UT at ∼140 km and descend to merge with the 
main layer ∼110 km, which is comparable to the six individual cases shown in Chu et al. (2021). When we 
average 24 nights of data from 2011 to 2016 and 18 nights from 2013 to 2015 to make the November and Janu-

Figure 1. 12 monthly composite contours of Na mixing ratios of predawn TINa layers from January through December over Boulder. The black lines in each panel 
represent the minimum sunlit altitudes at sunset on the left and at sunrise on the right. The dotted-gray lines track the TINa peak phases. 7 UT is the local midnight.
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ary composites, respectively, incoherent features have been largely eliminated while coherent phase features 
remain. Therefore, these monthly composites showing predawn TINa layers indicate that the phase of the main 
causative agent, likely the semidiurnal tides, is not random but relatively steady from day-to-day at Boulder 
within each of the 12 months from January through December. We term this phenomenon as the “day-to-day 
phase coherence.”

Now if we compare different months in Figure 1, the occurrence time of predawn TINa apparently shifts with 
seasons. For example, from June to December in the third column, the TINa layers occur earliest in June, 
later in September, and latest in December, while the occurrence in March is comparable to September but 
slightly later. These time shifts are likely linked to the local sunrise time varying with season, which will be 
investigated next.

3. Discovery of Annual Phase Variations of Predawn TINa and Correlation to Sunrise
To investigate the relation between predawn TINa occurrence and sunrise, we calculate the minimum sunlit 
altitude (i.e., the lowest altitude that sunlight can reach at a given solar elevation angle) for every day in one 
single year following the method outlined in Yu et al.  (2012). After taking the individual monthly average 
of these altitudes from 100 to 150 km, we plot them as the black lines in Figure 1. The shift of sunrise time, 
which is earliest in June and latest in December, is clearly seen in the third column, following the same trend 
of TINa occurrence. The predawn TINa occurrence is defined as the time corresponding to maximum TINa 
mixing ratios, that is, the layer peak phase. To quantitatively determine the peak phase, the Na mixing ratios 
are smoothed with 2D Hamming windows with full widths of 0.5 hr and 5 km for minimizing noise thus 
better determination of the peak mixing ratios. Through identifying the proper peaks of mixing ratios, the 
TINa peak phase is tracked continuously from low to high altitudes and shown as dotted-gray lines in Figure 1 
for readability. Figure 2a displays the September contour for detailed examination. The corresponding phase 
uncertainty derived from the standard deviation of various nights and the Na mixing-ratio and density profiles 
averaged from 9 to 12 UT are illustrated in Figures 2b–2d, respectively. Interestingly, the Na mixing ratios and 
number densities and their profile shapes are very similar to those published in Chu et al. (2021), for example, 
∼1 cm −3 at 130 km. The peak phases of 12 monthly composites are plotted as cyan circles in Figures 2e–2h 
for altitudes of 135, 130, 125, and 120 km, respectively, and the corresponding local sunrise time is plotted 
as red circles.

Both the TINa occurrence and sunrise times exhibit obvious annual variations in Figure 2 despite some fluctu-
ations. We apply harmonic fits given in Equation 1 to quantify the variations and derive the annual-oscillation 
(AO) amplitudes A12 and phases φ12 of both:

𝑦𝑦 = 𝐴𝐴0 + 𝐴𝐴12 cos
[

2𝜋𝜋

365
(day-𝜑𝜑12)

]

 (1)

The fitting coefficients are listed in Table S2 in Supporting Information S1, and the fitted curves are plotted as 
solid blue and red lines, respectively, for TINa peak phase and sunrise in Figures 2e–2h. The AO amplitudes of 
TINa and sunrise are ∼1.2 and ∼1.4 hr, respectively. The AO phases of sunrise and TINa are latest around late 
December to early January.

Figure 2 demonstrates that the annual variations of TINa peak phase and sunrise times are strikingly similar as 
they share the same trend—earliest in summer and latest in winter. Correlation coefficients between the TINa 
peak phase and sunrise are above 96% before fitting and above 98% after the fitting with all confidence levels 
nearly 100% (see Table S3 in Supporting Information S1); therefore, the TINa peak phase is positively corre-
lated to sunrise. The time differences between winter (December/January) and summer (June/July) are ∼2.5 hr 
for TINa and ∼2.8 hr for sunrise. Meanwhile, the time difference between sunrise time and TINa peak phase is 
altitude dependent. The annual mean of such time difference is ∼1–2 hr at higher altitudes, and then decreases to 
−0.3 hr at 120 km. This result may be explained by the downward phase progression of TINa layers being slower 
than sunrise. The predawn TINa start earlier than sunrise at higher altitudes, then descend with smaller phase 
speeds than sunrise to lower altitudes. The TINa phase lines intersect the sunrise lines and start to lag behind 
sunrise around 120 km (see Figure 1).
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Figure 2. (a) Peak phase tracking of predawn TINa layer in September. (b) Uncertainty of the peak phase. (c–d) The altitude profiles of predawn TINa mixing ratio 
and density in September monthly composite. (e–h) Predawn-TINa-layer peak phase (cyan circles) and Boulder local sunrise time (red circles) from January through 
December at four altitudes of 135, 130, 125, and 120 km. The solid curves are the annual oscillation fittings to sunrise and TINa peak phases. Dashed lines overplotted 
are the phases of zero-wind lines in zonal and meridional winds and of zero vertical-ion-drift line, driven by CTMT tidal component SW2 only, which correspond to 
vertical ion convergence.
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4. Correlation of Predawn TINa Layers to Tidal Winds
Important implications from the results above are that the mechanisms driving the formation and annual varia-
tion of predawn TINa layers must possess the following features: (a) “Day-to-day phase coherence” as defined 
earlier, (b) year-to-year repeatability, and (c) natural annual variations correlating with sunrise time. The most 
likely driving factor would be the tidal winds in the thermosphere as migrating tides would have good “day-to-day 
coherence” and year-to-year repeatability. If so, our results suggest that migrating tidal phases over Boulder 
should have similar annual phase variations likely driven by annual changes of solar heating. To test this hypoth-
esis, we analyze the CTMT data (Oberheide et al., 2011) to examine over Boulder the tidal winds, annual varia-
tions, and their relation to TINa layers via TINa + ion layers.

Plotted in Figures 3a–3c are the tidal amplitude comparisons of zonal, meridional, and vertical winds given by 
CTMT for September over 40ºN. As SW2 and DW1 are the dominant tidal components in horizontal winds, we 
use their amplitudes and phases to construct the tidal zonal, meridional, and vertical winds over Boulder that are 
plotted in Figures 3d–3f. In the first report of Boulder TINa, Chu et al. (2021) proposed a formation mechanism—
the neutralization of converged TINa + ions via recombination with electrons produces the observed neutral TINa 
layers (TINa + + e − → TINa + hν). TINa + ions can be accumulated in descending and ascending phases as well as 
in convergent wind shear (see Figure 3f in Chu et al. (2021)). To examine this hypothesis, we compute the vertical 
drift velocity of TINa + ions, Vizw, induced by tidal neutral winds in zonal (Vn,x), meridional (Vn,y), and vertical 
(Vn,z) directions, using the same equation and same ratio (ξ) as in Chu et al. (2021).

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖 =
𝜉𝜉 cos 𝜃𝜃𝐷𝐷

1 + 𝜉𝜉2
𝑉𝑉𝑛𝑛𝑛𝑛𝑛 −

sin(2𝜃𝜃𝐷𝐷)

2(1 + 𝜉𝜉2)
𝑉𝑉𝑛𝑛𝑛𝑛𝑛 +

(

1 −
cos2𝜃𝜃𝐷𝐷

1 + 𝜉𝜉2

)

𝑉𝑉𝑛𝑛𝑛𝑖𝑖 (2)

where ξ = νin/ωi is the ratio of ion-neutral collision frequency (νin) to the gyro frequency (ωi) of TINa +. Here 
θD = 66.55° is the dip angle for Boulder. The vertical ion divergence (∂Vizw/∂z), defined as the vertical gradient of 
the vertical ion drift velocity (e.g., Shinagawa et al., 2017), is also computed. The results of Vizw and ∂Vizw/∂z for 
September are plotted in Figures 3g and 3h. The white circles overplotted on Figures 3d–3h are the TINa peak 
phases in September.

Interestingly, the TINa peak phases descend along the tidal wind phase lines and lie closely to the vertical shears 
of zonal, meridional, and vertical winds in September (Figures 3d–3f). Because eastward and southward (west-
ward and northward) winds transport ions upward (downward) (e.g., Carter & Forbes, 1999; Chu & Yu, 2017; 
Chu et  al.,  2021), these shears of horizontal and vertical winds cause ions to converge and diverge, respec-
tively. Because the vertical wind magnitudes are much smaller than the horizontal winds, the overall effects are 
ion convergence, that is, the vertical ion drift velocities are downward (upward) above (below) the TINa peak 
phases (Figure 3g). The occurrence region of predawn TINa layer corresponds where vertical ion divergence 
is negative (Figure 3h), that is, the region where TINa + ions converge to increase concentrations. Note that the 
zonal and meridional wind shears cannot accumulate neutrals while the vertical wind shown in Figure 3f causes 
neutrals to diverge at the TINa peak phases. However, this divergence, ∂w/∂z, is so small (maximum ∼0.1 m/s 
change over 15  km) that it would produce at most a few percent change in TINa density over 2  hr, that is, 

𝐴𝐴 ∫ 𝜕𝜕𝜕𝜕∕𝜕𝜕𝜕𝜕

𝜕𝜕
𝑑𝑑𝜕𝜕 ≈ ∫ (−𝜕𝜕𝜕𝜕∕𝜕𝜕𝜕𝜕)𝑑𝑑𝜕𝜕 ≈ −4.8% . Similar calculations are exercised in other months using CTMT tidal winds 

(not shown). The TINa peak phases fall in the vertical ion convergence regions, that is, 𝐴𝐴
𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖𝑖𝑖

𝜕𝜕𝑖𝑖
< 0 but on the diver-

gent phases of neutral vertical winds in March through November, comparable to September. However, in three 
winter months (December–February), the CTMT meridional winds have abnormal phases below ∼140 km, caus-
ing some wiggling in Vizw contours. Consequently, the regions where TINa layers lie have 𝐴𝐴

𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖𝑖𝑖

𝜕𝜕𝑖𝑖
> 0 . In contrast, 

when plotting the January TINa phases onto the published Vizw contour in January calculated with ICON HME 
tidal winds in Chu et al. (2021), the TINa peak phases lie in the vertical ion convergence region where 𝐴𝐴

𝜕𝜕𝜕𝜕𝑖𝑖𝑖𝑖𝑖𝑖

𝜕𝜕𝑖𝑖
< 0 

(see Figure S3 in Supporting Information S1 for CTMT and ICON comparison in January). These results indicate 
that CTMT still has room to improve, especially in winter.

Nevertheless, the CTMT SW2 phases of meridional and zonal winds exhibit annual variations—the earliest 
in summer and latest in winter with a winter-summer difference of ∼2–4 hr. We illustrate in Figures 2e–2h as 
dashed lines the phases of zero zonal and meridional winds of SW2 and of zero vertical-ion-drift line driven by 
SW2 only, corresponding to vertical ion convergence, which largely resemble the annual variation trend of TINa 
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Figure 3. Comparisons of CTMT tidal amplitudes in (a) zonal, (b) meridional, and (c) vertical winds in September. (d) Zonal, (e) meridional, and (f) vertical winds 
reconstructed with SW2 and DW1 tidal components in September. (g) Vertical drift velocity (Vizw) of TINa + ions computed with the three wind components given 
above. (h) Vertical ion divergence (∂Vizw/∂z) computed from the vertical drift velocity in September. TINa peak phases are overplotted as white circles in all contours. 
Note that winds and velocities are positive in eastward, northward, and upward directions.
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phases. The correlation coefficients between TINa and SW2 phases range from ∼0.68 to 0.94 with all confidence 
levels above 98% (see Table S3 in Supporting Information S1). Other tidal components like DW1 also exhibit 
phase variations (not shown) but somewhat different than the TINa phases. The lower-thermosphere migrating 
tides in CTMT include only tides propagating upward from lower-atmosphere sources (Oberheide et al., 2011), 
and have annual phase variations. These results suggest that the SW2 tidal winds play the major role in TINa + ion 
convergence thus strongly influencing the phase variations of predawn TINa layers over Boulder.

5. Discussion
The reaction rate coefficient for TINa + + e − → TINa + hν is k = 1.7 × 10 −12 cm 3 s −1 (Verner & Ferland, 1996). 
The production rate of TINa is k[Na +][e −] (Chu et  al.,  2020; Plane et  al.,  2015), where [Na +] and [e −] 
are Na + and electron densities. Rocket measurements show [Na +] occupying the total electron density 

𝐴𝐴
[

Na
+
]

∕[e−] = 7.41 × 10−2∕1.77 = 4.18 × 10−2 (Kopp,  1997; Wu et  al.,  2022). Assuming [e −] ∼5  ×  10 4  cm −3 
which is reasonable in converged ion layers, [Na +] = 5 × 10 4 × 4.18 × 10 −2 = 2.1 × 10 3 cm −3. Thus, the produc-
tion rate k[Na +][e −] = 1.78 × 10 −4 cm −3 s −1. Given 2-hr accumulation (see Figure 2a), the Na density will reach  
[Na] = 1.78 × 10 −4 cm −3s −1 × 3600 s × 2 = 1.28 cm −3, higher than the Na density (∼1 cm −3) observed by lidar at 
130 km (Figure 2d). Considering Na loss, the numbers estimated above are reasonable and support our hypothesis.

The descending rate of TINa layer with time agrees well with the simple TINa + model based on the CTMT tidal 
winds (Figure 3), but some phase discrepancy exists. As ion accumulation is an integration process, the maximum 
[TINa +] density would occur approximately when convergence changes to divergence, ∼3 hr later. Because the 
conversion from TINa  + to TINa is slow, the TINa maximum should occur even later. Such phase discrepancy 
may be related not only to possible inaccuracy of CTMT at the Boulder location, but also to three other important 
factors that are not considered in the simple model—the ionospheric electric fields, the mean background winds, 
and the in situ generated tides.

As discussed in Chu et  al.  (2021), the climatology of F-region ion transport at Millstone Hill (Buonsanto & 
Witasse, 1999; Buonsanto et al., 1993) shows in general upward ion transport in the predawn morning hours for 
all seasons. Assuming the Boulder E-region electric fields equal the Millstone Hill F-region values, the ion drift 
velocities below 150 km depart from their F-region values due to ion-neutral collisions (Richmond, 2016). The 
vertical ion velocities, VizeE and VizeN, caused by the eastward (E⊥E) and northward (E⊥N) perpendicular electric 
fields are given as (e.g., Chu & Yu, 2017)

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
cos 𝜃𝜃𝐷𝐷

1 + 𝜉𝜉2
𝑖𝑖𝑥𝑥∕𝐵𝐵0 =

cos 𝜃𝜃𝐷𝐷

1 + 𝜉𝜉2
𝑖𝑖⟂𝑖𝑖∕𝐵𝐵0 =

1

1 + 𝜉𝜉2
𝑉𝑉⟂𝑁𝑁 cos 𝜃𝜃𝐷𝐷 (3)

𝑉𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =
𝜉𝜉

1 + 𝜉𝜉2
𝐸𝐸𝑖𝑖∕𝐵𝐵0 =

𝜉𝜉

1 + 𝜉𝜉2
𝐸𝐸⟂𝑖𝑖 cos 𝜃𝜃𝐷𝐷∕𝐵𝐵0 = −

𝜉𝜉

1 + 𝜉𝜉2
𝑉𝑉⟂𝐸𝐸 cos 𝜃𝜃𝐷𝐷 (4)

where V⊥N and V⊥E are the F-region ion drift velocities (i.e., the so-called 𝐴𝐴 ⃖⃖⃗𝐸𝐸 × ⃖⃖⃗𝐵𝐵 velocities) in the northward 
and eastward directions perpendicular to the geomagnetic field line (𝐴𝐴 ⃖⃖⃗𝐵𝐵 ) as given in Buonsanto et al. (1993) and 
Buonsanto and Witasse (1999) (see Figures S4 and S5 in Supporting Information S1). As V⊥N is upward from 
0 to 6 LT (see Figure 2 in Buonsanto & Witasse, 1999) and ξ increases with decreasing altitude through the E 
region, the upward VizeE decreases with decreasing altitude, corresponding to divergence of vertical ion velocity. 
A westward F-region ion velocity V⊥E indicates an upward/poleward electric field E⊥N. Such a field produces an 
upward ion velocity VizeN that maximizes around 125 km where ξ ≈ 1. Below this height the vertical ion velocity 
diverges, while above 125 km the velocity converges. The Millstone observations show that the F-region ion 
velocity is decreasingly westward before dawn (see Figure 3 in Buonsanto & Witasse, 1999).

Adding the effects of Millstone electric fields, which may have magnitudes comparable to those of CTMT winds 
but quite different phase variations with altitude and time, to the simple model of Figure 3 would change the 
predicted TINa + drifts and divergence somewhat. Also, altitude-varying mean winds could affect the TINa + 
velocity and convergence. Moreover, tidal components generated in situ are not included in CTMT but could 
contribute to the TINa + drift velocity and divergence. The four cases lacking TINa layers are most likely caused 
by geomagnetic storms that strongly perturb electric fields and/or neutral winds, undermining the TINa formation 
conditions. It is necessary to develop a TIMt model for midlatitudes to integrate these factors together and quan-
titatively study the TINa formation mechanisms.
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Conjugate photoelectrons (CPE) are unimportant on the first-order consideration in predawn TINa formation, 
because: (a) The conjugate site sunrise is earliest/latest in the Northern Hemisphere winter/summer, opposite to 
Boulder TINa phase variations. (b) There are not CPE effects in predawn TINa from March–September when 
conjugate sunrise is later than Boulder local sunrise (see Figures S6 and S7 in Supporting Information S1). (c) In 
October–February when the conjugate sunrise is earlier, CPE effects are still negligible below 160 km (e.g., Lee 
et al., 1980a, 1980b; Shepherd et al., 1978; Nagy & Banks, 1970; Richards, 2022).

6. Conclusions
The first characterization of 12 monthly composites of predawn TINa layers using 7 years of lidar data not only 
unequivocally demonstrates the regular occurrence and phase coherence of these neutral metal layers over Boul-
der, but also reveals stunning discoveries. The predawn-TINa peak phase time undergoes clear annual variations 
with the earliest occurrence in summer and latest in winter, which are closely correlated to the annual phase vari-
ations of both sunrise and migrating tidal winds in the thermosphere. The predawn TINa neutral layers descend 
at similar rates as, and in the vertical ion convergence regions, modeled with the migrating tidal winds provided 
by CTMT, where TINa + ion accumulation is expected but the tidal vertical wind causes neutrals to diverge. The 
similarity between descent rates of TINa layers and modeled ion convergence regions supports the formation 
mechanism, that is, neutralization of converged TINa + ions forming TINa, proposed in Chu et al. (2021). Phases 
of migrating tidal winds (SW2 and DW1) in the lower thermosphere experience annual variations, which in turn 
drive the annual variations of predawn TINa phase. Certainly, the proposed explanation of TINa phase variations 
and the roles played by various factors need to be verified and quantified with TIMt modeling for midlatitudes. 
It would be very helpful to have co-located observations of TIMt layers, neutral winds, and ion velocities. Lidar 
observations of TIMt layers provide a different perspective to study thermal tides in the “thermospheric gap” 
region of 100–200 km.

Data Availability Statement
The data shown in this work can be downloaded in MatLab data format from Mendeley Data repository (Chen & 
Chu, 2023, https://data.mendeley.com/datasets/p3k6z9yvmn/3). The Climatological Tidal Model of the Thermo-
sphere (CTMT) data were downloaded from a Clemson University website (https://globaldynamics.sites.clem-
son.edu/articles/ctmt.html).
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