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Introduction  
Analyses of 7 years of the Student Training and Atmospheric Research (STAR) 

Na Doppler lidar observations from 2011 to 2017 reveal the regular occurrence and 
annual phase variations of the predawn thermosphere-ionosphere Na (TINa) layers at 
Boulder (40.13ºN, 105.24ºW), Colorado. Such phase variations of TINa are correlated to 
the annual phase variations of sunrise and tidal winds.  

Table S1 provides the statistics of qualified predawn TINa layers from 2011 to 
2017. Harmonic fitting parameters and their errors are given in Table S2 for annual phase 
variations. Table S3 lists the correlation coefficients between TINa and sunrise/CTMT 
tidal winds as well as the corresponding confidence levels. 

Figure S1 provides 12 representative individual nights (one per month) of Na 
mixing ratio contours from 100–150 km for January through December. Figure S2 
illustrates 12 monthly composite contours of Na mixing ratios with the TINa peak phase 
lines overplotted. Figure S3 shows the comparison between CTMT and ICON Hough-
Mode-Extension tidal winds in January with the TINa peak phase line overplotted. 
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Furthermore, the Figures 2 and 3 in Buonsanto & Witasse (1999) that were 
referenced in the Discussion section are shown as Figures S4 and S5 for the convenience 
of readers. The Figures S4 and S5 illustrate the statistical mean of F-region ion transport 
at Millstone Hill measured by an incoherent scatter radar, where geographic and 
geomagnetic latitudes are similar to those of Boulder. 

In response to reviewer comments on “conjugate photoelectrons”, Figures S6 and 
S7 are added to illustrate the annual variations of Boulder local sunrise and conjugate site 
sunrise versus the predawn TINa phase variations, and to present the conjugate and local 
sunrise times from 100 to 1000 km along with the predawn TINa peak phases in January 
through December. Figures S6 and S7 demonstrate the conjugate photoelectrons being 
unimportant in the formation of predawn TINa layers over Boulder. 
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Table S1. Statistics for Pre-Dawn TINa Layers from January through December 

 

Number of 
nights for 

examination 

Number of 
nights of TINa 

occurrence 

Number of 
nights used for 

composite 

Peak Phase* 
with error 

(UT) 

Sunrise* 
Time 
(UT) 

Jan 21 21 18 12.19 ± 0.39 13.35 
Feb 11 11 10 12.17 ± 0.30 12.95 
Mar 12 12 10 11.39 ± 0.44 12.27 
Apr 6 5 5 10.08 ± 0.44 11.40 
May 10 9 7 10.07 ± 0.43 10.66 
Jun 8 6 4 9.60 ± 0.28 10.34 
Jul 5 5 5 9.49 ± 0.35 10.61 

Aug 11 11 11 10.17 ± 0.30 11.19 
Sep 15 15 11 10.57 ± 0.40 11.76 
Oct 23 23 23 10.92 ± 0.45 12.26 
Nov 30 30 24 11.69 ± 0.63 12.80 
Dec 12 12 10 11.82 ± 0.61 13.24 

Total 164 160 138   

* TINa peak phase and sunrise time at the altitude of 130 km 
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Table S2. Parameters of Harmonic Fittings* to TINa Peak Phase and Sunrise Time  
 

Mean 𝐴! (hr) Annual Oscillation 

Amplitude 𝐴"# (hr) 

Annual Oscillation 

Phase 𝜑"# (day of year) 

TINa @ 135km 10.00 ± 0.06 1.24 ± 0.09** 2.13 ± 4.01** 

TINa @ 130km 10.84 ± 0.07 1.29 ± 0.10 1.82 ± 4.46 

TINa @ 125km 11.42 ± 0.06 1.24 ± 0.08 3.90 ± 3.76 

TINa @ 120km 11.97 ± 0.07 1.16 ± 0.10 6.09 ± 4.77 

Sunrise@135km 11.88 ± 0.04 1.44 ± 0.06 359.52 ± 2.33 

Sunrise@130km 11.90 ± 0.04 1.43 ± 0.06 359.53 ± 2.32 

Sunrise@125km 11.92 ± 0.04 1.43 ± 0.06 359.54 ± 2.31 

Sunrise@120km 11.94 ± 0.04 1.43 ± 0.06 359.54 ± 2.31 

*The harmonic fitting equation is 𝑦 = 𝐴! + 𝐴"# 𝑐𝑜𝑠 )
#$
%&'

(𝑑𝑎𝑦 − 𝜑"#)/. 

**The error bars are standard errors whose calculations followed the method outlined in 
Appendix B in Fong et al. (2014). 
Fong, W., Lu, X., Chu, X., Fuller-Rowell, T. J., Yu, Z., Roberts, B. R., et al. (2014). 

Winter temperature tides from 30 to 110 km at McMurdo (77.8°S, 166.7°E), 
Antarctica:  Lidar observations and comparisons with WAM.  Journal of Geophysical 
Research: Atmospheres, 119(6), 2846–2863. https://doi.org/10.1002/2013JD020 

 
Table S3. Correlation Coefficients between TINa and Sunrise/CTMT Tidal Winds 

Alt/km Sunrise  
(Scattered points) 

Sunrise  
(Fitted curves) 

Zonal 

Wind 

Meridional 

Wind 

Vertical 

Ion Drift 

135 R* 0.975 0.992 0.761 0.940 0.920 

Pr* 100% 100% 99.6% 100% 100% 

130 R 0.971 0.992 0.756 0.928 0.879 

Pr 100% 100% 99.6% 100% 100.0% 

125 R 0.975 0.987 0.751 0.909 0.813 

Pr 100% 100% 99.5% 100% 99.9% 

120 R 0.968 0.980 0.702 0.827 0.679 

Pr 100% 100% 98.9% 99.9% 98.5% 

* R is the correlation coefficient and Pr is the corresponding confidence level.  

https://doi.org/10.1002/2013JD020
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Figure S1A. Contours of Na volume mixing ratios of pre-dawn TINa layers from 100 to 

150 km for individual nights in each of the 12 months (January through December) over 

Boulder (40.13ºN, 105.24ºW), Colorado, observed with a high-sensitivity STAR Na 

Doppler lidar. The Na densities and mixing ratios were derived at resolutions of 7.5 min 

and 0.96 km. 

  

(a) Na Mixing Ratio on 21 Jan 2014
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x 10-11 (b) 15 Feb 2017
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(c) 26 Mar 2014
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x 10-11 (d) 1 Apr 2013
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(e) 3 May 2013
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x 10-11 (f) 10 Jun 2014
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Figure S1B. Contours of Na volume mixing ratios of pre-dawn TINa layers from 100 to 

150 km for individual nights in each of the 12 months (January through December) over 

Boulder (40.13ºN, 105.24ºW), Colorado, observed with a high-sensitivity STAR Na 

Doppler lidar. The Na densities and mixing ratios were derived at resolutions of 7.5 min 

and 0.96 km. 

  

(g) Na Mixing Ratio on 23 Jul 2014
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x 10-11 (h) 14 Aug 2013
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(i) 19 Sep 2014
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x 10-11 (j) 1 Oct 2016
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(k) 30 Nov 2013
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x 10-11 (l) 16 Dec 2013
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Figure S2. Monthly composite contours of Na volume mixing ratios of pre-dawn TINa 

layers from 100 to 150 km for 12 months from January through December over Boulder 

(40.13ºN, 105.24ºW), Colorado. The uneven color bars used in the 12 panels share the 

same upper and lower limits, but the color scales in between vary with month to show the 

pre-dawn TINa phases more clearly than using identical uneven color bars. The Na 

densities and mixing ratios were derived at resolutions of 7.5 min and 0.96 km. 

  

(a) Na Volume Mixing Ratio in Jan
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Figure S3. Neutral horizontal (zonal and meridional) winds in January provided by 

CTMT (left column) and ICON HME (right column) tidal winds (SW2 + DW1) in the 

top two rows. The bottom two rows show the vertical ion-drift velocity and vertical 

divergence of TINa+ ions calculated using the winds given in the top two rows. The 

CTMT data were taken from Oberheide et al. (2011) and the ICON HME data were taken 

from Chu et al. (2021). 

Chu, X., Chen, Y., Cullens, C. Y., Yu, Z., Xu, Z., Zhang, S., Huang, W., Jandreau, J., 

Immel, T. J., & Richmond, A. D. (2021). Mid‐latitude thermosphere‐ionosphere Na 

(TINa) layers observed with high‐sensitivity Na Doppler lidar over Boulder 

(40.13°N, 105.24°W). Geophysical Research Letters, 48(11), 1–10. 

https://doi.org/10.1029/2021GL093729 

  

(a) CTMT Zonal Wind (m/s) in Jan at Boulder
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(b) CTMT Meridional Wind (m/s) at Boulder
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(c) Vertical Drift Velocity of Na+ (m/s)
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(d) Vertical Ion Divergence (s-1)
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(e) ICON HME Zonal Wind (m/s) in Jan at Boulder
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(f) ICON HME Meridional Wind (m/s) at Boulder

0 2 4 6 8 10 12 14 16 18 20 22 24
100
120
140
160
180
200

Al
tit

ud
e 

(k
m

)

-40

-20

0

20

40

(g) Vertical Drift Velocity of Na+ (m/s)
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(h) Vertical Ion Divergence (s-1)
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Figure S4. Millstone Hill Incoherent Scatter Radar (ISR) measurements of ion drifts 

perpendicular to the magnetic field, where are taken from Buonsanto & Witasse (1999). 

[Buonsanto, M. J., & Witasse, O. G. (1999). An updated climatology of thermospheric 

neutral winds and F region ion drifts above Millstone Hill. Journal of Geophysical 

Research, 104, 24,675–24,687. https://doi.org/10.1029/1999JA900345] 

  

BUONSANTO AND WITASSE: THERMOSPHERIC NEUTRAL WINDS 24,679 
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Figure 2. Ion drifts perpendicular to B at 300 km altitude above Millstone Hill, positive noahward (V_LN). Weighted 
averages in each local solar time bin are shown for (top) solar maximum and (bottom) solar minimum, for each season. 
The present results for geomagnetically quiet (Q) and moderately disturbed conditions (M) are compared with previ- 
ous results (prev) for quiet conditions [Buonsanto et al., 1993]. 

mean V_LE patterns show a clear dependence on geomagnetic activ- 
ity, as the drifts are more strongly westward at night at the higher 
(M) level of magnetic activity. This increased westward drift with 
increasing magnetic activity was also seen in the Dynamics 
Explorer results for 55 ø magnetic latitude reported by Heelis and 
Coley [1992]. 

There are many interesting, statistically significant features in 
these plots which have no ready explanation, such as the peaks seen 
at solar minimum in fall at 0400-0500 LT for Q conditions in Fig- 
ure 2 and at 0500-0600 LT for M conditions in Figure 3. 
Theoretical investigations should be carried out in an attempt to 
reproduce the general trends as well as such detailed features. Dur- 
ing individual events, strong perturbations in V_L N (eastward electric 
field) have been reported at Millstone Hill in response to substorm 
activity [e.g., Fejer et al., 1990; Buonsanto et al., 1999]. Fejer and 
Scherliess [1995] showed that at Jicamarca the response of the ver- 
tical drift (eastward electric field) due to direct penetration of 
magnetospheric electric fields and the disturbance dynamo were 
generally opposite to one another at a given local time. Thus, in 
order to quantify the effects of a moderate level of magnetic activity 
on the Millstone Hill ion drifts, one should separate effects of local 
time and time elapsed from onset of a disturbance. This is beyond 
the scope of the present work. 

3.3. Mean Daily Variations of Meridional Neutral Winds 

Figure 4 shows the meridional winds (Un) versus local solar time 
for the 16 subgroups of data. The error bars show the standard 
errors of the means. The winds exhibit a predominantly diurnal 
variation with more poleward winds during the day and equator- 
ward winds at night, reflecting the dominant effect of the EUV 
forcing on the global thermospheric circulation, i.e., the winds tend 
to blow away from the subsolar point. Solar cycle and seasonal vari- 
ations are also apparent as discussed further below. One 
immediately notices that there is little effect of geomagnetic activ- 
ity on these wind patterns as the mean daily variations of the Q and 
M curves are similar, especially at solar maximum. As previously 
noted the irregular pattern for summer solar minimum M conditions 
may be due to a small number of data points. 

3.4. Tidal Analysis of Climatological Wind Patterns 

For comparison with the prior results of Hagan [1993] and 
results at other locations we perform a tidal analysis of the mean 
wind patterns presented above for quiet (Q) conditions only. For 
each of the eight solar cycle/seasonal groupings, we perform a mul- 
tiple linear regression (mlr) analysis to fit a diurnal mean and a 
sinusoidal diurnal component, and also a semidiurnal component 

https://doi.org/10.1029/1999JA900345
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Figure S5. Millstone Hill Incoherent Scatter Radar (ISR) measurements of ion drifts 

perpendicular to the magnetic field, where are taken from Buonsanto & Witasse (1999). 

[Buonsanto, M. J., & Witasse, O. G. (1999). An updated climatology of thermospheric 

neutral winds and F region ion drifts above Millstone Hill. Journal of Geophysical 

Research, 104, 24,675–24,687. https://doi.org/10.1029/1999JA900345] 

  

24,680 BUONSANTO AND WITASSE: THERMOSPHERIC NEUTRAL WINDS 
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where including it produces a statistically significant increase in the multiple correlation coefficient. The results of the mlr analysis are shown in Table 2 and Figure 5. Statistically significant semidiurnal components were found for five of the subgroups of data, in winter and summer for both solar maximum and solar minimum, and in autumn at solar minimum. Values in parentheses in Table 2 show the semidiurnal terms for the other three subgroups when they are forced in the fitting procedure even though they are not statistically significant. The daily variations shown in Figure 5 resulting from these fits (thick solid lines) to the data (crosses with error bars) only include the significant terms. The standard errors of the means in each local time bin, as shown by the error bars, are generally small, so the fitted means represent the data well. Figure 5 also shows the results of the mlr analysis of Hagan (thin solid lines) as well as the predictions of the HWM-93 model (dashed-dotted lines). Using a smaller database, Hagan only found statistically significant semid­iurnal components during summer and autumn solar minimum. Figure 5 and Table 2 show that the diurnal mean winds are more equatorward in summer and more poleward in winter, associated with the expected summer-to-winter transequatorial circulation 
[Roble et al., 1977]. In agreement with Hagan [1993], we also find that for all four seasons the diurnal mean winds more strongly equa­torward at solar minimum that at solar maximum. Diurnal mean winds are more negative in spring (more summer-like) than in autumn (more winter-like), a result also seen in Hagan's results and in the diurnal mean servo model winds at Boulder reported by 
Buonsanto [1991]. This is probably due to the fact that the most of 

the spring (March-April) period follows the vernal equinox, and most of the autumn period (September-October) follows the autumnal equinox, as Roble et al. showed that a transition from a summer-like to a winter-like global circulation is expected to occur at the equinoxes. We also find that the diurnal amplitude is stronger at solar minimum than at solar maximum, as seen in the previously published wind results at Millstone Hill and Boulder. This result emphasizes the importance of ion drag on the wind circulation. The weaker ion drag at solar minimum apparently more than compen­sates for the weaker EUV forcing of the diurnal tide. We find a stronger diurnal amplitude than found by Hagan due to use of the smaller Pesnell et al. [1993] o+,o collision cross section. Hagan used the 1.7 factor (F) times vo+,0 based on the work of Burnside[1987], while Pesnell et al. give F';!, 1.3 . The HWM-93 model results are in reasonable agreement with our observations; however, they are offset poleward by an average of25 m s-1 from our presentresults. 3.5. Tidal Analysis of Individual Wmd Data Sets In order to clarify dependencies of the diurnal mean winds and diurnal amplitude on solar activity, magnetic activity, and season and to investigate differences between solar cycles, we perform a tidal analysis of data from the individual ISR experiments. We find 34 experiments which have data in each of 24 hourly local solar time bins, where each data point has current Kp:;;; 4+, and preceding 
Kp :;;; 5-. For each experiment, we perform an mlr analysis to fit diurnal mean, diurnal components, and semidiurnal components 

https://doi.org/10.1029/1999JA900345
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Figure S6. Annual variations of predawn TINa peak phase at 135 km, Boulder local 

sunrise time at 135 km, and conjugate site sunrise times at 135, 200, 300, 500, and 800 

km from January through December. The conjugate site of Boulder varies from 

(54.8505°S, 128.8075°W) to (54.8553°S, 128.9248°W), staying close to (54.85°S, 

128.85°W). The conjugate site of Boulder was calculated using a Python wrapper named 

ApexPy (https://github.com/aburrell/apexpy). Missing points in Oct to Feb indicate that 

there is no sunset in these months at high altitudes of the conjugate sites. 

The “ApexPy” Python package itself was developed and updated by van der Meeren et 

al. (2023). The coordinates for the calculations were defined in Richmond (1995) and the 

algorithm for converting between geodetic, modified apex, and quasi-dipole coordinates 

was introduced by Emmert et al. (2010). 

Emmert, J. T., Richmond, A. D., & Drob, D. P. (2010). A computationally compact 

representation of magnetic-apex and Quasi-Dipole coordinates with smooth base 

vectors. Journal of Geophysical Research: Space Physics, 115(8), 1–13.  

https://doi.org/10.1029/2010JA015326  

Richmond, A. D. (1995), Ionospheric electrodynamics using Magnetic Apex Coordinates, 

Journal of geomagnetism and geoelectricity, 47(2), 191–212. 

https://doi.org/10.5636/jgg.47.191  
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Figure S7. The sunset (on the left side of each panel) and sunrise (on the right side of 

each panel) times of Boulder and corresponding conjugate sites are plotted against 

altitude from 100 to 1000 km for the 15th of each month from January to December. The 

black solid curves are sunset/sunrise time of Boulder while the purple solid lines are 

those of the conjugate site. The vertical red and blue dashed lines represent the predawn 

TINa peak phases at 150 and 135 km, respectively, while the black dotted lines show the 

TINa peak phases in the Boulder predawn conditions. 
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