
 
 

1 
 

 
Geophysical Research Letters 

Supporting Information for 

Mid-Latitude Thermosphere-Ionosphere Na (TINa) Layers 

Observed with High-Sensitivity Na Doppler Lidar over 

Boulder (40.13ºN, 105.24ºW) 

Xinzhao Chu1*, Yingfei Chen1, Chihoko Y. Cullens2, Zhibin Yu3*, Zhonghua Xu4, 

Shunrong Zhang5, Wentao Huang6, Jackson Jandreau1, Thomas J. Immel2,  

and Arthur D. Richmond7 

1Cooperative Institute of Research in Environmental Sciences & Department of 

Aerospace Engineering Sciences, University of Colorado Boulder, USA 

2Space Sciences Laboratory, University of California Berkeley, USA  

3Harbin Institute of Technology, Shenzhen, China 

4Bradley Department of Electrical and Computer Engineering, Virginia Polytechnic 

Institute and State University, Blacksburg, VA, USA 

5Haystack Observatory, Massachusetts Institute of Technology, Westford, MA, USA 

6MNR Key Laboratory of Polar Science, Polar Research Institute of China, China 

7High Altitude Observatory, National Center for Atmospheric Research, Boulder, USA 

*Corresponding Authors: Xinzhao.Chu@Colorado.edu and yuzb@hit.edu.cn  

 

  

 



 
 

2 
 

Contents of this file  
 

Introduction 
Figures S1 to S3 
 

Introduction  

The STAR Na Doppler lidar observations made at Boulder (40.13ºN, 105.24ºW), 
Colorado reveal the thermosphere-ionosphere Na (TINa) layers in the E region up to 
~150 km, in addition to the permanent Na layers from ~75 to 110 km. We present here 
the full range (75–150 km) plots of Na number density, relative density perturbations, 
and volume mixing ratio for the six nights described in the article as Figures S1 and S2. 
Many wave features are shown in the Na layers over a large altitude range, but they are 
not the focus of the article itself.  

Furthermore, the Figure 1 in Buonsanto et al. (1993) that was referenced in the 
Discussion section is shown as Figure S3 for the convenience of readers. This Figure S3 
illustrates 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. 

The dip angle for Boulder was calculated for the year 2013 using an online tool at 
http://www.geomag.bgs.ac.uk/data_service/models_compass/home.html.  

The ICON wind data used to derive the Hough Mode Extension (HME) fields 
were taken from ICON wind version 4, which can be downloaded from  

ftp://icon-science.ssl.berkeley.edu/pub/LEVEL.2/MIGHTI/ 
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Figure S1. The full range (75–150 km) contours of Na density, relative density 
perturbation, and volume mixing ratio observed on 2, 11, and 27 November 2013 over 
Boulder (40.13ºN, 105.24ºW), Colorado 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. 
Note that 7 UT corresponds to Boulder local midnight. 
 
  

(a) Na Density on 02 Nov 2013
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(c) Na Mixing Ratio @ Boulder
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(d) Na Density on 11 Nov 2013
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(f) Na Mixing Ratio @ Boulder
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(g) Na Density on 27 Nov 2013
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(i) Na Mixing Ratio @ Boulder
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Figure S2. The full range (75–150 km) contours of Na density, relative density 
perturbation, and volume mixing ratio on 11 January 2014 and 23 and 27 January 2015 
over Boulder (40.13ºN, 105.24ºW), Colorado 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. Note that 7 UT corresponds to Boulder local midnight. 

 
  

(a) Na Density on 11 Jan 2014
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(c) Na Mixing Ratio @ Boulder
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(d) Na Density on 23 Jan 2015
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(f) Na Mixing Ratio @ Boulder
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(g) Na Density on 27 Jan 2015
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(i) Na Mixing Ratio @ Boulder
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Figure S3. Millstone Hill Incoherent Scatter Radar (ISR) measurements of ion drifts 
perpendicular to the magnetic field, where are taken from Buonsanto et al. (1993). 
[Buonsanto, M. J., Hagan, M. E., Salah, J. E., & Fejer, B. G. (1993). Solar cycle and 
seasonal variations in F region electrodynamics at Millstone Hill. Journal of Geophysical 
Research, 98, 15,677-15,683. https://doi.org/10.1029/93ja01187] 

BUONSANTO E'I' AL.: F REGION ELECTRODYNAMICS AT MELSTONE HILL 15,679 

TABLE 2. Solar-Geophysical Conditions and Number of Data Points 
Included in Mean Ion Drift Patterns 

Solar, 
Magnetic 

Season Activity F 10. 7 aP3.hour 

Summer low, Q 80 5.3 370 
Summer high, Q 179 6.0 139 
Equinox low, Q 83 5.2 412 
Equinox high, Q 203 5.4 233 

Winter low, Q 85 5.1 274 
Winter high, Q 202 5.1 370 

Equinox all, QQ 129 2.9 175 
Equinox all, D 132 44.2 173 

Kp < 2+ and with the previous 3-hour Kp value < 30. To look at 
magnetic activity variations, we also constructed mean patrems at 
equinox for all years both for very quiet conditions and for 
disturbed conditions. For the very quiet-time pattern we include all 
data with the current 3-hour magnetic index Kp < lo and with the 
previous 3-hour Kp value < 1+. For the disturbed-day pattern we 
include data with the current 3-hour magnetic index Kp > 4- and 
with the previous 3-hour Kp value also > 4-. We bin all data in 1- 
hour intervals of local mean time. Table 2 gives the average daily 
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Fig. 1. Mean daily variation of ionization drifts perpendicular to the 
magnetic field, positive northward (Vj.•) above Millstone Hill for solar 
minimum (downward triangles) and solar maximtun (upward triangles) for 
summer (top), equinox (middle), and winter (bottom). 
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Fig. 2. Mean daily variation of ionization drifts perpendicular to the 
magnetic field, positive eastward (V.m) above Millstone Hill for solar 
minimum (downward triangles) and solar maximum (upward triangles) for 
summer (top), equinox (middle), and winter (bottom). 

F!0.7, the average 3-hour ap index, and the number of data points 
included in each of our mean curves. The first six rows in the table 
refer to the mean quiet-time patterns which represent the major 
results of this study, while the last two rows of the table refer to the 
mean patterns for very quiet and for disturbed conditions at 
equinox. 

RESULTS AND DISCUSSION 

Figure 1 gives the mean diurnal curves for summer (top), 
equinox (middle), and winter (bottom) of ion drifts perpendicular to 
B in the magnetic meridian plane, positive northward (V_u•). Data 
at solar minimum are indicated by downward pointing triangles, 
and data for solar maximum by upward pointing triangles. The 
error bars indicate estimates of the standard error of the mean for 
each local time bin. Most of the features noted by Wand and Evans 
[1981] in their 1976-1977 solar minimum data set are also seen in 
our data. The V.t• curves have a southward turning near local noon, 
and a reversal back to northward drifts in the evening. A seasonal 
variation is apparent in the postmidnight period, with stronger 
northward drifts in winter than in summer. The weaker southward 
drift in the afternoon during summer found by Wand and Evans is 
seen in our solar minimum data but not in our solar maximum data. 
There are no other striking differences between the solar minimum 
and solar maximum curves. 

Figure 2 gives the corresponding mean diurnal curves for 
summer (top), equinox (middle), and winter (bottom), respectively, 


