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Abstract 

The Plishner Radio Astronomy and Space Science Center is operated by the Deep Space Exploration 

Society based out of Colorado Springs, Colorado. The Sudden Ionospheric Disturbance (SID) monitor 

shows significant variations at sunrise and sunset. The Northern Hemisphere will experience a total solar 

eclipse on August 21, 2017. This paper characterizes the transition characteristics of the SID data and 

uses this data to predict the effects of the total solar eclipse will have on the SID system signal levels. 

1.0 Introduction 

The sudden ionospheric disturbance (SID) monitor measures the signal strength of a very low frequency 

(VLF) broadcast station after its signal is reflected off of the ionosphere. The characteristics of the signal 

strength is highly dependent on the local night and day.  

The Sun’s energy ionizes the Earth’s atmosphere during the day. This produces different ionization 

layers defined as layers D, E, F. At night, there is only ionization from cosmic waves, and therefore there 

is only an F layer (1).  

VLF radio waves reflect off the free electrons in the different ionosphere layers. The signal strength of 

this reflected signal can be detected by a SID small radio telescope. The normal use of the SID radio 

telescope is to detect solar flares which appear as short term signal strength increases during the daytime 

monitoring. The author will use the SID telescope’s capability to measure and analyze the VLF signal 

strength variations and the effect of the solar eclipse on the ionosphere. 

The total solar eclipse on August 21, 2017 in North America provides an opportunity to analyze the 

differences between the eclipse and normal daily ionospheric reflections.  

 

1.2 Past Eclipse History 

The 1999 total solar eclipse which traced its umbra through Europe was documented with multiple radio 

telescopes. (2) The lead investigator for this effort, Dr. Bamford, recorded a 1440 kHz signal increase 

during this eclipse. (figure 2) 



 
 

 

 

Figure 1: 1440 kHz Signal Variation for 1999 Eclipse (2) 

This eclipse signature indicates that at 1440 kHz, that there is enough change in reflection of the 

ionosphere to cause a noticeable spike in signal. This increase in signal is similar to the effects of a solar 

flare on the signal levels of the SID radio telescope. This led to the question if the SID telescope can 

detect the eclipse and what would the signal look like? 

The author has been using the SID radio telescope for over a year as an official observer for AAVSO. 

By chance, the eclipse umbra is passing between the VLF transmitter station and the author’s SID radio 

telescope. This provides a unique opportunity to compare over a year’s historic data with the eclipse 

data. In order to gain insight into the possible effects of the eclipse, the author developed two predictive 

models using historic data and eclipse times. 

The following analysis develops these models to predict the signal levels during the 2017 eclipse. 

 

1.1 Approach 

The goal of this analysis is to predict the variations caused by the eclipse by analyzing the past signal 

strength slope of the day and night transitions. The hypothesis of this report is that the rate of the signal 

strength increases is fast enough to cause a detectable signal on the SID radio telescope data.  

The slopes of the night-to-day and the day-to-night signals for a year of SID data were measured as part 

of the American Association of Variable Star Observers (AAVSO) (3). The slope rates were applied to 

the predicted time the eclipse will intersect the line between the VLF station in North Dakota iand the 

SID receiving station in Colorado.  

The difference between the predicted signal characteristics and the data from the actual eclipse may 

allow for a unique insight into the short-term variation of the ionosphere during an eclipse. 

 

 



 
 

2.0 SuperSID Monitor Measurements 

The measurements were conducted using a SuperSID receiver and antenna (figure 2) procured by 

Stanford (4) Measurements were made in support of the AAVSO (3) observer program. A full year of 

measurements were analyzed. 

 

 

Figure 2: Colorado Springs SuperSID Monitoring Station 

 

2.1 Transmitter Stations 

The VLF station used for this analysis was the LaMoore, North Dakota station located at Latitude 46.35N 

and Longitude -98.33W broadcasting at 25.2 kHz and 500 kWatts. The receiving station is located in 

Colorado Springs, Colorado. Figure 3 shows the other available VLF stations used by the SID 

measurement program (1). The LaMoore station has provided the author the most reliable measurements 

since the telescope was set up. 

 

Figure 3: VLF Station List (1) 



 
 

2.3 Measurement and Analysis Process 

An example daily output of the SID monitor is shown in figure 4. 

 

Figure 4: SID Monitor Output for January 28, 2017 

At sunset, the signal strength increases and is variable throughout the night. Near sunrise the signal 

strength drops rapidly. There is normally a characteristic bump just after sunrise and again before sunset. 

The signal also has a slight curve during the middle of the day. The lines for sunset and sunrise shows 

where the slopes will be measured for the historic models. 

The SID data for the past year was transferred from the SID software format to Microsoft Excel. The 

data was plotted for each day and the sunset and sunrise slopes were measured.  

2.4 Sunset and Sunrise Rate Analysis 

The initial methodology was to analyze every daily plot for the entire year and then determine if there 

was a trend or pattern that could be used to predict the August 21, 2017 conditions. Daily slope data was 

tabulated for each day of January 2017 as shown in figure 5 for sunrise data and figure 6 for sunset data.  

 

 

Figure 5: Sunrise Rate Analysis Data – January 2017 
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Figure 6: Sunset Rate Analysis - January 2017 

A control chart for the sunset and sunrise slopes was set up. The mean sunset and sunrise slope was 

calculated. The upper and lower control limits were set at 1 standard deviation above and below the 

mean. The January 2017 control chart is shown in figures 7 and 8.  

 

Figure 7: January 2017 Sunrise Control Chart 

 

Figure 8: January 2017 Sunset Control Chart 



 
 
The January 2017 control charts show that there is a cyclic variation in the both sunset and sunrise rates. The 

cause of these variations is unknown to the author and will be left for further research. Due to time 

requirements, a sample measurement was chosen for each month back to August 2016. The average rates for 

sunset and sunrise were calculated. (figure 9)  

 

Figure 9: Monthly Rates for Sunrise and Sunset 

The rate data was plotted in figure 10. It was noted that the early data had higher magnitudes and 

variations in 2016. This could have been caused by measurement errors during the early SID radio 

telescope setup. The 2017 data appears to be more stable. 

 

Figure 10: Monthly SUNSET and SUNRISE Plots 



 
 

 

2.5 Yearly Measurement and Analysis 

The data was plotted for each month over a year. (Figure 11). The goal of selecting given days was to 

get “clean” plots that did not have any solar flares or maintenance periods.  

There is a change between the duration between sunset and sunrise over the year. This is indicative of 

the Earth’s travel around the Sun.  

 

Figure 11: Monthly Data Plots 

The rates appear to be dependent on time of year and the duration of the day. Radio Jupiter Pro (5) was used 

to calculate the sunrise and sunset times for the time period of the measurements. (figure 12) This data was 

used to validate that the sunrise and sunset rates can be related to night time duration.  

 

Figure 12: Night Durations against Measured Sunset and Sunrise Rates 
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The sunrise and sunset rates were plotted in figure13 to determine if there were any useable trends. The 

results indicate that there were no obvious trends that can be used to help in the August 21, 2017 prediction. 

 

Figure 13: Rates vs Night Duration 

The approach to estimating the August 21, 2017 profile shifted to mapping the August 2016 data. The first step 

was to validate if the yearly variations were representative. The May 2016 and May 2017 data was available to 

compare a full year difference. This data was plotted in figure 14. 

 

Figure 14: May 2016 and May 2017 Plots 

Figure 14 shows that there is a variation in signal level and sunset start time and rate. However, the sunrise 

slope rate and time looks very close between the plots.  

This bodes the question if the data can be related per month. The sunset start plots were compared in figure 

15. Note: A SID operator noted that the plot of sunrise and sunset were symmetric on his plots. His station did 

not have any mountains. A theory is that the author’s site is affected during sunset by the Pikes Peak mountain 

range to the west. The eclipse would not be affected by the mountains. The net symmetric slope increase 

would therefore result in a faster rise and higher signal level before totality.  
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Figure 15: Sunset Start Time Plots 

The sunset start time do correlate with the sunset times for each month. Note that the sunset start time and 

the signal increases move to the right from December to May. There does not appear to be a correlation with 

sunset slope rates based on month. 

The sunrise plots were plotted in figure 16. The sunrise start times move to the left from December to May. 

 

Figure 16: Sunrise Plots 

The sunrise plots also show the March to April plots are spread out and the Dec 2016 to Feb 2017 plots are 

bunched up. The sunrise plots also indicate a more consistent slope rate for each month. This may indicate 
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that at sunrise the signal level drops dramatically possibly independent of the time of year. This is in contrast 

to the sunset rates that have a variation of the slope rate throughout the year. 

 

3.0 Eclipse and VLF Signal Geometry 

The solar eclipse forms when the Moon crosses between the Sun and the Earth. A total eclipse forms the 

umbra and a partial eclipse forms the penumbra. (figure 17) 

 

Figure 17:Eclipse Basics (6) 

NASA has plotted the umbra and penumbra for the August 21 path through North America. The umbra 

and penumbra happens to cross through the line between the LaMoore, North Dakota VLF station and 

the author’s SID radio telescope in Colorado Springs, Colorado. (figure 18) 

 

Figure 18: Eclipse Path (7) (8) 

 

LaMoore, N.D. 



 
 
NASA also published the times for the eclipse for major cities along the path. (figure 19) 

 

Figure 19: Eclipse Schedule (9) 

One of the key predictions will be to determine when the start, totality and end of the eclipse will appear 

for the SID radio telescope. The VLF path line crosses the full totality point at the 11:50 AM point. 

Using the Casper, WY schedule in figure 18, the rough estimate is that the times should be adjusted by 

+ 8 minutes. Add 6 hours to convert from Mountain Daylight time gives: 

Eclipse Begins: 1630 UTC 
Totality Begins: 1750 UTC 
Totality Ends: 1753 UTC 
Eclipse Ends: 1917 UTC 

  

3.1 Calculating the Eclipse Area over Time 

As the Moon passes in front of the Sun, it subscribes an arc abc. The total area eclipsed is therefore areas 

(A1+A2). (figure 20) 

 

 

Figure 20: Sun and Moon Eclipse Geometry  

For the eclipse, a close approximation can be made that the apparent diameter of the Sun and Moon are 

the same. The area of A1 is the area of arc segment abc with the triangle abc removed. The formulas for 

these are shown below. 

 𝐴𝑟𝑒𝑎 𝐴𝑟𝑐 𝑎𝑏𝑐 =
𝜃

360
𝜋𝑟𝑚

2                                      (1) (10) 

 



 
 

 Area A1 = Area Arc abc – Area ∆abc  (2) 

 

The geometry of triangle abc (∆abc) is shown in figure 21.  

                   

Figure 21: Triangle abc Geometry 

 Area ∆abc = (2) Area ∆abd    (3) 

Note that ∆abc is an isosceles triangle with lines ab and ac being equal with central angle θ. By finding 

the line ad and line bd, the area of ∆abd can be found. Note that Rm is the Apparent Moon radius. 

 Line ad = (Rm) cos(θ/2)    (4) 

 Line bd = (Rm) sin((θ/2)    (5) 

The area of ∆abc is therefore: 

 Area ∆abc = (2)Area ∆abd = (2)
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2
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2
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2
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Finally, the area of A1 is: 

 Area A1 = Area arc abc - Area ∆abc   (7) 

Assume that the apparent radius of the Moon is the same as the apparent radius of the Sun for the eclipse. 

Therefore, the area A1 = A2. So, the total eclipse area can now be calculated as: 

 

 𝑇𝑜𝑡𝑎𝑙 𝐸𝑐𝑙𝑖𝑝𝑠𝑒 𝐴𝑟𝑒𝑎 = (2)𝐴𝑟𝑒𝑎 𝐴1 = (2) (
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 𝑇𝑜𝑡𝑎𝑙 𝐸𝑐𝑙𝑖𝑝𝑠𝑒 𝐴𝑟𝑒𝑎 = 𝑟𝑚
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The analysis requires the calculation of the percent of the Sun that is eclipsed over time. Using the 

assumption that for the eclipse Rm = Rs (Sun’s apparent radius): 

 



 
 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑆𝑢𝑛 𝐸𝑐𝑙𝑖𝑝𝑠𝑒𝑑 =  
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 With Rm = Rs 

 

 𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑆𝑢𝑛 𝐸𝑐𝑙𝑖𝑝𝑠𝑒𝑑 =
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Equation 11 allows for the calculation of the percentage of the Sun that is being eclipsed without knowing 

the apparent radius of either the Sun or the Moon. 

Now relate angle θ with time. The start and end of the eclipse θ =0°, while at totality θ = 180°. 

The calculated results for the Sun eclipse area % for the entire eclipse period is shown if figure 22. 

  

      

Figure 22: Calculations and Plot for % Sun Eclipsed over Time (Corrected) 

 

5.0 Eclipse Models 

Two models were developed to estimate the eclipse signal levels. (1) Historic data mapping and (2) Rate 

analysis 



 
 

 

 

5.1 Historic Data Mapping 

The data from Mar 1, 2017 was chosen as a template because of the smoothness of the signal for both 

sunset and sunrise rates. The approach was to connect the sunset data to the eclipse start time and meet 

the sunrise data which was started from the eclipse end time. (figure 23) 

The characteristic of this model shows that the ionization layer builds up fast and results in a quick drop 

of signal level. 

 

Figure 23: Historic Model 

5.2 Rate Analysis using the Percent of Sun Area Eclipsed 

The rates for sunset and sunrise were applied to the time and percentage of Sun being eclipsed. There are two 
parts to the model. The start of the eclipse to totality and then the totality to end of the eclipse.  

The model on the start of the eclipse uses the sunset rate x the percent of Sun eclipsed. This is added 
incrementally until totality. This model emulates a normal sunset with the exception that the transit speed of 
the Moon is different than sunset and that the umbra area is smaller than a total nightfall. 

The second half of the model starts with totality. This part of the model still uses the sunset rate and percentage 
of the Sun eclipsed. It then adds the sunrise rates x the percentage of the Sun not eclipsed. This simulates a 
sunrise with the exception that the Moon uncovers the area of the Sun shining at a different rate. 

The results of this calculation and plot is shown on figure 24. 

 

 



 
 

 

Figure 24: Rate Data Corrected with Sun Area (Corrected) 

 

5.3 Combined Models 

Combining the models against a daily plot shows two predicted results. (figure 25)  

 

Figure 25:Eclipse Models (Corrected) 
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Correct for time 

 

Start 10:23Local, Max: 11:48Local End: 

Two fixes to the predicted model. 

1) Update start and stop times for eclipse 

2) Use August 21, 2017 sunset and sunrise rates in analysis 

 

Adjusted for time 
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A zoom in on the eclipse period is shown on figure 26.  

 

Original Prediction 
Aug 21 -Time corrected prediction 
Actual eclipse 



 
 
Figure 26: Model Detail (Corrected) 

 

5.3 Analysis 

Both models track together until the full eclipse. The historic model maintains a steady rise and then 

drops quickly to normal levels at eclipse end. This emulated a normal sunset and sunrise effect 

normalized to the time period of the eclipse. 

The rate model uses historic rates and calculated Sun eclipse area over time to predict the signal strength. 

This model indicates that the Sun would quickly ionize the ionosphere and drop back to normal daytime 

levels before the end of the eclipse. 

6.0 Theory of ionospheric reflection and refraction 

𝐼𝑛𝑑𝑒𝑥 𝑜𝑓 𝑅𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
𝑐

𝑣𝜙
= √1 −

𝑁𝑞2

𝜛2𝜖𝑚
 

C: speed of light 

vØ: phase velocity 

N: electron density (electrons/cm3) 

q: charge of electron (1.60 x 10-19 coulombs) 

ε: dielectric constant (ε0=8.855 x 10-12 farad/m in free space) 

m: mass of electron (9.11 x 10-31 kg) 

 

𝑐𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 = 9.0√𝑁 

For 25.2 KHz (LaMoore, ND) the electron density required to reflect the signal is: 

 

𝑓 = 9.0√𝑁 

𝑁 = (𝑓/9.0)2 

𝑁 = (25,200/9.0)2 = 7.84 𝑥106
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑚3
𝑥 (

𝑚

100𝑐𝑚
)

3

= 7.84
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑐𝑚3
 

The NOAA Ionospheric electron density is: 



 
 

 

Figure 27: Electron Density in the Ionosphere (11) 

Based on the electron density plot in figure 27, the 25.2 khz signal from LaMoore, ND is reflective in 

the E region and above. Therefore, the height of the D-Layer above the surface becomes the primary 

variable to model the signal path between two points on Earth. 

6.1 Model to determine path length between two points on Earth 

The calculation to determine the path length between two points on Earth. 

𝑑 = 𝑅√2 − 2𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2 cos(𝜙1 − 𝜙2) − 2𝑠𝑖𝑛𝜃1𝑠𝑖𝑛𝜃2 

𝛼 = 𝑠𝑖𝑛−1 (
𝑑

2𝑅2
√4𝑅2 − 𝑑2)) 

D = Rα 

Distance between LaMoure, ND (Latitude: 46.35N, Longitude: 98.33W) and Colorado Springs, CO 

receiver (Latitude: 38.85N, Longitude: 104.73W), R=6378 km 

D= 984 km 

Verified using calculator at: (12) 

The radio wave will travel along the Earth-Ionosphere waveguide (12).  

6.2 Find the reflection height above the surface 

 



 
 

 

Figure 28: Reflection Altitude geometry 

 

h1+h2 = R 

h2= Rcos(α/2) 

h1= R-h2 = R-Rcos(α/2)=R(1- cos(α/2)) 

Assume for reflection the reflection point angle = 90° 

 

 

 

 

 

 

 

d/2 = r1 sin(45°) 

r1=d/(2 sin(45°)) 

halt+h1 = r1 sin(45°) 

halt+h1=d/(2 sin(45°)) 

7.0 Propagation of Radio Signals 

 

 

 

7.0 Summary 

The 2017 American solar eclipse provides a unique opportunity to observe the Sun’s effect on the 

ionosphere using the SID radio telescope. The umbra of the eclipse will pass through the line from the 

Halt
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VLF transmission station and the receiving station. Data has been taken for over a year at the receiving 

station and was used to develop this baseline historic data. 

The historic and rate analysis models provide a theoretical baseline into the understanding of the eclipse 

effects on the ionosphere. The tools and calculations developed to make these predictive models will 

help improve the data gathering and scientific experiment setup during the actual eclipse. 

Data will be taken during the eclipse and compared to the predictive models. Variations between the 

actual versus predictive models may help in the understanding of the local Sun effects on the ionosphere 

and how quickly the ionosphere recovers to a normal daytime state.  
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