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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 lonospheric 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 ().

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)
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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 'and 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.

Appendix A - VLF Station List"
See hitp-//sidstation lionelloudet homedns org/stations list-en xhtml for a current version of this
list

Country Tocation Name Frequency | Power (i) | Lamirude / Longitude
TSA Cutler, ME NAA 24, 1000 HESN 673 W
Jim Cireck, WA NLK 4. 50 820N DRI W
Lualucic (1 o 1 366 RSP
[ La\lowe, ND NML 5. 500 35N _-98.33 W |
Aquada, Puerto Rico NAU 0,05 100 0N 6118 W
Antarctica- Soutt Pole VLE 200 05710
“Australia Tarold E. Holt WC 9% 000|218 T143E
(North West Cape)
China®: Changde A 206 503 11167
(altemates 3SB)
Datonge B 106 3560 10533
(altemates 354)
France: Rommay HWU 309 300 0N 158
St Asie FTA” 168
T eBlanc (NATO) HAv 375 TN IBE
Germany: Fhauderdehn DHO 234 500 510N 033
Tocland: | Keflavik (US Navy) SRR 575 100 65N -ISE
Keflavic TFK 373
Tndia: £ TS L) [ESRE]
Trah: Tavolr v 2027 ES] 0SSN 068E
Sicly NSC 339 38N 135E
Japan: Thino il 233 3204 13081
Norway™: Rolsas N 164 5 58518 10.52E
Russia™ Arthanshelsk TG 57 S0mput | 64NZ4 41E32
Bamum TVA 16 ot
Kalinngrad UGKZ .3 input
Mztotchkinchar TFQE 1 input
Viadivostok Tk 0 nput
Turkey Bt TBE 7 3743 2753
Tnited Amom GBZ T3 500 STTIN 307W
Kingdom
Anfhom (NATO) GQD 21 S0 AN 1w
Londan GiA 2137 120 SIN _2E

There is no transmitter below 18.3 kilz usable for SID monitoring in Euraope.

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.
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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.
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Figure 5: Sunrise Rate Analysis Data — January 2017
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Sunset Flate Mean 3,706 1-Jan-
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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.

Date Range |Mean ucL L

1/1/2017| (15,742)| (10.249), (21,235)
1/31/2017| (15,742)| (10,249)|  (21,235)
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Figure 7: January 2017 Sunrise Control Chart
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Sunset Rate Analysis 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)

~ SUNSET SUNRISE
Date UnaslSecond [Date Units!Second
8/120% 11,972 81112016 (35,489)
12120% .304 91212016 (71,812)
10/120% 9472 10/112016 (79,216)
11206 6,752 1112016 (20,391)
12/%20% 3.701 121112016 (21,334)
V2017 4.726 1112017 (11.529)
212017 4.443 21112017 (11,408)
32017 4,243 32017 (32,054)
412017 2.327 412017 (9,612)
Sh2017 5.170 51112017 (17,727)
Average 6,712 Average (31,057)

| STDEY 3,927 STDEY 24,376

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.

SUNSET Average Rates

SUNRISE Average Rates

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.
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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.

Date Sunrise Night Duration Sunset Flate] Sunrise Rate
S5IV20% 138 12.03 025
V205 2.04 1138 334

| TIV20%6 2:15 11.38 323 N ]
BIV20% 2.00 12.00 .00 1972 -35489
V208 122 12.26 104 14304 -T812
WIV20% 0.35 12:52 217 3472 73216
TW¥20% 23.52 13.22 13.30 5752 ~20391
2206 23.30 13.54 .24 3701 ~21334
V2017 23.38 14.15 ¥.37 4726 11529
21%2017 0.09 14.04 1855 4443 11408
3-‘1-'2012 0:40 13: 32 252 424§ -32054
HN2017 110 12:45 35 2327 -9612
SIN2017 138 12:03 025 5170 =17727
6I¥2017 2.04 1138 334
FIW20T7 215 1138 323
BIN2017 2.00 1159 359|
8iZv2017 137 12:16 LIs 33[
V2017 122 12.26 TH04]

Figure 12: Night Durations against Measured Sunset and Sunrise Rates



The sunrise and sunset rates were plotted in figurel3 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.
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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.

May 2016

May 2017

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.
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May 2017

Feb 2017
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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



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)

PARTIAL ECLIPSE
TOTAL ECLIPSE

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)



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

Eclipse Totality Totality Eclipse
Begins Begins Ends Ends

Madras, OR 09:06 a.m. 10:19 a.m. 10:21 a.m. 11:41 a.m. PDT
Idaho Falls, ID 10:15a.m 11:33a.m 11:34a.m 12:58 p.m. MDT
Casper, WY 10:22 a.m. 11:42 a.m. 11:45a.m, 01:09 p.m. MDT
Lincoln, NE 11:37 a.m 01:02 p.m. 01:04 p.m. 02:29 p.m. coT

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 Al is the area of arc segment abc with the triangle abc removed. The formulas for
these are shown below.

Area Arc abc = %nnﬁ (1) (10)



Area Al = Area Arc abc — Area Aabc 2

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

b

Rm

8,2

Figure 21: Triangle abc Geometry

Area Aabc = (2) Area Aabd 3)

Note that Aabc is an isosceles triangle with lines ab and ac being equal with central angle 6. By finding
the line ad and line bd, the area of Aabd can be found. Note that Rm is the Apparent Moon radius.

Line ad = (Rm) cos(6/2) 4
Line bd = (Rm) sin((6/2) (5)

The area of Aabc is therefore:

Area Aabc = (2)Area Aabd = (2) % (R%))cos (g) sin (g) = (R%))cos (g) sin (g) (6)
Finally, the area of Al is:
Area Al = Area arc abc - Area Aabc @)

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) (3% 2 — (R3)cos (g) sin (g)) (8)
Total Eclipse Area = 1,2 (%n — 2cos (g) sin (g)) 9)

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):



Total Eclipse Area — r,%(%n—Zcos(g)sin(g))

Percent Sun Eclipsed = > (10)
Total Sun Area T
With Rm = Rs
. 6 2 6\ . (6
Percent Sun Eclipsed = o0~ o €OS (5) sin (5) (11)

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 6 with time. The start and end of the eclipse 6 =0°, while at totality 6 = 180°.

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

Time Delta Time |Theta| % Sun
(Min) (deg) | Eclipsed
16:30 0 0.0 0.0%
16:38 8 180 0.2%
16:47 17| 360 1.3%
16:55 25| 540 4.2%
17.03 33| 720 9.7%
17:12 42| 900 18.2%
17:20 50| 108.0 29.7%
17:28 58| 126.0 44.2%
17:37 67| 1440 61.3%
17:45 75| 162.0 80.2%
17:54 84| 180.0| 100.0%
18:02 92]1 1620 80.2%
18:10 100( 1440 61.3%
18:19 109 126.0 44 2%
18:27 117| 108.0 29.7%
18:35 125| 900 18.2%
18:44 134 720 9.7%
18:52 142( 540 42%
19:00 150 36.0 13%
19:09 159 180 0.2%
19:17 167 0.0 0.0%

Area of Eclipse

X A
f ‘,\\
HE R
a / \
v} 4 \
. F—N
7] \
% ° \
£
; y \
& y LY
-
/’ o
+ 0——'/' \‘\&—0 &
6:19 1648 17:16 1745 18:14 1843 19:12 19:40
Time UTC on Auest 21. 2017

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.

Eclipse Full Eclipse
Start Eclipse End
1630 1750-1753 1917

et D@

[V
<
e |
Suns ®©
2
)

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.



Time Delta Time |Theta| % Sun Rate Analysis
(Min) (deg) | Eclipsed (Units)
16:30 o[ oo 0.0% 799,905
16:38 8| 180 0.2% 805,178
16:47 17| 360 1.3% 851,939
16:55 25| 540 4.2% 988,797
17:03 33| 720 9.7% 1,302,155
17:12 42| 900| 182% 1,960,647
17:20 50| 1080| 29.7% 2,918,317
17:28 58| 1260| 44.2% 4,343,799
17:37 67| 1440| 61.3% 6,565,112
17:45 75| 1620 80.2% 9,147,633
17:54 84| 1800| 100.0% 12,771,887
18:02 92| 1620 80.2% 12,397,322 Rate Analysis with % Sun Eclipsed Correction
18:10 100| 1440 61.3% 8,601,185 14,000,000
18:19 109| 1260| 442% 854,789 12,000,000 ™
18:27 117/ 1080 29.7% (8,663,455) S \
18:35 125 900| 182%| (20,277,034) a:mim \
18:44 134 720 97%| (33,421,077) \
18:52 142| sa0 42%| (47,558,362) Fone \
19:00 150| 36.0 13%| (62,231,897) 4,000,000 \.
19:09 159 180 02%| (77,109,662) 2,000,000 \
19:17 167 00 00%| (92,017,100) 1
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)
Eclipse Profile Echpse Full Eclipse
1 March 1, 2017 Actuals 7 et e Historic Model
00000
Q00000
mo Rate Model

Figure 25:Eclipse Models (Corrected)
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= Eclipses in Casper, Wyoming, USA

Aug 21, 2017 at 11:43 am  Global Event:  Total Solar Eciipse

Local Type:  Total Solar Eclipse, in Casper
Began: Mon, Aug 21, 2017 at 10:22 am
Maximum Mon, Aug 21, 2017 at 11:43 am 1.01

Magnitude

Ended: Mon, Aug 21, 2017 at 1:09 pm
Max View in Casper Duration: 2 hours, 47 minutes

Totality: 2 minutes, 27 seconds

Search Time/General Weather Time Zone DST Changes Sun & Moon

Sun & Moon Today  Sunrise & Sunset  Moonrise & Moonset ~ Moon Phases  Eclipses  Night Sky

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.

Rate Analysis with % Sun Eclipsed Correction
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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

c
Index of Refraction = o= 1-

C: speed of light

Vg: phase velocity

N: electron density (electrons/cm?®)

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

&: dielectric constant (¢0=8.855 x 10-12 farad/m in free space)

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

critical frequency = 9.0MN
For 25.2 KHz (LaMoore, ND) the electron density required to reflect the signal is:

f=9.0VN
N = (f/9.0)?
N = (25,200/9.0)* = 7.84 x10° electrons ( m )3 B electrons

The NOAA lonospheric electron density is:



L

Topside otH*

o
[=]
(=]

Nmm&
g
-
£ ] F2 Layer
o
=
£
= F Region
= o
F1 Layer
13307 °"°°° ST T
E Region 0" NO™
L E T
D Region

Density:  10* 0¥ 10f
Electrons/cm”

Figure 27: Electron Density in the lonosphere (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\/Z — 2cosB,cosB, cos(¢p; — ¢p,) — 2sinb;sinb,

a = sin~1 LM)
(

2R?
D = Ra

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-lonosphere waveguide (12).

6.2 Find the reflection height above the surface
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Figure 28: Reflection Altitude geometry

hl+h2 =R
h2= Rcos(a/2)
h1= R-h2 = R-Rcos(a/2)=R(1- cos(a/2))

Assume for reflection the reflection point angle = 90°

d/2 = r1sin(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



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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