Abstract:
The ionosphere plays a very important role in the propagation of radio waves; the E-layer of the ionosphere reflects the radio waves and enables them to travel beyond the visible horizon. The physiochemical model of the ionosphere is very complicated with a multitude of photochemical reactions going on; ions forming and recombining with the availability or scarcity of energetic photons and particles. This already complicated model of the ionosphere is further complicated during a Sudden Ionospheric Disturbance (SID) which can be caused by a solar flare or a gamma burst. During a solar flare, the sun releases energy on the order of 1027 to 1032 ergs in the form of electro-magnetic waves, energetic particle and mass motions. Although all of this energy obviously does not reach the earth, a fraction of that does reach the earth disrupts the normal balance of ion formation and recombination in the ionosphere. This disruption disturbs the propagation models of radio waves transmitted through the ionosphere. This disturbance is responsible for distorted waves which can be problematic for the receiver. 

During a solar flare, a VLF wave transmitted through the ionosphere shows a sharp rise in intensity. This intensity of the VLF wave rises because the highly ionized D-layer reflects the VLF wave instead of the E-layer. The VLF no longer has to travel through the partially ionized D-layer, while losing its energy, and travel up to the E layer to be reflected.
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Figure 1: Signal Spikes in VLF intensity data

Purpose:


The purpose of the project I was involved with during the summer had two aspects:

1. Setting up a wide network of VLF monitors that pick up and record the variations in the signal strength. This involved understanding the basic mechanism which was responsible for increasing the signal strength of these VLF waves and also actually developing a monitor that can tune to these VLF waves.
2. Developing a database system and the tools to store data and access this database.

The project was undertaken as Educational Public Outreach (EPO) project by the SOLAR Center which is funded by NASA at Stanford University. The SOLAR Center is dedicated to reaching to the school children and providing them access to the science tools in order to let them have a feel for how to get involved in solar science. So, besides the apparent scientific goals of this project, there was an underlying goal to be able to let the school students be involved in acquisition and analysis of the data recorded by the monitors. The SID monitors are to be distributed to schools around the country and hopefully around the globe so that school students are able to get involved in recording the data. The software provided along with the SID monitors and the database support back here at the SOLAR Center will also help the students do some basic data analysis.
Measuring the VLF waves 
The US military uses VLF waves to communicate with the submarines. There are several stations around the US and other countries such as Germany, Australia and France (See Chart 1 below). These stations broadcast encoded VLF at certain frequencies which our device (called a SID monitor from now on) can pick up and record with the help of an A/D converter and a PC. We cannot, and do not want to, decode the message in the VLF waves; we just want its relative intensity. The SID monitor is tuned to the frequency of the closest transmitter and the monitor records the intensity levels of these VLF waves. 
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Chart 1: List of VLF stations monitored
The SID Monitor

The SID monitor basically consists of an antenna that is tuned to pick up signal of a particular frequency. The signal is passed through a low pass filter to eliminate noise and other interference. The monitor further consists of a series of amplification steps after which the output is taken to the A/D converter. This A/D converter records the signal strength in a file in a value vs. time format. The actual schematic of the SID monitor is shown in Figure 2 below.
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     Figure 2: Schematics of the
                  SID monitor.
       Note: Please find the detailed

       schematics along with the set
       of graphs at the end of the

       poster.
The Ionosphere 


Comprising parts of the troposphere, stratosphere, & mesosphere, the ionosphere extends from 70 kms to more than 600 kms. The relative height and ionization properties of the various layers D, E, F1 and F2 are depicted in Figure 2 below. 
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Figure 2: The different layer of the Ionosphere

The D and E layer are low ionization layers and are present only during the day when there is solar radiation. At night, the D and some parts of E layer disappear and only the highly ionized F layer is present. 

Normal VLF Propagation
When a radio wave is transmitted, the radio wave propagates through either the:

1. Ground wave or 

2. Sky wave. 

The ground wave travels near the earth’s surface and is quickly absorbed. The sky wave travels through the ionosphere bouncing back and forth for as much as 2 or 3 times. The SID monitors pick up the sky waves which have traveled through the ionosphere.


The highly stratified layers of the ionosphere refract the VLF waves until the angle of incidence of the wave reaches the critical frequency. After the critical frequency, the wave gets reflected back to earth. 
During the Day:

The ionization density of about 1000 electrons/cm3 of the D-layer is not enough to reflect the VLF waves. During the day, the waves pass through the D-layer are reflected by the highly ionized E and F layers. While, the density of the D-layer is not enough to reflect the VLF waves, the D-layer is partially ionized and this partially ionized D-layer attenuates the signal to some extent 
During the Night:


In the absence of the solar radiation, the D-layer disappears during the night. Now, the VLF waves travel to the E and F layers where it gets reflected back. There is no lightly ionized D-layer to attenuate the signal and the signal strength is higher than that during the day. Graph 3 illustrates this difference.
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Graph 3: Difference between Day and Night VLF propagation
VLF Propagation during a SID


During a SID, the D-layer becomes highly ionized. Now, instead of going through the D-layer to the E and F layers to be reflected, the VLF waves reflect from the D-layer. The signal strength of the wave increases because of two reasons; firstly the wave now has to travel a lot less to get reflected and secondly, and more importantly, it does not have to pass a lightly ionized layer. 


The signal strength characteristics seen in the graph bundle below show how the ionization of the D-layer increases the signal strength.
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[image: image7.emf]VLF Intensity Data at Wilcox SOlar Observatory (April 17 2004)
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Graph 4: Typical SID data plots

The case of –ve intensity

Some of the SID monitors in some locations have reported a decrease in the signal strength rather than an increase. A comprehensive analysis of this strange phenomenon has not been done mainly because of lack of data and the lack of comprehensive network of these monitors. 


A staying explanation of this phenomenon had been attributed to interference between the ground wave and the sky wave. However, SID monitors as close as 24 kms apart have reported discrepancies in the signal strength during a SID whereas calculations show that monitors have to be at least 100 – 350 kms apart for interference of these waves to fully account for this phenomenon.

A more probable explanation is in terms of the modes of the waves. The vector modes of the waves can add up to a –ve quantity after bouncing off the ionosphere during a SID. This may account for the –ve intensity that is observed.

However, this theory is still not confirmed primarily due to the lack of data. With more of the SID monitors being stationed at different parts of the nation and the globe a comprehensive set of data may be available to back this theory. 
Presented by Sharad Khanal



    Advisor: Philip Scherrer

VERY LOW FREQUENCY (VLF) RADIO STATIONS





Station            Station     Frequency        Radiated


Site               ID           (kHz)           Power


(kW)


U.S. Navy


Cutler, ME                NAA          24.0            1000


Jim Creek, WA             NLK          24.8             250


Lualualei, HI             NPM          21.4             566


LaMoure, ND               NML          25.2             500


Aquada, Puerto Rico       NAU          40.8             100


Keflavik, Iceland         NRK          37.5             100





Australia


Harold E. Holt            NWC          19.8            1000





Federal Republic of Germany


Rhauderfehn                -           18.5             500


Burlage                   DHO	      	23.4              -





France


Rosnay                    HWU          15.1             400


St. Assie                 FTA          16.8              23


LeBlanc                   HWU	        18.3		    -


Iceland


Keflavic                  TFK	        37.5		    -





Italy


Tavolara                  ICV          20.27             43





Norway


Noviken                   JXN          16.4              45





Russia


  Arkhanghelsk              UGE          19.7         150  input


Batumi                    UVA          14.6          100 input


Kaliningrad               UGKZ         30.3          100 input


Matotchkinchar            UFQE         18.1          100 input


Vladivostok               UIK          15.0          100 input





Turkey


Bafa                      TBB	        26.7		    -





United Kingdom


Anthorn                   GQD          19.0              500


Rugby                     GBR          16.0               45


London                    GYA	        21.37             120





All information courtesy of Bill Hopkins, Technical Representative


for Pacific-Sierra Research Corp.
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