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Introduction to the lonosphere
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lonospheric Processes
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Earth's lonosphere

 NO, 02, O, H, He
Produced by solar EUV (mostly)
~50 to ~1000 km altitude Iniensiy ~_ !
Strong temporal variations § 4
» Daily

e Seasonal

P MNeu 'tr;ﬂ
- u:" Density

» Solar Cycle -
» Strong interaction with Earth's magnetic field

e Solar produced magnetic disturbances
 High, Middle and Low Latitudes




lonosphere Vertical Electron Density Profile

Topside

The F2 region varies
by 3-5X diurnally,
highest just after noon,
lowest before dawn.

The F1 region and E i /,-
region dissipate at night. FlLayer,

The D region is present
only during daytime and 90
in times of high activity. D Region

Density: 10+ 105 108
Electrons/cm?

E Region




lonosphere Global
Structure s

Regional

Total Electron Content Units x 10'® m™

600

* RTIGS

10-Apr-2007 from 17:00to 17:15 UT NOAA/SEC Boulder, CO USA (op.ver. 1.0)




lonosphere Radio Propagation

lonosphere

http://www.srh.noaa.gov/jetstream/atmos/ionosphere _max.htm




Radio Waves in Plasmas

Plane Wave Electric Field E(z)

Index of Refraction n :i:(u—i X)
o

e Cool plasma
 No Collisions

 No Magnetic Field

2

2
uzzl—le—f—l;:]—K]Z K= f ~80.5
f f 4t7e, m

Propagation near the speed of light when ./, <</ u~Il

Propagation slows dramatically when f,—f u—0

Specular (total) reflection occurs when /' =f u=0

After Davies, 1965




Propagation with a Magnetic Field

A magneto-plasma is birefringent

The index of refraction depends on the polarization of the radio wave
A magneto-plasma is anisotroptic
The index of refraction depends on the direction of propagation

2X (1-X)
2(1=X)=Y2+\Yi4+4(1-X)Y?

L

Index of refraction:

pu=1-

With respect to the direction of propagation: Y ,=Longitudinal component of ¥

Y ,=Transverse component of ¥
The + and — refer to the Ordinary and

Extraordinary polarized radio waves

Reflection occurs when ¢ —r¢

X=1-Y
X=1+Y

(Ordinary wave)

(eXtraordinary waves)

O&X are circularly polarized over most the Earth

Linearly polarized at the magnetic equator
After Davies, 196




Appleton Equation

A magneto-plasma is absorptive
The radio wave amplitude decreases as energy is lost due to collisions

The full Appleton equation with collisions 7= I

/

X

Y7 2
+Y
J 4(1-Xx—-iz) °*

With propagation below 30 MHz in the Earth's lonosphere,
all of these factors can substantially influence the radio wave

After Davies, 1965




Which means the radio wavelength increases in a plasma

_ d
Group velocity is: #=()  w=c=0 as u=1-0

Which means the propagation speed decreases in a plasma

dk

- mo =l i 2O
Group Refractive Index is: w'=y=cgio=utrf o=

1

With no magnetic field:  w'= - w'=lo= as u=1-0

Which is essentially a reciprocal velocity factor

After Davies, 1965




Virtual Height and Density Profiles

packet of radio frequency energy
 Virtual Height or Group Path
* Integral of the Group Refractive Index

Virtual height

Virtual Height (reflection):

Virtual Height (through the layer)

After Davies, 1965 (no magnetic field)



Parabolic EDP and Virtual Height

Virtutal Height Example

Virtual Height h'(f ——— Electron Density Profile —
h'(0.834foF2) = hmF2
— 350
£
X,
£
=
Q
T 300 )
260 ——e
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200 ] ] | | |
0 1 2 3 4

5
Frequency [MHZ] 0.834*f0F2



Propagation through a Layer

Yirtutal Height Exanple

| T
Yirtual Height h"{f} — Electron Denzity Profile

Height [knl
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Classic lonogram

Townsville 31,/05/99 00:00 UT
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Classic lonogram Scaling
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lonosondes

HuaLien Bear Lake (USU)
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lonosonde History

ne fi adar. invented in 1920

Used to measure the height of the ionosphere

Bi-static “chirp” and mono-static "pulse” varieties
Longest ionosphere climate record
~ 100 Vertical Incidence ionosondes worldwide

New technologies have evolved the ionosonde:

* High power electronics
Data display and recording
Antennas
Computers
Digital Signal Processing




What is an lonosonde and what does it do?

Station YYYY DAY DD HHMM
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lonosonde Components

A\
/ \ Rx Antenna(s)

Tx Antenna

Frequency :
Synthesis Receiver(s)
Control Analysis




Modern lonosondes

lonosondes Presently Manufactured

“Modern is a relative term”




CADI

Canadian Advanced Digital lonosonde
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5 IN GV—AI S Italian Advanced lonospheric Sounder
B

~~

foF2 2.9 MHz

MUF(3000)F2 | 10,1 MHz

M(3000)F2 3.48
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Vertical Incidence Pulsed lonospheric Radar

Transmit Antenna
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VIPIR Radar Features

VTV ®

- T O\ VTN N - a'alla'a - - D A.
U

High Dynamic Range: 115(1) +30(V) dB
Direct RF sampling 14 bits at 80 MHz
~ully digital conversion, receiver and exciter

Waveform Agility: 2 s to 2 ms pulse/chip width

USB-2 Data and Command/Control Interfaces

8 coherent receive channels; Frequency: 0.3 — 25 MHz

4 kW class AB pulse amplifier: 3™ harmonic <-30 dBc
Precise GPS timing for bi-static operation
Radar software Open Source C code; runs under Linux




Wallops Island VIPIR hardware

= Power Conditioner
= 4kW RF Amplifier

= KVM
= Exciter

Reference
Receiver
-Front End

Balun

Control Computer

Analysis Computer
UPS




Wallops Island Field Site

Dynasonde
Recejve
A
Equipment rray
Building
Cartlidge Drive
Rickett Street
lonosonde
Transmit
Antenna
1 50 mX250m Wormhoudt Street
37,500 sg. m
O acres




VIPIR Facilities

+ Current (8) Planned (11)




Modern lonosonde Data Analysis

Data Analysis Techniques
for use on
Modern lonosondes

“Making sense of an ocean of raw data”




% A recelved signal phase ® WO ortnodgonal e C C

Circular Polarization Example

Rx2-X Separate receivers

!

O and X mode signals
Magnitude [dB]

Phase [deg]

-90 for O-mode

+90 for X-mode

Phase shift even receiver
data +90 and — 90 and
sum with odd receiver
data

J18_2010308180508.RIQ




Polarization Example

San Juan 2010 267 13:10:08 UTC 24Sep10

3.0 40 50 7.0 10.0 15.0 20.0

Frequency [MHZ]
RxMa sk 00000011 VIPIR SJJ18 2010267131008 RIQ




Precision vs Resolution
» Resolution is the ability to separate 2 objects

* Closely spaced in some dimension (i.e. Range)
* Determined by waveform (bandwidth)

* Precision is the ability to measure a resolved object
* Mostly determined by SNR

WWI937 2007 306 00:42:52

2323 MHz —

30 |

20 |

0-Mode SNR [dB]

10

260 280 300 320 340 360 |
Range [km]



Radar Timing

T, is the start of a Pulse Repetition Interval

Waveform is started some time after T0

Waveform has finite duration
Receiver sampling is started some (other) time after T

The PRECISE range of the received waveform is defined
as the peak of the receiver impulse response

The ACCURATE values of the range gates are
determined by multi-hop Sporadic-E

Therefore:

« A calibration factor RANGEDO is provided as the “correct”
range of the 0" (non-existent) range gate

 Some range gates can have negative range if they start
before the peak of the transmitted waveform




Waveform Timing

VIPIR Waveform Timing

QD: T L T L A B L R T ] Tx
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: : T1

70 L E RG1

- 1 R=0
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60 [ -
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40 | —f
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10 |

-10 0 10 20 30 40 50 60
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Precision Range
» Use the high SNR and precise receiver response

* Properly sampled receiver output
* Fit a raised cosine function to the amplitude data

x—Ro
l+costr

1
A(x)=Ao|—=
(x)=Ao|

e Ao, Ro, W

VIPIR filter Impulse Response
Filter Values'  +
(1+cos)*4

100000
10000 |

1000 |

Amplitucle

100 |




Impulse Response Fitting

San Juan SJJ18 2010 264 18:50UT

o
O,
@
T
2
o
=
<

L

170
Range Gate

Precision is about 0.1 range gate (150m) \
Depending on SNR and echo separation

A0=58.6 ; Ro=166.7
Ax=53.3 ; Rx=176.9




Doppler Shift

L JJUNJJ C C 1J = ] ' SrofdngCbeMf;
radio phase with time due to E oFARME A COMN ), 3

the change in phase path

* Details are beyond the
scope of this presentation

* For ionosondes, this means
a change in the ionosphere
plasma

* Motion
* Photochemistry
* |rregularities

 \Waves
Research Opportunity




Doppler Example

Fhasevs lime

(@)}
]
-
a]
wl
w0
o

05 08 07 038 09

time [sec
* Doppler is the first moment of the phase vs time. y SO
= D

v )

* Higher order moments? /«‘

Research Opportunity




Interferometry

 The phase difference
between spaced
antennas related to the
angle of arrival of a
plane radio wave

e |ssues:
e 21T ambiguity
* Non-plane wave
* Mutual Coupling

* Multiple spacings aid to
resolve this problem

 Room for Improvement

Research Opportunity




lonosonde Applications

“So much to do, so little time...”




Applications of the Modern lonosonde

Basic Physics of

N(h - Bhoaca | ‘ , .
pro(fiIZas - Radio Waves in
Magneto-Plasma

ma"- cale _—————————
Irregularities —
Sunr VIN,]

D-Region

Atmospheric Gravity Waves S,, S, Scintillations
Deterministic Description AfIf = AN/N

Daily Summary
Mid-Scale Electric Fields
Irregularities

Geomagnetic Storms

Communication

Thermospheric & e
lonospheric Models: Scintillation
All boxes contribute Models Eddy Mixing;

Turbopause Auroral Precipitation

Wright & Bullett
Adv Sp. Res. 2000




Plasma Physics with lonosondes

o Careful examination of changes in transmitted
radio wave properties:

 Amplitude, Range, Frequency, Doppler, Direction, Phase

 Determine the plasma properties

 Densities

1=
—

 \Waves

e Turbulence
e Structure

« Composition

-
g e
<
:

* Physical Processes

» Natural ‘°i°
? ui‘

e Artificial /,_,sT/

Research Opportunit




HF Heating

Near-Gaussian beam produces sharp-edged central spot
surrounded by ring in optical images

Secondary trace observed in ionograms indicates presence of
m artificial bottomside layer at ~200 km alt.

Raytracing shows bottomside density enhancement would form
ring of higher power, as observed

Density (x 10° em™)
Q. .

-~ '
-

|
i .
: : e
400 | =
- F A -
E ' :
S 300f - ]
2 f | ]
= : 5
soof : ]
: | : e
Artificial r ' : Artificial
L JF I . . M
woob . NS Natural ionization
1.0 15 2.0 25 3.0 3.5 ionization N

Frequency (MHz)



Messo-Scale Structure

Wallops 2009 262 00:04:33 UTC 1.9 MHz

F-layer structure

i

Patchy Es

ot—_ + o 0 ! [ 00

00 2000 4000 6000 800.0 1000.0 1200.0 1400.0 1600.0 1800.0 2000.0
PRI VIPIR WI937 2009262000433 .RIC




Geophysics with lonosondes

* Electron Density Profiles
* Vector Velocities

» Study lonosphere and Thermosphere physics

* Photochemistry
lon & Neutral Composition
Electric Fields
Neutral Winds
e Coupling and Energy Transport
« Short and long term variability
* Forecasting




Global Assimilation of lonospheric Measurements

Altitude

“‘\7&
Model — f %/ o
200
_ lonosonde
EDP
100 — . Measurements
_ | M
| |
! ! 10
A
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[
0 2 4
Flasma Freguency
art_ifrm_gmf 2004 120T.gif |

Courtesy Leo McNamara |
art_ifrm_agmf.grt



Boulder 1-minute Data

VYirtual Height

BD346 26889 855
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Forecasting lonospheric Scintillation

stimating the post-sunset, equatorial vertical ExB drift
velocity using ionosonde measured change in F-layer height

lonosonde estimated Vertical ExB Drift _
from the 4 MHz True Height Rise S4 vs V. at Antofagasta West in

April 1998

L

8.0

Redmon, R. J., D. Anderson, R. Caton, and T. Bullett, A Forecasting lonospheric \\ \

time Scintillation Tool (FIRST), Space Weather, 8, 2010,



Jicamarca Scintillation Forecast (FIRST)
i i i h'F time history (LT):
Web page with real time data driven forecasts b T e s T
Day of ‘:"e:arlmlmlm 0
http://ngdc.noaa.gov/stp/IONO/FIRST.html 20:00LT |2

19:45LT

19:30LT

19:15LT

19:00LT

18:45LT

18:30LT
THMS4
Updated: 2012-4-22 15:44 UT, Contact, Archive

“YeS, thel"e iS an App for that” * Interpolated n

Quality: White = Good, Grey = Inspect.

Atmospheric & Space Technology Research Associates

For Apple IOS and Android devices




Communication Engineering with lonosondes

* Analyze the nature of radio propagation to:

* Design Communication Systems

 Antennas

* Transmitters

* Recelvers
 Modulation schemes

e Operate Communications Systems
e Operations procedures

* Frequency management
e Schedule




Real Time Data Plots : Situational Awareness

lonosphere Variations are Evident

foF2 plot for station HALLOPS_TS {(HP937} at 2016-84-81 14:;15:81 UTC

T T T T T T T T T T T T T T T T T T T

HF937 past 5 days ——
HF937 yesterday
HF937 today

This day:showed low
values at night but a
recovery at sunrise

foF2 [HHz1

i : Previous day had
Classic Outlier
Data Point low foF2 all day

I L I L L L L I L I 1 1
a4 a6 14 16 18




HF Propagation Prediction

1) lonosphere model,
determined (in part)
- from ionosonde data

Plasma Frequency (MHZ)

HF Nlumination Map
10.0 MHz 23

T T T T T T T T T T T T ] & ;
&0 600 800 1000 1200 1400 1600 1800 20002200 2400 2600 2800 3000 ' - L =
L ) Saturatad

Strong

Maoderate

2) Predict HF propagation froms T
known transmitter Vel | -

Ceqgrees Latitude

ZEOE (i IR
Degrees Longitude




Real Time lonosonde Data at WDC-A

Recent Mirrion Ionosonde Data at 2012-04-22 14:15:01 UTC showing 66 of 82 for past 1 days
)7 7 7 7 7 7 T 7 7 T 7 T T T T T T T T T T

Longitude [deg]




Research Topics

Recommended areas of research for graduate
studies using modern ionosondes

“If we knew what we were doing,
it wouldn’t be research”

"I think wou should be more
explicit here in step two."




Equatorial Spread-F

Jicamarca VIPIR

JH91.0_28681 78638238

6 7

Research Opportunity Improved Forecasting?




High Time Resolution Data

* Digisondes are experimenting similarly

foF2 comparison HANSCOH and HILLSTONE 22Febl@
12 T T T T T T T T T T T T T Hanlscun ‘.;'IPIR-l-IIESIR -+ PIOt Of fO F2 for 1 7
n Hillstone Digisonde —#— | hou rS from the
Millstone Hill
r I Digisonde (Blue)
ol . and Hanscom VIPIR
(Red)

8 L il

7 ':_ * ”‘:___."-:'5.-_-“.-_'." - .
sl v i How to optimally
— 6 i ¥ LL L -
;| R e g use these data?

° _ ++-'-I— + F " + + ]

o ++ st ++ k - M -:-*+ e r:"" + 3
% “ e ,‘% B ’ T
4;. _.uﬂ‘. -'? b ' )
i Ty + * I
*
2+ a
1} Data courtesy of U.Mass |
Lowell and Boston College
BBB I BIE I BLI I BIB I BIB I 1IB I 1I2 1I4 I 1IB I .
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Very Fast Sweeps

Boulder, CO
3 second sweep

A What will these
data reveal?

4.0 5.0 6.0
Frequency [MHZz]

WVIPIR BDBAD 2003323173933.RIQ ResearCh Op 0




Plasma Tuulence

Wallops 2009 261 20:38:04 UTC 18Sep09 1.90000 MHz

Smooth E- layer
10 ShE [dB
Nallops 2009 262 15:55:03 UTC 19Sep09 1.90000 MHz
Y e ol A

0.0 20 40 6.0 8.0 10.0 120 14.0 16.0 180 200
RxMask 11111111 Time [s VIPIR WI937_2009261203804_RTI.RIQ

Structured E- layer

= )|
0& 50

S

¥ (e
/dr 0 ﬂ_m“___nnj

: 00 20 40 60 80 100 120 : 20.0
ResearCh Opportunlty RxMask 11111111 Time [s VIPIR W 03_RTILRIQ

RN




VIPIR Observes Meteor Tralls

Wallops 2009 262 23:47:04 UTC  19.67 MHz

120 km
Vlos ~ 25m/s
Meteor Trail

600.0 800.0 1000.0 1200.0 1400.0 1600.0 1800.0 2000.0
PRI MIPIR WI937 2009262234704 .RIQ

Research Opportunity Plasma structures?




E reglon studles

Total Power [dB]

Source of these echoes?

40

200 400 600 80.0 1000 120.0 1400 160.0
RxMask 11111100 Time [s

Research Opport~




Science and Engineering Needs

Greater data bandwidth — USBS3
More Digital Filters

Manual lonogram Analysis Software g
> FNEN
Echo Detection and Parametrization ! Z".ﬁ;! -

8

Improved lonogram Scaling i
Research Opportunity

Amplitude and Phase Calibrations

Improved data collection — continuous

Super-resolution direction finding & plasma imaging

Interference removal




Data Sharing

 World Data Centers (WDC)

e Since 1950's, now disbanded

 Still functional as national centers
* World Meteorological Organization (WMO)

* Replaces WDC's
* Not yet functional

* International Space Environmental Centers (ISES)

* Focus on real time data, space weather
* WWW.Ises-spaceweather.org/
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Manual Scaling Sheets
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NOAA Data Holdings

* lonograms on Film
e 20,000 monthly reels

« Scanned Films Contact:
lonosonde@noaa.gov

e 300 monthly reels
 Scaled Characteristics

* Hourly since ~1938
15 minutes since ~1990

* Digisonde digital ionograms
« ~200 station-years
* VIPIR lonograms

 VIPIR Raw Data (10TB per station-year)




Credits

Boston College and
University of Colorado

NOAA National Geophysical Data Center
NASA Wallops Island Flight Facility

US Geological Survey

US Air Force Research Laboratory

Scion Associates

University of Massachusetts Lowell

National Central University, Taiwan

All ionosonde data producers who freely share their data!




Questions?

Space
Weather?




Internet Resources

World Data Center A, Boulder:
http://www.ngdc.noaa.gov/stp/IONO/ionohome.html

Digisondes and ARTIST : http://ulcar.uml.edu/

Autoscala: http://roma2.rm.ingv.it/en/facilities/software/18/autoscala

ESIR : http://www.spacenv.com/

Dynasonde21: Nikolay.Zabotin@colorado.edu

Low-latitude lonospheric Sensing System: http://jro.igp.gob.pe/lisn/

Vertical Incidence Pulsed lonosphere Radar (VIPIR): Terry.Bullett@noaa.gov
Canadian Advanced Digital lonosonde (CADI): http://cadiweb.physics.uwo.ca/
lonospheric Prediction Services (IPS): http://www.ips.gov.au/

lonosonde Network Advisory Group (INAG)
http://www.ips.gov.au/IPSHosted/INAG/

SPIDR: http://spidr.ngdc.noaa.gov/spidr/index.jsp
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