NORTH ATLANTIC TREATY RESEARCH AND TECHNOLOGY
ORGANISATION ORGANISATION

ORGANIZATION

AC/323(IST-051)TP/207 www.rto.nato.int

RTO TECHNICAL REPORT TR-IST-051

Characterising the lonosphere
(La caractérisation de I'ionosphére)

Final Report of Task Group IST-051.

|
_dd
\ %
|

Published January 2009

Distribution and Availability on Back Cover


http://www.rto.nato.int/




NORTH ATLANTIC TREATY RESEARCH AND TECHNOLOGY

ORGANISATION ORGANISATION
AC/323(IST-051)TP/207 www.rto.nato.int
RTO TECHNICAL REPORT TR-IST-051

Characterising the lonosphere
(La caractérisation de I'ionosphére)

Final Report of Task Group IST-051.



http://www.rto.nato.int/

ORGANIZATION

y

The Research and Technology
Organisation (RTO) of NATO

RTO is the single focus in NATO for Defence Research and Technology activities. Its mission is to conduct and promote
co-operative research and information exchange. The objective is to support the development and effective use of
national defence research and technology and to meet the military needs of the Alliance, to maintain a technological
lead, and to provide advice to NATO and national decision makers. The RTO performs its mission with the support of an
extensive network of national experts. It also ensures effective co-ordination with other NATO bodies involved in R&T
activities.

RTO reports both to the Military Committee of NATO and to the Conference of National Armament Directors.
It comprises a Research and Technology Board (RTB) as the highest level of national representation and the Research
and Technology Agency (RTA), a dedicated staff with its headquarters in Neuilly, near Paris, France. In order to
facilitate contacts with the military users and other NATO activities, a small part of the RTA staff is located in NATO
Headquarters in Brussels. The Brussels staff also co-ordinates RTO’s co-operation with nations in Middle and Eastern
Europe, to which RTO attaches particular importance especially as working together in the field of research is one of the
more promising areas of co-operation.

The total spectrum of R&T activities is covered by the following 7 bodies:

o AVT Applied Vehicle Technology Panel

¢ HFM  Human Factors and Medicine Panel

e IST Information Systems Technology Panel

¢ NMSG NATO Modelling and Simulation Group

e SAS System Analysis and Studies Panel

e SCI Systems Concepts and Integration Panel

e SET Sensors and Electronics Technology Panel
These bodies are made up of national representatives as well as generally recognised ‘world class’ scientists. They also
provide a communication link to military users and other NATO bodies. RTO’s scientific and technological work is
carried out by Technical Teams, created for specific activities and with a specific duration. Such Technical Teams can

organise workshops, symposia, field trials, lecture series and training courses. An important function of these Technical
Teams is to ensure the continuity of the expert networks.

RTO builds upon earlier co-operation in defence research and technology as set-up under the Advisory Group for
Aerospace Research and Development (AGARD) and the Defence Research Group (DRG). AGARD and the DRG share
common roots in that they were both established at the initiative of Dr Theodore von Kérman, a leading aerospace
scientist, who early on recognised the importance of scientific support for the Allied Armed Forces. RTO is capitalising
on these common roots in order to provide the Alliance and the NATO nations with a strong scientific and technological
basis that will guarantee a solid base for the future.

The content of this publication has been reproduced
directly from material supplied by RTO or the authors.

Published January 2009

Copyright © RTO/NATO 2009
All Rights Reserved

ISBN 978-92-837-0057-9

Single copies of this publication or of a part of it may be made for individual use only. The approval of the RTA
Information Management Systems Branch is required for more than one copy to be made or an extract included in
another publication. Requests to do so should be sent to the address on the back cover.

i RTO-TR-IST-051



z?

ORGANIZATION

Table of Contents

Page

List of Figures viii
Working Group Members xiv
Executive Summary and Synthése ES-1
Chapter 1 — Morphology and Dynamics 1-1
1.1 General Introduction 1-1
1.1.1  The Ionosphere 1-1

1.1.1.1  The Layers of the lonosphere 1-2

1.1.1.2  Disturbances 1-4

1.1.1.3  Spread-F and Sporadic-E 1-5

1.1.2  References 1-5

1.2 Mid-Latitude 1-6
1.2.1  Neutral Atmosphere 1-6

1.2.2  References 1-8

1.3 High-Latitude Ionosphere 1-10
1.3.1  Overview of Important Effects 1-10

1.3.1.1  Ionization Sources 1-10

1.3.1.2  The Influence of Magnetic and Electric Fields on Plasma Convection 1-10

1.3.1.3  Ionospheric and Field-Aligned Currents 1-11

1.3.1.4  Tonospheric Density Irregularities I-11

1.3.1.5  Large-Scale lonospheric Structure 1-12

1.3.1.6  References 1-14

1.3.2  Particle Precipitation 1-15

1.3.2.1  Introduction 1-15

1.3.2.2  Auroral Electron Precipitation 1-16

1.3.2.3  Auroral lon Precipitation 1-21

1.3.2.4  Polar Cap 1-23

1.3.2.5  References 1-23

1.3.3  Ionospheric Plasma Convection 1-27
1.3.3.1  Introduction 1-27

1.3.3.2  Methods of Measuring Ionospheric Plasma Convection 1-29

1.3.3.3  Dynamics of Plasma Convection 1-31

1.3.3.4  Conjugacy 1-34

1.3.3.5  Impacts of Convection 1-35

1.3.3.6  References 1-37

1.3.4  Substorms 1-40
1.3.4.1  Early Views of the Substorm 1-40

1.3.42  Present View of the Substorm 1-44

RTO-TR-IST-051 iii



z?

ORGANIZATION

1.3.43  Storm-Substorm Relationship 1-48

1.3.4.4  Conductivity of the Auroral Ionosphere 1-49

1.3.4.5  Conductivity in the Ionosphere During Substorm Activity 1-53

1.3.4.6  Precipitation of Energetic Particles into the lonosphere 1-56

1.3.4.7  Modeling of Substorm Current Systems 1-56

1.3.4.8  Separation of Substorm Expansion Phase Effects from Directly Driven 1-58

Activity

1.3.49  Final Comments on Substorms 1-60

1.3.4.10 Acknowledgements 1-60

1.3.4.11 References 1-60

1.3.5 Tonospheric Troughs at F-Region Altitudes 1-63
1.3.5.1  Introduction 1-63

1.3.5.2  Mid-Latitude Trough Morphology 1-64

1.3.5.3  Formation Processes of the Mid-Latitude Trough — Steady State 1-65

1.3.5.4  Formation Processes of the Mid-Latitude Trough — Geomagnetically-Active  1-65

Periods

1.3.5.5  High Latitude Trough Morphology 1-66

1.3.5.6  Focus for the Future 1-68

1.3.5.7  References 1-69

1.3.6  Small Scale Irregularities at High Latitudes’ 1-70
1.3.7  Characterizing the Polar-Cap Ionosphere 1-70
1.3.7.1  Introduction and Motivation 1-70

1.3.7.2  The Two States of the Polar Cap 1-71

1.3.7.3  Outline of Effects on rf Signals 1-76

1.3.7.4  Patches: Theory and Modeling Context 1-77

1.3.7.5  Sun-Aligned Arcs and Theta Aurora: Theory and Modeling Context 1-80

1.3.7.6  Future Work 1-83

1.3.7.7  Caveat 1-84

1.3.7.8  Acknowledgements 1-84

1.3.7.9  References 1-84

1.3.8  Traveling lonospheric Disturbances (TIDs) 1-87
1.3.8.1  Relationship between Atmospheric Gravity Waves and TIDs 1-87

1.3.8.2  Dispersion Relation and Ray Tracing of Gravity Waves 1-87

1.3.8.3  Radio and Optical Techniques of AGW/TID Detection 1-90

1.3.8.4  Observations and Modeling of AGWs/TIDs and Their Sources 1-94

1.3.8.5  TID Effects on Transionospheric HF Propagation 1-97

1.3.8.6  References 1-98
Chapter 2 — Instrumentation 2-1
2.1  The Ionosonde 2-1
2.1.1  Tonospheric Sounding 2-1
2.1.2  Tonosonde Specifications 2-1
2.1.3  Tonogram Samples 2-3
2.1.4  Other Ionosonde Measurements 2-6
2.1.5  References 2-7

T o . .
This section was provided as a separate PDF document

iv RTO-TR-IST-051



z?

ORGANIZATION

2.2 Topside Sounding 2-7
2.2.1  Introduction 2-7
2.2.2  The Radio Plasma Imager on the IMAGE Spacecraft 2-8
223  Future 2-9
2.2.4  References 2-9
2.3 The SuperDARN Radar Network 2-10
2.3.1  References 2-17
Chapter 3 — Mapping 3-1
3.1  Creating Maps of Ionospheric Electron Density to Support Communication, Surveillance 3-1
and Navigation Systems
3.1.1  Introduction 3-1
3.1.2  MIDAS Development 3-1
3.1.3  Example Results from MIDAS 3-3
3.1.4  Short-Term Forecasting and Verifications 3-6
3.1.5 Summary and Discussion 3-7
3.1.6  Acknowledgements 3-8
3.1.7  References 3-8
3.2 Radio Tomographic Investigations of Plasma Structure in the High-Latitude Ionosphere: 39
Current Knowledge and Open Questions
3.2.1 Introduction 3-9
3.2.2  High-Latitude Convection and Plasma Distribution 3-10
3.2.3  Experimental Systems 3-11
3.2.4  Summaries of Recent Case Studies 3-12
3.2.4.1  Dayside Polar Ionosphere: Source Region of the Tongue of Ionisation 3-13
3.2.42  Nightside Ionosphere: Reconfiguration of a Polar Patch into a Boundary 3-13
Blob
3.2.43 A Tongue of lonisation with IMF B, Positive 3-14
3.2.5 Tomography and the CTIP Model: A Case Study 3-15
3.2.6  Statistical Analysis for Model Verification and Development 3-18
3.2.6.1  Dayside High-Latitude Trough 3-18
3.2.6.2  Parameterisation of the Main Ionospheric Trough in the European 3-19
Sector
3.2.7  Summary and Open Issues 3-20
3.2.8 Acknowledgements 3-21
3.29  References 3-22
3.3 The Electron Density Assimilative Model (EDAM) 3-24
3.3.1  Introduction 3-24
3.3.2  The Electron Density Assimilative Model 3-25
3.3.3  Testing 3-26
3.34  Conclusions 3-28
3.3.5 Acknowledgements 3-28
3.3.6  References 3-28
3.4  GPS Sounding of the ITonosphere Onboard CHAMP 3-29
34.1  Introduction 3-30
3.4.2  GPS Measurement Techniques 3-31

RTO-TR-IST-051



z?

ORGANIZATION

3.4.2.1 Ionospheric Radio Occultation Measurements 3-31

34.22  Topside Ionosphere / Plasmasphere Measurements 3-35

3.4.3  Observation Results and Discussion 3-37

344  Summary and Conclusions 3-44

34.5 Acknowledgements 3-44

3.4.6  References 3-44

3.5 Broad Band HF Monitoring 3-46
3.5.1  Introduction 3-46

3.5.2  Direction Finding in the HF Range 3-47

3.5.3  The Experimental Broadband System BRAHMS 3-48
3.5.3.1  Concept of BRAHMS 3-48

3.53.2  Smart Antenna of BRAHMS 3-49

3.5.3.3  Algorithms 3-51

3.54  Sensing the Ionosphere 3-52

3.5.5  Summary and Outlook 3-57

3.5.6  References 3-57
Chapter 4 — Spontaneous Radio Frequency Emissions from Natural Aurora’ 4-1
1. Introduction 42
2. Emissions Observable at Ground-Level 4-3
2.1 Auroral Roar Emissions 4-3

2.2 Auroral MF-Burst Emissions 4-9

23 Auroral Hiss 4-11

3. Summary 4-16
Acknowledgements 4-18
References 4-18
Chapter 5 — Space Weather 5-1
5.1  Tonospheric Effects of Severe Geomagnetic Storms 5-1
5.1.1  Introduction 5-1

5.1.2  Storm Positive Phase 5-2

5.1.3  Penetration Electric Fields 5-3

5.1.4  Storm Enhanced Density (SED) 5-4

5.1.5  Sub-Auroral Polarization Stream (SAPS) 5-6

5.1.6  Plasma Redistribution 5-7

5.1.7  Polar Tongue of Ionization 5-9

5.1.8  Gradients 5-10

5.1.9  References 5-12

5.2 Tonospheric Processes of Importance to Severe Space Weather: A Review 5-14
5.2.1  Introduction 5-14

5.2.2  Convective Ionospheric Storms 5-15

5.2.3  Steep Mid-Latitude Gradients 5-16

5.2.4  Other Topical Research Areas 5-17

5.2.5 Conclusions 5-17

f Chapter 4 was provided as a separate PDF document.

Vi RTO-TR-IST-051



z?

ORGANIZATION

5.2.6  Acknowledgments 5-18

5.2.7  References 5-18

5.3 Technology and Security Affected by Space Weather 5-19
5.3.1  Introduction 5-20

5.3.2  Technology, Infrastructure and Space Weather 5-25
5.3.2.1  Space and Spacecraft 5-25

5.3.2.2  Satellite Navigation and Telecommunication 5-27

5.3.2.3  Aircraft and Air Traffic 5-28

5.3.2.4  Power, Oil and Gas Pipeline Supply 5-31

5.3.2.5 Telecommunication Cables, Railway Equipment and Electronics 5-34

5.3.3  Insurance 5-35

5.3.4  Space Weather and Security Aspects 5-36

5.3.5 References 5-39
Appendix 1 — Proceedings from IST-056 Symposium Al-1

RTO-TR-IST-051 vii



ORGANIZATION

List of Figures

Figure Page

Figure 1-1 Ionosphere Structure on a Summer Day in a Middle Latitude, and the Main 1-1
Bands of Solar and Cosmic Ionizing Radiation

Figure 1-2 Monthly Median Noon Critical Frequencies at Washington DC, from 1972 to 1987 1-3

Figure 1-3 General Configuration of the Magnetosphere 1-4

Figure 1-4 Example of the Downward Electron and Ion Flux from a DMSP Pass Over the 1-16
Northern Auroral Oval

Figure 1-5 Example of the Downward Electron Flux as a Function of Altitude and Energy 1-18
from a Model Calculation

Figure 1-6 Electron Precipitation from FAST Observations with Coincident Auroral Imaging 1-19
from an Airplane

Figure 1-7 High Spectral Resolution Observations of the Doppler Hg Line Profile from 1-22
Proton Aurora

Figure 1-8 Theoretical Pattern of lonospheric Plasma Convection 1-28

Figure 1-9 Fields of View of the Northern Component of the Super Dual Auroral Radar 1-30
Network as of Early 2005

Figure 1-10 An Example of a Map of lonospheric Plasma Convection Derived from 1-30
Observations with the SuperDARN HF Radars as Described in the Text

Figure 1-11 Schematic of the Process whereby Geomagnetic Lines on the Dayside Merge 1-31
with Southward Interplanetary Magnetic Field

Figure 1-12 Average Patterns of lonospheric Plasma Convection Sorted by the Orientation of 1-32
the IMF in the GSM y-z Plane for a Moderate Level of Geomagnetic Disturbance

Figure 1-13 Average Pattern of lonospheric Plasma Convection Derived for Strongly 1-33
Northward IMF

Figure 1-14 Instantaneous Patterns of Dayside Plasma Convection Obtained in Conjugate 1-35
Hemispheres for Distinct B, Conditions

Figure 1-15 Map of GPS Total Electron Content (TEC) Data in Polar Projection Showing a 1-36

Storm-Enhanced Density Plume Extending Continuously from a Low-Latitude
Source Region in the Postnoon Sector through the Polar Cap into the Midnight
Sector

Figure 1-16 Sequence of Development of Discrete Auroral Arcs that Forms the Basis for the 1-41
Substorm Expansion Phase Phenomenon

Figure 1-17 Typical Auroral Zone Magnetogram from Fort Smith, NWT Canada Showing the 1-42
Development and Subsequent Decay of a Polar Magnetic Substorm

Figure 1-18 The Two Cell and One Cell Equivalent Current Systems which Both Had, at One 1-44
Time or Another, Been Considered to be Representative of the Substorm
Disturbance

Figure 1-19 Ionospheric and Field-Aligned Currents Associated with the Auroral Electrojets 1-44
for the Two Components of the Substorm Disturbance

viii RTO-TR-IST-051



ORGANIZATION

Figure 1-20 A Global Perspective of the Behaviour of the Auroral Oval During the Growth 1-45
and Expansion Phases of a Substorm

Figure 1-21 The Two Zones of Auroral Luminosity Associated with the Double Oval 1-46

Figure 1-22a A Poleward Boundary Intensification (PBI) on the Poleward Branch of the 1-47
Double Oval as Observed by the UV Camera Aboard the IMAGE Satellite

Figure 1-22b A Substorm Expansion Phase Onset on the Equatorward Branch of the Late 1-47
Evening Sector Auroral Oval as Observed by the UV Camera Aboard the IMAGE
Satellite

Figure 1-23 The High Latitude Hall Conductivity Distribution Inferred from Precipitating 1-52
Energetic Electron Fluxes at Different Magnetic Activity Levels as Quantified by
the Kp Index

Figure 1-24 Ground Magnetometer Data from Two Stations in Northern Alaska, Located at 1-54
Approximately the Same Magnetic Latitude but Separated in Longitude

Figure 1-25 Polar Plots of the Average Energy of Precipitating Electrons, in Units of keV, 1-55
for Different Activity Levels as Quantified by Kp

Figure 1-26 Input and Output from the KRM Routine 1-57

Figure 1-27 The Top Row of Polar Plots Show the Equivalent Current System for a Growth 1-59
Phase Interval Followed by the Two Lowest Order Functions A1 and A2
Representing the Two Cell and One Cell Patterns Respectively

Figure 1-28 Schematic Diagram of the Mid-Latitude Trough for Two Occasions 1-64

Figure 1-29 Latitude Profile of Electron Concentration and Electron Temperature from 1-67
Dynamics Explorer 2 Spacecraft, 22 November 1981 Showing the Relationship
of High-Latitude Troughs with Respect to the Mid-Latitude Trough, Auroral Oval
and Polar Cap

Figure 1-30 The Line-of-Sight Velocities Determined from the EISCAT Svalbard Radar at 1-68
0804 UT on 24 August 2000 with the Corresponding Electron Concentrations

Figure 1-31 Polar-Cap Scintillation Variation with Solar Cycle, for 244 MHz Signals from a 1-71
High-Elevation USAF Polar Beacon Satellite, Received at Thule, Greenland
During 1979-1986

Figure 1-32 The Overhead Passage of the 630.0 nm Bright Patch Seen on the ASIP Coincides 1-73
with the Overhead Passage of the High-Density Plasma Enhancement (from 3 to
9 MHz {,F,) Seen on a Digisonde Sensitive to Doppler Intensity and Range
Discrimination

Figure 1-33 This Figure Contrasts the Signatures of the Southward vs. Northward IMF 1-74
Conditions of the Polar-Cap Ionosphere

Figure 1-34 View in Earth-Sun Frame of Reference of Conditions Characterizing the State of 1-76
the Polar-Cap Ionosphere for Southward and Northward IMF and Positive B,

Figure 1-35 LH Side, Contour Plot of Occurrence Frequency of Polar Patches as Measured by 1-78
DE 2 in the Northern Hemisphere vs. UT and Month of the Year, when the z
Component of the IMF is Negative

Figure 1-36a A Theta Aurora Observed by the DE Satellite, Spanning the Polar Cap from the 1-80
Midnight to the Dayside Auroral Oval, or Cusp, Near the Earth Limb

Figure 1-36b Sun-Aligned Arcs in 1000 km Field of View are Present Nearly Half the Time, 1-81
that Half when the IMF is Northward

Figure 1-37 Ray Tracing of Gravity Waves (Group Path) 1-89

RTO-TR-IST-051 ix



ORGANIZATION

Figure 1-38 The Ground Scatter Signatures of Equatorward-Moving Medium-Scale TIDs in 1-91
the Kapuskasing Radar Field-of-View
Figure 1-39 The Ionospheric Convection Intensification Centered at 12 MLT was the Source 1-92
Region for the TID 2 shown in Figure 1-38
Figure 1-40 Summary of Arecibo ISR Data Showing Large-Scale TIDs for the Night of 1-93
October 1-2, 2002
Figure 1-41 Examples of TECP Images Produced by the GPS Mapping Technique 1-94
Figure 1-42 The SuperDARN Hankasalmi Radar Ground Scatter Power at Near Ranges 1-96
Figure 1-43 O-Mode Rays at 9.303MHz Traced in Two Dimensions Through a Model 1-98
Ionosphere with Latitudinally Periodic Density Structure Resulting from
Medium-Scale TIDs
Figure 2-1 Mid-Latitude Ionograms 2-3
Figure 2-2 Auroral Zone Ionograms 2-4
Figure 2-3 Polar Cap Ionograms 2-5
Figure 2-4 Equatorial Tonograms 2-6
Figure 2-5 Fields of View of the Northern SuperDARN Radars 2-11
Figure 2-6 Example of Velocity Observations from the Kodiak SuperDARN Radar 2-12
Figure 2-7 Example Convection Pattern from the Real-Time Display on the JHUAPL Web 2-13
Page
Figure 2-8 f,F, Estimates from the SuperDARN Network 2-14
Figure 2-9 Superposed Plasma Velocity Observations and Auroral Luminosity Observations 2-16
Figure 3-1 The Locations of the GPS Receivers Used for the Example Images 3-4
Figure 3-2 Contours of TEC Over the Polar Region from MIDAS 34
Figure 3-3 Contours of TEC Over Low-Auroral Latitudes from MIDAS 3-5
Figure 3-4 Contours of TEC Over Low-Auroral Latitudes from IRI 3-6
Figure 3-5 Schematic Showing the Geometry of the Radio Tomography Experiment of the 3-11
University of Wales Aberystwyth in Northern Scandinavia
Figure 3-6 Receiver Locations of High-Latitude Radio Tomography Chains of the 3-12
International Ionospheric Tomography Community
Figure 3-7 Equivalent Vertical Total Electron Content Measured at the Four Receiving Sites 3-13
of the Scandinavian Tomography Chain During a NIMS Satellite Pass that Crossed
Latitude 75°N at 0810UT on 20 December 1998
Figure 3-8 A Polar Patch can be Seen in the Tomography Image from a Satellite Pass at 3-14
1720UT on 14 November 2002
Figure 3-9 Sample Tomography Images from the Greenland and Northern Scandinavian 3-15
Tomography Receiver Chains for 26 November 2001 Showing Cross-Sections
Through a Tongue of lonisation Drawn around the Dusk-Side Periphery of the Polar
Cap under Conditions of Stable IMF B.>0
Figure 3-10 Tomographic Image for a Satellite Pass at 0007UT on 13 December 2001 3-16
Figure 3-11 Sample Tomography Images between 2305UT on 12 December 2001 and 0243UT  3-17
on 13 December 2001
X RTO-TR-IST-051



ORGANIZATION

Figure 3-12 Electron Densities in the Polar F,-Layer from the CTIP Model Plotted as a 3-18
Function of MLT and MLAT
Figure 3-13 Latitudinal Variation of N, F; in 1-hour Bins of UT Obtained from Tomography 3-19

Observations in Scandinavia During December 2001 with Kp<2

Figure 3-14 Median TEC versus Median Latitude of the Trough Parameters for Mid-Range Kp,  3-20
Obtained from Tomographic Observations in the UK between September 2002

and August 2003
Figure 3-15 Diagram Illustrating the Construction of the Observation Operator that Relates a 3-24
Slant TEC Measurement to a Pixel Representation of the lonosphere
Figure 3-16 Map Showing Locations of IGS Stations and Vertical lonosondes 3-26
Figure 3-17 Daytime f,F, RMS Error as a Function of Magnetic Latitude 3-26
Figure 3-18 Example h,,F, Results for the Athens lonosonde 3-27
Figure 3-19 RMS Error between lonospheric Models and Abel Transform Vertical Profiles at 3-27

5 km Height Steps on 4 September 2006

Figure 3-20 RMS Error between lonospheric Models and Abel Transform Vertical Profiles at 3-28
5 km Height Steps on 19-20 August 2006

Figure 3-21 [lustration of GPS Measurement Techniques Used Onboard CHAMP for Sounding ~ 3-30
the Ionosphere

Figure 3-22 Principal GNSS Radio Occultation Geometry for Retrieving the Vertical Electron 3-32
Density Profile of the Ionosphere

Figure 3-23 Number of IRO Measurements and Retrieved Vertical Electron Density Profiles 3-34
from 11 April 2001 until November 2006

Figure 3-24 Locations of Retrieved Radio Occultation Profiles during Two Months (October — 3-34
November 2004)

Figure 3-25 Data Product Sample Showing the IRO Retrieval of Vertical Electron Density 3-35

Profiles Provided by the SWACI Service

Figure 3-26 [lustration of the Topside Radio Link Distribution in the CHAMP Orbit Plane to 3-36
the Visible GPS Satellites during One Satellite Revolution

Figure 3-27 Reconstruction of the Electron Density Distribution of the Topside lonosphere 3-37
Based on GPS Data Received Onboard CHAMP

Figure 3-28 Latitudinal Dependency of the Day-Time (08:00-16:00 LT) F, Layer Peak Electron  3-38
Density N,F; as Seen in the CHAMP IRO Data at Three Years 2002-2004 for All
Longitudes

Figure 3-29 Latitudinal Dependence of the Peak Density Height h,,F, and Shape Parameters 3-39

such as Bottomside Slab Thickness 1, and the Topside Scale Height Hs at 425 km
Height Measured at Daytime in Northern Summer

Figure 3-30 Imaging of the Average Vertical lonization Structure Constructed from all IRO 3-40
Profiles Obtained During the First 13 Days in October 2003 between 21:00 and
05:00 LT

Figure 3-31 Distribution of Small Scale Irregularities of Relative TEC Measured by the IRO 3-41

Technique Onboard CHAMP over the North Pole in the Winter Season
(October 2003 — February 2004) Within the Time Interval 04:00-08:00 UT

Figure 3-32 Comparison of Subsequent Reconstructions of the 3D Electron Density Structure 3-42
in the CHAMP Orbit Plane during the Ionospheric Storm on 8 November 2004 in
Comparison with Percentage Deviations from Corresponding Medians
(Ane / ne * 100%)

RTO-TR-IST-051 Xi



ORGANIZATION

Figure 3-33 Comparison of Positive and Negative Deviation Counts of the Electron Density 3-43
Values that Exceed a Certain Threshold Value (|Ane| > 50%) from Corresponding
Means with the Geomagnetic Dst Index
Figure 3-34 Block Diagram of BRAHMS 3-48
Figure 3-35 Optimized Array Geometry for Omni Directional Reception 3-49
Figure 3-36 3 dB-Beam Width versus Array Diameter and Frequency 3-50
Figure 3-37 AOA (Angle-of-Arrival)-Diagram, Beam Width and Super-Resolution 3-50
Figure 3-38 Filtering with Spatial Filter Based on Time Frequency Blind Null-Broadening 3-52
Figure 3-39 Histogram of Several Minutes of a Recording of two Main Sources, DLF Berlin 3-53
with a True Bearing of 19.3° from Greding near Nuremberg and a Second Unknown
Station with a True Bearing of Approximately 90°
Figure 3-40 Segmentation of the Histogram of Figure 3-39 3-53
Figure 3-41 Temporal Profile of the Azimuth from the Evening into the Night 3-54
Figure 3-42 Ionograms from the Station Juliusruh / Germany for the Evening of 14.05.02 3-55
Figure 3-43 F-Region Bearing Angles on the Morning of 15.05.02 for DLF Berlin 3-56
Figure 3-44 E-Region Bearing Angles on the Morning of 15.05.02 for DLF Berlin 3-56
Figure 3-45 Mean Absolute Deviation (Absolute Bias) Each with 10 Samples and Standard 3-56
Deviation Around the (Biased) Mean Value of the Data of Figure 3-44
Figure 5-1 Millstone Hill ISR Elevation Scan (bottom) Identified a Deep Mid-Latitude 5-2
Ionospheric Trough Near 53 deg Invariant Latitude at 21 MLT (02 UT) During
the March 21, 1990 Storm
Figure 5-2 The Dual Effects of Disturbance Electric Fields are Presented Schematically 5-4
Figure 5-3 Iso-Density Contours Observed by the Millstone Hill Radar Scanning N-S Across 5-5
a Region of Strong SED (Storm-Enhanced Density) Near Local Noon are Presented
as a Function of Geodetic Latitude (Invariant Latitude = Geodetic Latitude + 11°)
Figure 5-4 (A) A Region of Enhanced GPS TEC was Observed at the Base of the Plume of 5-6
Storm Enhanced Density Seen over North America During the March 31, 2001 Event.
(B) Projecting the GPS TEC Observations into the Magnetospheric Equatorial Plane
Using Tysganenko Mapping, Indicates that the Enhancement at the Base of the Plume
is Field Lines Threading the Outer Plasmasphere
Figure 5-5 Simultaneous GPS TEC and DMSP In Situ Plasma Density Observations Illustrate 5-8
the Effects of Plasma-Redistribution Shown Schematically in Figure 5-2
Figure 5-6 The Temporal Variation of TEC in the N-S Conjugate Enhancements During the 5-9
July 2000 Event Indicates a Close Similarity
Figure 5-7 Combined GPS TEC and Convection Observations are Displayed in Polar 5-10
Projection
Figure 5-8 TEC Derived from an Array of ~450 GPS Receivers is Displayed in Magnetic 5-11
Coordinates as a Major lonospheric Disturbance Forms over the US Mainland
During the October 30, 2003 Superstorm
Figure 5-9 The TEC Gradient Across the Poleward Edge of the SED Plume Shown in Figure 5-12
5-8 is Presented
Figure 5-10 Main Bodies of Early Space Weather Activity in Europe: ESA, members of the 5-20
Alcatel and RAL teams, Space Weather Working Team (SWWT) and ESA’s
Concurrent Design Facility (CDF)
Xii RTO-TR-IST-051



ORGANIZATION

Figure 5-11 The Muon Space Weather Telescope for Anisotropy at Greifswald (MuSTAnG) 5-21

Figure 5-12 Full Space-Based Scenario by the Alcatel Space Industry Consortium with Global 5-22
Data Communication Consisting of: Sun Observer and Upstream Monitor at L1,
Three Radiation Belt Monitors in Geostationary Transfer Orbit (GTO) and Seven
Additional Satellites in High Eccentric Orbit (HEO) and Low Earth Orbit (LEO)

Figure 5-13 The Alcatel Space Industry Consortium Proposed this Space-Based Full Scenario 5-23
of Satellites and Instruments in HEO and LEO; in Sun-Synchronous, Equatorial and
High Inclination Orbits in the Ionosphere and Thermosphere

Figure 5-14 SWACT has 10 Partners from Industry (Allsat Hannover, 1A Greifswald), 5-25
Governmental (like the Federal Agency for Cartography and Geodesy and others)
and Scientific Organisations and Institutes (like ESA (SWENET), Space
Environmental Center (SEC) Boulder, GFZ (Potsdam and others))

Figure 5-15 SPEs between 1968 and 1973 5-27

Figure 5-16 Cosmic Ray Spectra During Major SPEs and Detection of an SPE on a Cruising Plan 5-29

Figure 5-17 The LCR 93 System is in Use for Altitude Information in CESSNA EXEL and 5-30
LearJet Planes

Figure 5-18 Worldwide Map of Estimated Dose Rate (Paris Observatory) during a Solar 5-30

Particle Storm

Figure 5-19 March 1989 — The Super Space Weather Storm Arrived at the US East Coast and 5-32
Moved to the West Coast Within Four Minutes

Figure 5-20 High-Voltage Power Transformer in New Jersey, USA, Before and After the 5-32
Geomagnetic Super Storm on the 13th March 1989 and the Transformer Windings
were Permanently Damaged in New Jersey, USA, During the March 1989
Geomagnetic Storm

Figure 5-21 Map Showing Many Problems Caused by the March 1989 Geomagnetic Storm in 5-33
North American Power Systems

Figure 5-22 GIC-Related Pipe-to-Soil Voltage Variations Measured in the Swedish Pipelineon  5-33
8-9 November 1991

Figure 5-23 The Ruhrgas Pipeline in Germany is a Good ‘Detector’ of GIC — 6-7 April 2000 5-34

Figure 5-24 A High Power Antenna Field in Alaska (with a ‘Dust Devil’ in Background) 5-37

Figure 5-25 Aerial View and Antenna of the Nostradamus OTH Radar Located West of Paris 5-38

RTO-TR-IST-051 xiii



ORGANIZATION

Working Group Members

CANADA

Dr. Paul PRIKRYL

Communications Research Centre (CRC)
3701 Carling Avenue

P.O. Box 11490, Station H

Ottawa, Ontario K2H 8S2

Email: paul.prikryl@crc.ca

GERMANY

Dr. Stefan HAWLITSCHKA
FGAN-FKIE

Neuenahrer Strasse 20

53343 Wachtberg

Email: hawi@fgan.de

NORWAY

Dr. Ulf-Peter HOPPE

Norwegian Defence Research Establishment (FFI)
P.O Box 25

NO-2027 Kjeller

Email: uph@ffi.no

UNITED KINGDOM

Prof. Paul S. CANNON
QinetiQ Ltd.

Communications Department
Room PB212

St Andrews Road

Malvern, Worcs WR14 3PS
Email: pscannon@gqinetiq.com

Mr. Glyn WYMAN (Chair)

Domain Expert Little Chase

Tidenham Chase, Chepstow NP16 7JN
Email: g.wyman@btinternet.com

UNITED STATES

Dr. Paul BERNHARDT

US Naval Research Laboratory
4555 Overlook Avenue, SW
Washington, DC 20375

Email: bern@ppd.nrl.navy.mil

Mr. Edward KENNEDY

US Naval Research Laboratory
4555 Overlook Avenue, SW
Washington, DC 20375

Email: Kennedy@itd.nrl.navy.mil

xiv

RTO-TR-IST-051


mailto:paul.prikryl@crc.ca
mailto:hawi@fgan.de
mailto:uph@ffi.no
mailto:pscannon@qinetiq.com
mailto:g.wyman@btinternet.com
mailto:bern@ppd.nrl.navy.mil
mailto:Kennedy@itd.nrl.navy.mil

ORGANIZATION

REPORT DOCUMENTATION PAGE

1. Recipient’s Reference | 2. Originator’s References 3. Further Reference 4. Security Classification
of Document
RTO-TR-IST-051 ISBN UNCLASSIFIED/

AC/323(IST-051)TP/207 978-92-837-0057-9 UNLIMITED

S Originator  posearch and Technology Organisation

North Atlantic Treaty Organisation
BP 25, F-92201 Neuilly-sur-Seine Cedex, France

6. Title
Characterising the Ionosphere

7. Presented at/Sponsored by
Final Report of Task Group IST-051.

8. Author(s)/Editor(s) 9. Date

G. Wyman January 2009
10. Author’s/Editor’s Address 11. Pages

Little Chase, Tidenham Chase, Chepstow NP16 7JN, UK 290

12. Distribution Statement There are no restrictions on the distribution of this document.

Information about the availability of this and other RTO
unclassified publications is given on the back cover.

13. Keywords/Descriptors

Auroral and polar cap phenomena Ionospheric storms

Electron Density Assimilative Model (EDAM) Ionospheric troughs

GPS Multi-Instrument Data Analysis System
HF propagation (MIDAS)

HF radars Radio tomography

Ionosonde Satellite communications

Ionospheric irregularities Space weather

Ionospheric plasma Travelling Ionospheric Disturbance (TID)

14. Abstract

This report is a compilation of papers from academic and other research institutes that describe
ionospheric phenomena and parameters that affect electromagnetic propagation. The report
addresses both mid-latitude and high-latitude effects. The first chapter describes the morphology
of the ionosphere, briefly covers the neutral atmosphere and expands on the influence of the
geomagnetic field, ionospheric electric field and currents, and particle precipitation at high
latitudes. Chapter 2 looks at the instrumentation for obtaining the relevant data. An analysis of the
mapping of total electron content in geographic co-ordinates is presented in Chapter 3 with an aim
of providing timely information to the users. Chapter 4 addresses spontaneous emissions observed
during ground-based and rocket-borne experiments. The final chapter considers the specific
effects of space weather on the ionosphere during severe geomagnetic and ionospheric storms,
the impact on technology including communication and navigation systems, and emphasises the
need for a global perspective of the system. Extensive references are provided for each subject.
For completeness, the proceedings of a Specialists’ Meeting held in conjunction with the study are
added as an appendix.

RTO-TR-IST-051



z?

ORGANIZATION

RTO-TR-IST-051



NORTH ATLANTIC TREATY ORGANISATION

BP 25
F-92201 NEUILLY-SUR-SEINE CEDEX e« FRANCE
Télécopie 0(1)55.61.22.99 ¢ E-mail mailbox@rta.nato.int

RESEARCH AND TECHNOLOGY ORGANISATION

T

DIFFUSION DES PUBLICATIONS

RTO NON CLASSIFIEES

Les publications de I’AGARD et de la RTO peuvent parfois étre obtenues aupres des centres nationaux de distribution indiqués ci-dessous. Si vous
souhaitez recevoir toutes les publications de la RTO, ou simplement celles qui concernent certains Panels, vous pouvez demander d’étre inclus soit a
titre personnel, soit au nom de votre organisation, sur la liste d’envoi.
Les publications de la RTO et de I’AGARD sont également en vente aupres des agences de vente indiquées ci-dessous.

Les demandes de documents RTO ou AGARD doivent comporter la dénomination « RTO » ou « AGARD » selon le cas, suivi du numéro de série.
Des informations analogues, telles que le titre est la date de publication sont souhaitables.

Si vous souhaitez recevoir une notification électronique de la disponibilité des rapports de la RTO au fur et a mesure de leur publication, vous pouvez
consulter notre site Web (www.rto.nato.int) et vous abonner a ce service.

CENTRES DE DIFFUSION NATIONAUX

ALLEMAGNE
Streitkrafteamt / Abteilung I11
Fachinformationszentrum der Bundeswehr (FIZBw)
Gorch-Fock-Stralle 7, D-53229 Bonn

BELGIQUE
Royal High Institute for Defence — KHID/IRSD/RHID
Management of Scientific & Technological Research
for Defence, National RTO Coordinator
Royal Military Academy — Campus Renaissance
Renaissancelaan 30, 1000 Bruxelles

CANADA
DSIGRD2 — Bibliothécaire des ressources du savoir
R et D pour la défense Canada
Ministére de la Défense nationale
305, rue Rideau, 9° étage
Ottawa, Ontario K1A 0K2

DANEMARK
Danish Acquisition and Logistics Organization (DALO)
Lautrupbjerg 1-5, 2750 Ballerup

ESPAGNE
SDG TECEN / DGAM
C/ Arturo Soria 289
Madrid 28033

ETATS-UNIS
NASA Center for AeroSpace Information (CASI)
7115 Standard Drive
Hanover, MD 21076-1320

FRANCE
O.N.E.R.A. (ISP)
29, Avenue de la Division Leclerc
BP 72, 92322 Chatillon Cedex

GRECE (Correspondant)
Defence Industry & Research General
Directorate, Research Directorate
Fakinos Base Camp, S.T.G. 1020

HONGRIE
Department for Scientific Analysis
Institute of Military Technology
Ministry of Defence
P O Box 26
H-1525 Budapest

ITALIE
General Secretariat of Defence and
National Armaments Directorate
5" Department — Technological
Research
Via XX Settembre 123
00187 Roma

LUXEMBOURG
Voir Belgique

NORVEGE
Norwegian Defence Research
Establishment
Attn: Biblioteket
P.O. Box 25
NO-2007 Kjeller

PAYS-BAS
Royal Netherlands Military
Academy Library
P.O. Box 90.002
4800 PA Breda

POLOGNE
Centralny O$rodek Naukowej
Informacji Wojskowej
Al. Jerozolimskie 97
00-909 Warszawa

PORTUGAL
Estado Maior da Forga Aérea
SDFA — Centro de Documentagio
Alfragide
P-2720 Amadora

Holargos, Athens
AGENCES DE VENTE
NASA Center for AeroSpace The British Library Document
Information (CASI) Supply Centre

7115 Standard Drive
Hanover, MD 21076-1320
ETATS-UNIS

Boston Spa, Wetherby
West Yorkshire LS23 7BQ
ROYAUME-UNI

REPUBLIQUE TCHEQUE
LOM PRAHA s. p.
0.z VTULaPVO
Mladoboleslavska 944
PO Box 18
197 21 Praha 9

ROUMANIE
Romanian National Distribution
Centre
Armaments Department
9-11, Drumul Taberei Street
Sector 6
061353, Bucharest

ROYAUME-UNI
Dstl Knowledge and Information
Services
Building 247
Porton Down
Salisbury SP4 0JQ

SLOVENIE
Ministry of Defence
Central Registry for EU and
NATO
Vojkova 55
1000 Ljubljana

TURQUIE
Milli Savunma Bakanligi (MSB)
ARGE ve Teknoloji Dairesi
Bagkanlig1
06650 Bakanliklar
Ankara

Canada Institute for Scientific and
Technical Information (CISTI)

National Research Council Acquisitions

Montreal Road, Building M-55

Ottawa K1A 0S2, CANADA

Les demandes de documents RTO ou AGARD doivent comporter la dénomination « RTO » ou « AGARD » selon le cas, suivie du numéro de série
(par exemple AGARD-AG-315). Des informations analogues, telles que le titre et la date de publication sont souhaitables. Des références
bibliographiques complétes ainsi que des résumés des publications RTO et AGARD figurent dans les journaux suivants :

Scientific and Technical Aerospace Reports (STAR)

STAR peut étre consulté en ligne au localisateur de ressources
uniformes (URL) suivant: http://www.sti.nasa.gov/Pubs/star/Star.html

STAR est édité par CASI dans le cadre du programme
NASA d’information scientifique et technique (STI)

STI Program Office, MS 157A

NASA Langley Research Center

Hampton, Virginia 23681-0001

ETATS-UNIS

Government Reports Announcements & Index (GRA&I)

Springfield
Virginia 2216
ETATS-UNIS

publié par le National Technical Information Service

(accessible également en mode interactif dans la base de
données bibliographiques en ligne du NTIS, et sur CD-ROM)


mailto:mailbox@rta.nato.int
http://www.rto.nato.int/
http://www.sti.nasa.gov/Pubs/star/Star.html

NORTH ATLANTIC TREATY ORGANISATION

BP 25

F-92201 NEUILLY-SUR-SEINE CEDEX ¢ FRANCE
Télécopie 0(1)55.61.22.99 ¢ E-mail mailbox@rta.nato.int

RESEARCH AND TECHNOLOGY ORGANISATION

1

5 1

DISTRIBUTION OF UNCLASSIFIED
RTO PUBLICATIONS

AGARD & RTO publications are sometimes available from the National Distribution Centres listed below. If you wish to receive all RTO reports,
or just those relating to one or more specific RTO Panels, they may be willing to include you (or your Organisation) in their distribution.

RTO and AGARD reports may also be purchased from the Sales Agencies listed below.
Requests for RTO or AGARD documents should include the word ‘RTO’ or ‘“AGARD?”, as appropriate, followed by the serial number. Collateral

information such as title and publication date is desirable.

If you wish to receive electronic notification of RTO reports as they are published, please visit our website (www.rto.nato.int) from where you can

register for this service.

NATIONAL DISTRIBUTION CENTRES

BELGIUM
Royal High Institute for Defence — KHID/IRSD/RHID
Management of Scientific & Technological Research
for Defence, National RTO Coordinator
Royal Military Academy — Campus Renaissance
Renaissancelaan 30
1000 Brussels

CANADA
DRDKIM?2 — Knowledge Resources Librarian
Defence R&D Canada
Department of National Defence
305 Rideau Street, 9 Floor
Ottawa, Ontario K1A 0K2

CZECH REPUBLIC
LOM PRAHA s. p.
0. z. VTULaPVO
Mladoboleslavska 944
PO Box 18
197 21 Praha 9

DENMARK
Danish Acquisition and Logistics Organization (DALO)
Lautrupbjerg 1-5
2750 Ballerup

FRANCE
O.N.E.R.A. (ISP)
29, Avenue de la Division Leclerc
BP 72, 92322 Chatillon Cedex

GERMANY
Streitkrafteamt / Abteilung 111
Fachinformationszentrum der Bundeswehr (FIZBw)
Gorch-Fock-Strafie 7
D-53229 Bonn

GREECE (Point of Contact)
Defence Industry & Research General Directorate
Research Directorate, Fakinos Base Camp
S.T.G. 1020
Holargos, Athens

HUNGARY
Department for Scientific Analysis
Institute of Military Technology
Ministry of Defence
P O Box 26
H-1525 Budapest

ITALY
General Secretariat of Defence and
National Armaments Directorate
5™ Department — Technological
Research
Via XX Settembre 123
00187 Roma

LUXEMBOURG
See Belgium

NETHERLANDS
Royal Netherlands Military
Academy Library
P.O. Box 90.002
4800 PA Breda

NORWAY
Norwegian Defence Research
Establishment
Attn: Biblioteket
P.O. Box 25
NO-2007 Kjeller

POLAND
Centralny Osrodek Naukowej
Informacji Wojskowej
Al. Jerozolimskie 97
00-909 Warszawa

PORTUGAL
Estado Maior da Forga Aérea
SDFA — Centro de Documentagao
Alfragide
P-2720 Amadora

SALES AGENCIES
NASA Center for AeroSpace The British Library Document
Information (CASI) Supply Centre

7115 Standard Drive
Hanover, MD 21076-1320
UNITED STATES

Boston Spa, Wetherby
West Yorkshire LS23 7BQ
UNITED KINGDOM

ROMANIA
Romanian National Distribution
Centre
Armaments Department
9-11, Drumul Taberei Street
Sector 6
061353, Bucharest

SLOVENIA
Ministry of Defence
Central Registry for EU and
NATO
Vojkova 55
1000 Ljubljana

SPAIN
SDG TECEN / DGAM
C/ Arturo Soria 289
Madrid 28033

TURKEY
Milli Savunma Bakanligi (MSB)
ARGE ve Teknoloji Dairesi
Bagkanlig1
06650 Bakanliklar — Ankara

UNITED KINGDOM
Dstl Knowledge and Information
Services
Building 247
Porton Down
Salisbury SP4 0JQ

UNITED STATES
NASA Center for AeroSpace
Information (CASI)
7115 Standard Drive
Hanover, MD 21076-1320

Canada Institute for Scientific and
Technical Information (CISTI)

National Research Council Acquisitions

Montreal Road, Building M-55

Ottawa K1A 0S2, CANADA

Requests for RTO or AGARD documents should include the word ‘RTO’ or ‘AGARD?’, as appropriate, followed by the serial number (for example
AGARD-AG-315). Collateral information such as title and publication date is desirable. Full bibliographical references and abstracts of RTO and

AGARD publications are given in the following journals:

Scientific and Technical Aerospace Reports (STAR)
STAR is available on-line at the following uniform resource

locator: http://www.sti.nasa.gov/Pubs/star/Star.html

STAR is published by CASI for the NASA Scientific
and Technical Information (STI) Program

STI Program Office, MS 157A

NASA Langley Research Center

Hampton, Virginia 23681-0001

UNITED STATES

Government Reports Announcements & Index (GRA&I)

Springfield
Virginia 2216
UNITED STATES

published by the National Technical Information Service

(also available online in the NTIS Bibliographic Database

or on CD-ROM)

ISBN 978-92-837-0057-9


mailto:mailbox@rta.nato.int
http://www.rto.nato.int/
http://www.sti.nasa.gov/Pubs/star/Star.html

	Cover
	Table of Contents
	List of Figures
	Working Group Members
	Report Documentation Page



