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Radio systems are vulnerable against space weather

Radio waves play a significant
role in various modern
technological systems:

- Terrestrial and space based
telecommunication

- Ground and space based navigation
systems (e.g. GNSS)

- Remote sensing radars

Radio wave propagation is closely
related to ionospheric conditions
In most applications.

lonosphere is impacted by space
weather and associated coupling
with magnetosphere and
thermosphere.
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Positioning, Navigation &Timing (PNT) play a
S|gn|f|cant role in the modern society
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Radio wave propagation & lonosphere (ll)

- G. Marconi (1901), first transatlantic radio transmission, assumption of an
electrically conductive layer in the atmosphere (Kennelly-Heaviside Layer)

- R.A. Watson Watt (1926), suggestion to call the electrically active part of
the atmosphere ,lonosphere’

- E.V. Appleton (1927- 32), Theory of radio wave propagation in plasma

3500 km

Neufundland o lonospheric research Cornwell 4

4 starts practically with
¢ these transmission
. experiments.
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Radio wave propagation & lonosphere (1)

EDWARD V. APPLETON
The ionosphere
Nobel Lecture, December 12, 1947

,Now the most striking feature of the atmospheric air at high levels is that
it is ionized, and for that reason the spherical shell surrounding the earth at
the levels with which we are concerned is called the ionosphere.*”
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The lonosphere - integral part of the Geo-sphere

S —— RADIATION | CHARGED The lonosphere ist

Electron density integral part of the
A Earth's enviromment
(strong coupling with
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aFUveINI

"
1A
-

13T70IAYHELIN

THERMOSPHERE

IONOSPHERE

| plasma is mainly
MESOPAUSE
R formed by solar
STRATOPAUSE radiation at
wavelengths < 130 nm.

S3T0LLHvd TvHoNNY
SNOLOMd ¥YI0S

SAVY JINSOD JILOYIVD

£
=
W
=}
2
=
0
<«

STRATOSPHERE
GRAVITY WAYES

Solar storms and
associated Coronal
Mass Ejections (CMES)
500 1000 2000 3000 may heav'_ly dlSturlE) the
TEMPERATURE (°K) ionospheric behaviour.

TROPOPAUSE

TROPOSPHERE




www.DLR.de ¢ Folie9 > Radio wave propagation and ionosphere > N. Jakowski ¢ Heliospheric Summer School > 12-19 July 2013, Boulder

lonosphere and radio waves

TEC = j n,(h) dh

Solar radiation

= Continuity equation for the electron gas s
= n, _ L —di - \
% =Q-L-div (n,-v) energetic
D hv particle o Electron
- Day EIectron' (EUV) \
o
= Atom, .
] ‘._ lonos herﬂ- M0|€CU|T e |
§- kt'ém
5 | “Molecule
=1 ' NmFE2 Photo ionisation Particle ionisation
Electron density ne O+hv—>0*+e p+O—->p+0O*+e

lonospheric ionisation is generated by solar radiation and energetic particles and by
galactic cosmic rays (Space weather dependence).

- Strong coupling with thermosphere and magnetosphere.

- Charged partlcles of |onosphere impact propagatlon of electromagnetlc radio waves.
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Refractive index of ionospheric plasma (f >> 1))
(Appleton-Lassen-Hartree)

2
nzl_%ff f,cos® 7
2f 2f° S8f“*

first-order second-order third-order term

Plasma frequency:

Northern Hemisphere T
_ 2 2
_ f, j/e n,/(4r"m.g,

=N O: angle between wave direction and B

\‘ 1 field vector; n,: electron density
m,: electron mass; B: magnetic induction

g, free space permitivity
f . signal frequency

[REF 01, 02]
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Radio frequency ranges & propagation

range

ELF Extreme Low Frequency <300 Hz > 1000 km

ULF Ultra Low Frequency 300 Hz 3 kHz 1000 - 100 km

£ = VHF VLF Very Low Frequency 3kHz - 30kHz 100 - 10km
i

. >
= | Night f>1 LF  Low Frequency 30kHz - 300kHz 10 - 1km
()]
ko) Refraction
T+ MF  Medium Frequency 300kHz - 3 MHz 1000 - 100 m
S
« HF  High Frequency 3MHz - 30 MHz 100 - 10m
=
o VHF Very High Frequency 30 MHz - 300 MHz 10 = Im
o
(e}

UHF Ultra High Frequency 300 MHz - 3 GHz 1000 - 100 mm

SHF Super High Frequency 3GHz - 30 GHz 100 - 10 mm
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Transionospheric propagation of radio waves

Refraction of radio waves transmitted
TEC, = jne(h) dh GNSS by satellites of Global Navigation
satelite  gatellite Systems (GNSS):

The phase length L along the ray path s is
defined by the integral

L:jn ds = Min

Height h / km

where n is the refractive index and the
integral becomes a minimum according to
Fermat's principle.

For GNSS, the phase length can be written:

L:jl) ds + ph As,

where p is the line of sight and Asg; means
the excess path due to bending.
' - S T e

100 200 300

i DLR
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Observation equations of GNSS measurements

Neglecting higher order terms in the refractive index and bending, the
observation equations of GNSS measurements for code phases P,/P, and
L,/L, carrier phases can be written:

| sat
P=pHc(At,, —AUC™")+d; Hd,|+d,p +&p
. sat
® = plc(At,, —A")+d; 1d,|+d,s + N A+ &,
p true range between GPS satellite and receiver along ray path s
C velocity of light
At offset of satellite clock from GNSS Time
At offset of receiver clock from GNSS Time K
d, ionospheric phase delay along s d| — .TECS
d; atmospheric phase delay along s f 2
dyp error due to multipath -
A wave length of radio wave lonospheric range error
N, phase ambiguity number (integer) 3 o
€ Phase noise K=40.3 m’s
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lonosphere related range errors deduced from
dual-frequency GNSS measurements

B 2 . 2
TEC = _[ne(h) dh AP=P,—P =K %TECS + &

GNSS Due to the dispersive ionosphere
TEC can be derived from dual-
frequency GNSS measurements
(differential phases).

TEC,

M{&)=Tgc

2 -1/2
R Cos e The ionospheric range error d, is
R +h, the biggest error source in single
_ _ frequency GNSS applications
Mapping function (up to 100 m along ray path).

Single-frequency measurements need
range error correction information from:

d =£-TEC - TEC monitoring data (map) or
! °| - TEC model computations
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Computation of the Total Electron Content (TEC)

i i i 90
Cut-off angle 20° EED
70

- 60
R N —F50
levation ™ 40
- 30
g 20
10

hours of data dump

PRN = G01, Station= AUDE
Stard Time = 2008-11-27 17:44.28 UTC

elevation /°

f12 . .|:22

K( f12 o f22)

TEC, =

(O, -D,)+B+¢g,

o b

_ K(f12 B f22)

f12 . f22

P,-PF TEC, + &pyi

K(f’-f;
D, -D, = (fé.fzz)
1"

K =40.3 m®s™

S ot

GPS f,=1575.42 MHz
f,=1227.60 MHz

After levelling relative carrier
phase differences into absolute
uncalibrated code phase
differences, subsequent TEC
computation uses only carrier
phases.

[REF 03, 04]
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Generation of TEC maps

'\“‘
& n 3
60 Total Electron Content .* . Error - Assimilation of calibrated
(vertical) TEC data into a
m background model of TEC
w 3.0
2 50 T to generate TEC maps
S &
£ U
8 F 15 - Procedure allows
40 g ' extrapolating TEC into
e 0.0 areas without
measurements.
* =% A4F ~
L i A = L . .
LB SRl - Accuracy increases with
PRiE S Emes A number of used stations
s | p il s A N (here:16)
k= T PR e .
a0 et > =k
L = = . N
B il T° | | W1
0] 10 20

longitude / °N [REF 04]
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Space Based Sounding of the lonosphere

HIRO Profiling

Occultation (1 Hz)

LEO Orbit

(]
« CHAMP
« GRACE
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History of radio occultation

1960’'s  Exploration of planetary atmospheres using tracking and
telemetry signals of deep space missions
Martian atmosphere Mariner IV
Venus atmosphere Mariner V, Venera 4
1980’'s  Sounding of planetary atmospheres of Jupiter, Saturn, Uranus
Proposal for using the GPS system for sounding the Earth’'s atmosphere
1990's Demonstration of the capabilities for Earth’s atmosphere
sounding
Use of Salyut stations for exploring the Earth’s atmosphere by radio
occultation (RO) techniques
GPS/MET experiment onboard Microlab 1 led by UCAR/USA as a
proof-of-concept mission launched in April 1994
2000's  Several satellite missions enabling GPS radio occultation
Launch of CHAMP led by GFZ Potsdam
Launch of SAC-C led by NASA/JPL
COSMIC, GRACE, TerraSAR-X, Tandem-X

i DLR /
iy
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RO satellite missions CHAMP - GRACE - COSMIC

DLR




www.DLR.de ¢ Folie 21 > Radio wave propagation and ionosphere > N. Jakowski ¢ Heliospheric Summer School > 12-19 July 2013, Boulder

GNSS radio occultation
Retrieval of electron density profiles (I)

Topside ionosphere/plasmasphere n, ~ exp(-h/Hj)

hcuavp: 450km l Model Differential carrier phasze_ 2
350km assisted AD = (L) -D(L,) = K-L—2TEC, + &,
retrieval L i f
Orbit height

“.. GNSS

TEC, = _[ nds—z ™,

= /@ .
\\W.‘] a hGNSSIL".‘l
\ \\ ’&,'\\ Nocce ! y
P | Nvox

Spherical symmetry
Abel inversion

Inversion n.(h)

[REF 05,06,07,08]
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Review of vertical electron density profiles
obtained from CHAMP
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Intercomparison between maximum electron
density NmF2 retrieved from different satellites

GRACE-CHAMP GRACE-COSMIC CHAMP-COSMIC
50 ' — 400 : : : 1000 : : :
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- Good agreement of NmF2 retrievals from different satellites
- Bias <1 x103cm3
- Standard deviation < 1.3 x10° cm-3
|$ GNSS radio occultation measurements provide consistent data sets
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Topside ionosphere / plasmasphere sounding

2D projection of a typical
radio link distribution for a
full CHAMP revolution
within 93 minutes.

20

10

The GPS navigation data
measured onboard
CHAMP (0.1 Hz sampled)
provide up to about 3000
measurements during one
revolution.

0

Distance / 103 km
-10

Assimilation of the TEC data
obtained for one revolution

into the PIM model reveals the
-20  -10 0 10 20 2 D electron density distribution

close to the CHAMP orbit height.
[REF 09]
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Reconstruction of the electron density distribution
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Discretization for ray path j:
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Electron density distribution in CHAMP orbit plane

MERIDIONAL CUT ALONG 110.6°F

01:17LT

~ day night |

-25.-20.-15.-10. =5. 0. 5. 10. 15. 20. 25.
10° km

Electron Density in cm -3

' Shown is an average
1 reconstruction of the Geo-

plasma distribution from

| CHAMP to GPS orbit heights
| Time interval:
114 -23 August 2005

: 15-16 3D images are generated
| per day

Operational images
imaging provided
via SWACI

since June 2005
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Data base for ionospheric research and modeling

Total Electron Content (TEC) 2010-10-29 15:50:00 UT ———————————————
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[REF 10]
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TEC dependence from solar activity

z: . F10.7 | Observedis a
strong correlation of
— =° TEC with the Solar
= %9 | radio flux F10.7

100%‘“1‘” . Solar radio
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TEC ——————————_Ionizing EUV flux
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Solar eclipse in TEC on 11 August 1999
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7 Solar eclipse can be considered as
an activve experiment for studying

lonospheric processes
7 The ionospheric response is
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DLR

delayed up to 30 minutes

[REF 11]
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Solar flare precursor of storm on 28 October 2003

SORCE/TIM Total Solar Irradiance — 28 Oct. 2003
T T T T T T

1 e+ Strong Solar Flare was observed
sl et n i on 28 October 2003 at 11:05 UT
ot 1 «  Total solar irradiation enhances within
' : : a few minutes by 267 ppm
N s 1 « Rapid and strong increase of TEC at all
- _ GOES Garivaine " Y GPS measurements (range error < 3.5 m)
«  Number of usable GPS stations dropped
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lonospheric perturbations impacting GNSS

CHAMP Profile

ATEC,, 30-Oct-2003 2003 DOY: 302, 23:31:12 LT ‘
2130 UT Lat. [°N]: -59.82, Lon. [°E]: 164.73 6 October 1984 Jicamarca, Peru
ATECmg% 00 4 Y
200 300 " ﬁ“‘: ¥
100 : N oF - 2
00 | w8
00 1 2 3 4 5 5 o LOC&|2.:1::"IDE o
Large scale Mid-scale Small scale
- =1000 km - =100 km - <10 km
- hours - minutes - seconds
- Propagating - Wavelike - Plasma turbulences
lonisation front phenomena - Plasma instabilities
- Horizontal gradients - lonisation patches - Particle
up to 2TECU/Kkm - Plasma bubbles precipitation
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lonospheric storm generation and propagation

v

Poleward73 | W

Drift ¢ | f. a*
Electric ™ | W
field

Longitude: 7° E
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| '|i|
50+

P ii\ kniA \%,-01

06.00 08:00 10.00 12:00 14:00 16.00 18.00 20:00

Immediate response at all latitudes at storm onset
Tongue of ionization across the Pole
Wavelike propagation of disturbances during the main phase

High latitude disturbance zone (northward of the trough) moves equatorward
[REF 12]
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Storm on 29 Oct 2003 over Europe and US
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Auroral particle precipitation

E-Layer Dominated lonosphere

001 CHAMP
ELDI

km

- Particle precipitation from the magnetosphere
causes a locally enhanced ionization in the lower 100 <::|
ionosphere — gradients, dynamic irregularities
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Small scale irregulariities - radio scintillations

Small scale irregularities and plasma
bubbles may cause strong fluctuations
of signal strength and phase due to
diffracion and forward scattering.

Transionospheric radio

waves are refracted,

diffracted, scattered,
absorbed
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Characteristics of small scale irregularities and
related radio scintillations

.
P .
1st Fresnel zone 3_ Scintillations occur in all

gn " frequency bands
[2-d,-d / _ |
Fi= d1+d22 / - S, amplitudes decrease with
s i - il increasing frequency (1/f1-°)

- At low latitudes scintillations are
mainly caused by the Rayleigh-
Taylor plasma instability (RTI)

Jicamarca, Peru

- At high latitudes scintillations
T —— are closely related to horizontal
/ 2 Local Time

gradients of ionisation (TEC)
,: A Key parameters or indices for

characterizing scintillations - Are dependent on various

RN i geophysical and space weather
R L] i

o factors
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Scintillation measurements by GNSS

Bandung, 5. Apr. 2006 (DOY: 95) - PRN 25
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Szintillations are highly correlated with TEC rate

variability at low latitudes.

Measurements provide information on temporal and

spatial characteristics of plasma irregularities and on

driving forces of plasma irregularities and bubbles.

Measurements require receivers with high sampling

rate (> 20Hz).

Coordinated studies with satellite measurements
useful (e.g. C/NOFYS).

Power of AD variations




www.DLR.de ¢ Folie 39 > Radio wave propagation and ionosphere > N. Jakowski ¢ Heliospheric Summer School > 12-19 July 2013, Boulder

Diurnal variation of scint. activity at low latitudes

Bahir Dar April 2012 DOY105
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S, Scintillation activity enhances regularly in Bahir Dar / Ethiopia at
evening hours around 18:00 LT probably due to RTI

Scintillations occur primarily in North-South direction (crest)
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Global scintillation activity (S,)

- Midnight

Solar Maximum [ 148

i DLR




www.DLR.de ¢ Folie 41 > Radio wave propagation and ionosphere > N. Jakowski ¢ Heliospheric Summer School > 12-19 July 2013, Boulder

Outline

Introduction

Radio wave propagation and ionosphere

- The ionosphere
- Fundamentals of radio wave propagation

Probing the ionosphere and space weather relationships

Ground based

Radio occultation

Topside ionosphere/plasmasphere monitoring
Observations

lonospheric impact on radio systems and mitigation techniques

- Telecommunication
- Remote sensing
- Space based navigation

Summary and conclusions
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Review of space weather related ionospheric effects
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Impact on space based telecommunication

Communication

Plasma instabilities
in the ionosphere

AGC fluctuations affecting all four CLUSTER spacecrafts at different

ground stations
(Source: ESOC Report CL-COM-RP-1001-TOS)

Plasma instabilities cause rapid
signal strength fluctuations

Loss of lock possible, i.e.
b P interruption of data trasmission and
e e e loss of data/information

TR MEETN T -
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Impact on terrestrial communication

- Radio waves at frequencies below 10
MHz are mostly reflected by the
jonosphere

- This results in a long distant
propagation of waves

- Solar flares and patrticle precipitation
can prevent the ionosphere from
reflecting or refracting radio waves

'-* .y ]

‘- -

-, i
i

Short wave radio waves may be absorbed by
enhanced plasma density in the lower
jonosphere leading to a blackout in radio

communications (Short wave fading)

» * -. : P

g _ i Sl Chicago
- by, - =P,

u,_. et

r\

lonospheric disturbance may enhance long
wave radio propagation (measurements of
Sudden lonospheric Disturbances - SIDs )
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Student's project: @F\

/
SOlar Flares by lonospheric Effects

5 December 2006
- SID Monitor
DLR Neustrelitz

Data Akguisition Voltage / WV
- n (=] LS -

ﬁ - D&I:DO IJQIDD IOIDEI IIIJOEI 12:00 13:00
o o 107 ! ! ! ! ;
‘ X € w0 X-raysat GOES - o G188 g
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% 105 oo M
E‘ 106 5 : B e e : : C
z' 107 Fomcf St o GOES E
8 ol I
B0 ngte 1000 1100 12:00 13:00
Liniversal Time / hours

lonisation of the bottom side ionosphere is modified by X-rays transmitted during
solar flares. Related VLF signal strength changes are correlated with X-ray flare
intensity measured onboard the GOES satellite.

To monitor flares by VLF measurements within SOFIE, 24 kHz signals of the VLF
Station NAA Cutler, Maine, USA are received.

i DLR
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Impact on Remote sensing

Plasma instabilities cause:

Fluctuations of signal strength
Defocussing of signals.

Anisotropie des Plasmas causes:
Rotation of polarisation plane of
linearly polarisied radio signals
(Faraday-Effect).

Gradients of TEC cause:
. Geometrical distortion of images.
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Faraday rotation of radar signals

Faraday rotation angle @,

PALSAR Observation Geometry

Prn = I?Z B-cos® _fne ds

ScanSAR mode’(3scans - 5scans)
Fine mode (#1 - #18)

Direct downlink mode ( #1 - #18) -

o\
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S \s .
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(nominal operation : 34.3 deg.) \\
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Development of methods and algorithms for correcting and mitigating of
lonospheric propagation errors, e.g. Faraday rotation angle, needed.
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Near real time correction of navigation errors
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At high solar activity level ~
16 GPS stations  Time: 01:04:00 UT Vertical errors up to 35 m possible!

Near real time TEC monitoring data can be used for correcting single frequency
GNSS measurements.

Data base provided by geodetic networks such as the International GNSS

DLR
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Range error correction by ionospheric models

daytime [12 — 14 UT] at 35N, 15E

3000 ‘
/mean / std [TECU] —NTCM
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(DLR TEC recons. — model) /TECU

12 coefficient NTCM-GL reaches
similar performance as NeQuick
(Galileo correction model).

i DLR
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For estimating the ionospheric time
delay or range error in Global
Navigation Satellite Systems several
correction models can be used:

GPS or Klobuchar model
NeQuick model 3D model for Galileo

International Reference lonosphere
(IRI)

Neustrelitz TEC-Models
(NTCM- EU, -NP,-SP, -GL

Models provide a climatological
correction of propagation errors of

about 60%.
[REF 15]
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Impact on differential GNSS networks for precise
positioning - |

- Performance of the

0.1 4

I R DGPS network of
E: (10 cm) AlIA} Allsat/Germany (left
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95% Uncertainty [m]

- Forecast of TIDs would
allow forecasting
performance changes.

Hour of Day -0.15 —0a05 I}.EIS d-
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Impact on differential GNSS networks for precise
positioning -

Froen ATKNet logs: Ratio of solved VS acked satelites, 2011-03-11T23:43:15,
(Green=100%, Yellws70%, Red=0%) (MarkerSie = (# of racked satelitec)/3)

Lat,: 68%, Lon.: -7.5° {green} /7 7.5% (blue} / 22.5° {(red? 7

0.8 —----Dlsturb:_aﬂue Ionesphere Index Dlx -------- R

et
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1] )
’ =~ 6:30 UT CME arrived at Earth

Disturbance lonosphere Index (DIX)  Performance degradation of Norwegian
indicates perturbations over Europe  geodetic network CPOS (green:
which lead to performance corrections for 100% of satellites, red:

degradation at higher latitudes. 0 %,no solution possible.

[REF 16]
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Space Based Augmentation Systems (SBAS)

- WAAS (US):Wide Area Augmentation System; since 2003 operational
- EGNOS (Europe): European Geostationary Overlay System; since 2009 operational

- MSAS (Japan): Multi-functional Satellite Augmentation System; since 2007 operational
- GAGAN (India): GPS Aided Geo Augmented Navigation

- SDCM (Russia): System of Differential Correction and Monitoring

Source: ESA
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Impact on space based augmentation systems
(WAAS on 24 October 2011)

Availability of WAAS 21:00 UT TEC — TEC median 21:00 UT
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Performance of space based augmentation systems such as WAAS und EGNOS
may be strongly affected by ionospheric perturbations

Availability of WAAS /Alaska decreased to less than 60% during the moderate
storm on 24 October 2011
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Safety of Life (SoL) application - aviation
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Summary & Conclusions

= Radio signals used in modern communication, navigation and radar
systems are impacted by refraction, absorption, diffraction and scattering
caused by the ionospheric plasma.

» [onospheric ionization structure, composition and dynamics, i.e. also
radio wave propagation, may seriously be affected by space weather
effects.

» [onospheric delay is the largest error source for single-frequency GNSS.

» [onospheric storms and related effects such as particle precipitation and
TEC gradients may cause problems in precise and SoL applications.

= Modeling, monitoring and forecasting of ionospheric behavior contributes
essentially to mitigate ionospheric impact on GNSS.

» Better understanding of ionospheric processes and their coupling is
required for further improving mitigation techniques and forecasts.
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Thank you for your attention!

Dr. Norbert Jal_ll,(_lI
German Aerospace Cen
Kalkhorstweg 53
D-17235 Neustrelitz '
Germany
Tel. +49 (0)3981 480 - 151
Fax. +49 (0)3981 480 - 123
Email: Norbert.Jakowski@dlIr.de

Web: www.dIr.de/kn http://swaciweb.dIr.de
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