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Outline

(1) Thin-shell model, local model, global model
(2) L4 linear combination, parameter estimation

(3) Result examples, Errors / Quality
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Outline

Introduction

The lonosphere
lonospheric effects on GPS.
From lonosphere First principles to GPS preprocessing
Obtaining the electron content

V Using grounebased GNSS data (VTEC)

V Using spacd#ased GNSS data as well (Ne)
ASpacebased and grourdlased GNSS data
AGroundbased GNSS and lonosonde data.

lonospheric determination at regional/continental scale
Determining the electron content at global scale
Application Example: WARTK and WARTI3
Conclusions
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1. Global Navigation Satellite
Systems essentials
oGNSS. A/l t1 me,
anywhere, passive electromagnetic
trilateration,; supported by many
recent aavances of
Telecommunications, Mathemartics
and Physi/i cso
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How satellite navigation systems work

T e 4 N IT nneinind 7R

Atmospheric propagation: IONO, TROPO

Main error sources :
Atmospheric  propag .,
relativistic effects,

AGPS clocks << 300 km G - R,
ARelativistic effect <13m o ey modeted
Ainstrumental delays ~1m And iche _navigation

Alonospheric delay 2-50m

ATropospheric delay 2-10m
UNIVERSIT] AMuItipath <5m
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How satellite navigation systems work
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Navigation
equations
The geometric

problem is linearized,
and Weighted Least

Mean Squares or
Kalman filter are
used to compute the

solution
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MODEL:

Atmospheric  propag .,
relativistic effects,
clocks and instrum
delays are modeled
and removed .

And the navigation

equations are built




How satellite navigation systems work
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GPS segments

) User Segment

_ Space Segment

Ground Antennas

-

Master Control Station

¢ Lo

Commuﬁication Networksi =2

Space segment: Transmitting GPS satellites as excellent reference
points (the orbits are highly predictable)

Control segment: Space State representation (providing clocks and
orbits to the users, instead of raw data of the control segment ﬁ
stations T more suitable for worldwide usage-) a

User segment receivers from single-frequency code to dual-frgtites
uNpEraSE andcotle measurements.
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2. Essentials of the GNSS
Augmentation concept, including
EGNOS
NGiI ving navegraya ati o
civil aviation standards, by means
of acontrol segment improved at
conti nent al S C




Augmentation concept

A To enhance the performance of the current GNSS
(GPS) with additional information to:
I Improve INTEGRITY via realtime monitoring
I Improve ACCURACY via differential corrections
i Improve AVAILABILITY and CONTINUITY

A Satellite Based Augmentation Systems GBAS
I E.g., WAAS,EGNOS, MSAS

A Ground Based Augmentation Systems (GBAS)
i E.g., LAAS

A Aircraft Based Augmentation (ABAS)
I E.g., RAIM, Inertials, Baro Altimeter
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Why Augmentation Systems?

A Current GPS/GLONASS Navigation Systems
cannot met the Requirements for All Phases

of Flight:

I Accuracy

I Integrity W

I Continuity

i Availability “= =

A Marine and land users will also require
some sort of augmentation for improving
the GPS/ GLONASS performances.

& ‘00
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Confidence bound

Alert Limit
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INTEGRITY

ALess than 107 probability of true
error larger than confidence bound.
ATime to alarm 6 s
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WHY GPS NEEDS AN AUGMENTATION ?

GPS Only

Civil Aviation
PEREORMANCE CATEGORY |

Requirements

2.10°7/ approach
_ INTEGRITY RISK Timeto alarm 6 s

Risk: 10/ approach
CONTINUITY OF SERVICE (106715 )
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ERRORS on the GNSS Signal

A Space Segment Errors:
. Common
| Clock errors
I Ephemeris errors

Strong spatial
correlation

A Propagation Errors
I lonospheric delay ek soata
I Tropospheric delay correlation

A Local Errors
. . No spatial
i Multipath > correlaton
I Recelver noise
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® +~ SBAS Concept

Courtesy FAA

Algorithms improvement (ensuring integrity) and augmented control

segment in SBAS area (such as WAAS in USA, EGNOS in Europe,
MSAS in Japan, GAGAN in India).

The pseurorange error is splitted in its components.
Clock error

Ephemeris error
lonospheric error

Local errors (troposphere, multipath, receiver noise) E

5 . . i .
unvetdsesoaTrretwork of receivers to cover broad geographic area %
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What is EGNOS?

A EGNOS is the European component of a Satellite
Based Augmentation to GPS and GLONAS.

A EGNOS has been developed under the
responsibility of a tripartite group:
I The European Space Agency (ESA)

I The European Organization for the Safety of Air
Navigation (EUROCONTROL)

I The Commission of the European Union.
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The European Geoestationary Navigation
Overlay SERVICE (EGNOS)
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Users know the receiv@atellites geometry and can compute bounds or
the horizontal and vertical position errors.
TheseboundsarecalledProtectionLevels(HPL andVPL). Theyprovide
goodconfidence(10 /hour probability) that the true positionis within a
thecorrespondingylinder/ellipsoidaroundthe computedoosition

Protection
Level

Tail area Probabilityy P(VPE>VPL) < 10'/sample

N 2 2 2 2 2

a ®/si _Si,flt +Si,UIRE +si,air +si,tropo

i=1 e
\ GEOMETRY

UNIVERSITAT POLITECNICA
DE CATALUNYA
BARCELONATECH



Alert Protection
Limits Levels
(HAL,VAL) (HPL,VPL)
a
~

NSE: TrueError
(HPE, VPE)

A Each epoch, HPL/VPL are compared with the Alert
Limits (HAL/VAL) defined for the operation mode:

I Hazardously Misleading Information_(HMI): XPE > XAL > XPL
C INTEGRITY RISK

I Misleading Information (MI): XPE > XPL > XAL
C Out-Of-Tolerence cond.

A The system is set unavailable when XPL > XAL
A Nominal operation: XAL > XPL > XPE
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Alert Limit

Alarm epochSTA N FORD P I— OTS

Bystem Unavailable

VERTICAL Paif over 85617 apochs

i M)

Hazardously
2 | Misleading
Information

95th
Percentile

of VPL

Nominal
Operation
Region
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3. lonospheric monitoring with
GNSS
NDet er mi ni-nngethen
electron content distribution with
an unprecedent spatial and
temporal resolution thanks to
GNSSoO
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A Constellation with 24 or
more satellites orbiting |

at 20200km height.

A GPS satellites emit at 2 {*
L-Band frequencies (1.6 %
and 1.2 GHz approx.)

lonosphere Is
dispersive
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lonospheric effect:
signal delay/advance
observed from a receiver,
proportional to STEC

x@n




Internatlonal GPS Serwce IGS

m] |IGS directly manages more than about 350
permanent GPS stations, observing some 4 -
10 satellites at 30 sec rate: more than
250,000 STEC worldwide observatlons/hour
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Worldwide scanner of the lonosphere that
can be used to generate global VTEC maps

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH




{The lonosphere
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lonosphere morphoulogy (V|ewed by GPS)

PRN2S (1140km),
PRNOS (765km),

sSC0

225 315 135 180 T
H 90
Global TEC map computed .
from more than 100 GPS dual :
freq. rec. (units: 0.1 TECU)

30 N30

40
T

ALTITUDE (kMDY

Electron
density
profile
mainly
computed
from LEO
GPS data.
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AGPS signal is very sensitive to free electron
distribution, which respond to the EM field, oscilating
and generating a secondary EM wave which
overimposes and change the velocity of the GPS
signals (main iono. efect on GPS code and phase).

Avertical: Maximum density height at 200 -400 km.

AHorizontally: Maximum density at both sides of the
geomagnetic equator (equatorial anomalies).




The photoionization and the lonosphere

Table 5.4. Typical reaction rates relevant for ionospheric processes as

indicated
I’rocesscs

Reaction rates (m® sec)

Dissociative recombination
NOT+e — N O 21 %1071 (Tf,/SU())_U'R‘r’
O +e¢— 01 0 s = 1.9 x 107 1% (T,./300)°2
; — 1.8 x 10713 (1,/300) %5

'ty

NI +e— NN 3
Rearrangement
O - N2 — NOT + N k] =2x 107!
OF + 0y — 0F + 0 kp =2 % 10717 (T, f300)~04

O} FNO — NO+ = 0Oy ky = 4.4 x 10716

0F + Ny, — NOT — NO Ey=5x 1022

NT | O — NOt - NO B = 1.4 % 10716 (7,/300)~04
NP0y — Ny + OF ke =5 % 10717 (T, /300) "
Radiative recombination

O7 e =01 hy A, = 7.8 % 1071 (T,/300)0?
Electron attachment

Oy - M4e— 0, + M By = 107% (300/T,)e~00/T) [N,)

B2 = 1071 [O4]

0+ e-— 0 - hy g, = 10721

FElectron detachment

O +hwr — Oz + ¢ p - 033 sec!

(), + Ny — Qs - Nu+e =

) 2 % 10718 (T,./300)" 5 exp(5 x 107%/T)
O, 0Oy — 0y Os+e e
‘ 3 % 10716 (T,/300)°% exp(6 % 1073/T;)

0, +0—03 -¢ w3 =5 x 10718

O +0—=0;+e ya =3 x 10718

Ton—ion recombination
OF -0, — 0240y
O +O0; + M ——= 0z - 02+ M

¥j1 — 2 % 10-13
i = 3% 10731 (T/300)=25 [M]
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The generation of free

electrons
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lonosphere & photoionization: Chapman model

Chapman profile: MeO=1e+1Z m™(-3), hm0=350 km, H=100 km

1000 — T
z H=0 —+—
#=15 ——
iz) 00T §=30 —e— ]
Ho45 —se—
800
H=T5 ——
700

S £ 600 |
= X 2 son |
qlz) o
£ 400 ¢
300 -
niz) 7 i NS R e rcr=2
200
Neutral densi_f; -_r:;:t_;jinfion intensity and B 100 8
ionization rate mn arbitrary scales oT , , , , ,
_ o ) 2e+11 de+11 fe+ll Be+11 le+12
Undel’ hydrOStatIC eql,“llbnum (Wlth pressure Electron Density / electrons/m™2
helght Scale Sma”er than the temperature Chapman profile: Ne0O=le+12 m"(-3), hm0=350 km, H=100 km, X¥=0
one), assuming an ideal gas, a monochromatic 2000 : : : e P s
beam acting on the lower part of the 100 Slab thickness placed at the effective height —e— |
atmosphere, and considering photochemical o
equilibrium, it can be demonstrated that:
1400
Q h-h_ _h'h_m-og £ 1200 |
—%5- -sec(c)e " T - .
2% H Ol + 1000t
— ¢ - il
Ne(h,C)— Ne,oe £ 500
£00 |
Being N, o and h, , the electron density peak oo
and corresponding height, and being H the
uniseatetheighfirecnica S pwsees
DE CATALUNYA 0 ; i i i i
BARCELONATECH 0 Petll de+11 Betl1 fetll le+12

Electron Density 7 electrons/m”2



The Solar Cycle, the Solar Wind, the
Geomagnetic Storms
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Physical background: Maxwell equations,
Lorentz and Electrostatic forces

T C : R ,
DD = Poi ssonb6s equation (Gauss | aw)
CcC C
P OB =0 C Divergenceless B, there are not magnetic monopoles
C C C D o Sy
DP3H=J+—| Amp rebds Iawdec'Dc)_sc
e (E - E )=0
e (.- )
— ®QB - B )=0
b 3 E:-—HB vo+ C) =
- 2 (H - H )=K

Being 0 the surface charge density

Being D=LE in and B=1H in and K the surface density of current

normal and homogeneous media,
representing E and B to the
electric and magnetic fields.

Electrostatic,
Lorentz and
collision forces

C C C
m%: qE + gv?: B - gmrg
Being m, g and v the mass,
charge and velocity of the particle

(i.e. electrons)
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Equatorial anomalies and E

Assuming only electric and
magnetic fields acting on the
charged particled, the component
of E along B will vanish (it is the
only force acting in this direction,
generating a polarized field which
suppress the external one).

C Cc C
gm\%>:qE+unE3B:O
) ) D)) ) ) ) )

B

C C C e C C C , C (%)
O:qE3B+q§ngC23)B- B uEl:J
g o H
C 1 C C
u_ = 2E3B
B

Being uthe displacement velocity
generated by the E cross B drift. For
a general force F:

C 1 C C
— 3
UNIVERSITAT UF 2 F B
DE CATALUNY| qB
BARCELONAT

cross B drift
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225" 270 315" 0 45" 90’ 135" 180"
———p— = {5 QUT.upciO0110
0 100 200 300 400 500 600 700 800 900 100011001200

Geomagnetic

Accelerated by the E field and
thus the gyroradius 1s larger on
this part of the orbit
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flonospheric effects on GPS
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11-years Solar cycle

Sun Spot Number and Severe-Extreme Geomagnetic Storms: 1932-2002
400 | | | I

Sun Spot Number -
Severe-Extreme Geomagnetic Storms: Kp >=8 ——

Last Solar Maximum: 2000 -2002
300 | Geomagnetic storms: more frequent after the Solar Max.
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Modulated by the Solar Cycle

Solar Flux and TEC at IGS GPS station JPLM (242,34) during the last 11 years

VTEC
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and Solar Flux

TEC at IGS GPS station JPLM (242,34)

[TECU]

22 W/m**2/Hz]

TEC 12LT [TECU]

TEC OOLT

[10**

10.7cm Solar Flux /2

VTEC modulated by the Season

140
120

0

1

UT (years-1990)

*

Noon VTEC presents seasonal
maximum at Spring and Autum.

Midnight VTEC presents

seasonal maximum at Summer.
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VTEC can change during geomagnetic storms

Real-time Total Electron Content: Brussels (Lon=4, Lat=51 deg.)

During geomagnetic
storms the VTEC can
experience enhancements
or decreases of 100%

TEC [TECU]
o
o
|

N
o

? ' " Real-time TEC
Postprocess TEC (UPC GIM)
_ 2*Kp

N e i T
2 I i b ;

I R I i

E . | I ,
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Scintillation: Very rapid VTEC variations

Observed ambiguous STEC for PRNO1 (UPC, Barcelona, Spain)
12 . - .

STEC: 6-APRIL-2000
: . STEC: 7-APRIL-2000 -
11 F . . . ' d(STEC)/dt+9.0: 6-APRIL-2000 -
,a.. d(STEC)/dt + 4.5: 7-APRIL-2000 -

3
w

The scintillations are very
uncommon at mid latitudes.
Can produce the lost of lock
of GPS satellites.

STEC [10 TECU] vs. dSTEC/dt [meters/min in L1]
(00}
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4
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STEC can be affected by Travelling
lonospheric Disturbances

PRNO1 from USUD: Lon=138 deg, Lat=36 deg (LT=UT+9.22 hours)

20 * ! ! ! ! 1 |
% DAY 22-MAY-1998
DAY 23-MAY-1998
8 15 | The ionospheric waves can produce
E STEC variations of several TECU (more
O t‘% than 20 cm at L1, and up to several cm
- . at C-band), but with different phases at
v 10 | . ) e tas
" \ different locations , difficulting the
9 b, interpolation of the ionospheric
2 corrections.
E 5 ;|
i) kS
% Wf\\
8 or X
o oSS
_5 | | | | | |
15.5 16 16.5 17 17.5 18
UT (hours)
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{From lonosphere First principles to
GPS preprocessing
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GPS signal propagation: Appleton Formula

% C— C © % Multiplying throughout by the charge
mP=qE +qv® B - gm density N, replacing first and second x

& m#=qE - qB_ #- gm# derivative by iRxand iR , é , us i
[ P=Ngx, &, the compone
|

my=qE +qB #- gm¥y o .
polarization, taking into account the wave

)
2 = = = # . . . .
miTE, glEc B aw polarization relatioships (R=Dz/Dy= -
Hy/Hz=Ez/Ey=Pz/Py=z/y), we can get the
i = F + (cf x B) — mvi 3.1 Appleton formula
y P X
D n"=(m-ic) =1+ ——=1- =
: e,E 1-iz +iY R
| y L
B,/ | X
B 1 -
} v 2 v 4
| 1-iZ - u : T +Y
i . 2(1- X - iz ) 4(1- X -iz)
&
WP2 WQ WQ g
. X = —,Y =-—¢cosqg,Y =-—sihqg,Z=—
w w w w
=a 3.1 Systern of orthogonal axes x, y, and z

The x-direction is the direction of phase propagation. and the external magnetic field "
lies in the x y plane. The y 2 plane is the plane of the wavefront Belng the plasma and gyro frequenC|eSﬁ
2
; , Ng Bq
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Plasma and gyro frequencies

C C
m%: qv 3 B s
V2 \‘1»
m-—= QVB N ECWHM%
r =
qB N
Wg = Accelerated by t_th_iﬁcld and
m s et et
S or  uE 7 N, ld, |
bCE=—Y = E° - ——d
- B From the Appleton formula,
o HX € € with the first order
& N |q | © approximation and
— =@ ——g4(N_|q.|L)= (LN m )3# neglecting collisions, the
A &® 0 plasma frequency produces
C € - .
no propagation (n=0, X=1,
N eq: ) . N eq: R= Rp,' reflexipn invertical
&= - ay w, = sounding for instance). ﬁ
meeo eeO g i
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GPS signal propagation and ionospheric
terms (first and second order)

o {Z =0& high .freq }©°

a 0
c c 2ae 0
uaéc 6 tra 1 Wp ®e Wg 0
dL, = p&—- 1%s = ﬁ(np - 1)ds f——>a°® —cosg pds =
A 2w e o
& (GPS )° 10 ¢6c"m'46
(o 1.640° =
é a
= {ordinary - wave } =iK, = °© 40 .3(MKS )i =
f y
e 2
e ° < "
K,©" g 17 U K K,
éfN . ds + — iN. Bcosquu—-—STEC- nN B cos g .ds
2 e 3
Foec 2pm f ¢ v
& ( - A &) )(&))3 ) ) ) (
€ srec H IFIRST GIRPIER SECOND .ORDER
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Being K;=40.3 and
K2=1.13x10% in
MKS system units.




GPS ionospheric terms: group delay

i(wt- kx)
y, = ‘
y — Aei([w+dw]t-[k+dk]x) _ Aei(dw('?b—dkc"x) i(wt- kx)
2
adw ak 0 i(dwd- ak&) /2 _i(wt- kx)
y ,+y , = Acosg—t- —Xxope e
2 2 =
&) ¥y )Ty ) )
Modulated .signal
dw dw @ w { dv
vg:—°—:ivp:—uzvp+k
ak dk i ky dk
dn dn
n-n=c(v-v)°3°f = —
[¢] p [¢]
VoV, df dw
2 A 2 2
_ﬁ _ 1Wp 1WprP_Wp 3Wp
ng_np_|np_1__2-_ s U~ 2+_
T 2 w 2 w §, w 2
1WD WPWQ
n =1+ — +
2w’ w’

£)) ) ),

"ra

K, K,
- - STEC - ~ fjN . B cos g .ds
f f-c
& ) ) C &) )9 ) ) )(
FIRST .ORDER SECOND .ORDER

1

KZ
~STEC +2—>F

f f
&) ") ( & " X

FIRST .ORDER SECOND .ORDER

= +
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Being K;=40.3 and
K2=1.13x10'? in MKS
system units.




lonospheric combination of GPS obs.

AThe ionospheric (geometry  -free) combination of carrier phases and
pseudoranges provides the STEC (in first order, <0.1% error), but
affected by biases (ambiguities for LI -can be large - and instrumental
delays for PI -typically of few meters  -).

AThe pseudoranges (PI) can be very affected by multipath and noise
measurement (1 meter or more).

AThus the ionospheric sounding with GPS should be based on carrier
phase measurements , dealing with the carrier phase ambiguity
estimation.

: K, K, @
L=r +/b+/.w+ pc - —STEC - F. STEC = R{N._ds
f? £ 1 r
i 3 Being K;=40.3 and
P=r +D+pc, e fsz F 'F = fN .B cos g Qs K2=1.13x1012in MKS
y o« system units, r * the
T (7. 17 non-dlsp(_ersn_/e terms
Lo=L,-L, = 0= KlTSTEC ki 050, + W, e, | (geometric distance,
jerror < 0.1%y fof, &)t )
& )) ") B clocks errors,
2 2 2°1.05@0 ' m/e-/m? tropospherlc -
£ f
P =P,- P =3 =K1%STEC + D, + pc, del aylbié]eﬁ
2°1.0540 ' m/e-/m? |nStrumen A CE
UNIV .
DEC LI- P|= B|+\N|- Dl
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lonospheric-free combinations

C

i tra

. K, K, @
L=r +/b+/.w+ pc - —STEC - F. STEC = {N.ds
f? £ c
u r(: rrec
. K, 2K, -
P=r +D+pc, +—STEC + —~F 'F:ﬁNeBcosq(")js
f f §, ©
2 2 ° ~ ' L

. :fl L, - f, LZ;,*J,/g;flbl_beZJ,lel' sz28+ oc + K STEC OB os ¢

c 2 2 nae 0 c 2

fo- f, c f.- 1, fo- f, = g ) )f;)fz(l‘)l-l-)fig
|2
2 2 m m
f P - f_ P . STEC OB (ros g

p =+ 22—, _2K + pc

c 2 2 2 c

fo- f, fof(f,+f,)

L., Afb- b, fw - fw,8 STEC GB Gcos ¢

[ Cc nag O 2

¢ f.- f, fo- f, 3 fof,(f, + f,)

Being K;=40.3 and K2=1.13x10 Zin MKS
system units, r* the non -dispersive terms
(geometric distance, clocks errors,

tropospher ilkcthecrmbigaity , é) ,
and D the instrumental delay. ﬁ
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Extracting the STEC from iono. Li (1)

16
P2-P1 o
14 & L1-L2 + -
&
12 =
P @ L =a GSTEC + B, +w, + pc, a
10 - % | (accurate P =P,- P =a CGSTEC +D|+pc|;
e but not
& @ )
precise) a OSTEC :|_|+<P|- L|> - D|+g(w> - W, - pC,
Y ) )
small

To get the STEC we can
estimate the LI ambiguity
with the corresponding
pseudoranges (PI) in long
archs of continuos data
(without cycle -slips), and
correcting or estimating the
inter -frequencies
instrumental delays (delay
LI (precise but code biases, DCBs).

4 U not accurate) | | | | | | o |

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
UT (seconds, 1997 January 9th)

lonospheric combination (meters, PRNO1)




Extracting the STEC from iono. Li (2)

. GPS-TRANSMITTERS

\ 512 DEG.

\)i

. 1420KM

% 740 KM

60KM

AAnother way to estimate the LI ambiguity is to use just carrier
phase data LI, estimating (and decorrelating) it simultaneously to
electron content by taking into account the geometry variation

(and in the context of a Kalman filter). Not affected by PI
multipath & quite convenient for real -time .
SAT

L, =STEC +B, =pf N, d+B =3 & 4 (N,);,Ds;
i j k
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Extracting the STEC from iono. Li (3)

DTEC (meters delay) vs, time (hﬂH‘rs;

SoDE

'
-

We can get the STEC variation directly

(without DCBs and reducing the multipath - NLiB |
error) in one sidereal day ,(23h56m approx.) il j
in which the geometry transmitter -receiver _owmﬁtw

repeats (the GPS satellite describes 2 orbits and
the fixed GPS receiver on the ground describes 1
rotation).

Lo o4 owow

S0 4 v oW

acsteC =L +(P - L) -D, +§§W5>a)c7 - v

o = TOF TS =0 = paiw = o o=
small

Figure 3. Mean '1I'EC variation at 30-minute intervals
are plotted for four permanent GPS stations in North
America which are distributed along similar declinations
(40 deg. approximately) and with longitudes separated
by ~10-15 deg.: GODE at 283 deg., NLIR at 268 deg,.,
TMGO at 255 deg. and CASA al 241 deg. The data
were also collected on 17, 18 and 19 October 1995 and
the variation has been calculated referred to 17 October
1995 in meters of delay. The horizontal axis is the time |
from 18 October Oh UT in hours. Jl

a QISTEC =dL, + (P, - dL, )

d - arch

N
(More details in  Hernandez -Pajares, M., J.M. Juan, J. Sanz, High resolution TEC
monitoring method using permanent GPS receivers, Geophysical Research Letters,
Vol.24, No.13, 1643 -1646, July 1, 1997 )
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{Obtaining the electron content
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Ground-based vs. space-based GPS data

H . _I GPS-TRANSMITTERS

AV
\5\\2>\\\ . fﬂ DEG.

o, L)
)<>\_,m__}4291m

740 KM

60 KM

AThe ground based GPS observations are
mainly vertical : so they can provide VTEC
estimates with  high horizontal spatial (and
temporal) resolution

AThe space -based GPS observations (such as
those from LEOS) can provide limb

observations, which are mainly horizontal :
They can provide high vertical resolution . ﬁ
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fUsing grounebased GNSS data
(VTEC)
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From STEC to VTEC: Single layer model

2000

1800

1600

1400

Height # km

Effective
Height
(Sun at zenith

and assuming
the slab

Chapman profile: MeO=le+12 m™(-3), hm0=350 km, H=100 km, ¥=0

1200 |
1000 |-

800 |

Ehapi‘nan profile R
slab thickness placed at the effective height —s— |

thickness : ' ' ' :
Wldth, 0 Ze+11 de+11 Be+l1l BE+11 le+12
VTEC/Ne) Electron Density / electrons/m 2
But such effective height can ol
change in terms of Local T
Time (daylight/night), b
latitude and geomagnetic S|
activity. f‘*
You can see at right the
effective height change in
terms of the Sun -zenith
univ| @angle predicted by the
oaed Chapman model.

One simple way of obtaining
the VTEC from STEC is based
on the assumption of
electron content
concentrated at one shell at
fixed effective height NS

) -

(
| ayer model o

Chapman profile: NeO=le+12 m™(-3), hm0=350 km, H=100 km

Actual Effective i
Height change #=30 —s— "
(from large to s
small Sun - O p—
ST zenith angles)
%“:’t.

2e+11 d4e+11 Ge+l1l ge+11 le+12

Electron Density / electrons/m™Z
.



lonosphere & photoionization: Chapman model

STEC = M O/TEC a
[}
1 O A 2
M= I ! WVTEC = STEC Of1- — cos *E ¥
sin E' gM ={r'=r+h}= u = - 2
: : (r + )
rcos E =r'cos E'} ' 2
Yy 1- 4(44;4;;557005 E‘T
r ,
y
Y 2THC: c";ir)(E <VTEC < GTEEC
h- o h- +ao
Standard Iono. Mapping in terms of different assumed effective heights
3.5 T T T T T T
Azsumed effectived height, ha=300 km ——
ha=350 km ——
ha=400 km —e—
ha=450 km ——
3 L 4
ha=350 km ——
o
[}
v 2.5t
(]
=
3
L.
oo
5
g oer
[ Bt
= "ahagiﬂa
1.5
1 L L L 1 1
0 5 10 15 20 25

Elevation / degrees

C

EJI"‘\I'\UCLUI‘II"\ 1Ewn




Estimating the ionospheric distribution

Chapman e- Dens. [Nel,bhm0,H=1.e+12, 300, 100/MKS] / e-/m"2
STEC GPS Sat #1 STEC GPS Sat #2 Je+11
ror SRR o T o o R (oo 1000 e+l -
: : : : : : : : Te+11 -
o N P S R - 900 -
L L T A o Effective Height _+__| N
B |<he> 00 e
- : : : : E : AT ?DG Je+ll
fe+11 -
. EDG
] 1e+11 +
: - 500
TSR ERRY » Assumed (ha)

UNIVERSITAT POLLTECAUCA

= 400

c GPS Sat #3

2=

ith qsgle S degregs

DE CATALUNYA
BARCELONATECH

ha>he

VTEC overestimated

ha<he
VTEC infraestimated

Effective Height

00 Height / km

=



Benefits of combining different kind
of lono. Obs. in a 3D Voxel Model

BIAS and SIGMA of the ESTIMATED TEC relative to the TRUTH (IRI)
1 I I T T I T T T I

=
i
QL
e
©
)
2
Q
E,
)
Q
2 The VTEC
>y Tr missmodelling due to
% the fixed height layer
5 15| The VIEC model (blue and
T missmodelling green), can range
bl -2 || Is reduced siill from several TECU at
= using coarse mid latitude to more
% o5 || 3D models than 10 TECU in the
< (red) Equator
m _3 | | | | i | | | | |
UN 80 60 40 20 0O 20 40 B0 80
DE GEOMAGNETIC LATITUDE [deg]

BAhvcLunAreun ~_



Real-time iono. model

H . _I GPS-TRANSMITTERS

NS

GPS GROUND RECEIVERS \< )< ) 147Q KM
% ?'40 KM

) 60KM

AOnly carrier phase data needed
AWith tomographic description: more accurate

ADCB6s no |l onger neede
ANo affected by pseudorange multipath

L, =STEC + B, = ﬁiEc Nd +B =3 a a (Ne)i,j,kDSi,j,k +B &
i j k

UNIVERSITAT POLITECNICA
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Measurements

Tomographic |mplementation

[ %) Y (n)
PX*(n) PY(”)

GNSSatelliteorbits & clocks Estimation 4 l
GNSS®neasurements

Prediction

X (n)=PX(n-1)
-1

P =B 1)CDI+Q P, [AP A+PX1()]

X(m) =P, [AP Y(n)+ Py X (n)}

X_(i’l) n— X(
X (0) i 1
.. o X (n
Pe oo, ()
Initialization P4

Estimating- I 0 b S Xfardward Kalmanfiltgr |
solving Y = A Xwith covariancamatrices P:
Nefor eachvoxettime (randomwalk) andpair receiver
satellitecont. Arch(randomvariable)

Computethe length

of eachray | SAT
intersectionwith each L, =S8TEC+B; = IREC Nedl + B, = ZZ ; (N ju A5 +BIR
i J T

illuminatedvoxel ps

UNIVERSITAT POLITECNICA
DE CATALUNYA ) _ 61
M.HernandezPajares et al.
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WARTK: Combining real-time
lonospheric & Geodetic models

Resolving the Ambiguous VA STEC QAGE/UPC 24/07/01
in Real Time for the Reference Stations

Pw Code VANw
Lw Smoothing

U |

e

Real Time TASTEC Checking
lonospheric  —<1TECU ) and Fixing

Model T ASTEC Ambiguities |_ _ _ ¥AN1
) VAN2
!

_— 4

|

|

Geodetic YABcoc :
Pregram {err < 27 cm} |
|

|

|

Y

Precise
Clr:ciits Unambiguous
TALl ———— VASTEC

Tropo Determination
YA Double Difference .
Lc: lonospheric—Free Combination YASTEC . sia 5 -
Lw: Wide—Lane Combination ¢ few mm )
Ll: lonespheric Combination Crastee
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Accurate STEC from fixed GPS

sites th

100° 110° 120" 130

50°

40°

30°

20°

10°

10°

-20°

-30°

l YAR? I
40°

g0° 100" 110° 120° 130°
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50°

-30°

-40°

ml
|

ml

i

ousands km far

New Experiment:

AL3 IGS stations
ADistances: 1000 -3000km
Alncluding equator, tropics
A4 weeks 2001 65 -92
ASolar Max. conditions
ASeasonal Max.

/E‘Wi'th‘ high geom. activity

UT [days of 2001]




Tomo Real-Time (green) vs. TOPEX VTEC (red)

From TOPEX POD-GPS receiver: March 23-29, 1993

Plasmasphere
observed from GPS

TOPEX TEC estimation; doy 90 2001 (Kp>8)

160

TDPEH measulr“amentI
Real time estimation

= 140 | UPC IOWEX estimation
E 3
Q
g 25
o
5 > 120 | i
2
£ 4L 100 [T 3
0o bl §
0 E an .
- Geomagnetic latitude [deg] H H I g h .
T oo} geomagnetlc e
- —
TOPEX TEC estimation; doy 67 2001 (Kp<3) aCt|V|ty Sy
160 : : . (Kp>8) . g
TOFEX measurament #
Real time estimation +
140 F IUPC IOMEX estimation ]
20 r -20 -15 -10 -5 0 5 10 15
Latitude [deg.]
100+ .
=
-
L
= 8ot
2 Low
O e geomagnetic
ol activity (Kp<3)
&
> et
0 1 1 1 1 1 1 1 1
-30 -25 -20 -15 -10 -5 0 5 10 15 20

Latitude [deg.]
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Real-time DDSTEC vs. truth

" 100" 110" 120" 130°

DOCSTECY RMS and Success in ambiguity resolution coco_kare (2354 km)

100

AR ety
o Number‘_DFcompar‘isons_per‘_epéch 10 o T - . -
W o {90 IRKT 50
% JO
% 60 o o
= 40 ® 40
E 50 |
R AP . BIFS @
2 ol ’ ’ © ° ] 30° ® .SHEJO!LEJ 30°
B ol ] ® WUHN
L A NP 20° 20°
065 '."IO '."IS EEIO EEIS S|I0 95 .
GFS Time [daus 2001] o o
10 h I{JEEFI‘ 10
Sta. Ref. D ist. % RMS # o SAMP
(km) Succ. [TECU] Obs. 0’ *NTUS 0’
IRKT DAEJ 2507 93 1.2 8329 o/
BJFS DAEJ 1067 91 1.4 8131 -10 ® 0 -10
KUNM DAEJ 2640 95 1.0 3900
W UHN DAEJ 1369 92 1.4 6358
SAMP KARR 3341 95 1.1 6441
COoCO KARR 2354 97 0.9 9963
BAKO KARR 1939 90 1.5 6121
YAR?2 KARR 909 97 0.8 12630

80" 100" 110° 120" 130° __
(More details in  Hernandez -Pajares, M., J.M. Juan, J. Sanz, O.L. Colombo, Improving the

real -time ionospheric determination from GPS sites at Very Long Distances over the
Equator, J Geophys.Res., 107(A10), 1296, October 2002 )
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fUsing spacaased GNSS data as wel
(Ne)
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(i

{ISpacebased and grourdlased GNSS
data
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Estimating electron density in a 3D Voxel

80 :
_ model (regional/global)
e otods | [Etectron pensity Different kind of data
9.5-10'e /m3 : -
(cegrees) (9.5 10" € /m™) are mixed: occultation |
. eesransmrrre | and ground GPS data. g
a 360 —

Longitude ('solar’, degrees) GPS-TRANSMITTER

October 18,1995

560-660 - - : 25 GPS TEANSMITTERS
= - 115 GROUND EECEIVERS (IGS)
L *: Il LEO RECEIVER (GPS/MET)
» L 1,000,000 DELAYS:
| L 3,200 UNKNOWNS PER BATCH
TYPICAL CELL SIZES:
360-460 " "lI “ e .. 10 X 10 DEG. IN NORTH/EAST
¢ B B - \ 100 KM IN HEIGHT
260-360 I i F — : i :
i % This is an example corresponding to the combination of
| both complementary type of GPS data (ground -based from
160-260 : ' 1 1GS network and space -based from GPS/MET LEOQ) in the
framework of a 3D voxel tomographic model solved by
o160 “ “ means of a Kalman filter (Oct.18, 1995 geomagnetic storm).
- ?i ' ~ | More details in: Hernandez  -Pajares M., J.M. Juan, J. Sanz
T 16-18UT 22-23UT and J.G. Sole, Global observation of the ionospheric
Kp=4 Kp=6.7 electronic response to solar events using ground and LEO
LE CAIALUNYA GPS data, Journal of Geophysical Research  -Space Physics
BARCELONATECH Vol. 61, p.1237 -1247 , 1998 .




Classical Abel transform
(independent estimatjjoniifor each occultation)

| == | = — =
I I I

from LEO & P~ A to GPS

Just the given
occultation GPS
data are processed.

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH

ﬂ

The classical spherical symmetry hypothesis can be
formulatted as:

N.(LT,LAT, H) = ®(H)

Recursive solution starting from the outer ray. STEC
corresponding to the impact parameter p;:

STEC(p;) =2 lii - Ne(pi) + Y02 2+ 15 ﬁ(pj)'E




Abel Transform vs. 3D-Voxel model

Vertical resolution
Computational load
Sph. Sym. Assump.
Topside mismod.
Assimilation capab.

Abel Transform

3D Voxels

~ 1 Km

Tens / hundred km

Low (=~ 10% unk.)

High (> 10° unk.)

Yes

No

Yes

No

No

Yes

UNIVERSITAT POLITECNICA
DE CATALUNYA
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Our goal: maintaining its other advantages, to avoid
these limitations of the classical Abel approach:

# Overcoming the spherical symmetry assumption.

#» Overcoming the topside electron content
mismodelling.

-



Separability concept
® N.LT, AT,H)=VTEC(LT,LAT)-F(H)

=l

=

Height (kim)

He

- -lm *%l | ] 1 | |
90° 105" 120° 135"  150° 165 20 02 04 06 08 1 1.2%

1 . TEC_in_0.1_TECU
| |

I I
0 100 200 300 400 500 600 700
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Improved Abel transform

Let's assume a more general hypothesis that just the
spherical symmetry:

N.(LT, LAT,H) = VTEC(LT, LAT) - F(H)

Starting from the outer ray, the STEC corresponding to the impact parameter p; can be
modeled by:

—_ = [VTEC(LCIEJ-, LAT;;) + VTEC(LT;J.,LAng)] . F(p,)
UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH
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Benefits of separablllty hypothe3|s

’* Retioval o occutaton with GPSPRN 16 4hUT wih IR recicion
b

00 i [ [ [ T I
?:_ Senarebty Hypathess ——
- Spherical Symmeky -~
e RiFcth -
RIProfleat8 —
o0
E
:
7 0
I
il
N

30°

15" g

uu

gAGE/UPC
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L D01 02 03 04 03 08 04

Electron densiy [10M2 em"y

165
T{

15°

/2//////////

Townsy\] re

‘ -30°
-45°

Wlth the TEC (computed from ground GPS data)
modelling the horizontal variation, the electron
density at tangent point A (green) is estimated
from the GPS occultation data better (red)
assuming spherical symmetry (blue).

that




Separability: improvement in E layer estimation

Comparison with LD160 ionosonde {Leningrad, E30.7 N60.0)

The improvement in
foE estimates reachs
to a reduction of 40%
in E layer and near
50% in Es layer

GPSMET prof. at 1443km from LD160 at 10hUT(12hLT), 1995 October 11th
500

450 | ,
400 b S S N _—
350 : ' '

Separability i
Sph. Symm. --#-- -

___________________________

Height [km]

The improved
Abel can provide
reliable estimates
of the NmE value
as well (not just
NmF2 values).

Electron density [1e12 e/mA3]

vle 2. Table of foE Errors With Respect to Ionosonde Value®

UNIVERSITAT POLIT
DE CATALUNYA

BARCELONATECH

Sep. Hyp. Sph. Symm.
N.comp RMS: MHz [%] RMS: MHz [%]
E layer 135 0.4 [17.1] 0.7 [28.5]
Es layer 35 0.5 [16.2] 1.0 [30.4]

The error is Absolute RMS in MHz and Percentual relative RMS D
difference in brackets.




3D voxel profile vs Improved Abel+topside 3D voxels

CHAMP-PRNOT: 2001-265, 17hd2m (1 Hz)

CHAMP-PRNOT: 2001-265, 17h42m (1 Hz)

1000 1

Tirue profile -
parability Hypothesys) + Tomography —+—

400

200

! | |
1000 True profle —— —
30 Voxel Tomography —+—
: Improved Abel with
800 | topside electron content
£ | estimation can provide
X . | better results than the
4 600 N global 3D Voxel
g wdelmg
40 s
200
| i i i |
0 2+t dett?  Getl!  Setll  fet12  1.2e+12

Electron density (e-/m*™3)
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0

e+l detl!  Get1l  Betll  fett2
Electron density (e-m**3)

126412

f 1




Results with CHAMP data: Separability vs Spherical
Symm. with 3D topside model

PROFILE at 1042LT LAT=65deg vs. COLLEGE ionosonde (2001 265)

1400 — : : !

The improved Abel transform, \
including separability 1200 -
hypothesis and upper
ionosphere voxel modelling, 1000 Abel (Separabilty Hyp.) ——
provides a quite better _ Abel (Spherical Sym.) ——
performance. g 800

o 600

I
This method provides such
results without apriori solution , 400
using only carrier phase data
for both VTEC and occultation, 200
involving very low
computational burden , and can 0L i
be applied in real -time . 0 BoH1 1641

Ne (g/m*3)
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Example: COSMIC occultations
over Korea during day 85, 2011

7200
te, & 7200
Ne Hc-Chapman (Capellari et al. 1975 approx.) Ne +
7100 e Ne ?s;ggipTag‘;IoEsxde itt:e:; Ne Hc-Chapman (Capellari et a%. 1975 approx.)
e Hy-Chapman slabthickness fitte 7100 Ne He-Chapman (topside fitted)
KRIIN Ne Hu-Chapman (VTEC/slabthickness fitted) ©
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6300
6300
6800
6800
6700
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6400 “’~>
6400
6300
6300

0 le+1l 2e+11 3e+11 de+1l Se+11 be+1l Te+ll

Se+10 le+ll 1.5e+11 2e+11 2.5e+11 e+l

7200

Ne

Ne Hc-Chapman (Capellari et al. 1975 approx.)
Ne He-Chapman (topside fitted) =

Ne Hy-Chapman (VTEC/slabthickness fitted) o

7100
7000
6300
6800

Ty
PO00a0G oy
0000000y

6700

le+1l 2e+11 Je+1l 4e+1l Se+11 be+ll Te+ll

6600
0
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(i

IGroundbased GNSS and lonosonde
data
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PROS and CONS of different kind of
lonospheric data

Type of data | Advantages Disadvantages
Ionosonde High resolution data up to the | No information beyond hmF2
maximum
Only local vertical profiles
Ground GPS | TEC estimations with errors | Bad vertical resolution
of few TECUs
Extensive GPS networks
LEO GPS Vertical information of Iono- | Occultations only occur for
spheric electron density specific Local Time for differ-
ent locations

Combination = Compensation of v eak spots with strong points =
1. 3D Ionospheric information possible in either regional or global

scale

2. Retrieval of topside information
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Occultation + ground GPS data

Data Assimilation (I): ground and LEO GPS data scheme

1000 * 1000 *
4

Estimation (ground GPS) —#-— Y Esftimation (ground + LEQ GPS} —%—
800 l“l 800
T 600 T 600
= | L b E .
£ 400 b £ w0 S
m*‘%...‘,_ | e |
200 e L 200 IR ST
e [ —
_ —
0 0
0.1 0 04 02 03 04 05 0.1 0 04 02 03 04 05
Electron density Electron density
GPS solution (only ground data) GPS solution (ground + LEO data)
@ GPSreceivers T
B GPS satellites
T e Steps to compute Electron densities

Vertical Information Lo . .
1. Division of Ionosfere in Local Time x Lat-

itude x Heights (100-150-200-250-300-400-
500-1000 km)

2. GPS Solution: Find Ne and biases in equation

Li=L1— L= Z Z Z(Ne)i,j,k 1 j + bias
2 7 k
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Results wi

th GPS/MET and IGS data

Geodetic i
Latitude Electron Density

(degrees)|[(9.5-10""e /m?)
—see colorbar—

The question is: could the LEO GPS data be efficiently
replaced by other kind of ionospheric data with
vertical information such as jonosonde data ?

—a0

Q 360
Longitude ('solar’, degrees)

October 18,1995

760-1560 - -
=~ |1
560—660 - - N
460-560 - “ -
o R EY
260-360 n ’t; ‘ N
- Y
- [ IR

" HEIGHT
L (km) 16-18UT 22-23UT

Kp=4 Kp=6.7
DE GAIALUNYA
BARCELONATECH

'ty
|IJ
g °c
"
A
.

GPS-TRANSMITTER

L]

0.4

25 GPS TEANSMITTERS
115 GROUND EECEIVERS (IGS)
L LEQ RECEIVER (GPS/MET)

0.3

1,000,000 DELAYS:
3,200 UNKNOWNS PER BATCH
TYPICAL CELL SIZES:
10 X 10 DEG. [N NORTH/EAST
100 KM IN HEIGHT

i, /
5 7

The c'omb'ination of both LEO occuftation
N and ground IGS GPS data makes feasible
the global tomography

—
- o
T i -
—— I
! =

Retrieval technigues for ionospheric radio occultalions:’




lonosonde + ground GPS data

@ GPS receivers

Bl GPS satellites GPS solution (only ground data) GPS solution + lonosonde info
1000 /!; j Estlm:‘llnn(grﬂu‘ndGPS} - 1000 Esti-rrb!:llanon(grlound GP§+Vemc(‘IPmﬁle} P
g 600 * . @+ ;E 600 ?k‘
§ 400 b ‘ £ o e
el R i
0 i - 0 T
GPS ground data -0.1 0 0.1 02 03 0.4 0.5 -0.1 0 0.1 02 03 0.4 0.5
Elactron density Electron density
e Steps to compute Electron densities Constraining Scheme
o ] ] Model !
1. Division of Ionosfere in Local Time x Lat- Ratios between Ne values |
itude x Heights (100-150-200-250-300-400- hmF2
500-1000 km) l Real Data
Ne values
2. GPS Solution: Find Ne and biases in equation Vertical Information
Lr=Li—Lo=) Y > (Nedijh-lijn + bias
% 7 k
3. Apply Constraining Scheme with Vertical pro-
file data from models like NeQuick, IRI...
Vertical profiles of Ne(h)
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lonosondes+ground GPS: Simulation study

)
ﬂ'ﬂ ‘
i
f

340° 350 0° 10 20 30°
60° - - — - - — . N I Goe
I YL
I . /J-_i‘; alfz,0 ‘. ,
55° T 55°
| al
| |
50° I I 50°
| |
| 0
- =), & o
| , |
40" o S e 1Py
] : & | MR “,_ |
a5 i One ionosonde at EBRE, == B35
- and 7 ground GPS .
s0° L { receivers, estimating U 20
| o JHlas 1 electron densities from i
U STEC generated by IRI. L
25 M [ zf
30°

ul 340° 350° 0° 10° 20°
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Simulation study: snapshot of results

REFERENCE VALUES Ground GPS+lonosondes Ground GPS

|

250km-650km

175km-250km

125km-175km

far. |

Each plot represent the correspodmg mean electron denS|ty for layer 1 (bottom) to Iayer 5

t
l(oﬁ The mean electron densmes obtained with 7 GPS receivers in the

(bl ground and with 1 ionosonde are in good agreement . Thisis not
in Il the case using just the ground GPS data (typical correlated
solution).

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH




Results with real data over Europe

e Data set

obtained

from

Ionosonde and ground GPS

receiver
1995 October 18th.

from Europe,

day

e Verification procedure after cell
densities have been computed:

1. GPS to GPS/MET rays divided

according to the cells crossed
2. Modelled STEC reconstructed
with the obtained densities
3. Results compared with actual

GPS/MET observations

DE CATALUNYA
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One example of Improvement

Estimation for Slough at 10hUT constraining El Arenosillo

1000 K . ! - . !
NeQuick for Slough @
Before lonosonde Constraining —+—
After lonosonde Constraining - XKoo
800 | .
Example with real data to
show the importance of the
600 r lonosonde data to retrieve
a reliable vertical free
400 L electron distribution.
------------------------------------ oK
200 r c o O o °.° ;? i
e° % """"""
O L L L L L

-0.1 0 0.1 0.2 0.3 0.4
Electron density
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Validating with GPS/MET STEC

GPS Met occultation for GPS PRN 31 at 05hUT,October 18th, 1995

(LT — T S e S :
| AN The combination of
; I R N lonosonde and ground
100 [id L GPS is able to reproduce
80 s Y in a reasonable way
S TR w0 independent GPS
B0 |- T S .| occultation data.

1 1 x 1 - 1
: : : % :
P P - i . P
1 20 A SRR SER % LSRN SO SO LSRR S
: : o : . :
i i - H r i
: : & PR S :

STEC (TECU)

i i i ; . ; : :
| | i | * | | i i
i i i i i i i i
40 I prenmisem e [T e - [T e ]
i i i i iy i i i
i i i i i i i i
; ; ; ; ] ; ; ;
i i ; i . i ; ;
i i ; i " ; ; ;
i i : i i T, ; :
T T T Tl CaaGI T ETE PR TR EETRET Pe L R Sy L e seeutCIL L EE PR e P LETERE LR TR PERLIEEREPE S —
i i i i i " i sl ;
; ; : ; ; : LTy :
: : : : : ; P, :
; ; i ; ; e
i i ; | |

gy, LUl LTI T,
TRy g, I LT Ny,
n
| Miriagy gy, Py
lllll r.
kg,

0 | | Observed STEC (GF’S/MET) SE—— ]
Modgled STIIEC (grOled GP$ + Nechk prqflles) R .

20 S
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All the comparisons with GPS/MET STEC

180 !
160 |
~ 140
o
LLl
= 120
O
i 100
2 80 The most comparisons are
Q@ typically within the +/ -25% of
% 60 agreement, when the tangent
= point is in the region observed
40 i%%% . | by the ionosondes.
20 }ﬁﬁ """"""""""" ae """"" Under HmF2 w7

i i | Above HmF2 -

0 20 40 60 80 100 120 140 160 180 ﬁ
Observed STEC (TECU)

0
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Example of comparison with
occultation GPS profile

1000 | | | |
: Vertical profile from GPS/MET data ——
900 fVertical profile from lonosondes + ground GPS ~ >x  --
800 |- The results obtained from -
| lonosondes + ground GPS
100 = = | dataingested in a 3D voxel |
£ 600 % -|model without any |
= | theoretical constraint, are
= 500 Feeeee o quite compatible with 7
T | improved Abel profiles.
400 [ - L TPDOY P | 1
800 [ T
200 [ e et ES S R S 1
100 bk
0 0.1 0.2 0.3 0.4 0.5
_— Electron density (*10*2 e/m”3)
DE CAiALUINTA
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(i

flonospheric determination at
regional/continental scale
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The geometry of
the network is
translated to the
lono. pierce points
of each satellite.

E'Q'iq.u

UNIY

Thus in each fitted
Apl aneo
DSTEC can be linearly
Interpolated and the
outliers regarding to the
DSTEC gradient can be
detected.

(1 . e.

/
1
shtellj
/ /

/
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t

Regional network: lono. geometry
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Wide Area RTK network layout

_ Long-Baseline (hundreds Km) OTF Ambiguity Resolution

GPS

The existence of TIDs is the
worst case scenario affecting
the interpolability of accurate
ijonospheric corrections at
mid latitudes, basic for the
availability of WARTK and
WARTK -3 techniques.

N .-
_ > RS
o T |
5 v _ - =7 4000k l
S 4 _ 400 |
(=] - .‘w e“ !
X -7 e a n
E RS|(2) | ;
- % ____________________________________________________________________________________________________________________________
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WARTK fundamentals

Resolving the Ambiguous VA STEC gAGE/UPC 24/07/01
in Real Time for the Reference Stations

Pw Code VANw
Lw Smoothing

—_— e e e e e e e e e e e e e e e e = = = = = =

T e

Real Time TASTEC Checking
IDnDEpheric i —<1TECU and Fixlng
Model T ASTEC Ambiguities ¥ AN1

VAN2
TaBec T

{err = 2.7 cm)

L = = =

Y

Y

Precise

E‘.iar:;ts Unambiguous
TAL| —————= VASTEC

Tropo Determination

Both filters, ionospheric and navigation ones, are feed with the reference GNSS
stations data, sharing the double differenced carrier phase ambiguity
unknonws which can be better estimated and fixed, with two benefits: (1)
Improving the geodetic and ionospheric outputs, and (2) Providing very
accurate differential ionospheric corrections (at the level of 0.1 TECU of error).

T T ETTOT T T T O T T E U T
DE CATALUNYA
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GPS receivers involved in the experiment
during 2002 to characterize the main
problems in the ionospheric interpolations

% - Ifiv
3 p Creor
! {
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-+ belf
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lonospheric interpolation error vs.
TIDS occurence

It can be seen
the
correlation
between poor , -
lonospheric
interpolation
performance
and the
occurence of
TIDs during
2002

Figure 5: Plot representing the STEC interpolation results at bell (up, extracted from Figure 4), compared with
the presence of TIDs (down), computed from ebre station VTEC drift rate during 2002 (see details of this

computation in Section 3).
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Example of TIDs during Winter and Summer

Winter ws. Summer TIDs for Solar Cycle Max. at EBRE (0,41)deg.
Be-06 T T

WINTER (day 339, 2002)
+3 e-6 in SIMMER (day 161, 2002)

Se-0b

de-0G

de-06 |

2e—0b

le-06

-1e-06

—-2e-06

~32-081'The TIDs appear mainly during the noon at the winter day

(red), and during the night at the summer day (blue). E

YWTEC acceleration / (meters LI/ second+x? shifted)

—-4e-06
Q 5 10 13 20 25

GPS Time = Local Time # hours

UNIVEFR>11A1 FULITEUNIUVA =R
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TIDs occurrence since the CATNET setup (end 1996)

The TIDs occurrence since end of 1996 repeats the seasonal dependence
observed during 2002, modulated by the Solar Cycle (terminator origin).

10695 730 35 0 365 730 1085

12

1068 ~730 305 0 305 730 08s

Figure 6: Plot representing the activity's index in TIDs (multiplied by le+7). The X axis represents the day of =
year referred to January 1st, 2000. It starts at the end of the year 1996, (the changes of year coincide with the {§
maximum number of the TIDs, at noon time). Again the Y axis represents the Universal Time at ebre
(approximately coinciding with the local time).

L=\ B |

5 Solution: modelling the TIDs from the reference stations network. W
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{iDetermining the electron content at
global scale
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How?:. RT-TOMION computing global VTEC
maps based on GNSS data

From each obs.
we get one STEC )
value: V=S/M=(Li- Interpol. [*]

Bi)/M.[~1500 val. / by Splines
S 30 sec]

"~ RTIGS ground GPS data

[\ (70 to 195 worldwide receiverS) y, 0 . J . GPS TRANSMITTERS S
" | Kriging [*]
» UPC ; ;
X )%y | global Interpolation
: ) /| VTEC L
0 ! » | UPC 4D Global lono % maps -

model + Kriging
interpolation
(TOMION)

LI =85 + BI = ?=1 Ne,iAli + BI

AR EIIIIIER

\\ ~180-160-140-120-100-80 ~60 -40-20 0 20 40 60 80 100 120 140 160 180 /"
/

E— [*]Pé}formed in Solar-Magnetic Local Time and Latitude coordinates

Layout summarizing the global VTEC computation from ground GPS data New RT global
by means of the UPC TOMION software, including the main tomographic VTEC maps ;-
equation solved for (data: ionospheric combination of carrier phases LI ,
and |l ength intersection within each
the STEC, S, which includes the mean electron density within each giveno
voxel, Ne,i).




Coordinates to interpolate

The ionospheric electron content distribution is closely tied to:

(1) The Sun position, as the main ionizing source in typical
geomagnetically quiet conditions.

(2) The geomagnetic field, which field lines are the typical ways used by
the charged particles, like the electrons, which can move describing circles
around them due to the Lorentz force.

In this context the usage of a reference system to locate the ionospheric
pierce points, where the electron content could be considered as much
stationary as possible, is an advantage for interpolation, allowing the
combination of VTEC values during a more extended period of time.

The following type of coordinates goes from less, up to high stationarity:
Longitude,Latitude => , Latitude => Solar-Magnetic Local Time, Magnetic Latitude -?ﬁ

UNIVERSITAT POLITECNICA
DE CATALUNYA 100
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From Longitude to Local Time

The transformation from Longitude (LON) to Local
Time (LT) can be aproximated by the following simple
expression (assuming a fimeano S

LT =UT + LON

where UT is the Universal Time.

UNIVERSITAT POLITECNICA
DE CATALUNYA ) _
BARCELONATECH M.HernandezPajares et al.
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Solar Geomagnetic coordinates

Z-axis: Boreal Magnetic Pole  (from dipolar
model), unity vector k=R 4

k“éj”
b

. unity vector

vector j = Rg X

X-axis: unity vector i = j

From the projection of the unity vector pointing to the ionospheric pierce point,
R, on the new axis, i,j,k, we can retrieve the Solar-Magnetic Local Time (SMLT)
and Magnetic Latitude, MLAT:

R-k =sin (MLAT)

R:j = cos (MLAT) * sin (SMLT)

R-i= cos (MLAT) * cos (SMLT)
UNIVERSITAT POLITECNICA

DE CATALUNYA ) _ 102
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Kriging motivation In
global VTEC modelllng (1)

100

80

B0 |

40

20 |

0k

Latitude (degrees)

20 F

40 |

B0

B0

100 1 1 L L 1 1 i
-200 -150 -100 50 0 50 100 150 200

Longitude (degrees)

Distribution of the IPPs over a thin shell of 450 km height
for an example day of January 3rd 2003 from 3 to 5 UT.
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Kriging motivation In
global VTEC modelling (2)

A The large areas without observations makes the
method used to interpolate/extrapolate crutial.

A Kriging[*] is a Gaussian Process regression:
weights (that combine the observed values for the
process of interpolation / extrapolation) are
computed by consistency with the expected error

decorrelation vs. distance. This improves the
results...

[]Weappl y f ®ngidgonamythe residual sa (‘?ﬁ1
sort of extended i Un i v krigimga ) .
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Kriging motivation in
global VTEC modellina (3)

10
-
g
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o
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.
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Std.Dev. [ JASON2 VTEC i GNSS VTEC ] during one year (worldwide).

New rapid UPC global VTEC with Kriging (UQRG) works systematlcally bette

t han al

(i

final | GS VTEC maps,
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Kriging motivation In
global VTEC modelling (4)

A The better behaviour of new UPC global
VTEC maps also during the last year
confirms the previous comparisons with
other models, beyond those of IGS

lonospheric analysis centers:

I Feltens, J., M. Angling, N. JacksonZ3ooth, N. Jakowski, M. Hoque, M.
HernandezZPajares, A. AragonZingel, R. Orus, and R. Zandbergen
(2011), Comparative testing of four ionospheric models driven with GPS
measurements, Radio Sci., 46, RS0D12, doi:10.1029/2010RS004584.

I Gulyaeva T.L., F. Arikan, M. Hernandez-Pajares, |. Stanislawska (2013),
GIM-TEC adaptive ionospheric weather assessment and forecast
system, Journal of Atmospheric and Solar-Terrestrial Physics, 102 (2013
3291 340.
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Assessment with Jason-2
(2013.0-2014.4: ~70 rec. in RT)

JASON Validation. BIAS boxplots (over 4.100.000 comp.). 14001-14150 JASON alidation. ST.DEV. boxplots (over 4.100.000 comp.). 14001-14150
BlaS(Ieft) "B R R e c—— ] 121'2,  final — T e Eo]
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|IGS Final lonosphere Layout

The IGS lonosphere Working group started its
activities in June 1998 with the main goal of a
routinely producing IGS Global TEC maps
(IGTEC). This is being done now with a latency
of 11 days (final product 7 official-) and with a

latency of less than 24 hours (rapid product 7
still unofficial-).

IGS
lonosphere

Centers lonosphere

N
IGS

GPS

\data_

Validation
Centers

= W

lonosphere GS

lonosphere
Combination
Center

UNIVERSITAT POLITECNICA
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The IGS ionosphere product is a result
of the combination of different
Analysis Centers TEC mapdy using
weights computed from GPS data by
Validation Centers, in order to get a
more accurate product.




Example of IGS Final

500

400

300

200

100

o mecuoncouresaer| FIVE Analysis Centers (CODE, ESA, JPL,

TEC man' 2003-347-00UT

NRCan and UPC) and 4 Validation Centers
(JPL, ESA, NRCan and UPC) have been
providing maps (at 2 hours x 5 deg. x 2.5
deg in UT x Lon. x Lat.), weights and external
(dual-frequency altimetry-derived) TEC data.

200

100

0

o]
Units: 0.1 TECUs

0.1 TECU(DODOUTOS247. igsg)

500

UNI

DE CATALUNYA format.

From such maps
and weights the
corresponding
combination center
(firstly ESA, and
p/ secondly UPC since
Dec.2002) has
produced the IGS
TEC maps in ionex

400

300
200
—
.
100 .
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|IGS Final lonosphere Flow-Chart

obs.
IGS
lonosphere
Analysis
Centers obs.
JPL UPC
lono. lono. lono. lono* | |iono. v
' » [INRCan* !
IGS weights
T ES
—1GS lonosphere y ENVISAT
Server Combination —| UPC TEC
¥ Center weights v
CUPCY, UPC | [—<f+—<1— ‘ JPL
server comb. IGS JASON
TEC
T N lonosphere
IGS lono. _ e Validation
Ext.valid. Centers
RCan has halted temporarily the ionospher, QQS;
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Example of comparison or 1IGs vs JASON: 2005-54 /7 each

TEC [meters LI]

: ' ' ' : DoIAsON -

01-03UT o e e

1.6 1.8 z 2.2 2.4 2.6 2.8 3
GPS Time [hours]

Year: 2003; Day of Year: 347; UT: 13-15
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Units: approx. 10 TECUs
Red: Jason -1 TEC
Green: IGS final TEC
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Final IGS TEC vs. JASON TEC

GPS ws JASOM TEC, 2002 December 15 - 2003 December 13 (14,650,000 obs.)
.12

IGS (SDevw/Bias/RMS[TECU]: 5.1/-0.27 5}1)
COD (SDew/Bias/RM3:6.2/ 0.1/6(2)
ESA (SDew/Bias/RM3:8.1/ 1.8/8(3)
JPL (5Dew/Bias/RM3:5.2/-1.9/5{5]
UPC (5SDew/Bias/RM5:5.3/ 0.3/5[3]

JASON provides
2.1 || a direct and
Independent
VTEC below its
orbit (1300 km)
and over the

IGS (Std.Dev. 5.1
TECU) is slightly
better or better than

0,08

ftage of TOFPEX obserwvations

0.06 -l oceans (worst |- N the IAACs (Std.Dev.
case for GPS). | r[- ] of5.2,5.3,6.2, 8.1
0.04 | _:i “|-H4]| TECU)
Since April 2003 =l .0
IGTEC Is an —

official 1IGS final
product (with

latencies of
abgut 11 days). YWTEC[TORPEX] -VTEC[GPS] # TECU
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Typical daily relative error over the
oceans of about 20% (15-25%).
Sometimes large peaks appear
coinciding with large geomagnetic

storms (related to the present lIE=p>

temporal resolution of 2 hours).
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Std.Dev vs. JASON (gmag.lat.)

GPS ws JASOW TEC, 200Z2 December 15 - 2003 December 13 (14,650,000 obs.)

be— | —= | 168 ——
|IGS similar perf. (northern —
lat.), slightly better (equato j -- L —— |
or slightly worst (soyth lat.)

compareq to the besNAACs |

ntandard devisa

-60 -4 -20 0 20 40 GO
Leomagnetic Latitude / degrees
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Bias vs. JASON (gmag.lat.)

GPS ws JASOM TEC, 2002 December 15 - 2003 December 13 (14,650,000 obs.)

=

Bias ~ TECU

4

JASONIGS TEC bias lower about 7
5 TECU around the equator is
compatible with the
plasmaspheric component. The
absolute bias ref. is still unclear

0 20 40 =
Latitude / degrees




Rel . err or (@may.la.).

GPS ws JASOW TEC, 200Z2 December 15 - 2003 December 13 (14,650,000 obs.)

50 I . . )
| GS NnRel ative err Mrggo_._over
45 Lk ESH —e—
— A<15% at North mid and 20 -25% at | JfL ——
E an | South mid lat.
E .| A< 20% at equatorial lat.
z A20-30% at high lat.
o 30 |
E 25 b
2 oo |
15 |
0 —1-1.[‘] —-’.Ilr] —i;'ﬂ [1] ,‘T-'I[‘J dlr] F.I['] t
More performance details of the IGS final product (satellite and

receiver DCBs, double dif. STEC, latency, with different data scarcity):
http://maite152.upc.es/~ionex3/doc/IGS_IONO _report_April2003_7.pdf
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The generation of a test rapid IGTEC |,
(latencies of less than 24 hours) has
started recently (Dec.2003).

Rapid IGS presents an accuracy

when 3-4 rapid IAAC TECs are

5-15% worse than the Final IGS TEC

combined (15-20% worse otherwise).

— : :
—+— | (compared with JASON TEC) just about
[]
Pt
*
L
H

o, _ﬁ s
’ _1. . i
A
s ﬂuﬁ . &
o
Pl &
& " |
~ SE :
&
0
10 20 a0 Ty

UT # Days 2004




‘Rapid vs Final IGS DCBs
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Alternative weighting schemes

AThe performance between daily weighting (magenta squares) and independent map weighting (blue
crosses) are very similar, including geomagnetic activity periods (days -23 to -19 and 22 to 28, 2004).

AThe performance of the official weighting algorithm (bias insensitive) is very similar to that using a
bias-sensitive weighting algorithm (truth: STEC referred to the max. elevation ray STEC, both
observed).

Alt is confirmed the best performance of external weighting strategies (presently used), compared with
the internal weighting, from the deviates to the plain mean of IAAC TEC maps (red crosses).




