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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

e[ntroduction
e The lonosphere
e|lonospheric effects on GPS.
e-rom lonosphere First principles to GPS preprocessing
eODbtaining the electron content
v"Using ground-based GNSS data (VTEC)
v'Using space-based GNSS data as well (Ne)
*Space-based and ground-based GNSS data
*Ground-based GNSS and lonosonde data.
e|lonospheric determination at regional/continental scale
eDetermining the electron content at global scale
eApplication Example: WARTK and WARTK-3
eConclusions
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1. Global Navigation Satellite
Systems essentials
"GNSS: All time, all weather,
anywhere, passive electromagnetic
lrilateration, supported by many
recent advances of
Telecommunications, Mathematics
and Physics”
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Atmospheric Iplrolplagljaltion: IONO, TROPO
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How satellite navigation systems work
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Main error sources

* GPS clocks << 300 km
 Relativistic effect <13m
 Instrumental delays ~1m
 Ionospheric delay 2-50m

e Tropospheric delay 2-10m
e Multipath <5m

e Thermal noise <2m

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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Nav'gt?t'on clocks and instrumf

equations delays are modeled
Thebl _ eom_etr(ijc and removed.
problem is linearize P
2nd Weighted Least And he anatigation
Kalman filter are
used to compute the
solution.
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How satellite navigation systems work
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GPS segments

) User Segment

_ Space Segment

Ground Antennas

-

Master Control Station

¢ Lo

Commuﬁication Networksi -

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 —more suitable for worldwide usage-) a

User segment: receivers from single-frequency code to dual-frg quey

LA SN

upkfasE grdcode measurements. e
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2. Essentials of the GNSS
Augmentation concept, including
EGNOS
“Giving navigation inteqrity , at
civil aviation standards, by means
of acontrol segment improved at
continental scale”
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Augmentation concept

e To enhance the performance of the current GNSS
(GPS) with additional information to:
— Improve INTEGRITY via real-time monitoring
— Improve ACCURACY via differential corrections
— Improve AVAILABILITY and CONTINUITY

o Satellite Based Augmentation Systems (SBAS)
— E.g., WAAS, EGNOS, MSAS

e Ground Based Augmentation Systems (GBAS)
— E.g., LAAS

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

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

of Flight:

— Accuracy

— Integrity W

— Continuity

— Availability <= =

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

Confidence bound

e Less than 107 probability of true
error larger than confidence bound. é
e Timetoalarm 6 s

Alert Limit
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WHY GPS NEEDS AN AUGMENTATION ?

GPS Only Civil Aviation
Z ¥,
PERFORMANCE CATEGORY |

Requirements

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

Risk: 10/ approach
CONTINUITY OF SERVICE (106715 )

UNIVERSITAT POLITECNICA iﬁ B¢
DE CATALUNYA 12

BARCELONATECH



ERRORS on the GNSS Signal

e Space Segment Errors:
— Clock errors common
— Ephemeris errors

Strong spatial
correlation

e Propagation Errors
— Ionospheric delay |
] Weak spatial
— Tropospheric delay correlation

e |ocal Errors N
. 0 spatia
— Multlpath > correlation

— Receiver 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)

unvekdgesearetwork of receivers to cover broad geographic area
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What is EGNOS?

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

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

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

— The Commission of the European Union.

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH




The European Geoestationary Navigation
Overlay SERVICE (EGNOS)
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Users know the receiver-satellites geometry and can compute bounds on
the horizontal and vertical position errors.

These bounds are called Protection Levels (HPL and VVPL). They provide
good confidence (10-"/hour probability) that the true position is within a
the corresponding cylinder/ellipsoid around the computed position.

Protection
Level

Tail area Probability
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Alert Protection
Limits Levels
(WAL, VAL) (HPL,VPL)
a
~

NSE: TrueError
- (HPE, VPE)

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

— Hazardously Misleading Information (HMI): XPE > XAL > XPL
= INTEGRITY RISK

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

e The system is set unavailable when XPL > XAL =
« Nominal operation: XAL > XPL > XPE Wi
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3. lonospheric monitoring with
GNSS
“Determining in real-time the
electron content distribution with
an unprecedent spatial and
temporal resolution thanks to
GNSS”
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e|ntroduction
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 Constellation with 24 or
more satellites orbiting
at 20200km height.

» GPS satellites emit at 2
L-Band frequencies (1.6
and 1.2 GHz approx.)

. lonospheric effect:

lonosphere is _ | signal delay/advance
dispersive observed from a receiver,

proportional to STEC
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Internatlonal GPS Servlce |IGS

- 1GS directly manages more than about 350
permanent GPS stations, observing some 4-
10 satellites at 30 sec rate: more than
250,000 STEC worldwide observqhons/ hour
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o
1 (B 4 2 600 36

Worldwide scanner of the lonosphere that |
can be used to generate global VTEC maps |
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e [ he lonosphere
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lonosphere morphology (V|ewed by GPS)

225° 270° 315° 135 180 T
H 30
Global TEC map computed _
_ from more than 100 GPS dual

PRNGS (765km), 30° 30°

sSC0

Electron
density
profile
mainly
computed ,
from LEO h
GPS data.
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i *GPS signal is very sensitive to free electron

] distribution, which respond to the EM field, oscilating
and generating a secondary EM wave which

L overimposes and change the velocity of the GPS
signals (main iono. efect on GPS code and phase).

eVertical: Maximum density height at 200-400 km.
unversitat rouireen | *HOrizontally: Maximum density at both sides of the

DE CATALUNYA

<y geomagnetic equator (equatorial anomalies).
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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

iz}

Altitude

e
/\ q(z)
niz)

Neutral density, radiation intensity cnd
tonrzation rafe n arbitrary scales

Under hydrostatic equilibrium (with pressure
height scale smaller than the temperature

one), assuming an ideal gas, a monochromatic

beam acting on the lower part of the
atmosphere, and considering photochemical
equilibrium, it can be demonstrated that:

1( h—h .
o = m’O—sec( x)e H
2

N, (h,z) =N, e

h-hy o

1

|
Y

Being N, o and h,, , the electron density peak

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

V.D = p Poisson’s equation (Gauss law)
% . E; =0 Divergenceless B, there are not magnetic monopoles
- =~ - oD i. (b - b )=
VxH =J + — | Ampere’s law ; <Dﬁ D#) 7
ot ix(E —E )=0
. - 0B (B, -B )=0
Tk == :;;_ A x (g?_— g ) K

) _ Being o the surface charge density
Being D=¢E in and B=pH in and K the surface density of current
normal and homogeneous media,
representing E and B to the
electric and magnetic fields.

Electrostatic,

mr =qE + quxB —ymr Lorentz and
collision forces

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).

<m\7>=qE+qJE><B=O

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

~ 1 - =
UNIVERSITAT [UF = ) FxB
DE CATALUNY| qB
BARCELONAT

3 90’ 135" 180

cross B drift
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———p— = {5 QUT.upciO0110
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Geomagnetic

Accelerated by the E field and
thus the gyroradius 1s larger on
this part of the orbit
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e|onospheric effects on GPS

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH




11-years Solar cycle

Sun Spot Number and Severe-Extreme Geomagnetic Storms: 1932-2002
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VTEC modulated by the Season

and Solar Flux

TEC at IGS GPS station JPLM (242,34)
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VTEC can change during geomagnetic storms

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

| ' " Real-time TEC' +
Postprocess TEC (UPC GIM) - |
y 2*Kp ....................

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

= W
. A=

.. 9T = '
¥ mai

w
o
|

TEC [TECU]

N
o

........ i
I R e W I I O ‘ i L
12 12.5 13 13.5 14 14.5 15 155 16E
UT [Days of July 2000]

e e et e e el A

UNIVERSITAT POLITECNICA

DE CATALUNYA

BARCELONATECH



Scintillation: Very rapid VTEC variations

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

STEC: 6-APRIL-2000
: o STEC: 7-APRIL-2000 -
11 F . . . ' d(STEC)/dt+9.0: 6-APRIL-2000 -
: 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}

19.5 20 20.5 21
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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 * | | | | | |
! DAY 22-MAY-1998
DAY 23-MAY-1998
8 15 L The ionospheric waves can produce
= STEC variations of several TECU (more
O s, than 20 cm at L1, and up to several cm
S N at C-band), but with different phases at
‘f’,, \ different locations, difficulting the
§ % interpolation of the ionospheric
2 corrections.
© b
g Wf\\
o oSS
_5 | | | | | |
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e-rom lonosphere First principles to
GPS preprocessing
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GPS signal propagation: Appleton Formula

mF=qE+q\7xB—7mF
( mX=0E —-qgB_Z-ymx

{ m'y'=qu+qBLz'—;/my

[m'z‘:qEerq(BTX— B, y)- ymi

mit = ol + (eF x B) — anv (3.

z

=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
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Multiplying throughout by the charge
density N, replacing first and second x
derivative by iwx and —w?2x,..., using
P,=Ngx,..., the components of the volume
polarization, taking into account the wave
polarization relatioships (R=Dz/Dy=-
Hy/Hz=Ez/Ey=Pz/Py=z/y), we can get the
Appleton formula:

P X
n"=(u-iy) =1+ ——=1- -
£,E, 1-iz +iY R
X
1_
vy’ 2
1-iz - i + i +y
2(1- X —iz) 4(1- X —iz)
2
a)p a)g (0] /4
X = 2,YL=——cos H,YT=——5|n 0,2 = —
w w (0} w

L
Being the plasma and gyro frequencies:ﬁ




Plasma and gyro frequencies

mr =qv x B ts
2 \U»
\' Electron
m — = qVB | M%
r TS
qB |
(0] g — .':ccclgratcd bydtihc]_it;lcldand
m s par of he orbit
- p oE o Nal
Ve = = . = - From the Appleton formula,
& X 2

0 with the first order
approximation and
neglecting collisions, the
plasma frequency produces
no propagation (n=0, X=1,
w=w,, reflexion in vertical
sounding for instance).
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GPS signal propagation and ionospheric
terms (first and second order)

2 X
n =1- =
p y * v
12 - ! - - — Y,
2(1- X —iz ) 4(1- X —iz)
X 1
~{Z =0& high .freq .}~ 1- > nx1-—X@AFY )
1+Y 2
L
r r 2
= ¢ ‘1o | @ | .
sL, = [| —-1]ds = J(np ~1)ds = —j——"2|1+ —2cos 0 |ds = Being K;=40.3 and
v, 2 2o 2 K2=1.13x1012 in
L @5 9 J MKS system units.
1.6-10
[ q° ]
= jordinary —wave ;=JK = ~ 40 .3(MKS )\ =
< 1 2 %
| 8z meg, J
[ 1
K | 1" |
;|des+ —IN Bcos 0.ds | = -
£ 2zm f | f’ foo
L STEC J F'RSTW;RDER __SECONDW_.OSER__/
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GPS ionospheric terms: group delay

; F
l//lz Ae i(ot-—kx) :_ D
i([o+6w Jt—[k+k]x) i(6w t-6k-x) i(ot-—kx) K1 K 2 K
w, = Ae = Ae e sp =—-—,STEC - 3J'NeBcose.ds
f foo
ow ok . : —— -~
w,+y,= Acos (—t = —X\W o ook Tz g Ttk RREIEEORBER SECOND .ORDER
\ 2 2 ) K K
Modulated  .signal §p p =+ f 2 STEC + 2 f 3 F
Vv — 5i P d_a) — [ _ 2 _ k dv FI;“.,(;R;? SECOND_V_.ORDER
. ~ = {vp = } =V, +
sk dk | k | dk
C dn dn
n,-n, = (Vp—vg)z ~ f = P
VoV, df dow
[ Lol 10w o 30 Being K,;=40.3 and
n -n =4dn =1-——_——2 21 _ 2, — - K2=1.13x1012 in MKS
g p P 2 2 5 3 2 2 (03 .
@ @ @ system units.
2 2
10, 0 o,
n =1+ — +
g 2 3
2 o w
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lonospheric combination of GPS obs.

*The 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-).

*The pseudoranges (PI) can be very affected by multipath and noise

measurement (1 meter or more).

*Thus the ionospheric sounding with GPS should be based on carrier
phase measurements, dealing with the carrier phase ambiguity

estimation.

- K, K, 1

L=p +iAb+A.w+ pc - , STEC - 3F) STEC
f f

} Ftra

* K, K, |
P=p +D+pc, + —STEC + ; F F:J
f f J ;

[ 1st — order ) (flz— f 2)
L, =L, -L, =4 r= K, 2 2

|error < O.l%J fl f2

—_— — —

a~1.0510 ' mie-/m?

2 2
fo - f
K MSTEC + D, + pc,

I 2 1 1 2 2
fl fz
;_ﬁ,___/

a=1.0510 " m/e—/m?

UNIV
DECIL|_P| = BI +W|_D|

“~STEC + Ab, - A,b, +W  + pc

—_—— - ——

BARCELONATECH

Being K;=40.3 and
K2=1.13x10%2in MKS
system units, p* the
non-dispersive terms
(geometric distance,
clocks errors,




lonospheric-free combinations

. 1 K2 ] tra
L=p +Ab+2.w+ pc - STEC - F STEC :jNeds
f P :
K } Ftra rec
P=p +D+pc,+——STEC +—>F |F=INEBC°3 0 - ds
f f ;
2 2
foL - f L . fb - fb fw — f w STEC -B -cos &
Lc: 1 2 22 2:p +Zn[ 171 22+ 11 2 2]+pCC+K2
f, - 1, f,= 1, f,= 1, __flfz(fl_"'_fi
T
2 2
f, P - f, P, . STEC -B -cos 0
P, = 5 —=p —2K, + pc .
fo - f, fof,(f, + f,)
Lop ﬂn{ fp, - fb, ~fw, - f2w2]+3K2 STEC -B -cos @
f,— f, f, - f, fof,(f, + f,)

Being K;=40.3 and K2=1.13x10'4in MKS
system units, p* the non-dispersive terms
(geometric distance, clocks errors,
tropospheric delay,...), Ab the ambiguity
and D the instrumental delay.
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lonospheric combination (meters, PRNO1)

Extracting the STEC from iono. Li (1)

16
P2-P1 o
l A L1-L2 + A
@
12 )
= & L, =a -STEC + B, +w, + pc |
A =
10 o @ | (accurate P =P,-P =a-STEC +D.+|DC|J>
S but not
precise) a - STEC :L|+<PI_L'>arch _D'+<_Wﬁai_w_'__i'
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 L not accurate) | | | | | |

o |

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




Extracting the STEC from iono. Li (2)

H . _I GPS-TRANSMITTERS

N
5x2 DEG.
%N

\

r \ ™ "
/ \'< )<>\_,~__14zq KM

60 KM

740 KM

eAnother 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, =[ Nl +8B, =33 3 (N, ,As,, +B R
i ik
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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 - NLin
error) in one sidereal day,(23h56m approx.)
in which the geometry transmitter-receiver
repeats (the GPS satellite describes 2 orbits and
the fixed GPS receiver on the ground describes 1
rotation).

'
-

L0 4w ow

Lo o4 owow

S0 4 v oW

a-STEC =L +(P,-L ) -D +(w) -w -p, 6 =

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

o SSTEC = oL, + (6P, - oL, )

& —arch

" o am
(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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eODbtaining the electron content
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Ground-based vs. space-based GPS data

H . _I GPS-TRANSMITTERS

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

*The 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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(i

eUsing ground-based GNSS data
(VTEC)
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Height # km

From STEC to VTEC: Single layer model

2000

1800

1600

1400

1200 |

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

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

1000 b %

800 |

Effective

Height E‘OO-IIIIIIIIIIII L, )
(Sun at zenith ||
and assuming | [
the slab
thickness 0 . i . . i
Width, 2e+ll de+11 Be+ll Be+11 1e+12
VTEC/Ne) Electron Density / electrons/m™2
1000
But such effective height can oo
change in terms of Local T
Time (daylight/night), i
- = £ 600 f
latitude and geomagnetic <
activity. -
You can see at right the 200 -
effective height change in 200
terms of the Sun-zenith 100 §
univ|] angle predicted by the o]
oxnd 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 ("single
layer model”).

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

Actual Effective |. .0
Height change #2830 —a—
(from large to S
small Sun- H=75 —w—
Q. zenith angles)
%“:’n.

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

Electron Density / electrons/m™Z
.



lonosphere & photoionization: Chapman model

C

EJI"‘\I'\UCLUI‘II"\ 1Ewn

Elevation / degrees

STEC =M -VTEC )
1 | p?
M = 1 2
- M = f{r'=r+h) \WTEC = STEC - [1- ———cos E =
2 | (r+h)
1 1 r 2
rcos E = r'cos EJ 1— cos ‘E |
2
(r+h) J
= STEC .sin E <VTEC < STEC
= = —_ —
h>o0" h— +oo
Standard Iono. Mapping in terms of different assumed effective heights
3.5 T T T T T
Azsumed effectived height, ha=300 km ——
ha=350 km ——
ha=400 km —e—
ha=430 km ——
3 - 4
ha=330 km ——
=
[m]
reib NN .
(]
o
3
L.
=
[y
%' 2L ]
[ P
= ﬁ“*ﬁ@
1.5
1 L L 1 1
0 5 10 15 20 25




Estimating the ionospheric distribution

Chapman e- Dens.

STEC GPS Sat #1

r | |

L AL LI

STEC GPS Sat #2

+ kbbb CHH -

UNIVERSITAT POLLTECAUCA

Effective Height i
(he)

Y

5 1000
= 900
= 800

[Med, hmd, H=1.e+12, 300, 100/MKS] / e-/m 2

S9e+11 +
Oe+11 +
Te+l1l +
Ce+11 +
SJe+11 +
Z2e+11 +
1e+11 +

Assumed (ha)
Effective Height

C GPS Sat #3 VU

DE CATALUNYA

BARCELONATECH VYTEC overestimated | | VTEC infraestimated

ha>he

= 200

4 100
30

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 | |

E T T ! T T T I
Q
e
©
5
oh)
E.
2 The VTEC
< 'r missmodelling due to
% the fixed height layer
5 15| TheVIEC model (blue and
2 missmodelling green), can range
¥ -2 t|isreduced still from several TECU at
5 using coarse mid latitude to more
= 25 SRR than 10 TECU in the
< (red) Equator
m i
-3 | | | | i | | | | |
uN 80 60 40 20 O 20 40 60 80

GEOMAGNETIC LATITUDE [deg]

——



Real-time iono. model

H . _I GPS-TRANSMITTERS

eOnly carrier phase data needed

e\With tomographic description: more accurate
*DCB's no longer needed

eNo affected by pseudorange multipath

SAT

L, =STEC +B, =[ Nl +8B, =33 3 (N, ,As,, +B R
i ik

UNIVERSITAT POLITECNICA Ec )
DE CATALUNYA o
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Tomographic |mplementation

Measurements
"X (n) Y(n)
. Py oy
GNSS satellite orbits & clocks, Estimation 4 l
GNSS measurements

Prediction

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

Py =P8, 1)CDI+Q P, [AP A+PX1()]

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

X (n) X(n)
X (0) i 1
“’0‘ .0'.' X n
Pe oo, ()
Initialization R P4

Estimating X = (Ne...,Bi,...) in a fordward Kalman filter
solving Y = A X, with covariance matrices P:
Ne for each voxel-time (random-walk) and pair receiver-
satellite cont. Arch (random variable)

Compute the length
of eachra SAT
Y L, =8STEC+B, = IRECNedZ +B, = ZZZ(N‘@):;;JL—AS:;;JC +B, 2
i i k

intersection with each
illuminated voxel, As

UNIVERSITAT POLITECNICA
DE CATALUNYA ) _ 61
M.Hernandez-Pajares et al.

BARCELONATECH



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°

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH

50°

-30°

-40°

ml
|

ml

i

ousands km far

New Experiment:
*13 IGS stations
eDistances: 1000-3000km
eIncluding equator, tropics
4 weeks 2001 65-92
eSolar Max. conditions
eSeasonal Max.

-:With' high geom. activity

UT [days of 2001]




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

From TOPEX POD-GPS receiver: March 23-29, 1993 TOPEX TEC estimation; doy 90 2001 (Kp>8)
160 T T T
Plasmasphere TOFEX measurament &
observed from GPS Real time estimation +
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E 3
Q
g 25
2
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2
E 15 o an e iEEEE
£ 4l 100 s :
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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
o S0
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. Dist. % RM S # 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 K ARR 3341 95 1.1 6441
COoCO K ARR 2354 97 0.9 9963
BAKO K ARR 1939 90 1.5 6121
YAR?2 K ARR 909 97 0.8 12630 -.

90" 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 )



(i

eUsing space-based GNSS data as well
(Ne)
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(i

eSpace-based and ground-based GNSS
data

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH




Estimating electron density in a 3D Voxel

80 -
N -1 model (regional/global)
Latitude g?;_t';%”n[e’?:]fr;% Different kind of data
(degrees) A colorbar— are mixed: occultation |
. cesranswrrez | @and ground GPS data. | g
a 360 =5

Longitude ('solar’, degrees) GPS-TRANSMITTER

October 18,1995

o |
= 1 |
560-660 - - : 25 GPS TEANSMITTERS
= - 115 GROUND EECEIVERS (IGS)
L j Il LEO RECEIVER (GPS/MET)
oo O Y
» L 1000000 DELAYS:
i il 3,200 UNKNOWNS PER BATCH
360-460 " "lI “ kel TF{)P}]{CS:LDCI;E:;F%DE %(?ETHIEAST
¢ B __ N =] \ 100 KM IN HEIGHT
260-360 [ i — . —
' 'Y This is an example corresponding to the combination of
| both complementary type of GPS data (ground-based from
160—260 “ “ 1 IGS network and space-based from GPS/MET LEO) in the
framework of a 3D voxel tomographic model solved by
o160 “ “ means of a Kalman filter (Oct.18, 1995 geomagnetic storm).
| éi ' - | More details in: Hernandez-Pajares M., J.M. Juan, J. Sanz
 HEIGHT L eUT 29-23UT and J.G. Sole, Global observation of the ionospheric
. (k) Kp=4 Kp=6.7 electronic response to solar events using ground and LEO
DE 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
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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;:

5
STEC(p;) =2 lii - Ne(pi) + Y9-7 1 2 1i; - Ne(pj)




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

BARCELONATECH

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




Benefits of separability hypothesis

Rl ofcodaton i GPSPRN 1 LT W Rl 30+ e e
’7 800 [ R B E— '\' g _[
E: Separebly Hypotes's —— N ME———— :
| Sohecal Symmey - M ®
e RlProfleatA -2 e
R+ | o e 1o
o0 —— ‘ — {:igv : .. . J?k : 3~ |
F * / / e |
: 1.
E} 400 ‘ 30
I
il 45°
0N
et With the TEC (computed from ground GPS data)

‘ 010203 04 08 06 0 modelling the horizontal variation, the electron
gaceupe s | density at tangent point A (green) is estimated
‘ from the GPS occultation data better (red) that
Q UNIVERSITAT POLITECNICA

DE CATALUNYA assuming spherical symmetry (blue).
BARCELONATECH




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%b in Es layer

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

450 : !
400 [ T S _—

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

350

___________________________

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®

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]

UNIVERSITAT POLIT
DE CATALUNYA

BARCELONATECH

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




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

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

1000 1

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

Tirue profile -
parability Hypothesys) + Tomography —+—

1000 Trte profle ——
30 Voxel Tomography —+—
E Improved Abel with
800 topside electron content
A | - | estimation can provide
Y . | better results than the
4 600 N global 3D Voxel
: Nodeling
00 N
200
i i i i |
0 2et11  det1  Getl  Bet!l  let12  12e+12

Electron density (e-/m*™3)
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400

200

0

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

126412
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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

Abel (éeparabilily Hyp.) ]

ionosphere voxel modelling, 1000
provides a quite better R 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 oL i
be applied in real-time. 0 Bet11 16+12

Ne (g/m*3)

UNIVERSITAT POLITECNICA
DE CATALUNYA

BARCELONATECH




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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(i

eGround-based 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 with GPS/MET and IGS data

Geodetic || The question is: could the LEO GPS data be efficiently
Latitude |[Electron Densityll raplaced by other kind of ionospheric data with

10lla— i3 - 1 - -
(degrees) (_afeelfoljrb"ar:‘_) vertical information such as ionosonde data?

GPS-TRANSMITTER

—a0

Q 360
Longitude ('solar’, degrees)

October 18,1995

560-660 - - [P 25 GPS TEANSMITTERS
= - 115 GROUND EECEIVERS (IGS)
L j Il LEO RECEIVER (GPS/MET)
460-560 -
- “ ) 1,000,000 DELAYS:
| L | 3,200 UNKNOWNS PER BATCH
TYPICAL CELL SIZES:
360-460 " ". “ e .. 10 X 10 DEG. IN NORTH/EAST
¢ B K=l \ 100 KM IN HEIGHT
260 360 n r | : d \\- ; ‘Cj'-\\\ /:2" .
' & The combination of both LEO occultation
| - and ground IGS GPS data makes feasible
HOL : b the global tomography. ,,.
60_ 1 60 “ “ -H-H\_-\--H_\-- -'_F’—-—_/-- E

HEIGHT
. (km)  16:18UT 22-23UT ’
Kp=4 Kp=6.7 Retrieval techniques for ionospheric radio occultations:
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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
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Simulation study: snapshot of results

REFERENCE VALUES  Ground GPS+Ionosondes Ground GPS

|

250km-650km
175km-250km

125km-175km

§aov. |

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

(tor
jon
(bl
in |

The mean electron densities obtalned with 7 GPS receivers in the 3

ground and with 1 ionosonde are in good agreement. This is not |
thle case)usmg just the ground GPS data (typical correlated
solution
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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
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One example of Improvement

Estimation for Slough at 10hUT constraining El Arenosillo

1000 DK . . : . .
NeQuick for Slough @
Before lonosonde Constraining —+—
After lonosonde Constraining -
800 | -
Example with real data to
show the importance of the
600 r ionosonde data to retrieve
a reliable vertical free
400 | electron distribution.
------------------------------------ K
200 r c o 8o 9o 0.9 ;? i
e° % """"""
0 1 1 1 1 1

-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

140 [t
5 5 Fiy The combination of
120 -
ionosonde and ground
100 GPS is able to reproduce
2 in a reasonable way
m 90 independent GPS
~ .
S 60 occultation data.
L e e T e e
20 _ """""""""""" """""""""""" """""""""""" """""""""""" """"" ::,,,:“""'“"..,._. """"""""""" ]
0 - | | Observed STEC (GPS/MET) swmwen ]
20 Modeled STEC (ground GPS + NeQuick profiles) - -

0 100 200 300 400 500 600 700 800 -
Minimum distance Ray-Earth Surface (D in km)
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All the comparisons with GPS/MET STEC

180 T T T
160 T L """"""""""" """"""""""" “" """"" N

— 1 40 [T é""""""'""""‘é """"""""""" é""""""'""""Jé"""""""""'"'é'*"":?ﬁ'{:i:::é' """""" ':?%'E""" """""" 559? """""""" ':
120 | S ...... ]

100 ; | | Al e — i

 The most comparisons are

"1 typically within the +/-25% of
.| agreement, when the tangent
point is in the region observed
by the ionosondes.

(o)}
o

Modeled STEC (TECU
o5
S

1N
o

“ﬁﬁ """"""""""" ae """"" Under HmF2 = 7
| | | | Abgve Hrr|1 F2 +

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

N
o
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Example of comparison with
occultation GPS profile

1000 pK | | | .
: Vertical profile from GPS/MET data ——
900 [Vertical proﬂle from Ionosondes + ground GPS | K
100 — The results obtained from |1
| Ionosondes + ground GPS
_. 100 = £ | data ingested in a 3D voxel |
£ 600 | model, without any |
= | theoretical constraint, are
2 500 peige | quite compatible with T
T | improved Abel profiles.
400 [ TS . P ; ip ; 1
00 [ T
200 B ———— = A B T

O e e S e 1 e
0 0.1 0.2 0.3 0.4 0.5 0.6 ﬁ
- Electron density (*10*2 e/m”3) %
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e|onospheric determination at
regional/continental scale
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45

The geometry of
the network is
translated to the
iono. pierce points
of each satellite.
E'Q'Eq..-.

Thus in each fitted
“plane” (i.e. satellite) the
ASTEC can be linearly
interpolated and the
outliers regarding to the
ASTEC gradient can be

- detected.

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
ionospheric 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 = = = = = =

L = = =

T e

Real Time TASTEC _ | €hecking -

lonospheric < 1TECU } “| and Fixing

Model TASTEC Ambiguities | _ _ VAN1
VANZ

TaBe T

{err = 2.7 cm)

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 ambigui

unknonws which can be better estimated and fixed, with two benefits: (1)
Improving the geodetic and ionospheric outputs, and (2) Providing ver¥
accurate differential ionospheric corrections (at the level of 0.1 TECU of error).

T T T
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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
! {
g2° i} = FEN
+ Zvel
-+ belf
ric
Efﬁﬁk piar jgfg&ij

41"

——————————
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lonospheric interpolation error vs.
TIDS occurence

It can be seen
the
correlation
between poor
ionospheric
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-0f . ; ; .

T | | WINTER (day 339, 2002)

+= . . _ '

& CalOf Lo AOSRR 5 T_E'f_-_E_'_ﬁ'___l_f?__S_L_"ﬂL‘i‘_E_F_*__F_f_*?i%*__él_ﬁ__i_a1.?.‘%‘9?_3'___5__'? ______
= ' . . .
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*

]

=
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=
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,_|
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§ : : % ¢ : :

® -32-051 The TIDs appear mainly during the noon at the winter day

O = -
L (red), and during the night at the summer day (blue). E
= -de-08 -

Q 5 10 13 20 25

GPS Time = Local Time # hours
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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 25 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 |

g Solution: modellihg the TIDs from the reference stations network. W
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eDetermining 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 length intersection within each voxel, Ali; unknowns: its ambiguity Bl,
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
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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 “mean” Sun):

LT =UT + LON

where UT is the Universal Time.

UNIVERSITAT POLITECNICA
DE CATALUNYA ) _
BARCELONATECH M.Hernandez-Pajares et al.
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Solar Geomagnetic coordinates

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

‘ vector j = R; x
: unity vector

X-axis: unity vector i

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. IanSA[
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Kriging motivation In
global VTEC modelling (2)

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

« 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...

[*] We apply “Ordinary Kriging” on the residuals (it can be considered a ‘ffﬁ
sort of extended “Universal Kriging”).
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Kriging motivation in
global VTEC modellina (3)

Worldwide JASONZ ocbservations

1':] T T T I T
= : : : : GsSE ——
S L. | | e —
LT_ 9 ‘. : """""" """""""""" """"""""" UQRG ——
E.,__r;,' : : : COoODG
f.ﬂl 8
)]
E 7 SR S S
g
o & Bkl L - Tl - DR ]
)]
<
I 5
] Wi ; y !
L b ; A e Yt ke R Ll :
::); ] i ¢l kL 4 _... Il ,‘
LU ‘ = AR : #H : ! ih
|':‘! 3 L i : _, _________ X i
] : : : =
= : : : : X
w : : : E :
2 1 1 1 ’| 1
2012.8 2013 20132 2013.4 20136

Std.Dev. [ JASON2 VTEC — GNSS VTEC ] during one year (worldwide).
New rapid UPC global VTEC with Kriging (UQRG) works systematically bette
than all final IGS VTEC maps, including “classic” UPC product for 1 year-
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Kriging motivation In
global VTEC modelling (4)

* 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:

— Feltens, J., M. Angling, N. Jackson-Booth, N. Jakowski, M. Hoque, M.
Hernandez-Pajares, A. Aragon-Angel, R. Orus, and R. Zandbergen
(2011), Comparative testing of four ionospheric models driven with GPS
measurements, Radio Sci., 46, RS0D12, doi:10.1029/2010RS004584.

— Gulyaeva T.L., F. Arikan, M. Hernandez-Pajares, |. Stanislawska (2013),
GIM-TEC adaptive ionospheric weather assessment and forecast ﬁ

system, Journal of Atmospheric and Solar-Terrestrial Physics, 102 (2013) -
329-340.
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Assessment with Jason-2

(2013.0-2014.4: ~70 rec. in RT)

Bias (left)

and standard

deviation
(right)
boxplots of
the
differences
between the

test data and

the JASON
reference
data for the
periods

001/2013 to

365/2013
and

001/2014 to

150/2014.

BIAS (TECtest-TECjason) [TECU]

BIAS (TECtest-TECjason) [TECU]

JASON Validation. BIAS boxplots (over 4.100.000 comp.). 14001-14150
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|IGS Final lonosphere Layout

The IGS Ionosphere Working group started its N~
activities in June 1998 with the main goal of a IGS
routinely producing IGS Global TEC maps GPS
(IGTEC). This is being done now with a latency data
of 11 days (final product —official-) and with a ~——
latency of less than 24 hours (rapid product —

still unofficial-).

IGS
lonosphere

Centers lonosphere
Validation
& Centers
IGS
h
lonosphere GS
lonosphere

Combination | The IGS ionosphere product is a result
Center of the combination of different
Analysis Centers TEC maps by using
‘ weights computed from GPS data by
et iemn e Validation Centers, in order to get a
BARCELONATECH more accurate product.




Example of IGS Final

500

400
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200

100

0

o recumooourcsasz | F1IVE 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.
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Units: 0.1 TECUs
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From such maps
and weights the
corresponding
combination center
(firstly ESA, and
# secondly UPC since
# Dec.2002) has
produced the IGS
TEC maps in ionex
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|IGS Final lonosphere Flow-Chart

IGS
lonosphere
Analysis
Centers obs.
JPL UPC
lono. lono. lono. lono* | |iono. v
- » [NRCan* !
IGS weights
T ES
—GS 2 lonosphere Y ENVISAT
Server Combination —| UPC TEC
} Center weights v
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server | comb. oS JASON
TEC
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Ext.valid. Centers _

DE CATALUNYA
BARCELONATECH

Q UNIVERSITAT POLITECNICA




Example of comparison or 1IGs vs JASON: 2005-54 /7 each
Year: 2003; Day of Year: 347; UT: 1-3 6 h O u rS Year: 2003; Day of Year: 347; UT: 7-9
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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]

JASON provides
.1 || @ direct and

g independent UPC (SDew/Bias EM5:5.3/ 0.3/5(3)
3 o5 [ HECIDEIOHAIS B IGS (Std.Dev. 5.1
2 orbit (1300 km) i TECU) is slightly
e and over the 1 better or better than
5 0.05 | oceans (worst |- N the IAACs (Std.Dev.
5 case for GPS). | - 7 |of5.2,5.3,6.2, 8.1
:5;0 0.04 | _:i |44 | TECU)

Since April 2003 =h 1

IGTEC is an ae

official IGS final
product (with . , .
latencies of g -10 -5 0 5 10 15
about 11 daYS). WTEC[TORPE®] -VTEC[GFS] ~ TECU
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“Relative Error” vs. JASON (daily)

30

P 1

Felative Error TEC[JASOM] - TEC[GPS]

10

80

10 F

BO

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 =)

temporal resolution of 2 hours).
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Ap index vs. “Relative Error”

" 1] Some of the error peaks in IGS (black line) [z ——
= 721 are related to the high Ap values (such as %EE S
7 o0 1| the days 2003 302-304 large geomagaetie==—tp-ic ——
= 40 || storm), due to the maps time downdating [
= .. || to 2 hours. Otherwise 15-25% “relative
= __|| error” over the oceans.
E 40 -
é 30 I-IJII'FL I “,
£ 20 L B
UNIVE
DE CA 1o 1 L i i i i i
BARCI o =14 100 150 200 250 300

UT ~ Dagys 2003



Std.Dev vs. JASON (gmag.lat.)

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

p— ' = 3 | A
IGS similar perf. (northern EEE ]
lat.), slightly better (equatdy) | -- L —— |
or slightly worst (south lat.) ..

compared to the bes\IAACs |\

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|
JASON-IGS TEC bias lower about Wi
5 TECU around the equator is
compatible with the
plasmaspheric component. The
absolute bias ref. is still unclear

0 20 40 =
Latitude / degrees




“Rel. error” vs. TOPEX(gmag.lat.)

GPS ws JASOW TEC, 200Z2 December 15 - 2003 December 13 (14,650,000 obs.)
50

IGS “Relative error” over the oceans: | coo ——

i L ESA —a—
e <15% at North mid and 20-25% at | {7- ——
a0 | South mid lat.

o< 20% at equatorial lat.
e 20-30% at high lat.

d3

20 ]

20

20 |

Relative Error % [EMS/Mean WTEC]

15 F

1|:| 1 1 1 1 1 1 1 .
=G0 =dr =20 [ 210 41 =1l ﬁ

More performance details of the IGS final product (satellite and
receiver DCBs, double dif. STEC, latency, with different data scarcity):
http://maitel52.upc.es/~ionex3/doc/IGS_IONO report_ April2003_7.pdf




Rapld VS Flnal IGS TEC “Rel.Error”

2 Rapid IGS presents an accuracy
—+— | (compared with JASON TEC) just about
4 TIAACs [CODE,ESA, JPL,UPC] [ 5-15% worse than the Final IGS TEC
a2 3 IAACs [CODE,JPL,UPCT X when 3-4 rapid IAAC TECs are
T . o
L
% IAACs [CODE, UPC]
. 4 IAACs [CODE,ESA]l [
L 2
T
= 25 | |
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gé Py g
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@
&
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The generation of a test rapid IGTEC [, 0 " 20 20 .

(latencies of less than 24 hours) has

UT / Days 2004
started recently (Dec.2003).




‘Rapid vs Final IGS DCBs
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Alternative weighting schemes

B T T T T T T T
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*The 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).

*The 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).

oIt 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).




Alternative weighting schemes (2)
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Bias vs. JASON & TOPEX (daily)

IGS ws TOPEX TEC and JASOM TEC (about 2,000,000 obs.)

2.9

1.5

£ TECU

Bias [TOPEX - GFS]
=
n

L

'IGSG vs. TOPEY —e—
IGSGE ws. JASO
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120

*JASON and TOPEX fly at the same
orbit with about 60 sec. of difference.

* JASON TEC bias seems about 1 TECU
lower than TOPEX TEC bias.

*JASON TEC seems more compatible
with IGS TEC than TOPEX TEC.
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TEC performance vs. Distance (1)

selected areas at 43 deg. Geom.lLat

Comparison with TOPEX: N distonce Ao T85eP ror e
worst case estimate of ?ﬁ AR FromThs B8 TS0 T
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TEC performance vs. Distance (2)

0z Dec.15 / 03 March: IGSG (3 regions: 10xZ deg at 43 deg. gmag. lat.)

SD 1 1 1 I 1
CLOSE, LOW<LAT: [0/1Z2]x[40/43], RM53/Bias %Err: Z2.2/1.2/10 ——
MEDIUM, LOM=LAT: [-20/-10]1x[36/33], RMS3/Bias /%Err: 2.5/0.6/12 ——
FAR, LOM=LAT: [-40/-301x[33/36], RMS/Bias/%Err: 2.8/1.1/12 ——
23 .
% IGS shows the best —
m
2 20 1 performance at '
ul] . .
= || different distances
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Double Diff. STEC performance

Double Diff. STEC predicted ws. true wvalues (Europe, Day 353, Z2002)

12— . .
In this day of example, e
. IGS gives an slightly i
| better performance /Pt —— |
describing DDSTEC (main prUE VALIES =
& ff point in positioning) for all 1
= the latitudes, compared to
f . || the best IAACs.
4 i " —
_._——ﬁ;—__?_ W —
0 Reference station at
41 deg. of latitude
0 . .

Latitude / degrees

g3 40 43 a0 e =10 ﬁ
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TOPEX RMS vs Formal Std.Dev.

Formal ws. Measured IGS Std.Dewv.: 02 DeclS5-03"March (2,500,000 TOFEX chs.)
16

14 +-Measured FMS[ IGS -TOPEX ] # TECU ——
Ideal Case
Number Obs. / 100,000 ——

12

10

Measured errors
150% greater (75%

| / for the outliers),
. . ..t Jwithout taking into
1 2

.:.
: ) ° 5l account the TOPEX [&

Formal IG5 Standard Dewiat

0

‘ TEC internal RMS.
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Satellite DCB’s stability

2002 December 15 - 2003 June 7

IGSsat. | #,.
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'r“

123 456 78 31011121314151617 1819202122 2324252027 28293031 ﬁ
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Station DCB’s stability

2002 December 15 - 2003 June 7 (more than 70 daily estimations)
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IGS lonospheric Activities status

sAfter several improvements performed in the IAACs and IGS
Ionosphere Map combination algorithms in 2003, the IGS final
combination of TEC maps shows a good performance that is slightly
better or even better than the individual IAAC maps, that justified our
efforts to start producing the final iono product in April 2003.

eThe rapid IGS TEC maps generation started, in testing mode, in
December 2003 (latency less than 24 hours, as opposed to 11 days of
the final product). The first maps (and DCBs) show a good accuracy
(about 10% worse than the final maps) when 3-4 rapid IAACs TEC
maps are combined.

eRegarding alternative weighting strategies:

»The performance of the official weighting algorithm (bias
insensitive) is similar to that using a bias-sensitive algorithm.

»>It is confirmed the best performance of external weighting
strategies (presently used), compared with the internal weighting.

»The performance between daily and independent map weightif'i’ﬁ
seems very similar, including geomagnetic activity periods. ;M35
UNIVERSITAT POLITECNICA i:h\ 3

DE CATALUNYA =1 2ad
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Final lonosphere product use
(2003, from cddisa)

¢453 distinct IPs (hosts) downloaded IONEX files in 2003.
¢154,000 files donwloaded.
¢29 countries.

oTop “Non-IAAC" users (60% of files donwloaded from them,
E=Education, C=Commercial, G=Government, N=Network):

*APL, US (E), TU, Vienna, Austria (E), NAO, Japan (E), CRL, Japan
(G), CABLESPEED, U.S. (C/N), ENST-BRETAGNE, France (E), UWM,
Poland (E), WAT, Poland (E), U.TRIESTE, Italy (E), NRAO, U.S. (E),
STATE OF TENESSEE, U.S. (G), IGN, France (G), ISP, Russia (N),
ALCATEL, France (C), ISP, S.Korea (N), U.MUNICH, Germany (E).

¢68% files donwloaded from “Non-IAAC"” users.
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Some recommendations (updated from the IGS lono. WG splinter

meeting happened at the IGS Technical Meeting held at Bern, March 2004)
eThe use of the final IGS product is quite large. However for the rapid product,

started in Dec.2003, very few downloads are registered from its temporarily
server at UPC. In this context to promote its use, the next actions items have
been adopted:

1.To send a new e-mail to the IGS e-mail list announcing the rapid product.
2.Moving the igs-iono e-mailing list to igscb.
3.Moving rapid product server from UPC to CDDISA.

eAfter receiving inputs from VLBI, Altimeter and Timing users, it has been
decided:

1.To maintain the present generation of both final and rapid IGS TEC maps.
2.To include the list of GPS receivers used for timing in the list of IAAC used

stations to compute the ionospheric product, in order to ensure IGS DCB
estimations for such receivers.

eThere has not been consensus between the IAACs on increasing the temporal,
spatial resolution/densification of the present ionospheric products.

IGS Final Ionosphere ionex files at

ftp://cddisa.gsfc.nasa.gov/gps/products/ionex/

Thank you!
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ftp://cddisa.gsfc.nasa.gov/gps/products/ionex/

(i

e Application Example: WARTK and
WARTK-3
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Introduction

e A GNSS navigation service with errors of few centimeters at
continental scale will enhance existing applications (civil eng....) ,
allowing new ones (real-time mapping...).

e The differential ionospheric refraction limits typically its coverage to
baselines <20 km (RTK).

e Until now, the authors had combined an accurate ionospheric
model: (1) with RTK in two-frequency systems (GPS: WARTK), and
(2) with TCAR in three-frequency systems (Galileo and Modernized
GPS: WARTK-3, extending the Local Area Galileo services to
continental scales).

e | The main goal of this presentation: to show the WARTK/WARTK-3
consolidation and improvement algorithm, WARTK-3 Laboratory
campaign data generation and results, taking into account two main
improvements:

— Improving the integrity of the ionospheric corrections.
— Integration in a navigation filter ( WARTK-3.2). i
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Why does a GPS user need external ionospheric
corrections better than 2.7cm (0.25 TECU) to navigate

with sub-decimeter accuracy?

e We can get sub-decimeter accuracy when we are able to convert the precise
carrier phases in precise and accurate pseudoranges by estimating and fixing the
intecq;er ambiguities. This speeds up very much the convergence and the accuracy
by eliminating such ambiguity unknowns.

e One typical dual-frequency user can navigate with ionosphere-free combination of
carrier phases (Lc), but the iono-free ambiguity (Bc) is not integer, and cannot be
fixed and removed.

e Solution: to estimate accurately a second independent ambiguity, the geometric
free one (BI), which is linear combination of both L1 and L2 integer ambiguities,
thanks to very accurate external double-differenced ionospheric corrections.

VAB, = VAL, - VASTEC _

e Then the L1 ambiguity can be estimated (the widelane ambiguity Nw can be
estimated from a rough Bc and BI).

-1 A
VAB|+
A, -2 A, -1

2 1 2 1

VAN, =

e And N1 can be fixed and removed if the iono. error is lesser than 2.7cm=0.25TEQE£/

1 A, -4
e[VAB 1< 0.5¢cycles = &[VAB ]~ ¢[VASTEC _ ]<

A, - A, 2
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Vertical lonospheric Refraction
UPC Global Ionospheric Map: 077 2000, 15UT
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L

Central Europe:
AVI > 0.26TECU
at 15 km or more
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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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WARTK: Can be based on Wide
Area GPS Networks (i.e. EGNOS)

Long-Baseline (hundreds Km) OTF Ambiguity Resolution

GPS
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—
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5 ¥ -~ g - 100 |
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WARTK(GPS): cm-Navigation at
hundreds km far

ROVER: (POSITION RELATIVE TO EBRE (117 km}- CONTROL TRAJECTORY)
AMBIGUITIES RESOLVED O-T-F

i 7} EVERY 2 MINUTES - ASSIMILATED BY FILTER AS NEEDED
o o A BROADCAST ORBITS
O - 03
O o
T < F: i
Ji WADGPS (WAAS, EGNOS, MSAS)
3 -
l% | Tm - Z 1 JRBEEE PN gy e oH

}; E -01
2
3 1 QTF

} 20em - F B )
a Lc with precise orbits and clocks B 03 10TF
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E 04 oL TIL(M)
3 10cm - VALe with precise orbits and VA STEC NILH
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Experiment

BellKin99

NWPacificl

NWPacific2

SolarMax1

SolarMax2

Baltic99

EquatorO1

TCARdata
(simulated)

UNBARO1

WARTK3
Lab.Test 1-2

WARTK3
Lab. Test 3

400/900

162/900

130/500

130/500

144/285

1000-3000/.

70-115/100

178-238
/250-600

416/250-
600

WARTK?:

Shortest

Ionospheric
Activity

Mid.Solar Cycle
& Quite

Mid Solar Cycle
& Active high
lat. (Kp=6)

Mid-Low Solar
Cycle & Irreg.

Solar Maximum

Solar Max. &
Supestorm

Travelling Iono.
Disturb. (TIDs)

Solar Max. &
Equator & Very
Active (Kp to 9)

Solar Max.

Solar Max. &
Strong TIDs

Solar Max.

Solar Max.

Fixed Rec.
Ambiguity
success %
97

90-100

95-100

85-95

50-95

97

90

100

100

100

100

Roving Rec.

A y

80-90

80

80

83

integrity)
100

29

Kind
of
rover

4x4
Car

IGS
Site

IGS
Site

IGS
Site

IGS
Site

IGS
Site

IGS
Sites

Sim.
car

Car

1:Car
2:Air.

Fixed
Site

Region

Catalonia, NE
Spain

NWCanada-
USA

NWCanada-
USA

Central
Europe

Central
Europe

North Europe

Central Asia
to Oceania

Central
Europe

Barcelona,
NE Spain

Iberian
Peninsula

Iberian
Peninsula

Dates

23-03-99

03-05-98

28-04 to
01-05-98

19 to
22-04-00

12 to
15-07-00

25-08-99

06-03 to
02-04-01

17-03-00
(noon)

11-06-01

31-03-90
(ionos.)
31-03-90
(ionos.)

experiments & results

Reported in

Colombo et al. 99
(ION)

Hernandez et al.
00a, Colombo et
al. 00 (GRL, PLANS)

Hernandez et al.
00b (1ON)

Hernandez et al.
01 (GRL)

Hernandez et al.
00b (ION)

Hernandez et al.
01b (ION)

Hernandez et al.
02 (JGR)

Hernandez et al.

03a-b (IEEE TGARS,
Navigation)

This project

This project

This project



Conclusions

e Different techniques and results summarized in this presentation
show the maturity of the GPS Ionospheric Modelling

techniques in order to provide an unique view of the
Ionosphere (in terms of temporal and spatial resolution) and
to make feasible new applications.

Thank you!
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