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NeQuick model

« The NeQuick is an ionospheric electron density model developed
at the former Aeronomy and Radiopropagation Laboratory of The
Abdus Salam International Centre for Theoretical Physics
(ICTP), Trieste, Italy, and at the Institute for Geophysics,
Astrophysics and Meteorology (IGAM) of the University of Graz,
Austria.

* It is based on the DGR “profiler” proposed by Di Giovanni and
Radicella [1990] and subsequently modified by Radicella and
Zhang [1995] and is a quick run model particularly tailored for
transionospheric propagation applications.
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NeQuick 2

« Further improvements have been implemented by Radicella and
Leitinger [2001].

« A modified bottomside has been introduced by Leitinger, Zhang,
and Radicella [2005].

« A modified topside has been proposed by Coisson, Radicella,
Leitinger and Nava [20006].

« All these efforts, directed toward the developments of a new
version of the model, have led to the implementation of the

NeQuick 2.

B. Nava, P. Coisson, S. M. Radicella, "A new version of the NeQuick
ionosphere electron density model", Journal of Atmospheric and Solar-
Terrestrial Physics (2008), doi:10.1016/j.jastp.2008.01.015
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NeQuick 2

- The model profile formulation includes 6 semi-Epstein layers with
modeled thickness parameters and is based on anchor points
defined by foE, foF1, foF2 and M(3000)F2 values.

- These values can be modeled (e.g. ITU-R coefficients for foF2,
M(3000)F2) or experimentally derived.

- NeQuick inputs are: position, time and solar flux; the output is
the electron concentration at the given location and time.

- NeQuick package includes routines to evaluate the electron

density along any “ground-to-satellite® ray-path and the
corresponding Total Electron Content (TEC) by numerical
integration.
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NeQuick 2 online
—ict4d.ict negquick?2

¢ sernational Cent’s s
(CTP 1!?;((“\'390!0 ical PRysic ‘ e e > The Abdus Sclom
T i b+ s : . . " " (CTP International Centre
’ for Theoretical Physics

T/ICT4D

f v,..;:-r.a."""

wtring o)
Compunation sad ¥ |

Results
= NeQuick 2 Web Model
Computation and plotting of skant electron deasity profile and total electron content

Endpoints Coordinakes

Electron density Slant profile
Map  Lowerendpomt Latitude FS 703827 *N Longitude 13 71837(C *E Meight 0

T T T

Yeur (YY) e Hgherendpont Latitude 30 *N Longitude 20 *E Meight 2000

SakMe dat Azimuth *N  Elevation * Helght

|
Az (rource: NOAX

Dalty & st P PR 0

: -
» vl-F"""“”‘6 (=]
- | - ] Year(YYYY) 2017 Month Mevember » Day(DD) 15 Time 13 Lecal v

Date and Time

Solwr Actvity
R12 (sowrce: NOAA-NGDC)
» Daily Solar Radio Flux (source: NOAA-NGDC)
User Input Solar index type i v Vale*

 TU.Rcomplant *

P W12 000 1 S0pKr P10 6300 195 P UL
VWarmng | Nt pespecing Toe et COURd M KoUndelned eMecicn Genaly wales?( ITU M P 1 230 secammmndadon)

Run NeQuick

€000 2 jCuesons ko

"

le+10

Ne (n-3)

©2012 | Qumtions 10 yercall ey

@ The abdus salam international centre for theoretical physics



http://t-ict4d.ictp.it/nequick2
http://t-ict4d.ictp.it/nequick2

NeQuick developments

« The NeQuick (v1) has been adopted by Recommendation ITU-R
P. 531 as a procedure for estimating TEC.

« Recently, the NeQuick 2 has substituted the NeQuick (v1) and it
Is the one currently recommended by ITU (ITU-R
Recommendation P.531-12).

- IRl model has adopted, as default option, NeQuick 2 model
topside considered as: “the most mature of the different
proposals for the IRI topside” (Bilitza and Reinisch (2008)).

« A specific version of NeQuick has been adopted as Galileo
Single-Frequency lonospheric Correction algorithm and its
performance has been recently confirmed during In-Orbit
Validation (Roberto Prieto-Cerdeira et al.; GPS World, June
2014).
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NeQuick for assessment studies

Use of an ionospheric 3D electron density model to evaluate the
impact of specific algorithms/assumptions in ionosphere-related
parameters retrieval (e.g. in Satellite Navigation Systems).

- —9

In particular NeQuick was (and will be) used to:

- generate “worst case” ionospheric scenarios for assessment
and tuning of the operational ionospheric algorithms of EGNOS.

SCENARIO: DAY 12 0 UT

s
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NeQuick for assessment studies
_..
- investigate and characterize the "mapping function errors™ In
slant-to-vertical TEC conversion and vice-versa:
- at range delay domain & at position domain
Single ray-path error definition
B! :3%9» ° TN
Sl Ll
e A efical

atellite 20000
sTEC = f N.(s)ds f N.(h)dh err = STEC — vIEC,,/ cosy
0

ground



Mapping function error

Single ray-path error evaluation

lonospheric lonospheric

lonospheric lonospheric

Grid Points / Pierce Point Grid Points / Pierce Point

Ground Station point of view Pierce Point point of view

el € [0°, 857] step 5° el € [20°, 85°] step 5°

az € [0°,3557] step 5° az € [0°,355°] step 5°

measured with respect to Ground Station measured with respect to Pierce Point
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Mapping function error analysis

Ground Station point of view
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NeQuick for assessment studies

msku: cnv-int F10.7 = 100 msku: cnv-int F10.7 = 150
East dif. Northdif. Vertdif. East dif. Northdif. vVertdif.

Displacement [m]
Displacement [m]

10 15
UT [h]
msku: cnv-int F10.7 = 200
Eastdif. Northdif. Vertdif.

Mapping function errors
effects at position domain for
different levels of solar activity
in a low latitude station:
Franceville (-2° N, 14" E).

Displacement [m]
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R

NeQuick for assessment studies

« to investigate the effects of spherical symmetry assumption for
the ionosphere electron density in Radio Occultation data
inversion (e.g. using the “Onion Peeling” algorithm);

\“:
GPS sat

TEC, =2 (N, dk,l + N, dk,Z + ... + Ny dk,k)

1/ 2_ .2 1/ 2_ .2
drg=Nri—1"—r=—Nr-—rg

to GPS sat

scale: H=100km
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RO data inversion

COSMIC
T/ICT4D

GNSS TEC

lonosphere
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Profile example

COSMIC data are used

RSA_DLN _03_F_VB_20071231012336_20071231014949 dat RSA_DLN_03_F_VB_20071231012336_20071231014949 dat
Lat: —2.05° Lon: -=70.92° LT: 20.66 Lat: —-2.05° Lon: -70.92° LT: 20.66

® COSMIC
® T/ICT4D

~400000  —200000 200000 400000 600000 800000 1. 06

0.0

N(h) [cm-3] AN(h)/NmF2

In some cases, negative electron densities can be retrieved
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Peak Tat:
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Peak 1
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True satel

'4

Synthetic ionosphere
(TEC from 3D electron density)

'

Onion Peeling
VS
True profile
(NeQuick)

High & Low solar activity

A test case

Day: 31 Dec. 2007

ite orbits (GPS + COSMIC)
\

True ionosphere
(excess phase @ L1,L2)

‘

Onion Peeling
VS
True profile
(lonosonde)

Onion Peeling performance analyzed in
terms of foF2 & hmF2 error statistics
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Simulation results (HSA)

A foF2

0.14 -
. data#: 1185

foF2 and hmF2 - AVER.  0.11 MHz

ST.DEV.  0.55 MHz

.y " 50% 0.27 MHz

errors StatIStICS . | 68% 0.42 MHz
95% 1.15 MHz

99% 1.94 MHz

data#: 1185

AVER. 1.72 Km
ST.DEV. 14.40 km
50% 6.00 km
68% 8.00 km
95% 18.00 km
99% 24.00 km

Lo o oo | il il W

-2

Co-location criteria for true profile
and Onion Peeling derived profile

{

exact matching
0 50 100
km
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Simulation results (LSA)

A foF2

data#: 1185

foF2 and hmF2 1o AVER - 007MHz

I ST.DEV. 0.31 MHz

. . - 50% 0.15 MHz

errors StatIStICS . [ 68% 0.24 MHz
95% 0.71 MHz

99% 1.14 MHz

data#: 1185

AVER. 2.81 km
ST.DEV. 6.76 km
50% 6.00 km
68% 8.00 km
95% 12.00 km
99% 16.00 km

Co-location criteria for true profile
and Onion Peeling derived profile

{

exact matching

0 100
km
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Experimental data (LSA)

A foF2

data#: 50

foF2 and hmF2 4o AVER  -009MHz

R . ST.DEV. 0.54 MHz
errors statistics  50% 0.27 MHz

68% 0.45 MHz
95% 1.14 MHz

1.44 km
20.00 km

13.70 km | II
19.90 km

35.50 km

Co-location criteria for true profile
and Onion Peeling derived profile

b

Delta Time < 15 min
Delta Lat < 5°
Delta Lon < 10°

0 100 200
Km
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Plasma “caves”

Comment on “A new aspect of ionospheric E region electron density morphology”

by Yen-Hsyang Chu, Kong-Hong Wu, and Ching-Lun Su
Jiuhou Lei, Xinan Yue and William S. Schreiner; JGR, 2010

(a) True Ne (c) Absolute deviation

Altitude(km)
Altitude(km)

100

N%Quick

i —

Altitude(km)
Altitude(km)

Error analysis of Abel retrieved electron density profiles from radio occultation

NEEEVIEINERLS
X. Yue, et al.; Ann. Geophys., 28, 217-222, 2010
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NeQuick for assessment studies

- to validate specific TEC calibration techniques
 using model derived slant TEC directly (e.g. with bias = 0)

 using model derived slant TEC to produce RINEX files (to be
implemented; also including other effects; e.g. troposphere);

Biases, Satellite+receiver, TECuU
20.0

16.0

12.0

8.0

= 70
Day 185, 2001
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Data ingestion into NeQuick

- Empirical models like NeQuick have been conceived to
reproduce the median behavior of the ionosphere (“climate”).

 For research purposes and practical applications, to provide the
3-D electron density of the ionosphere for current conditions
(“weather”), different retrieval techniques have been
iImplemented.

- They are based on the use of (multiple) effective parameters to
adapt the NeQuick to GNSS-derived TEC data (and ionosonde
measured peak parameters values). The adaptation can be
performed using TEC values from:

 a single GNSS receiver
* multiple receivers
* maps

q@ The abdus salam international centre for theoretical physics



Adapt to VTEC map

ILP 15 04 2002 UT 2100

-90°
-180° -150° -120° 1507 180°

grid points:
lat.=-90°, 90° step 2.5°
lon.=-180°, 180° step 5°

«@ The abdus salam international centre for theoretical physics



Reconstruct foF2 map

ILP opt. Az 15 04 2002 UT 2100

-90°
-180° -150° -120° -90° -60° -30° 120° 1507 180°

grid points:
lat.=-90°, 90° step 2.5°
lon.=-180°, 180° step 5°
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VTEC map data ingestion validation

—e

- Data at one hour time interval for Apr. 2000 (HSA) and Sep. 2006
(LSA) have been used.

 In particular, LaPlata global vTEC maps have been used for the

assimilation.
- Manually scaled foF2 values have been used as independent “ground

truth” measurements for comparison with the model-retrieved values.

- The statistical analysis has been carried on:

AfoF2=foF2neq2-fOF 2exp

Notice: validation is on sTEC calibration + mapping function + spherical harmonics
expansion + ITU-R coeff + model formulation + vVTEC data ingestion technique.
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NeQuick?2: validation results (example: HSA)

90

Apr. 2000

data#: 11625

AVER. 0.24 MHz
ST.DEV. 1.09 MHz
RMS 1.12 MHz
50% 0.66 MHz
68% 1.01 MHz
95% 2.20 MHz
99% 3.20 MHz

foF?2 error statistics f Nava, B., S. M. Radicella, and
“ F. Azpilicueta (2011), Data
ingestion into NeQuick 2,
Radio Sci., 46, RS0D17, doi:
10.1029/2010RS004635

0 2 4
MHz
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Adapting NeQuick model to experimental
slant TEC data at a given location

(For possible near real time applications)

Nava, B., S. M. Radicella, R. Leitinger, and P. Coisson (2006), A
near-real-time model-assisted ionosphere electron density retrieval
method, Radio Sci., 41, RS6S16, doi:10.1029/2005RS003386
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Stations & ionosondes locations

GPS receivers —— Modip isolines
lonosondes
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6) Single station statistics (000405)

—-0.60[TECU] AVER(AfoF2):  0.52[MHZ
STD.DEV.(AfoF2): 0.62[MHZ]

AVER(ATEC):
STD.DEV.(ATEC): 9.14[TECU]

y= 0.73+ 0.98x

y= 124+ 0.97x
r= 0.97

r=0.98

Mod sTEC [TECU]
Mod foF2 [MHZz]
=

150 200 16
Exp. sSTEC[TECU] Exp. foF2 [MHZ]




Multiple station statistics (000405

AVER(ATEC): -0.13[TECU]
STD.DEV.(ATEC): 6.04[TECU]

Mod. sTEC [TECU]

AVER(AfoF2): 0.49[MHZ]
STD.DEV.(AfoF2): 0.60[MHZ]

0 0

ATEC[TECU] AfoF2 [MHZz]

T

y=-023+ 1.00x
r= 0.99

y= 019+ 1.03x
r= 0.97

Mod. foF2 [MHz]
o

150 200 16
Exp. sTEC[TECU] Exp. foF2 [MHZ]




Flux of the day statistics (000405

AVER(ATEC): -16.5[TECU] - AVER(AfoF2): —-0.52[MHz]
STD.DEV.(ATEC): 16.7[TECU] STD.DEV.(AfoF2): 0.94[MHZ]

0 ' 0
ATEC [TECU] AfoF2 [MHZ]

T

y= 087+ 0.86x

y=-077+ 0.77x
r= 0.93

r= 0.94

Mod sTEC [TECU]
Mod foF2 [MHZz]
=

150 200 16
Exp. sSTEC[TECU] Exp. foF2 [MHZ]




Applications

- A
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Galileo Single Frequency lono algorithm

Observe slant TEC in Sensor
Stations for 24 hours

!

Optimise effective ionisation
parameter for NeQuick to
match observations

!

Transmit effective ionisation
parameter in Navigation
message
Az=a,+a,-pu+a,-u
:
Calculate slant TEC using
NeQuick with broadcast
ionisation parameter.
Correct for lonospheric delay
at frequency in question.

2

IR U
o,

e e s a ESWW3
VT Brussels 2006-11-15

- e === ECSDEESEE R

from: http://sidc.oma.be/esww3/presentations/Sessiond/Arbesser.pdf
(see e.g. http://www.navipedia.net/index.php/NeQuick Ionospheric Model)
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Mitigation of ionospheric effects

R

Position calculation mitigating
the ionospheric effect with:

4 \
ICA, Klobuchar model NeQuick 2 model
(driven by 8 coefficients) (driven by £10.7)
CODE VTEC maps NeQuick 2 model
(SBAS-like approach) (driven by Az grids)

areq (-16.46°N; -71.48°E) 2012 Apr 21; (doy 112)
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CODE VTEC map 2012 04 21

cCOD201204210000txt

.
L
=
A

34
=

—= ﬁlIh1!!
BEEL “REEESEUET
I O

L EN

< AA S
Lot | P71 1] [
. adENNITEL
i | T
AN IEERLE

-150

grid points: time interval:
lat.=-90°, 90° step 2.5° 10 min.
lon.=-180°, 180° step 5° (interpolation)
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Results

areq 12 112 NO iono correction
Uperr Northerr Easterr

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
UT [h]
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Results

areq 12 112 KLO iono correction
Uperr Northerr Easterr

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
UT [h]
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Results

areq 12 112 NEQ F107 iono correction
Uperr Northerr Easterr

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
UT [h]
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Results

areq 12 112 COD iono correction
Uperr Northerr Easterr

L

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
UT [h]
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Results

areq 12 112 NEQ GRD iono correction
Uperr Northerr Easterr

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
UT [h]
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Least Square Estimation

Recently, to improve the NeQuick performance in retrieving the 3D
electron density of the lonosphere, a minimum variance least-
squares estimation has also been utilized to assimilate ground and
space-based TEC data into NeQuick 2.

Best Linear Unbiased Estimator (BLUE)*

y vector of observations
Xb background model state
Xa analysis model state

H observation operator

R covariance matrix of observation errors
B covariance matrix of background errors

A covariance matrix of analysis errors

*http://www.ecmwf.int/newsevents/training/rcourse notes/DATA ASSIMILATION/
ASSIM CONCEPTS/Assim concepts2.html#962570

q@ The abdus salam international centre for theoretical physics


http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/ASSIM_CONCEPTS/Assim_concepts2.html#
http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/ASSIM_CONCEPTS/Assim_concepts2.html#
http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/ASSIM_CONCEPTS/Assim_concepts2.html#
http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/ASSIM_CONCEPTS/Assim_concepts2.html#

Least Square Estimation

The optimal least-square estimator (BLUE analysis) is defined by

Xa =Xb + K (Y - HXp) GNSS sat

K =BHT(HBHT + R)"
A = (I-KKH)B BIVAEE H,
K is called gain of th lysi ---m.-.
gain or tne analysSIS ==,H.=! jth voxel with
/ —

density x;

In our case: . .
i" ray with

y=TEC TECY,

Xa = retrieved electron density
Xb = background electron density
H -> “crossing lengths” in “voxels” EEASSELS

e.g. bckg_TEC = Hxp = > Hjj X
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LS solution: a challenging case

ionPhs C€001.2011.070.23.31.G15 2010.2640 nc

e projections of the LEO -> GPS links below the LEO orbit
tangent points of the LEO -> GPS links
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LS solution: a challenging case

ionPhs C001.2011.070.23.31.G15 2010.2640 nc
ionPhs €001.2011.070.23.31.G15 2010.2640 nc

RO el dens
Peak Lat:
Peak Hei:

~-26.870°
439.830 km

Peak Lon: -65.470° Peak UT:
Peak dens: 1.70149700~10~12

23.470 Peak LT: 19.110
Peak freq: 11.710 MHz

m”* -3

COSMIC data

Onion Peeling derived
electron density profile
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Results: retrieved electron density
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Results: retrieved electron density
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Method validation
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