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Meteorological Outline
RMI Institute

The ionospheric plasma can significantly influence the propagation of radio waves
and the ionospheric disturbances are capable of causing range errors, rapid phase
and amplitude fluctuations (radio scintillations) of GNSS satellite signals that may
lead to degradation of the system performance, its accuracy and reliability.

» lonospheric variability and disturbances — observations
» Impact on GNSS-based positioning applications
» RMI services — Space Weather and Navigation Systems project

» Summary and Outlook
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Meteorological lonospheric variability — critical frequencies
RMI Institute
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Meteorological lonospheric variability — Total Electron Content (TEC)
RMI Institute
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Wautelet et al. (2010): A GPS/GNSS dense network used to monitor ionospheric positioning errors. Proc. AGU Fall Meeting 2010, Abs. #G23B-0818. 4
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Meteorological lonospheric variability — TEC (structures)
RMI Institute
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Warnant et al. (2007): Space Weather influence on satellite based navigation and precise positioning. Space Weather, Springer, 129-146. S
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Meteorological lonospheric variability — TEC (storm-time)
RMI Institute
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Warnant et al. (2007): Space Weather influence on satellite based navigation and precise positioning. Space Weather, Springer, 129-146. 6
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Meteorological lonospheric disturbances — generation and propagation >
RMI Institute STCE
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Stankov et al. (2006): Monitoring the generation and propagation of ionospheric disturbances and effects. Radio Science, 41, RS6S09. /
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Meteorological lonospheric variability — TEC (storm-time)
RMII Institute STCE
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Stankov et al. (2010): Seasonal variations of storm-time TEC at European middle latitudes. Adv. Space Res. 46(10), 1318-1325.
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lonospheric irregularities
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Stankov et al. (2006): Monitoring the generation and propagation of ionospheric disturbances and effects. Radio Science, 41, RS6S09.
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Meteorological lonospheric irregularities (small-scale)
RMI Institute
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Meteorological Impact of ionospheric disturbances on GNSS positioning
RMI Institute
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Meteorological Impact of ionospheric disturbances on GNSS positioning
RMI Institute
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peteorological Impact of ionospheric disturbances on GNSS positioning
RMI Institute
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Impact of ionospheric disturbances on aviation
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Dehel et al, 2004: Satellite navigation vs. the ionosphere: where are we, and where are we going? Proc. ION GNSS, Sep. 21-24, 2004, Long Beach CA, 375-386..
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Impact of ionospheric disturbances on aviation
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The iono spatial anomaly can be presented as

a semi-infinite “cloud” with a wave front pattern.

The iono gradient is modelled as the linear
change in vertical ionosphere delay between
the “high” (anomalous) and “low” (nominal)
delay zones.

For a given GPS satellite i , the code measurement made
by the user (e.g. aircraft) affected by an ionospheric error
(a.k.a. slant ionospheric delay):
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same satellite i also affected by an ionospheric error:
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Stankov et al. (2009): Trans-ionospheric GPS signal delay gradients observed over mid-latitude Europe. Adv. Space Res. 43(9), 1314-1324. 15
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Meteorological Impact of ionospheric disturbances on aviation
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Meteorological Impact of ionospheric disturbances on GNSS positioning
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The ionosphere/space weather effects on GNSS signal propagation remain some
of the main error sources for several positioning techniques

» GNSS signals are electromagnetic signals and as such are nonlinearly dispersed and
refracted when transmitted through a highly charged environment like the ionosphere

» Dispersion and refraction of the GPS signal is referred to as an ionospheric range effect
because signal dispersion and refraction cause an error in the GPS range value

» lonospheric range effects are frequency dependent

» The error effects of ionosphere refraction on the GPS range values are dependent on
solar activity, local time, and satellite geometry. lonospheric delay can vary from 40-
60 m during the day and 6-12 m at night.

» Resolution of ionospheric refraction can be accomplished by use of a dual-frequency
receiver (a receiver that can simultaneously record both L1 and L2 frequency
measurements). The L1 and L2 signalss can be differenced, and the ionospheric delay
uncertainty can be reduced to less than 5 m.

17
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Meteorological SWANS - Objectives

RMI Institute

The Space Weather and Navigation Systems (SWANS) research and
development project (http://swans.meteo.be) is an initiative of the Royal
Meteorological Institute (RMI) under the auspices of the Belgian Government
via the Solar-Terrestrial Centre of Excellence (STCE).

» Research on space weather and its effects on GNSS applications

» Permanent monitoring of the local/regional geomagnetic and
ionospheric activity

» Development/operation of relevant nowcast, forecast, and alert
services

» Consult professional GNSS/GALILEO users in mitigating space
weather effects

18
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Meteorological K-LOGIC - Local Operational Geomagnetic Index K Calculation C"
RMII Institute STCE
Objective:

« To develop service/s that can promptly evaluate the current level of the local
geomagnetic activity and to estimate in advance the activity index K.

Developments:

» Nowecast. The K nowcast system is based on a fully automated computer procedure
for real-time digital magnetogram data acquisition, dataset screening, establishing the
regular variation of the geomagnetic field, calculating the K index, and issuing an alert

if storm-level activity is indicated.

» Forecast. A new hybrid model has been developed utilising space-based (solar
wind) observations and local ground-based (magnetometer) measurements to predict

(a proxy of) the K index.

Solar Wind K estimation Ksw

Parameters (ACE) space-based N
K hybrid
Magnetometer Data K estimation | /
(1 min, Dourbes) ground-based

Kutiev et al. (2009): Hybrid model for nowcasting and forecasting the K index. J. Atmos. Sol.-Terr. Phys., 71, 589-596. 19
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Meteorological K-LOGIC - Local Operational Geomagnetic Index K Calculation
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Service Type: Service Output.

* Nowcast: update — every 60 min, latency less » K index value - data files (ASCII), plots
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Local ionospheric plasma density specification in real time

(S ]

STCE

Objective:

Development of an operational service for monitoring the local ionospheric electron density
distribution on a real-time basis using GNSS and vertical incidence sounding measurements.
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Meteorological Local ionospheric plasma density specification in real time
RMI Institute
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Meteorological RTK status — monitoring service
RMI Institute STCE

* Provides a quick look at the small-scale ionospheric effects

on the RTK precision for several GPS stations in Belgium
» Assesses the effect of small-scale ionospheric irregularities

by monitoring the high-frequency rate of TEC (ROT, TECU/min) at a given station
* ROT calculated using ‘geometric-free’ combination of GPS dual frequency
measurements (no ambiguity resolution)

TEC(t+AN-TEC(H) M = A (colour) code
ROT = oy S assigned to each station,
e o s s s s e | COME ranging from
ROTI = 6(ROT)ai B et et M ey e “quiet” (green) to
“extreme” (red) and
referring to the local
e —— lonospheric conditions.
BRUS [TECU/min]
Quiet 0.309 « Alerts dispatched
Disturbed 0.837 via e-mail to subscribed
_ users when disturbed
| conditions are observed.
/

http://swans.meteo.be/GNSS/RTK_mép

Warnant et al. (2007): Monitoring variability in TEC which degrades the accuracy of Real Time Kinematic GPS application, Adv. Space Res. 39(5), 875-880.
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Meteorological ~ Monitoring the ionospheric positioning error with a GNSS dense network
RMI Institute STCE

Relative positioning = determination of a baseline between 2 receivers
with accuracy of a few centimetres

Basic observable = double differences of phase measurements (DD)
Advantages :

cancellation of all error sources common to the two stations

- no clocks/orbit errors B
@/ A; ‘: @f y

—> atmospheric errors are (usually) negligible cmimemm T T
BUT / 1()—20kIn
residual ionosphere can be a threat USER

REFERENCE STATION

for high-accuracy applications known position unknown position
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Meteorological ~ Monitoring the ionospheric positioning error with a GNSS dense network
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Objective

Development of software (SoDIPE-RTK) to monitor the ionospheric effects on
high-precision real-time positioning (RTK targeted in particular)

Methodology
- Geometric-Free combination of double-differenced (DD) phase measurements used
« Compute the ambiguity term considering the whole DD observation period
* Isolate the ionospheric residual term on each carrier

« Compute IPE, the positioning error (on L1) due to the ionosphere only
(least-squares adjustment applied, in topocentric coordinates)

« IPE mean and standard deviation computed (each baseline, 15 min time resolution)

* A (colour) code assigned to each baseline,
range from “nominal” (green) to “extreme” (red) error level

Wautelet et al. (2010): A GPS/GNSS dense network used to monitor ionospheric positioning errors. Proc. AGU Fall Meeting 2010, Abs. #G23B-0818. 25
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Influence of TIDs and geomagnetic activity (11 km baseline)

Quiet Day : DOY 310/08 Medium-amplitude TID : DOY 359/04 Severe geomagnetic storm : DOY 324/03
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During TID's or geomagnetic storms, the positioning error due to the ionosphere
(AD) is significantly larger than the nominal value (3 cm).

Maximum values can reach:
— medium amplitude TID: ~ 15 cm
— geomagnetic storm: ~ 65 cm

The positioning accuracy depends on:
ionospheric activity, baseline length, and baseline orientation.

Wautelet et al. (2010): A GPS/GNSS dense network used to monitor ionospheric positioning errors. Proc. AGU Fall Meeting 2010, Abs. #G23B-0818. 26
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Influence of baseline length

Computation of daily AD { mean (red dots) } for all AGN (Active Geodetic Network)
std. dev. (blue crosses) ] baselines
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&

STCE

Influence of baseline orientation

1. Remove the offset (intercept of « quiet » regression line, i.e. 8 mm)
2. GComputing of AD weighted by baseline length (AD,)
3. Compute daily mean and std. dev. of AD , for all baselines

Extreme

310/08 359/04 324/03

1807 1807

:> Allows identification of moving ionospheric disturbances

Sharpest TEC gradients observed for baselines oriented parallel to the disturbance propagation

Wautelet et al. (2010): A GPS/GNSS dense network used to monitor ionospheric positioning errors. Proc. AGU Fall Meeting 2010, Abs. #G23B-0818.
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. ran highlight propagation patterns of moving ionospheric structures like traveling ionospheric disturbances
'onospheric Activity
(TID's). Refer to the SoDIPE documentation to learmn more about the product.
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SoDIPE — Determination of the lonospheric Positioning Error

STCE

« Positioning error is “translated” onto a map where the colors (from green to red)
give the magnitude of the ionospheric error depending on the region
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» Positioning error is “translated” onto a map where the colors (from green to red)
give the magnitude of the ionospheric error depending on the region
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W W W - based service

Service
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Date/Time
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Data and
products
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This product provides quantitative information about loncspheric influence on GNSS relative positioning
techniques (like Real-Time Kinematic - RTK) in Belgium. The product is based on a colour scale: green (no
degradation), yellow (small degradations possible), orange (strong degradations), [fed) (severe
degradations). Refer to the SoDIPE documentation to learn more about the product.
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‘ Meteorological Summary and Outlook

RMI Institute

> lonosphere/space weather effects on GNSS signal propagation remain some of the
main error sources for several GNSS-based positioning techniques and applications

» Modern GNSS-based applications demand high accuracy and precision :
- simultaneous real-time observation of several ionospheric characteristics is essential

- operational monitoring of the background solar and geomagnetic activity also necessary
- use of advanced instrumentation is crucial

» GNSS service providers do understand the importance of ionosphere/space weather
impact on their service applications and are interested in operational ionosphere/space

monitoring services that can assist them in mitigating the impact BUT on certain conditions:

- reliability (accuracy, precision, punctuality, and availability)
- relevance (appropriate quantities/characteristics, not scientific information)

- flexibility (error bounds, alerts, communication media)
- confidentiality

Future work:

» Develop reliable (local) ionospheric forecast
» Develop empirical models to forecast the occurrence of ionospheric disturbances

which pose identified threats to GNSS-based positioning (TIDs, noise-like structures, ...)
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