Recent progress in characterizing multiscale
lonospheric phenomena with GNSS and
applications:

Solar Flare over-ionization & Medium Scale
Travelling lonospheric Disturbances

SGI meeting, TU Berlin, Germany
07-08July 2015

M. Hernandez-Pajares[1], E. Monte-Moreno[1], A. Garcia-Rigo [1], H. Yang
[1], P. Wielgosz [2], T. Hadasz [3], R. Orus-Pérez[4], R. Prieto-Cerdeira[4],
Y. Beniguel[5], T. Singh[6]

[1] UPC-1onSAT/TALP Res. groups, Barcelona, Spain,

[2] UWM, Olzstyn, Poland, [3] WUELS, Wroclaw, Poland, [4] ESA-ESTEC,
Noordijk, The Netherlands, [5] IEEA, Paris, France, [6] Indian Institute

of Technology (BHU) ,Varanasi, India.

@ [contact e-mail: manuel@ma4.upc.edu]



mailto:manuel@ma4.upc.edu

Outline

1. lonospheric electron content and GNSS

2. Characterizing some of the underlying phenomenae:
realistic assumptions on spatial distribution

3. Example 1: Solar Flare overionization
4. Example 2: Medium Scale Travelling lonospheric
Disturbances

5. Conclusions

&



1) lonospheric electron
content and GNSS




lonospheric Electron Content‘; GNSS

 GNSS iono delay is prop. to Slant Total Electron Content
(STEC) & inversely proportional to squared frequency.

« Dual-freq users can cancel out 99.9% of iono delay.

« Dual-freq permanent GNSS nets.. VTEC & Ne for improving
single and multi-frequency GNSS precise navigation, Space
Weather monitoring, Seismic-related signatures...



lonospheric variability at large horizontal
and vertical scales
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lonospheric variability

STEC [10 TECU] vs. dSTEC/dt [meters/min in L1]

Scintillation

Observed ambiguous STEC for PRNO1 (UPC, Barcelona, Spain)
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3) Characterizing some of
the underlying phenomenae
by realistic assumptions on

spatial distribution




3a) Solar Flares




Global and sudden STEC increase in the day
hemisphere due to Solar X-flares
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Recent example: M-class Solar Flare during day
072, 2015 (preceeding St. Patrick’s geom. storm)

MONITORZ: RT UPC-lonSAT Solar Flare monitoring system
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Overionization
model: First
principles, GPS...
and GSFLAI
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Delta VTEC / Deltat / TECU /s

Delta VTEC / Deltat / TECU /s

GSFLAI Is a good proxy of direct EUV rate
meas., also for M- and C-class Solar Flares
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X Class (Slope=0.165, Intercept=0.0046)

The GSFLAI, a proxy of EUV flux
rate for X, M & C-class S. Flares

- GSFLAI (point with fastest increase per flare, if
above the GNSS measurement error) vs. EUV flux
rate data (from SOHO-SEM in 26-34 nm range).
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e hehalasedae =1 - From top to bottom: X, M and C class Solar
: o -M-Class ... Flares meeting the criteria since 2001 until 2014.
Poml  ERME. - Regression lines, with slopes 0.165, 0.157 and
. A A 0.159 for X, M & C-class => high consistency of
s the simple physical model & technique.
I i Singh et al. (2015), Estimation of Solar EUV ux rate
: = C-class during Strong, Mid and Weak Solar flares using GPS
5 oot satellite data, in submission to JGR-Space Physics.
o s o o om om o Flares Slope Intercept  |Corr. Factor
Class Number Allr Peakf? ] All Peaks AH( Peak?'
X 60 0.184 0.165 P.0022 0.0046 0.84 0.94 [
M 320 0.121 0.157 P.0012 0.0012 0.64 0.70 |
C 300 0.111 0.159 P.0008 0.0003 0.4 0.04 |
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The Solar Flare location distance to the disc
center (proximity to limb) matters....

300

3.5 T T T GSFLAI/ TECUI(15s) - s ' ' Direct comparisl,on -
s . & & o "
+ GSFLAlintegrated @ 155/ TECU/154 o Applying to GOES int the SF-to-Earth oblig. factor
3 SEM EUV flux rate at [21,34] nm (rescaled unitg) - & ;( 250
i n
2.5 E
i S 200
2 et E\
o i S *
3 3 150
£
(]
@
L |
5 100 3 -
@
[0}
w
T i
@ 23 ” * %
-1 . i 0 0.05 0.1 0.15 0.2 0.25
39600 39800 40000 40200 40400 40600 GSFLAI/ TECU/s
GPS Time / seconds (301, 2003)
0.35 T
GSFLAI/ TECU/(155)  +
03 * GSFLAI integrated @ 15s / TECU/15s < . . . .
? SEM- E!IV flux rate at [21,34] nm (rescaled units) ----#---- After applyl ng a Sl m ple extl nCtlon IaW
i+ i

0.25

from Solar disc distance, a
relationship of GSFLAI with GOES
X-ray based classification is
disclosed, making feasible its usage
as geophysical index (a potential
proxy of GOES classification...).

0.2

0.15

0.1

0.05 s

-0.05

-0.1

-0.15 - —
70500 71000 71500 72000 72500 73000

GPS Time / seconds (308, 2003)

14




Recent findings on Solar Flares by analyzing
GSFLAI time series since 2001

- The solar flare time series have extreme properties regarding amplitude
and time correlation.

- The fractional Brownian model proposed in

Monte E., Hernandez-Pajares, M. (2014). Occurrence of solar flares viewed with GPS:
Statistics and fractal nature, Journal of Geophysical Research: Space Physics, 119,
11, 9216-9227.

accounts for the probability of the observed extremely high values of the
time series, and also with the fact that the flares appear in bursts.

- Another practical consequence is that the statistical characterization done
In this paper allows for the estimation of the probability of a given GNSS
solar flare indicator value and also the length of a given burst of flares.

- The probability of observing a GNSS solar flare indicator threshold value 2
times greater than the maximum observed one in last solar cycle (Solar

flare preceeding the Halloween geomagnetic storm), is once every 44 year%
approximately. Fa

&




3b) Medium Scale Travelling
lonospheric Disturbances




Detrended VTEC / TECU

MSTIDsS

Medium Scale Travelling lonospheric Disturbances (MSTIDSs)
are ionospheric signatures of waves with some potential
origins (Solar Terminator, Weather activity, Perkins inst.).

Up to few TECUs of amplitude (1 TECU ~ 0.16 m L1).

MSTIDs propagate equatorward in daytime (autumn & winter)
and westward in night-time (spring & summer).

Typical periods: 500-2000 sec, velocities: 50-400 m/s.
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GNSS ionospheric interferometry scenario
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Rationale of recent MSTID research

Lack of dense Local GNSS

Networks

Hernandez-Pajares et al. (2015) in

—

prep. for GRL
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Ambiguity Resolution in
GNSS Ionospheric
Interferometry (ARGII)

MSTID  vel. est.,
natural extension to
dense networks with
diameters >Aystip/2
~50km (comput.
burden affordable).

Ionospheric Doppler
MSTID (IDEM)

MSTID vel. est.,

very simple,
no distance limitation,
no large network

required (either any
receiver can be used
for MSTID velocity
monitoring elsewhere)

Direct GNSS
Ionospheric Interfe-
rometry (dGII)

MSTID vel. no
needed, smooth,
potentially applicable
to scales of ~100 km
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Example: Implementation of dGl|
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STEC/ m_LI

Example: STEC from LI calibrated with UPC GIM

Day 001 of year 2011, satellite 15

STEC_ﬂI-GIM-alignedtuqrg] /'m_LI for Ref. Rec. [pé94]
STEC _LI-GIM-aligned[uqrg]/ m_LI for User Rec. [p532]
' STEC _GIM[uqrg] / m_LI for Ref. Rec. [p294]
sé; STEC _GIM[uqrg] / m_LI for User Rec. [p532]
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24

Consistent with measured (and
expected, Hernandez-Pajares

_~ et al. 2012) equatorward winter

day-time (LT 10.5 to 15.5h)
MSTID propagation
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Example: dVTEC/dt directly observed @ 60 sec

dVTEC/dt [from_LI-uqrg] / TECU/s
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Example: Significant and dominant MSTID time
i delay from cross-correlation

wSatellite 15, detrending interval = 60 sec, corr_min = 0.9, slid.window = 600s, amp > 0.25 max.a
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_Ll-uqrg] /f TECU/s

dVVTEC/dt [from

Example: dVTEC/dt obs, applying predominant
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STEC (from LI calibrated with GIM) after applying
pred. MSTID time delay with consistent mapping

Satellite 15, detrending interval = 60 sec
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MSTID peaks:
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Extensive dGll application (range
domain). winter day (353, 2014 @ Poland)
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Map of dGll analyzed receivers in RTKfinal-SW-large (left), RTKfinal-NE-large
(central) and BERNESE-final (right) networks, and corresponding performance of

dGll for different baselines, vs. no applying it with eastern reference sites koni,
krol and sokl, respectively (right column, Poland, summer day of 168, 2013).




Positioning —ambiguity and coordinate domain
60-80 km baselines, summer day (168/2013)
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Improvement in the troposphere modeling

Original RINEX files:
smaller AR%, ZTD estimates close to EPN final solution

Reduced/modified RINEX files with MSTID dGIl models:
small differences in WL and NL AR%, improvement in QIF AR% up to 14%
different ZTD estimates than using CODE iono model (but equal formal errors)

Strateqy: STARZ4h_modRNX @DoY16812013 (summer) 20Eraluegv: STAR24h_modRNX @DoY35312013 {winter)

1224

Y NarrowLane @DoV168/2013 [summen) 1N arrowLane @DoV3632013 (winter)
9454 a5

as|
a0j

-1009

60|

2

50!

Strategy: STAR24h_modRNX @DoY168i2013 (summer) GBtrategy: STAR24h_modRNX @DoY35312013 {winter)

7' auasi fonFree @OoY16EIZ013 (summen) @uasi fonFree @DOYIB3Z0T3 (winter)
16 1 16

12 1 12

lE 784 J
65 877 E 66§ 663 11
519 5% 519

T ]
34 124
] o

B Org.RNX+CodelON

Bl Red.RNX+CodelON B Mod.RNX(Truth.STEC)
[ Red.RNX(noSTEC)

B Mod.RNX(Sim.STEC) [ Mod.RNX(Prop.STEC)




Conclusions

» Recent findings on the study of Solar
Flares and MSTIDs with GNSS have been
summarized as far as its applications

 GNSS proves again its versatility and
power In order to become not only an
extremely sensitive and accurate global
lonospheric sounder but a calibrated solar
observational instrument as well.

Thank you
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