
2025-36

Satellite Navigation Science and Technology for Africa

VALLADARES Cesar

23 March - 9 April, 2009

Institute for Scientific Research Boston College
St. Clement's Hall, 140 Commonwealth Avenue

CHESTNUT HILL MA 02467-3862, Massachusetts
U.S.A.

Sensing Space Weather with Distributed Observatories and the Human Network



Sensing Space Weather with 
Distributed Observatories and the 

Human Network

Cesar E. Valladares
Boston College

valladar@bc.edu

Trieste, April 06, 2009



Outline

• Space Weather Definition.

• The Distributed Observatory Concept.

• The LISN observatory. Description of 
instruments, TEC values, scintillations, ionograms 
obtained with VIPIR ionosonde, assimilation 
efforts and campaigns.

• The importance of the Human Network for the 
success of a distributed observatory.

• Concluding remarks.



The NSWP defines Space weather as “the conditions 
on the Sun and in the solar wind, magnetosphere, 
ionosphere and thermosphere that can influence the 
performance and reliability of space-borne and 
ground-based technological systems and can endanger 
human life or health.”

Space Weather Definition

Solar 
Magnetic 
Fields and 
Variability



Coronal Mass Ejections and their associated shock waves
are drivers of space weather as they can compress the 
magnetosphere and trigger geomagnetic storms. 

Physical Processes Associated with Space Weather

The effects are more pronounced where the Earth’s 
magnetic field is connected to the interstellar medium 
(e.g. polar regions).  The closed field lines of mid- and 
low-latitudes protect the ionospheres from many 
effects.



Coronal Mass Ejections



Solar Wind Pressure Changes



Reconnection Changes



The Bastille Day Storm, Electron Aurora



Ionospheric Effects of Geomagnetic Storms

Storm Enhanced densities (SED) 
entering the polar cap through the 
dayside convection [Foster et al. 2005].

Extreme gradients 
produced at mid 
latitudes and TEC 
gradients [Basu et 
al., 2005]

Correlation between 
interplanetary electric 
field and drifts 
measured at Jicamarca.



TEC variability during the Halloween Storm 
observed at  1810, 2005, 2200, and 0520 UT

1810 UT 2005 UT

SED

SED



Solar Energetic Particles, accelerated by coronal mass 
ejections or solar flares, are also an important driver of 
space weather as they can damage electronics onboard 
spacecraft through induced electric currents.

Physical Processes Associated with Space Weather



Other phenomena associated with space weather include: 
geomagnetic storms and substorms, energization of the 
Van Allen radiation belts, ionospheric disturbances and 
scintillation, aurora and geomagnetically induced 
currents at Earth's surface. 

Physical Processes Associated with Space Weather



Near Earth Space Weather Events



Influences from within
• The dense density near the F-region peak is 
supported against gravity by a horizontal magnetic 
field resulting in a “heavy fluid” on a “light fluid”.

• Radio waves passing through the irregularities 
diffract producing signal fading and strong scintillations 
even at L frequencies.

• Must know what is going on 
along the entire field line to 
understand all the physics.



Plasma Bubbles observations using different techniques

Satellite

TEC depletion and GPS scintillations

Coherent radar Airglow imager



Formation Mechanisms of Plasma Bubbles

Rayleigh-Taylor instability seeded by Gravity waves [Rottger, 
1973; Kelley et al., 1981; Singh et al., 1997].

Large Scale Wave Structure (LSWS): An altitude-modulated 
sporadic E (Es) layer produces an electric field that maps to 
the F region, raising the layer and helping trigger plasma 
bubbles [Tsunoda, 2005, 2006].

Wind-driven gradient drift instability [Kudeki et a l., 2007].  
This theory suggest the development of westward tilted wave-
fronts resulting in wave-vectors tilted 45º that become unstable 
by a large zonal wind.

Collisional Shear Instability: large scale waves (>100 km) are 
created by this instability that seed the bubbles [Hysell and 
Kudeki, 2004].
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Solar-cycle averaged monthly rates of equatorial plasma bubbles encounter 
by DMSP (8300 bubbles).  Longitudinal variability at 75º W due to radiation 
belt precipitation that can enhance ΣE and lower growth rate.

Burke et al., Annales Geophys, 2004



http://www.spaceweather.com/



From: "SpaceWeather.com" <swlist@spaceweather.com>Subject: Solar Minimum is a 
Big EventDate: Thu, 02 Apr 2009 15:49:00 -0600To: "SpaceWeather.com" 
<swlist@spaceweather.com>view sourceSpace Weather News for April 2, 2009
http://spaceweather.com

SPOTLESS SUNS: Yesterday, NASA announced that the sun has plunged into the 
deepest solar minimum in nearly a century. Sunspots have all but vanished and 
consequently the sun has become very quiet. In 2008, the sun had no spots 73% of the 
time, a 95-year low. In 2009, sunspots are even more scarce, with the "spotless rate" 
jumping to 87%. We are currently experiencing a stretch of 25 continuous days 
uninterrupted by sunspots--and there's no end in sight.

This is a big event, but it is not unprecedented. Similarly deep solar minima were 
common in the late-19th and early-20th centuries, and each time the sun recovered with a 
fairly robust solar maximum. That's probably what will happen in the present case, 
although no one can say for sure. This is the first deep solar minimum of the Space Age, 
and the first one we have been able to observe using modern technology. Is it like others 
of the past? Or does this solar minimum have its own unique characteristics that we will 
discover for the first time as the cycle unfolds? These questions are at the cutting edge of 
solar physics.

You can monitor the progress of solar minimum with a new "Spotless Days Counter" on 
spaceweather.com. Instead of counting sunspots, we're counting no sunspots. Daily 
updated totals tell you how many spotless days there have been in a row, in this year, and 
in the entire solar cycle. Visit http://spaceweather.comfor data.



Tropospheric Weather Displays



• The Distributed Observatory Concept.

Large number of coordinated ground-based arrays of small 
instruments whose individual field of view can be integrated 
to provide spatial coverage and resolution needed to 
address space physics processes and space weather effects.

• The LISN Observatory was designed to:

1. do continuous measurements of TEC and scintillations 
using GPS, and densities using VIPIR ionosondes.

2. Provide a nowcast of TEC, S4 index, and other derived 
parameters.

3. Equipped with assimilation tools to conduct research 
investigations of the low-latitude ionosphere.



The Low Latitude Ionospheric Sensor Network (LISN)

● Installed

● Planned

● No Internet

 90  80  70  60  50
-60

-50

-40

-30

-20

-10

  0

 10

 20

Geographic Longitude (West)

G
e

o
g

ra
p

h
ic

 L
a

tit
u

d
e Magnetic

Equator



40

30

20

10

0

11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12
Local Time

rx_bias =  41.0 near-REAL time JI-PARANA, Brazil          

T
E

C
(U

n
its

)

JI-P
A

R
A

N
A

, B
ra

zil          

2008/03/10 2008/03/11

50

40

30

20

10

0

11 12 13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12

rx_bias = -42.0 near-REAL time BOA VISTA, Brazil          

T
E

C
(U

n
its

)

B
O

A
 V

IS
T

A
, B

ra
zil          

40

30

20

10

0

13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Local Time

rx_bias =  41.0 near-REAL time JI-PARANA, Brazil          

T
E

C
(U

n
its

)

JI-P
A

R
A

N
A

, B
ra

zil          

2008/03/06 2008/03/07

50

40

30

20

10

0

13 14 15 16 17 18 19 20 21 22 23 24 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

rx_bias = -42.0 near-REAL time BOA VISTA, Brazil          

T
E

C
(U

n
its

)

B
O

A
 V

IS
T

A
, B

ra
zil          

TEC Values Observed near the Crest (BoaVista)
and Magnetic Equator (Ji-Parana)

Mar 10-11, 2008

Boa Vista

Mar 6-7, 2008

Boa Vista

Mar 10-11, 2008

Ji-Parana

Mar 6-7, 2008

Ji-Parana



TEC Values Observed along a Field Line
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S4 Scintillation Index observed in SA on March 08, 2008

New bubble formation seen at 60° W 



VIPIR Ionosonde, (Bullett, Livingston, and 
Grubb)

Jicamarca Field Site

Vertical Incidence Pulsed Ionospheric Radar (VIPIR)
Designed for extreme performance and flexibility
8 Receiving Antennas – dipoles (4 N/S and 4 E/W)
4 Transmitting Antenna towers (Log periodic)

Puerto Maldonado, Peru

El Leoncito, Argentina



High Resolution ionograms (6 Seconds) during the 
development of ESF near 8 pm LT on November 02

004326 UT 005426 UT 012832 UT



movie




Comparison of Ionosonde measurements and a numerical model

Zalezak et 
al.,  1982, 
theoretical 
simulation



http://jro.igp.gob.pe/lisn

DSL/Phone/
Satellite link

Ionosonde MeasurementsMagnetic Field

TEC/Scintillations
Firewall/Montecillo

High speed Line

LISNMGT/DELL Server

Web Displays Real-time,
Rinex Storage

LISN - Data Flow Diagram
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The goal is to determine the drivers of the low latitude 
ionosphere: meridional winds and vertical drifts, and help 
achieve a short-term forecastcapability.

Several assimilation, Inverse Modeling and tomography 
reconstruction (NeQuick) efforts underway



TEC wave Perturbations associated with TIDs

1 TEC unit fluctuations 
seen moving from 
Huancayo to Ancon 
(westward direction).

Huancayo

Ancon



ALTAIR Zonal Scan [Hysell et al., Annales Geophys. 2006]

Bottomside altitude modulation probably due to AGW.



Location of 3 GPS receivers near Huancayo
`
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TEC values measured at Huancayo using GPS satellites 07 and 27

TEC observed on 
July 2008 using GPS 
satellites 07 and 27.  
Small differences in 
time due to 
variability of the 
sub-ionospheric 
intersection points.

TEC perturbations 
associated with a 
TID with a ~40 min 
periods.



TIDs observed on July 20, 2008

Noise Level

TIDs



TIDs observed on 3 
days during 
campaign: July 21, 25 
and 30, 2008.



For geo-stationary spatial and time 
derivatives of the phases give phase 
interference pattern. GPS radio-
interferometry uses the spatial and 
temporal derivatives of TEC.

GPS Radio-interferometry

Radio interferometers are arrays 
of two or more ground receivers 
that use phase differences 
measured at various stations to 
determine TID velocity, 
propagation azimuth, amplitude, 
and period.

Afraimovich et al., 1998; 2000; 2003

It is assumed that the TEC perturbation 
follows the formula:
Φ(TEC) = δsin(Ωt – KxX – KyY + φ)
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Cross Correlation of TEC from stations Huancayo-
Chupaca (B-C) and Huancayo-Sicaya (B-A)
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dTEC perturbations observed in other stations on July 20, 2008



1st LISN Team Meeting – Jicamarca, Peru - August 2007
31 Participants – 7 countries from South America



LISN has motivated the following new projects:

• Argentina – Brunini – New methods for calculations of 
TEC.

• Peru – Veliz – Development of magnetometer prototype.

• Colombia – Villalobos – Space Physics School at the 
Universidad Nacional.

• Brazil – dePaula – Scintillation measurements using 
different sensors.  Maps of scintillation in SA.

Lesson Learned

• The successful operation of the LISN instruments depends 
upon local persons willing to provide proper logistic and 
maintenance support and initiating a scientific interest from 
Professors, investigators and students.



Conclusions

The most important issue for the success in building a 
distributed observatory is to initiate collaboration with local 
scientists working on Space Weather problems.  The science 
has to be strong enough to motivate researchers and students 
in local countries by providing science projects in space 
physics and creating programs for instrument development.

There are several outstanding question in space physics that 
the need of distributed observatories is of high priority. A 
distributed observatory in Africa will make it possible to 
address science questions regarding: the effect of E and Es 
layers on inhibiting ESF, the role of Gravity Waves on 
seeding plasma bubbles, or verify the role of alternative 
theories for ESF.  It will also provide clues to understand the 
causes of day-to-day variability of the low-latitude 
ionosphere in Africa.



GPS measures the Ionosphere and Plasmasphere up to 20,000 km 
Dual frequency Observations gives TEC





Some Impacts of Space Weather

During times of high solar activity, polar airline routes are often 
diverted to lower latitudes to prevent loss of radio communications 
and avoid human exposure in case of increased radiation from solar 
energetic particles.

Many elements of society have become dependent on global 
positioning, navigation, and timing systems.

Disturbed ionospheric conditions can severely impede radio 
communication signal propagation (e. g. scintillations)





Development of a prototype magnetometer

UCLA

LISN

LISN funded the design of a 
prototype magnetometer by 
Oscar Veliz.  Right Figure 
shows a comparison with 
UCLA magnetometer.

Characteristics of Jicamarca’s Triaxial 
ring core fluxgate magnetometer:
• High Sensitivity and field resolution (0.1nT)
• Long term mechanical and thermal stability
• Highly robust electronics and system 
reliability (multi-layer circuitry).
• Low power consumption
• Data readily available to Internet uploading 
(5 min cadence time).



Bernhardt, Quasi-analytical models for density 
bubbles and plasma clouds in the equatorial 
ionosphere, 2. JGR, 2007

Comparison of Ionosonde measurements and numerical model



Processing of GPS radio-interferometry dTEC
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