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« Radio occultations (RO) are widely used for remote sensing tropospheric
parameters and to provide ionospheric electron density profiles for
terrestrial and space weather forecasts.

« Radio occultations have also been used to investigate the morphology of
lonospheric irregularities that cause radio wave scintillation.

« Space based monitoring of ionospheric irregularities is advantageous
because it can be performed continuously and globally, including over
ocean regions not easily monitored with ground based instruments.

« The COSMIC-2 satellites (6 in low inclination orbit) have the TGRS sensor

for this purpose, which measures high-rate amplitude and phase
fluctuations of the GPS and GLONASS L1 and L2 signals.
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* Unlike RO retrievals of slant TEC which are dominated by the contribution from
close to the tangent point (TP), scintillation can be generated by irregularities
located anywhere along the propagation path.

* The propagation path of an occultation through the ionosphere can be very long
(thousands of km). Quantitative use of data requires geolocation: determination of
the location & spatial extent of the irregularities from the scintillations they produce.

* Under the COSMIC-2 Cal/Val program, we developed the TGRS Geolocation
Product to geolocate irregularities that produce scintillation of GPS and GLONASS
signals. A Bubble Map Product depicts bubble boundaries and a Limb to Disk
Product estimates scintillation strength along vertical propagation paths.
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Bubble Geolocation via Back-Propagation

We geolocate the irregularities via back-propagation in the time domain, with Fresnel
frequency as the independent variable to be measured. We use the Rino scintillation

model (1979), generalized to the RO geometry, to relate Fresnel frequency to Fresnel
scale, and then to distance along the ray-path to the irregularity region.

U@)=F"' {exp[—%i(2ﬂ' f/ fF)2] FUpO](f )} 2. Geometric model provides Fresnel frequency vs distance.
Intersection with measurement gives distance to irregularities.

1. Back-propagate complex signal in 10-sec segments Sample: 10, lat: 6,228, lon: 163.861, alt: 314.3
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* Scan velocity is proportional to distance (d;) from the irregularities causing the scintillation
Vs (ds) _ VLEO + (ds /d) |:VGPS ) VLE0:|

d

Tangent

point

* For anisotropic field-aligned irregularities we must use an effective scan velocity, V4

CVE_BV V. +AV2 " V,,, V,, are components of
N . el — SX sx° sy sy SX» Ysy
Effective scan velocity: V., (d,) { C_ B4 } V. in plane L to ray-path
* Fresnel frequency: fF(ds)zVeﬁ,/pF(ds)

Once f,(d,) has been measured,
this purely geometric model can

d—d.)d
dp d :w be inverted to find d.

* Fresnel scale: Pr=ql7 y
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Multiple Bubble Detections with Confirmation from GOLD
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» Asingle occultation can produce many GEOs.

» TGRS does not detect all bubbles, however,
only those intersected by the RO ray-paths at
F-region altitudes, and those for which RO S4
triggers download of high-rate data.
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GOLD FUV Imager

e GOLD is a NASA-sponsored scanning far ultraviolet (FUV) instrument hosted on a
geosynchronous communications satellite in the S. America/Atlantic sector

* On the nightside, GOLD provides images of the O+ 135.6 nm recombination emission
(proportional to the square of electron density) at a 15-minute cadence

* Depletions (dark regions) in the 135.6 nm images indicate the presence of equatorial
plasma bubbles (EPBs) that often contain irregularities that produce scintillation

* The Cal/Val team employs a 2-step process to obtain EPB information from GOLD

* UCAR developed an automated algorithm to extract bubble location/width from
the GOLD FUV images (estimated accuracy: ~1° geomagnetic longitude)

* An intensive manual review of the images & algorithm results is employed to
finalize a list of bubbles in which the team has confidence

> @ s¢

Example: Day 070 of 2020

UCAR colorized GOLD - g
image: EPBs identified by .}
automated algorithm .5
shown as white circles

Grayscale versions of the
imagery usually provide
1 better contrast for
identifying depletions.
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Validation Using GOLD UV Images

1. An automated algorithm from UCAR was used to detect bubbles in GOLD UV
images and measure their zonal width.

2. These bubbles were verified via manual inspection. The uncertainties in GOLD
bubble location and width were about 0.7° and 1.1°, respectively.

3. TGRS geolocation error was computed as the zonal distance from the GEO to
the nearest manually verified GOLD bubble.

Error Statistics
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Validation of 1107 TGRS geolocations using GOLD UV images show that
90% are located within 1° longitude from a GOLD bubble. ?
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Validation Using Ground-based VHF Scintillation

Kwajalein GEO-Validation for Day 2020/252 Hour 11:52

1.0

@ Geolocation Time

Time Series

0.8
|

S-4 Index

S

0.0

UT (hours)

1.0

| ®

Spatial Mappiné

[}
}
: Kwaj Longitude
[}

0.8

0.6

) corresponding to thé :
N time of the TGRS ! T T
@3 GEO : = GO
| Longitude
. W ' E

155 160 165 170 175 180

Apex Longitude (deg)

A time-series of S4 from a geostationary
satellite link can be used to generate a 1D
scintillation structure map in magnetic longitude
and subsequently compared with TGRS
geolocations:

1.

The validation data is a time series of S4
data for one night from a single site location
defined by the apex longitude of the
ionospheric pierce point of the VHF link.

When a geolocation event between 19-24
LT occurs within 5° apex longitude of the
site, map the data from time to space by
multiplying by average zonal drift & time
difference relative to the geolocation time.

54(x;) = 54(ti)x(tgeo — t;)vq

The geolocation error, or miss distance, is
defined as the difference between the GEO
longitude and the nearest S4 structure above
the S4 threshold (0.2)

10
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Validation Using Ground-based VHF Scintillation
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A validation of more than 3000 TGRS geolocations from five independent

measurement sites produced rms errors of less than 1° in longitude (~100 km);

at each site.
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Global Scintillation Monitoring

« We have
developed a TGRS
Bubble Map Product
to visualize the global
distribution of plasma
bubbles.

« A separate Limb-to-Disk
Product extracts
quantitative estimates of
CkL from the RO $4,
and then predicts S4 at

other frequencies (UHF).

« This RO data is being
merged with ground-
based scintillation
(SCINDA) to provide
next-generation
scintillation
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Bubble Persistence and Propagation

« TGRS detects only bubbles intersected by the RO ray-paths at F-region
altitudes, and those for which RO S4 triggers download of high-rate data.

« Once detected, we know that bubbles can still be present (typically for a few
hours) even if they are not sampled again by new occultations.

« To improve product “coverage” we allow
detected bubbles to persist for a specified RISA Drift Velocity Model for Solar Maximum
time (e.g. 60/90/120 min) ——— ——

30

28

* Old bubbles are propagated to the current
time using a climatological model of zonal
irregularity drift

24 26
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22

« A statistical analysis revealed that
persistence is largely unnecessary for et
prompt data (implying that TGRS detects ¢ @ « @ w2 0 w 20 20 20 3 w20
most bubbles repeatedly), but it's effective Seeane et e
at mitigating coverage loss due to data A ‘ E—
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TGRS High-Rate Data Latency

« As expected, data latency has a significant impact on TGRS product coverage

« We simulated TGRS data latency as the difference between file completion time
provided by UCAR and the central time of the data within each scnPhs file.

« Histograms and cumulative distribution functions for the GPS data (left), and
GLONASS data (right) are shown below.
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TGRS Bubble Map 2022 Day 058, 22:00 UT
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TGRS Bubble Map 2022 Day 058, 22:30 UT Ocecultations: 3, GEOs: 34
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TGRS Bubble Map 2022 Day 058, 23:30 UT Ocecultations: 14, GEOs: 109
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TGRS Bubble Map 2022 Day 058, 23:45 UT Ocecultations: 13, GEOs: 96
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» The cumulative distribution function below provides a summary of the coverage
performance for different values of latency and persistence

» On average, 80% bubble coverage (relative to GOLD) is obtained 90% of the time
with prompt data, but only 50% of the time with latent data.

; ngble QOveraqe CDFI(60-mi[n Delayed Start) :
« The large separation between | o LE it (|
: "= =g0atent -7 f /
the prompt (solid) and latent = Zt2oisen
(dashed) curves demonstrates

the performance gap caused
by data latency
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* The lesser separation within
each group of curves depicts
differences due to persistence;
for latent data the advantage
of using at least 90 min o2
persistence is clear oil
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Real-Time Processing Schedule

Cron (minutes past the hour): 10, 25, 40, 55

Fetch scnPhs files that have
Fetch from UCAR changed since previous fetch,
purge files older than 3 hours

Cron (minutes past the hour): 0, 15, 30, 45

Process GEOs for all
TGRS Geolocation occultations with data

less than 3 hours old

Valid Time

Ingest all GEOs within 90

Bubble Map min of the Valid Time
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Real-Time Output — 28 July, 2022

GRS Bubble Map 2022 Day 209, 00:00 UT Occultations: 6, GEOs: 28

90 Minute Persistence

Bubbles colored by RO S4 28
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Real-Time SCINDA Product
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On the Tangent Point Assumption
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« Studies in the literature often assume irregularities are located near the tangent point.
While this is generally not true, for climatological studies the errors may average out.

« On average, RO scintillation is most often due to bubbles near the tangent point, but the
spread of the distribution is significant. A bubble causing RO scintillation for COSMIC-2

can reside up to 15° distant from (and up to 200 km above) the tangent point. "



R  Apex Altitude of Geolocations vs Longitude
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Days 228-335 of 2020
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Geolocation apex altitudes show 4-cycle pattern of irregularity occurrence. Bubbles rise
highest over the South Atlantic magnetic anomaly, least high over the Asia sector.

A similar study that assumed irregularities were located at the tangent point (TP) would
be biased low, because the actual penetration altitude is always higher than TP altitude.
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* Under the COSMIC-2 Calibration/Validation program, we developed a TGRS
Geolocation Product to identify the location of irregularities that produce scintillation
along COSMIC-2 ray paths to GPS and GLONASS satellites.

* Not all bubbles are detected by TGRS: only those intersected by the RO ray-paths at
F-region altitudes, and those for which RO S4 triggers download of high-rate data.

« Validation of > 1100 TGRS geolocations using GOLD UV images show that 90% are
located within 1° longitude of a GOLD bubble. The uncertainties in GOLD bubble
location and width are 0.7° and 1.1°, respectively.

» The wide context from GOLD sees more bubbles within the instrument’s footprint (South
America/Atlantic sector only), but TGRS is able to detect some bubbles that GOLD
cannot see. TGRS provides the locations of bubbles globally.

« The Bubble Map Product demarcates bubble boundaries, while a separate Limb-to-Disk
algorithm provides quantitative scintillation strength along typical ground user geometry
(vertical propagation).

« We simulated latency to establish coverage/refresh of the Bubble Map Product when
operating in real-time conditions. On average, 80% bubble coverage (relative to GOLD)
is obtained 90% of the time with prompt data, but only 50% of the time with latent data.
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