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Thank you to GNSS data providers and funding agencies

GNSS Data is provided by the following organizations:

UNAVCO, Scripps Orbit and Permanent Array Center, Institut Geographique National, France,
International GNSS Service, The Crustal Dynamics Data Information System (CDDIS), National
Geodetic Survey, Instituto Brasileiro de Geografia e Estatistica, RAMSAC CORS of Instituto
Geografico Nacional de la Republica Argentina, Arecibo Observatory, Low-Latitude Ionospheric
Sensor Network (LISN), Topcon Positioning Systems, Inc., Canadian High Arctic Ionospheric Network
(CHAIN), Centro di Ricerche Sismologiche, Systeme d'Observation du Niveau des Eaux Littorales
(SONEL), RENAG : REseau NAtional GPS permanent, GeoNet - the official source of geological
hazard information for New Zealand, GNSS Reference Networks, Finnish Meteorological Institute, and
SWEPOS - Sweden, Chinese Meridian Project, and International Meridian Circle Program (IMCP).
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Outline

1. Detecting TIDs

2. MSTIDs: Climatology, Trends, and GW Influences

3. lonospheric waves induced by Tonga volcanic eruption

4. Toward building a global picture of storm-time TIDs

5. New Applications: Using dTEC to detect Penetration Electric Field (PEF)

6. Summary
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TEC measurement

A-H equation is simplified for high frequency radio (f > f,,, f > v, w = 2nf > wp)

n=(1- pr/fZ)l/Z ~ 1 — pr/(ZfZ) — 1 — 40.3N/f2 refractive index

v, =w/k =c/n=c(1—-4030N/f*)"' = c(14+40.30N/f?)  [phasevelociy
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v, = 0w/0k = c/[0(nf)/0f] = c(1 +40.30N/f*)~" = c(1 —40.30N/f*) |eroup velogity

o = ds/vg, = 1/cf (14 40.30N/f2)ds = 7, + 40.30)(cf%)J Nds

delay time |,

Earth’s ionosphere o
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Detecting TIDs: mid- and high latitude structures

Savitzky-Golay low-pass filter to provide background TEC variations that will be de-trended: similar to
running averaging with sliding windows.

_ : aTEC = [dTEC| @reC intensity)
Pol . TE C — B ( I p_fl lte r) + dTE C aTEC - dTEC (std) {Gaussian Distribution)
olar region pTEC = aTEC/TEC (dTEC relative intensity)
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dTEC (TECu)

Detecting TIDs: Solar flare Impact
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Detecting TIDs: terrestrial weather (hurricane)

Hurricane Lorenzo
Category 4 at 00 UTC 2019-09-27

U-ﬁlSitE ncmt (-80.74E, 36.49N), PRN 9, SatTyp 1, WinL 121, PolyN 1 6.0
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Effects of 30- and 60- min detrending windows

A 30-minute running-average subtraction is a high-pass
filter, but it does not create a sharp cutoff at 30 minutes.

Period % Amplitude retained after

30-min detrending | 60-min detrending

15 100 100
30 100 100
For a centered moving average sin(nT/P)
45 59 121 of width T, the low-pass gain H;p = P
for a sinusoid of period P is n /
60 36 100
90 17 59
o = . After subtraction, the U sin(nT /P)
residual gain is e b nT/P
180 5 17
MIT A long window detrending can preserve the long-period of waves but could potentially be
HAYSTACK contaminated by large storm-time density gradients such as SED and EIA crests
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MIT GNSS TEC Processing System

GNSS sites on 09 Sep 2017
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MSTID: Climatology, Trends, and GW Influences 10

Global Map of Mesoscale Irregularities: Monthly Average Amplitudes: December
December 2023 @ SLTL 11:00:00
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Ionospheric Irregularities (2006-2024). Journal of Geophysical Research: Space Physics, 131(3). https://do1.org/10.1029/2025ja034951



Latitudinal variations of the daily intensity: Morning | American Longitudes 1

aTEC = |dTECI (dTEC intensity)
aTEC - dTEC (std) {Gaussian Distribution)
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MSTID propagation direction 12
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GNSS Observered and WACCM-X imulated MSTID Occurrence / Propagation Direction

GNSS Observation
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Clearly, GWs can explain generally

MSTID climatology at midlatitudes
(although not very well at night)
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Long-term trends in MSTIDs/GW:s
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MSTID drivers:

Meridional Winds Perkins Instability

v (North) £ {E)
y (North)
& E:I:
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x * x (East) Kil et al. (2021)

E in°I sin (6 —
= cosIsin (0 —a)sina = (6—a)
BH, (LYH  cos@

Es irregularity electric field
E-F layer coupling

Zhang et al. (2021)
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Global View: N-S Propagation
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Long-duration impact: Near Field 18
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Key facts that link these disturbances to Tonga eruption is the
slope (phase velocity) and arriving time
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HAYSTACK it takes ~34hr to propagate from Tonga through the antipode to back at 350 m/s
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Multi-day TID propagation over Continental US
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distance (km) from [-20.50N, -174.50E]
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i-scale TIDs
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3-D TID imaging ) )
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Toward building a global picture of storm-time TIDs )3

e ULt Stormtime injection of frictional heating and
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LSTID Global Propagation (March 17, 2015)
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Global propagation: May 10, 2024 Superstorm
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Transpolar TIDs: GWs driven by auroral heating?
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Transpolar TIDs: Polar cap patches? )/
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Storm-time MSTIDs at SED base
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How Stormtime Electric Fields Impact LSTIDs & MSTIDs
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New Applications: Using dTEC to detecting Penetration Electric Field (PEF)
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New Applications: Irregularity Intensity Oval at different UTs 3

|dTEC| annual average over 2018 Composed from two UTs
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Summary

m Detecting TEC fluctuations presents numerous opportunities to explore various scenarios of geospace
dynamics.

m TIDs are ubiquitous. Here we demonstrate that some of them have known sources and established
coupling processes. However, exploring new forms of excitation sources remain an intriguing subject.

m Future directions
& TIDs in 3D (GNSS tomography + ISRs + ionosondes)
+ to resolve vertical propagation
™ Data, data, data
» Improved GNSS coverage for appropriate resolution

+ Coincident ground-based and in situ neutral data from MLT to thermosphere
& Al/ML aided TID statistics

& New applications of GNSS TEC data

™ Physics-based simulations

+ Vertical dynamical coupling via GWs

» GW-TID physical connection via ion-neutral coupling is well established

» lonospheric dynamics induced TIDs, especially during storms
MIT
HAYSTACK + Polar TID/patches
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TIDs over Central US: when did the Tonga TID arrive?
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Storm dynamics induced instability
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