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1. Background and Motivation

2. Detection Algorithm

Equatorial Plasma Bubbles (EPBs) are density depletions in the F-region ionosphere (Woodman & La Hoz, 1976) starting as perturbations at ples.  SWAMMA 5 5ep 2023 (.00 to D444 U
the magnetic equator and expanding along magnetic flux tubes (Tsunoda, 1980) that are commonly attributed to the Rayleigh-Taylor (R-T) -~ 975 N[ S e o .
Instability (Tsunoda, 1985). As they grow in altitude and latitude, they may bifurcate into small-scale irregularities (e.g., Yokoyama et al., 2014), £ o - EPthiearcEzlls;_ltlrr;;tetd to i: 5 1',\" Latdurllesls the (IaV(I]Lu attovr\;lv ar(cj:l b?u dntcil]ary
causing disruptions to satellite navigation and communication (Aarons, 1982). Observationally, they have been detected up to ~45°N magnetic =0 ?neth?)(;nflrori :_Ill‘J aendr(;(lijgn '?2002%? bas:a?cvr\:ﬁ]r N a:‘r.ome+a70a°rztoe +35§
latitude (MLat) (e.g., Aa et al., 2018) and may be a source of mid and low latitude scintillation (Sousasantos et al., 2023). This underscores ML at (Eig 1 4 1b) and J ving | Y 390 J pd ‘” | ‘10
the importance of the continued study of this phenomenon from a space weather forecasting, agricultural, and military perspective. 70jgs 6075 ° .( 9 14 an ) and app ying 'arges (320s) ANt smat-stale (10s)
64(c) moving averages and subtracting them. Zero points (purple dots) are
R . gy . o
In this analysis, we discuss our EPB detection algorithm using 1 Hz in situ Swarm plasma density (N,) data and analyze the properties and LA paired atrountd m'r;:mg' I one (:(rtb.oth Tero Eomts ha\;e 2 4Od/cE)depLh, they
electron temperature (T,) of EPBs during solar maximum from January 2022 through December 2025. While many studies explore EPBs and :;2_ are set as trough edges (pink triangles show equatorward boundary).
their properties, the bubble temperature is underrepresented in literature due to the difficulty of measuring plasma temperature reliably. . .
Understanding the temperature and the occurrence of EPBs, particularly those extending into midlatitudes, allows the community to o0 435 305 15 o0 '15:N' 30°N 45°N 60°N To detrend N, we adapted a barrel roll method (Fig 1c), which was
- . = g . . Magnetic Latitude p’ )
corroborate model studies, find characteristics unique to EPBs, and eventually understand the life-cycle of EPBs. . Swarm A 25 Sep 2023 04:12 to 04:36 UT developed by Pradipta et al. (2015) and expanded by Wan et al. (2024).
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_ o (CO Large-Scale Trend Small-Scale Trend
3. Occurrence and Energetlcs "E 4l Buver &Bower /|  Apply five barrels with  Apply five barrels with increasing radii
—— Weighted Barrel /[ - e . . . .
_ 31 Dec S : decreasing radii (80s to 16s 8s to 40s) rolling bi-directionally ato
» From 01 January 2022 to 31 December 2025, Swarm C detected 29,434 EPIs between cqarm . Oljan2bze = 31bec 282> = 5] oling bi dgr . 5} v at N) (B an d gr 5 N F?/ 1d§)
+40° MLat from 18 to 11 Local Time (LT) 2> >0 /5 100 1820220 2 4 6 8 10 < Oling biFdirectionatly atop W, (Bupper) 2 Nkl (Biower) Ny (Fig 1d).

Ny : : . : : —  IIm s 0- | , | | (Fig 1d). - Create weighted barrel (WB)

* (Fig 4c) There is a quick decrease in prominence (LSDD maximum) before 22 LT, o les . Subtract N, from the large- 2 X By + Blower
possibly from the F-region density decay due to chemical recombination. E‘El'o — 4@ | | scale trendpto get the Large- WB = pp3

. S oL . = | * g | | |
As the F region become§ more depleted, recomblnatl.on slows as the rate is e s | E?SHC;:; Scale Density Difference + Byoper i Weighted more heavily
proportlone_zl to the d.enS|ty shown from 22 to _02 LT (Fig 4c). | £ 0.6 =~ (LSDD) and apply a 5s mean  because it emphasizes depletions

* (Fig 4d) A line was fit to the normalized prominence and depth (Fig 4b) for each LT. & 0.4 O filter (Fig1e) over increases.

« Before 22 LT, the comparatively large slopes (> 0.2) may result from the g - ~ 5 | . Look for peaks using Python's * Biower iS included because a sudden
relationship between the recombination in the background and in the bubble. £ . . find peaks with a minimum increase in density may result in
i . : . . 2 0.0 i gtz = (f) _ et . _
As the night progresses to 04 LT, the background N, reaches its diurnal minimum, Iy e ey my e S5t 0t0 055 Lo b5 5x103 cm3 prominence and artificial depletion in By,
and the bubble prominence decreases because the ambient plasma has depleted. "pE le6 Local Time Hour Normalized %depth (%norm) £ 1.0; 40 km width - Dividing the N_ by weighted barrel
« After 05 LT, the F-region starts to repopulate from renewed photoionization, s | T 9 =) . ' . 2. - -
thus a higher correlation between the background and bubble N, emerges. E3 2 037 ! 505 The peaks are Ec_|uator|al c\;\?gtss t;‘.e \4\]/ce|ghted R At
« About 4 of the EPI detections from Swarm contained reliable T, measurements = F = ! ! ' ' ! PIasrT\a rregularity (EPI) ( A - )
7 _ | e M 5| S 0o 5 o 40°S 20°S 0° 20°N 20°N candidates. « The WDR indicates the presence or
determined by removing flagged data, outliers, and 30s after each instrument sweep, @ 5 N t Magnetic Latitude absence of irregularities.
Wh'Ch caused a _art'f'?'al il | 51 %0.1 Teg  “os Figure 1: Swarm A N, detrending method
* (Fig 5a) A distinct increase in T, (05 - 06 LT) and decrease in T, (~ 08 LT) occurs as ¢ g °s o A 31 10l 2093 (1898 t0 18:43 UT Test EPI candidates to ensure most detections are not artificial or non-
the morning overshoot also observed in the background plasma (Oyama et al., 1996). £ P 0.0 — ALyt s I o
. . i ) i .. o g 182022 0 2 4 6 8 10 N 0.4 0.25 & uobpile Irregularities.
« (Fig 5b) The heating due to solar irradiance absorption starts earlier in solstice Local Time Hour s = = « The depth check (Fig 1e yellow box) removes small non-bubble
: e 24 @ 00 3
months likely due to the predawn effect (e.g., Oyama et al., 1996), where 100 200 0.6 0.7 0.8 3 5 0.2 o c irregularities using the LSDD maximum and percent depth (% geph)-
photoelectrons travel along field lines from the dark to sunlit hemisphere causing Counts Correlation Coefficient 5 S ~025% +  The nested bubble check (Fig 1e blue circle) removes small and
heating in dark hemisphere at earlier LTs. R | Figure 4: Swarm C EPI (@) %qeon VS LT, (b) Normalized B :'2156 = shallow irregularities inside larger ones.

* (Fig 5¢c — g) Heating starts earlier during solstice months but is quicker in equinox Prom vs Normalized %genn, (C) Prominence vs LT (d) 7 201 « The WDR check (Fig 1e purple diamond) removes artificial irregularities
months likely due to the predawn effect. slope and correlation between Prom, ., and %,,rm per LT. 5 created by detrending that often occur with a sudden increase in N,
>warm € Ol Jan 2022 = 31 Dec 2025 ocal Time Hour Correlation Coefficient  Swarm A, B, C Jan 2022 — Dec 2025 _Conjugate Hemisphere Sunlit  x10’ =05 « The frequency check (Fig 2) removes artificial irregularities due to

8@ 1&“6 20 MR gl 0 g [ 323 =S potentially problematic data by applying a sliding Fourier transform to

5 2 20°N s 30 & §2) 20s AN, and removing points with a maximum frequency over 0.2 Hz.
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E ' £ B2 S tme o o ! Figure 2: Fourier Transform applied to (a) GOLD Oxygen Emissions (b) 05 Oct 2024 22:03 — 22:26 UT
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i Ny P $ E3‘ J : J":ir If a detection meets all criteria, it is considered an equatorial plasma \\

E o L §2 Lia + Sep irregularity (EPI) as outlined in the flowchart below. EPI and candidate ) I =

2 500 s, % * 0 .:‘.“:* -8 Median T & STD information on the width, prominence, magnetic and geographic E =s—
3 oY oo Ea p‘ o= 050 075 1.00 coordinates, %qenn, VWWDR, and bubble center T, and edge T, are some of @ _—

— - ¢ 3 4 5 6 7 8 9 3 4 5 6 7 8 9 - 4 . S =
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Local Time Hour Percent Depth [%] Local Time Hour = P . 2000 suspicious detections including depletions found > +25° MLat with no low o >
Pre-Midnight ( 18 — 00 LT) Post-Midnight ( 00 — 05 LT) < | w ] e _ o s ____,-——/
40°N - - {0 5> iy *4 ) latitude counterparts. For the statistical analysis, EPIs between +40° MLat —==_"
) 3 FH +AH g 2] +"+ "}'\‘*: s 0 % were selected to ensure sufficient data points entering the analysis. EPIs at \'ii'.;____‘j;>
S 20°N+ I 5 1y o | 20005 higher MLats need to be examined carefully on a case-by-case basis. /”
o I o 3 A . — L 1 .
d o | | = 34567 89 o Detrend Density 25°W 15°\_N 5°.W 0° 0.0 0.5 1.0 1.5
'5 0 [ o Local Time Hour SiEDEich —» with Rolllng Barrel Geographic Longitude Density [cm~3] le6
c I . Ei Algorith warm
g 20°s- e Figure 5: Swarm A, B, and C (a) EPI T, by LT and MLat. (b) T, when e T B e el
5 conjugate hemisphere is sunlit and detection is dark. (c) — (f) Median T, per Subtract Density c . 100 200 300 ____ \Wide Upper Barrel
40°s L | | | ] | | | | | 6 LT minutes with linear fits (pink) (g) Slopes of the fits in (c) — (f) by LT. from Large-Scale |€— *(reate =1 te) O1'135.6 nm Brightness (R) o Confirmed EPI
—400 —200 0 200 —400 -200 O 200 400 600 Trend (LSDD) ( Create ) ( Create ) Barrel EPI Width
Bubble Center T, - Avg Edge T, [K] Bubble Center T, - Avg Edge T [K] . (Flg 68) Sharp increase in bubble center Te — average edge Te + Large-Scale Trend Small-Scale Trend +
- . e - . i i » i i Divide Density by Fi 3: Swarm EPI detection paired with
Figure 6: Swarm C EPI (a) LT distribution, (b) AT, versus LT with edge T, (AT,) at ~ 05 LT with a maximum ~ 06 LT. Filter LSDD with . ahted Barrel JeRlis Hont e
difference divided by two as error bars, (c) AT, vS. %gepn, (d) slope between * Also observed by Oyama et al., (1988), who noted that it is likely 5;\2?:9'29 W'de Upper Barr] [Na”gg\:rﬁf perj [Na”g:;rtcl)wer)l We'g(vt,eDRE);arre GOLD Oxygen Emissions
AT, and %geptn VS LT, (e) — (f) AT, by MLat a result of photoelectron heating. + | «5barrelradii | | «5barrelradii | | -5barrelradii Fig 3 sh le of GOLD
. _ _ _ _ . (Ei : | +80st0 16 | «8sto 40 | +8st0 40 Ig 3 shows an example o oxygen
- During bubble formation, main heating and cooling processes at Swarm (Fig 6¢ and 6d) AT, is more strongly related to %geps, for Detect Candidates \__AE)S;)XOe gesﬂsrc_y , \hAsboci/e density | \:_Bselgw density | ergrg\issions on 05 October 2024 at 21 gg UT.
altitudes include (Huba et al., 2009). dawn and MOTINENSE. . . usfi,n?j Pythﬁnls e — - Swarm B passed the same longitude from 22:03
. Adiabatic cooling from flux tube expansion (Fig 6e, 6f blue “AC”). ° As the ionosphere begins to repopulate, the total incoming solar n —Ipea 5 | (02296 UT. The detect qorithm. detected
- - : . : e S photon energy has slow variation as solar zenith angle changes ’(Test Ca”d'dateS)‘ O 22 - | NS detection aigorithm, detecte
- Adiabatic heating from super fountain effect (Fig 6e, 6f pink "AH"). rgy | ’ 10 EPIs that match the GOLD observations. All
- Frictional heating from ion-electron collisions (Fig 6e, 6f pink “FH”). SO the heating per electron decreases as N, increases. v EPI detections appear to be from the same
[Conﬁrm b“bb'e) bubble, which is why it is important to
= . | . ’
4. Conclusions and Future Work , .F;;;E?SSZE?;US : differentiate that these are bubble irregularities
 This study provides new insights into the physical and energetic processes associated with bubble dynamics. Our findings map | detections (EPIs) and not individual bubbles (EPBs).
the nocturnal evolution of EPIs, shedding light on the complex, lesser-studied relationship between bubble density depletion and
electron temperature variations.
 We developed a robust EPB detection algorithm. 5. References and ACkHOWIngements
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