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Abstract The first cut-off frequency of the Earth-ionosphere waveguide can be used to infer the
effective reflection height of the lower ionospheric D region, but existing satellite-based extraction
methods lack systematic evaluation in identification criteria and statistical strategies. Based on

nighttime VLF electric field power spectrum data from the DEMETER satellite (2006-2009), this
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study defines nineteen 5°x5° grids within 60°N-60°S over three representative oceanic regions
(western Pacific 120°E-125°E, Atlantic 25°W-30°W, and central Pacific 175°W-180°W), and
systematically compares the Toledo local minimum method and the V-shape criterion, two
statistical orders (detect-then-average, Det-Avg; average-then-detect, Avg-Det), and a consecutive-
point merging strategy. Comparative analysis based on 1,900 manually verified samples shows that
the V-shape criterion, which requires the power recovery on both sides of the local minimum (Hief:
and Hrignt > 0.15), significantly improves precision to 71.99% (F1 score: 0.762) while maintaining
a high recall rate of 81.04%, effectively suppressing false detections caused by noise and weak
local minima. The Toledo method, despite achieving comparable recall, yields an overall precision
of only 31.48%, making it prone to spurious detections under complex spectral backgrounds.
Regarding statistical ordering, the Avg-Det method fails completely in multiple low-latitude and
highly variable regions, where transient disturbances prevent a stable V-shaped minimum from
surviving spectral averaging; even in detectable regions, cut-off frequencies are systematically
underestimated. The Det-Avg strategy preserves the natural variability of cut-off frequency and
yields statistically clearer estimates. The consecutive-point merging strategy produces modest
differences in mean cut-off frequency (0.7-19.3 Hz), with its primary role being the reduction of
sample correlation introduced by continuous along-track satellite sampling. These results
demonstrate that the V-shape criterion combined with the Det-Avg Merge strategy ensures physical
reliability and detection completeness while effectively addressing spatiotemporal sample
correlation. This method combination is better suited for climatological studies of VLF cut-off
frequency and D-region reflection height, providing reliable observational constraints for
understanding the spatial structure, seasonal variations, and physical control mechanisms of the
lower ionospheric D region.
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Fig. 1 Global distribution of study regions and experimental grids, with the background showing 2019
lightning climatology, purple boxes indicating the nineteen 5°x5° statistical grids, and the dark red
contour representing the 26000 nT isoline from the IGRF-13 model delineating the South Atlantic
Anomaly (SAA).
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Fig. 2 Comparison of cut-off frequency identification between the Toledo local minimum method
(Panel A) and the V-shape criterion method (Panel B).
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Table 1. Performance comparison of the Toledo local minimum method and the V-shape criterion

for automatic identification of cutoff frequency fi.
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Fig. 3 Examples of cut-off frequency identification by the Toledo and V-shape methods for four
representative VLF spectral types: (a) typical V-shape; (b) weak local minimum; (c) multiple local

minima; (d) non-standard V-shape with a prominent minimum.
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FANAEZ P31 R AR R VO 4 CAgS B EARR il . 752898 )2, Avg-Det $2HK
e “FIEL RS E” , TAE “ BRI EAE) fL RS g E, BRI
& X5 Det-Avg FEARZEA .

3% 2 Det-Avg No Merges Det-Avg Merge 5 Avg-Det #1511 RER BOBILE SR £l THEERIEL

Table 2. Comparison of cutoff frequency fi estimates among three statistical strategies: Det-Avg

No Merge, Det-Avg Merge, and Avg-Det.

Det-Avg

Det-Avg No Det-Avg No Det-Av Det-Av
{ g g g Avg-Det f;  Merge Ji Det-

X 35 5553 Merge 1 24{H h{lgr\ge fibr  Merge f1 13 l\{le;r\ge 1 b5 i (H2) Avg No Merge
(Hz) 172 (Hz) {H (Hz) 122 (Hz) 24 (H2)

46N 1620.6 120.5 1630.2 115.9 NaN 9.6

Hi-N 1601.8 129.7 1602.5 117.3 1543 0.7

T ﬂ—;&é%“-N 1647.7 145.2 1643.3 137.4 NaN -4.4

TRIE 1643.1 146.1 1648.5 141.1 NaN 5.4

fk4i-S 1606.9 130.1 1612.8 128.1 1543 5.8

Hh4f-S 1598.9 128.2 1604 119.2 1582 5.1

th4-N 1643.8 126 1655.3 119.5 1660.2 11.5

ik4h-N 1697.6 134.7 1706.7 122.1 1718.8 9.1

KPEF: IRIE 1710.3 137.2 1720.8 123.6 1738.3 10.5

fR&h-S 1638.4 116.1 1645.7 104.6 1640.6 7.3

HH4i-S 1635.5 133.1 1640 123.1 1621.1 4.5

= 4h-S 1658.3 147 1667 141.6 NaN 8.6

E4E-N 1616.7 137.1 1630.4 1325 NaN 13.7

UK HE-N 1614.2 132.6 1616.5 128 1601.6 2.3

fiR46-N 1643.7 139.2 1649.5 128.7 1621.1 5.8
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IRIE 1679.2 151.5 1689.5 139.4 1660.2
fR&6-S 1633 138.8 1644.7 132.9 1621.1
HH4i-S 1600.1 125.3 1611.8 124.4 NaN
H4i-S 1727.6 165.9 1746.9 153.5 NaN

10.4
11.8
11.7
19.3

R 2N AR T 19 MRRIEL FEWA i =Fh ST E R BE A5 B RS A THEE R . IR
IEAZALTHE KA, Det-Avg Merge Slg 752 1) £i351F % 5 T Det-Avg NoMerge i, %
{2924 0.7-19.3 Hz, R G IR BI5GB . SRT, FE P8 PR LR
Jb2E3kA%H, Det-Avg Merge S2ifij b Det-Avg No Merge X2 4.4 Hz, i B4 3-8 R0
BA XA, HAEAE AT A DX i da s S THE o IX— & R ) 22 57 T BB -5 1 X 3
MR A G o A . JUH R AR TE AT /& A2 R N FL % 3 S ik BR PR 2406 BT, AT i 2 )
PN AR S 2B G587 VLF B AR AR . (RIS St R, - FR B R T AL 1 Sk R P AR
A, BEAREARAE I ) b SIS RIS o BB S B S B AN G T AN X (],
B IHRAEAE D> B TR RN, TREAR T AN TR E SIS, SBE IR ME
WA TR

EAHEWT 158 T Avg-Det 5 RIIAMESCHRF . 3£ 2 Sor, (£ LRI BERIIRL: (PR
REIRIE AREE ) S HARRE X 3, Avg-Det J7iE AR RETR It a2 VI8 1A R,
RIUNEAAGRK (NaN) o SX R BIAEIXLL R, AUESCRRFIEAE I [7]_E A RUE P D2 e
DAAE AT 25 ) (R T 2w A CLOR BE R T ARUE T VTR IMIBE S5, AT B T K03 iR
RITERR, 23— BB R AR 122K D 7 5) %2 BB A B A% 3k 26 A AL F i

MEER G IR RE , T R AP RO R A i E W BN T ARSI
(Det-Avg 5 Avg-Det) Z[a]frRBLHH I RGEMEZE R, 3 B R IR TR SE I MIRE A (1
GEiHBCEIFHI S REA R AR OC R, TIARSIATT PRI R Sifite . L2 T, Avg-Det J7ikfE
2SR B E IRAL SRR IR X3 B R, HLAE Al Al X b 25 ) F B AR (AR
RUIGETH Y X AL AL T 45 R AT EONRA 52 . 2T B3R, ASCHE JA 20 7T
K JH Det-Avg Merge 11y 1= Z G it 5ms,  DAAE RS AT BE OR B AL SR O3 AR AR i (R, B
RIE LR SR BB G T2 R AR

3 Wig
T Vv ALK Det-Avg Merge 4iit5img, ASCitH515% 7 2006-2009 4F
DEMETER ] ICE-VLF $Ha %S W) VLF 2056 e FE AR BR o)A o S vt B R B LA 4 T

K h=cl2f, tH AR 2. B 4 foR T af T U ACERRE 2 (59 ) MUIEERRE
(11-3 7)) WIS B2 [ 7 ATHAE, T R A48 P SAPIR S S Z T A LA
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MAFEFEIAT (B 4a) KRG, VLF S R AR B2 2 1 a3 ] 4R 2)
Pho BVRTIT S, 5 DX B S vet B i K T R s X0k, 22 HOK v DX AR E.4Y) 85-95 km,
AR VP A0 R SR 9 25 s DX g 18 S5 o B U3t 3 T 90 ko S i 22 5t R W B L )
MATEEIE R . SRR D XA 78 ], ERTRZER (K2 4S/m, B
#1<0.01 S/m) = FLIIL- L B R T h OB AL R 220, FRER IR, AW
He T BUE IR SR R R — N A S R T B AR R T AR B —
VB R o R PEARIT A e S R A R B AR S A S, X T e A b S el b
AP ANIA], BE TR WA LR K A S P SRS R o i TRDRLI 1 ) R e 2 R
B AN ) 3 3 2% P T - FL 2 2 08 3 ) LR P A A T L P X331, (EL LT ) FR B A 8] e %
DR 2R BRI ARD kTS e 5 FL S SR AR RN A 3k gl it — 2Dt 7
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& 4 BEF VEHIEES Det-Avg Merge 3kE&H DEMETER L& 2006-2009 ££7Z [8] VLF ##E &
HENFYRSEELEKIE: Q2FFH; OILFHKEE (59 A); (oItk8eZE (113
A
Fig. 4 Global distribution of VLF effective reflection height derived from DEMETER nighttime
observations (2006-2009) using the V-shape criterion and Det-Avg Merge strategy: (a) annual mean;
(b) Northern Hemisphere warm season (May-September); (c) Northern Hemisphere cold season
(November-March).

EAFERENE, LBV AL AR TR RER o 4 X 4 (29 30N-50N, 120W-
160W) T 5 MMM N FIEERE S (B 4b) , ZIX I e B
AT TE i, B2 AR A F] 95-100 km;  MFEALBk4ZE (K 40) , SR m AR XS PR 22
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85-92 km. XAl S T VEAR A AT RES 1% X 4 T 2 R LV T B S UIAR G 28, X
— LG AT LU A S D X35 P2 AR R IR I LA SR AR - Shao, etall. 5 (B FLRHT, 91K
B 2R R HE RS L RE TS R8N D XARUR IR A i1, TR a1 O, MM
BERAR SR 72 B2 o LSRG AR AL R 2o AL BR P 2 2 3th [X 7 B35 sh i R ) X 32—, 4301
FEAE NF 2B B, R B E R L . DEMETER TR IR AL BL (b J7 I £
22:30) MRUFALT IR BIE AR BN G5 SRS AN, N PR EEL 5 3 ) FL R R 2R T RE AT
FEFFERFZME D X HL 75 70T

HL 3 A PR B B 8 VLR SR v BT DR, AR XK 2 2, BARK
FH e B i i A A R R e T T . BRSO R RE S (ELSR A PRI S 1o I PR
LA A2 B8 5 10 2800 R 8 0 KT 2 el I R PR R VR, RPN S i FE
AR TR o b DA FRL 5 3 ) P~ T O ) 200 I A 3 R DX s ] e S 25 JBOR, AT T i
5 MR SRR #2350/, DEMETER LA KWL BUAR X [
(7 %) 22:30) , ATREAEUF AR S 1 5 BIE B0 Ja N AN (R R R o IR [ _E
SRAERUNL AT RETOR T A HU DL 45 SR AR ik, A2 DB 2 e W R A B 2 2%

FERLRHX, RO A IS VLF M (1 auroral hiss F1 chorus) {752 A 1k 4 e
WG TR %6, B 4 7T B0 A AEE SR SNSRI R, (BEMATT &, A5
TERBCR TG N IRAT 1A R0 S v AL v, A e 2 DX A ) = ) 7 o R A9 3 W) 2 5 . AT
BT PRGN I, V IBHIYES G Det-Avg Merge St it 5B £E = 75 15 50 N XM BEA 20
W MESE R HAT SR PR Re 70, AT i 1 et X 3 mT FH 080 F L 481

SRRE, ARICPAFH) VLF SR80 a2 [ A e A R RBE S5 R . (RE R e e AiE A
Fe e e ZE AR e TR I IS W T — B SRR, AR I SEZER R D X%
7 1) 5 =T RAIE o 05 A RO A B R AR S 1) 7% ) 7 5 T A Jis 48240 T s S v B 1 [ k22
T FCA) B R R B T R e P e A
4 BE

A HT DEMETER A 2006-2009 478 VLF HLI7 D)2l 4, RGH0AL T Hi-fo i
RS BB BUS AR R OCR  R kB, BRI

(D SRR I HE T 19 AMURMERI R 3L 1900 ZFEA TN EL 2 TR B,
V IR FIEE R I 5] N/ IME B IU Zh 26 B IR RE (Hiere A1 Heigne 35120.15) IITEAS 203, 1ER
R ko U 55 B CR HH 26 81.04%) (RN, 48T 1R 45 AW 52 1 (VERf %6 71.99%,
FLAH 0.762) o ZJ7 A ] 1 W 75 AN S/ IME S SUR ORI, 75 CRUEA) B AT g e 75 T
HAWHERA.
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(2) GiitAbELAS L Det-Avg GERIESET) 5 Avg-Det B P JEHaill) #fh
SR P AU R V)R . Avg-Det J557E 2 /MR b 8 e X5 A R A AE mT Al
Bﬁ%ﬁ%ﬁtﬁ%@&%%ﬁﬁoﬁ%ZF,D%N@%%ﬁ%?ﬁmﬁ$%EMEE@
B2 RERSARBUAN RIS Z) ) B RE 22 57, v i SO N

(3) ES ARG . £ Det-Avg HEZE R, Merge ZRBE (& FH [B]3ZE L2461 55
5 NoMerge SEI& AL IESUR A 2 5709 0.7-19.3 Hz, SUmaEZE IR, & 80 32 24
& B GG EIE T SR AL 5 NFIREARFH SN, 501145 5 T8 B S Sr 0 I A4 il B~ 34

gi bRk, W VLF #UESER SRS G T, A SCHER R VR4S & Det-
Avg Merge GEiH KN o 1% 5 15 A PRUEAS I 25 S BE AT SE M AR I 58 B VE T [R] , AA 2dd
BT REA AN, et B I ST R BB AT, A EAMICEEE D
Rl CIEY A N = v A Y@ S /2 EatellDy I I e ] I A= OB ES
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