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-Phased array weather radar
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*MU radar can be easily customized to a MIMO radar.
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Receive
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Signal processing

E("RW(T)[a(eo)@b(eo)]ﬂ(T)

MIMO steering vector
MIMO Correlation matrix
MIMO channel matrix

a(6,)"¢ (1)
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Transmitters p
Receivers
(matched filters)
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2. MIMO L—4-0F3E

weight=none)

MIMOL —4—##pk 3l 1
(transmit=M=3,receive=N=3, identical T/R antenna,Linear 1-dimension array,

Steering vector

a(0)=b(0)=|exp(—jk2d(sin0—sin0,))
exp(—jk3d(sin0—sin0,

MIMO channel matrix

. exp(—jk2d(sin@—sin0,))
b(0)a(0)"=|exp(—jk3d(sin0—sin6,)) exp(—jk4d(sin6—sin®,
exp(—jk4d(sin0—sin6,))

exp(—jkd(sin0—sin0,))

V 6

o

exp(—jk3 d(sinO—sin 6,

LI

exp(—jk4d(sin0—sin0,))

exp(—jk5d(sin 0—sin®,))

exp(—jk5d(sin@—sin0,)) exp(—jk6d(sin0—sin0,))
d

0
0

)
)
)

)

. .S, MIMO racar. I otvi, W. L and Scheer, . A (Eds.) Princiles of Modern Radar: Advancod Techniques. Raleigh, NC: ScTech

Dave
Publshing, 2012, pp. 16-145.
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MU radar antenna position
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2. MIMO L—4-0DFE Xx2-way7>7F/\5->

®+@MIMO-TX/RX

@ +@SIMO-TX/RX

MU radar, 2-way Antenna pattern

-
z
§
g
—

@MIMO-RX

Relative gain (d8)

/ |

Al

TX=STsubarray unt) FX=475
| mxercears
/ ||| meositsuvaray un x-srsusiamo) || \
57 % 54326 12
angle  (degree)

3 4 5
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FAFZANEENHARL T VWVHFHEDDMANSEL TS

BRENEMEEFECOMALREFICAS

A Time division Frequency division|Doppler division [Code Division
multiple access multiple access multiple access multiple access
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=Fast-time MIMO |=Slow-time
MIMO
F= BUERMERER  |-BLERMERER |[BUERMHER |EELERME
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2 IDARAZ I (CARTF)
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2. MIMO L—-4-0FE XZ{EV>FTEE
MU radar antenna position 50 MU radar antenna position

X(m)

RIET>TFTEE | BRUGXEESER—EHRT ST T IRB(VITL— =TI
CET. 475%6=2,850ADRETL — M 4ERMENS AL : 25x6=150F > RILOIRIRE L)
() . FRISBLIE. XIRYIEAIBOY I 7L —EB . 10
N
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2. MIMO L—4—-0D/R¥E DDMA-MIMO i@
r= Y 2 o
o GXER) W‘ |
GPS 10MHz+8div Modulated IF(5MHz) I Booth A 1=46 5MHz+3.125Hz
\_‘ ‘ L +dBm | 8
SG1(CW=41.5MHz+3.125He) | —1——] 2008 Coupler|—— "~
+1dBm ‘:‘ Booth B :é?:aedngs'ﬁm
SG2(CW=415MHz+6.25Hz) | {2008-Coupler}
| L =N ‘x’ o el 2
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“‘ Asﬂm/» (D2D3D4)
SGA(CW=41.5MHz+12.5Hz) ‘——{ 2008-Covplor|—fi— =L
% BoothE | f5=46.5MHz+15.625Hz
S R
SG5(CW=41.5MHz+15.625Hz) 20dB-Coupler =
| SG6(CW=41.5MHz) }—{mus»c upl .‘}_‘
6-com (CH26)
7 =
Wl sconwann ] = —— .
= 12.5/15.625/0 Hz CW
SRERFIRCTFOITHES (T-TNEIRNTERT-IIVEER)
SOFNSIRL—S (SG) 68EAVTO-NVEIREEDINCISICET, T-RBM TERIESEHER
- 6IBREDEIRINARZEZ [EECRD B, O-NIUESETFOIERUIE. ST ACRBBUZIEM
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Re( = gy 0 0 - 0

Ry, (r) 0 O
Ry (t) 0 0

Rppy(7) 0 0 - 0

= Rg(T)C(7; k)
Fast time/5@(CRETS Slow time A EICFEYD
i [ wewee ] fmiEE
| 00 -
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J27m finat 'Muﬂ\;yﬂ . e—i2xm fuakTipp 0 0
SOMERS GHERRAOES) ¢ e 00
e

m/M:M 2D T, i(00=531-1) . g=RAM=DfnakTior (0 () ... 0,

K/K:slow-timeZBINI>h (=It-L> M5 E)
7 : lag for fast-time

OBECHEBMMEIPo(t) (1FEDH) 2L TOERYTF-I/ILAMNI T B

Q& tMOXEES (Pm(-t)) EOMARZEDZIZ THIES S
(2)E{EBRBISHGUIfast timesSEIDAIEE (b)MIHBITHERE (c)slow tmeSEICRET BALIRE (= kyI5— R
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2. MIMO L—4-0R# %CDMA-MIMO

CCCoI— K51

BERIESRIIDHI, Aldtime=99.3-100psOIEAR.
{wl0-T}T =

[llll[‘lil(l“ 10100101,11000011.10010110
.11111111,10101010,11001100,10011001]

{w[0- T]},I = [10011001,11001100.10101010.11111111
©,10010110,11000011,10100101,11110000]

{ w[0=-7]} = [11001100,10011001,11111111,10101010
.11000011,10010110,11110000,10100101]

{wlo-7]}T = [10100101,11110000.10010110.11000011

,10101010.11111111 lll[lll(lUl.llUUll[Jll]
{w[0- 7]}-{ = [llll(llllll1_1ll(]1llllll‘11111](illll_llillllill]l
.11001100,10011001,11111111,10101010]
{w[0o- 7]);{ = [ll)lllllllii_ll(]i]lﬂlll.1(]1()1lll]l.llll“lll](]
.ll)(illlllll‘llll(lll(ll)_llllUUllU.lllllll1]

SSHOIRE- 48 (FHCAAE) OBlEhIFRICEZIEN . CDMAL
(XS ORF R CHRIBAL

OMIMO(FEAE
fast-time TOBEIFSRIIZFIFAS DI, AR FHEE,
HEEEDEZRENDS) —IPPRIEIES(CTRMSER,
@X{EES(IFCCC(Complete Complimentary Codes)%{EF, iX
BERMZBELDD. LY/ RO-JOFv>wLhalEe.

(FZ2U. =5y b Ry TS—RENEODHBETHD. -5y NRENSWMEEFL>
S/RTS—HA RO-TOFENESDK)  RERREEERSN T SIATROHRI)

SESRED
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2. MIMO L—4-0JR# DDMA/CDMA-MIMO
[DDMA-MIMO{ESALIE]
[#ERFIE] .
(1= ) F+-{ Doppler Fiter () - z,(r)
a(r)
$n(t—T7) | Doppler Filter (H) )7 2,(17)
URZEFE) [ MIMO freqency Offset
s o
. MIMO fregency Offset
At e s oo st
MRAD Tregency Oneat Doppler Filter (H) | z,,(r)
Phase rotation (for m)
[CDMA-MIMOESALIE]
(Haroware) (ottware
o)
——{¢"(t=1) F+{_Puise Compression for m=1) 7(1)
Pulse Compression (for m) z,(7)
17
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2. MIMO L—4-0/R# %CDMA-MIMO

-
Modulated IF(5MHz) ‘ ‘ Local (41.5MHz) } ()215%) ‘:‘ Booth A :1:46 SM)Hz
[ +1dBm
e ‘:’ Beotih 3 Ee ol
‘XQ BoothC | e
B R T
@ Booth E :‘;‘g 22,1;.11
16=46.5MHz
(F2F3F4)
T=IMEINTERT—JIVEfER
- 2ch-ERRIIZAERMRR (AFG) 36%ZMVTERIFESE4EmM~>T - AHE CEIESEE M
- IFESEHANUHMUL—H —ERZERIICETERL . AFGICTEE.
-BERIESRIIELT. CCC (Complete Complimentary Code)%fEF.,
(IMK,L]=[6,8,8]) XM=E3AES. K=/ULZEBHEES. L=3>—4>2E (ULAEMRS) ) 14

2. MIMO L—4-0/z# %CDMA-MIMO

)
TP #1
TR #2
TR = #3
#1
#4
CCCIc&B/ LV AESE + e —L > MES LK #5
0, B3RS + LI RO-Jn (i
L) oesnBcHEEms 0#N%ED
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3. E—L/M9—CEBMIMOL—4 —1&EE(DDMA/CDMA)

ANKIBAZiBIEY 2kZzskyfield:x) ZRWTERICHEE. E2 (MUBSAIFT) -
AROHEMEENEOERZIZIAMICM UL -5 -0t - LA Mz EEUER,

shttps://rhodesmill.org/skyfield/

11.Mar-2022, MOON, AZ=186.77°, ZE=8.59", Dmin=396134km

2:way Ante1na patter (TX=3-group, RX=MIMO ARRAY)
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3. E—L/09—CEBMIMOL—4—1&EE(DDMA/CDMA)

-4 >0—JI2DWT, SIMO/MIMOLH( R/ F—>¢—E
-MIMOXAE(ES
—EEES

I OFREAMARFEIE @GMIMOE SR (CHVTHRD CEE

R OFEAARBEZITNRVMES(E/NF -2 —HET

MU radar, 2-way Antenna pattern

MIMO3X{E
FHERL
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3. E—L/09—(CEBMIMOL—4—1&EE(DDMA/CDMA)

-X4>0-TJ(2DWT, DDMA/CDMALH(IRER/\H— > E—E
- JAZXLNIVCERSZ>BUAISAE (1EDIRUEHE, 57)ULRIE, /OLZ
[EfERS) NRBBEHEEZSND (EMERIRIRRIARE —E)

MU radar, 2-way Antenna patter

i CDMA-MIMO
4 (i - SR,
TR

SN

T
\
\
\

DDMA-MIMO ) __|DDMA-MIMO

BRETTHIG- [T (AR : SRVE. AR :
TRiE)

SIMO ——|SIMO

MIMO,DDMA(N.PC), 220311

ERT7 TFINI->

B 7 & 5 4 3 2 1 0 1 32 3 7
angle 0 (degree)

R FAE,
%)

ES N

DDMA-MIMO
BT TFHIG->

_| DDMA-MIMO
(s8R : AME.

S

TRiE)

MIMO,DOMA, 220311
MIMO.COMA, 231202
. —— MIMO,DDMA fitered, 220311
—— MIMOCOMA ftered, 231202
a8 D
5 7 5 5 4 53 2 a0 1 3 3
angle § (degree)
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4, ITREELRAICLBMIMO-DBF(DDMA)
MIMO(JO—RE—LX{S/DBF) ¢SIMO (FEE—LAAMICESHE/DBS) %L
BURBSZ)ERBZE00, NTA—I>RFF. (2023/12/2 18:58 VS 19:03)
02- De( 2023 ]S SS 21, MIMO DEF 02-Dec-2023 19:03:20
(0. 001 12 ), (90, 5) (180, 5) (270, 5)
| I I I I Iiuz |
[ B s
‘ anv\ervelnm(y(m/s? Doppler Velocity (m/s)
DDMA-MIMO obsevation (1-beam/DBF) SIMO obsevation (5-beam DBS)
(Observed at 18:58 on Dec 2, 2023) (Observed at 19:03 on Dec 2, 2023)
DBF:Digital Beam Forming > DBS:Doppler Beam Swinging
IPP=400us/PW=1usx16bits(Spano) IPP=400us/PW=1usx16bits(Spano)
Nbeam=1/ Ncoh=16 / Nfft=10240 Nbeam=5 / Ncoh=16 / Nfft=2048
Vnyq=251.84m/s / Tobs=65.5s Vnyq=50.37m/s / Tobs=65.5s &

4. FTRESRICEZMIMO-DBF(DDMA)

19
4, ITREELRAICLBMIMO-DBF(DDMA)
PR EER TMIMOER
MIMOL —4($SIMOLLEEL TS/NAMIMOZL (M) A3
—E-LEXRIADH + FFTm#iz 58 (=1b—L>MEDEEIENM) 8T
RESNAFFRCEBZEBLANTA-FEUIZ, (M-HILBLRAIRRAEL)
[#81/¢5X—4) DDMA- MIMO SIMO
Ttem TX=5T; x( R. = ><1§LMI\IO\ TX: F};'{"X;HEIQI\IOW
Observation time(1) 1800-1900 JST 23 Dec 2023 1900-2000 JST 22 Dec 2023
Observation time(2) 0930-1000 JST 13 Apr 2024 0900-0930 JST 13 Apr 2024
Transmit antenna 57 (19 x3ch) x 6 475 (19 x 25 ch)
Receive antenna. 475 (19 x25¢h) x 6 475 (19 x 25 ch)
Inter-pulse period 400 p 400 ps
Transmit beam direction (AZ/ZE) (0°.0°) (0°_.0° ).(0/90/180/270° ,5° )
Sub-pulse width Tus Tus
Pulse comp. 16-bit Spano 16-bit Spano
Coherent integration 16 16
FET points 10 240 2 048
Nyquist velocity 251.84 m/s 50.37 m/s
Observation time 65.5s
Beam control DBF
Tx Rx Tx Rx
21
4, ITREELRAICLBMIMO-DBF(DDMA)
MIMO(J0—RE—L3X(S/DBF) ¢SIMO (FEE—LAJSEICES{S/DBS) ZLEE
BRI ERRZE00, NTA—Y>R(FFMU. (2024/4/13 09:37 VS 09:29)
13.491:2024 09:37:27, MINO-DBF 13-Apr2024 09:29:49
0. 001 180, 12 (0, 0) (0, 5) (90, 5) (180, 5) (270, 5)
w
‘ o2
ot vociy (s * copper vy )
DDMA-MIMO obsevation (1-beam/DBF) SIMO obsevation (5-beam DBS)
(Observed at 09:37 on Apr 13, 2024) (Observed at 09:29 on Apr 13,2024)
DBF:Digital Beam Forming < DBS:Doppler Beam Swinging
IPP=400us/PW=1usx16bits(Spano) IPP=400us/PW=1usx16bits(Spano)
Nbeam=1/ Ncoh=16 / Nfft=10240 Nbeam=5 / Ncoh=16 / Nfft=2048
Vnyq=251.84m/s / Tobs=65.5s Vnyq=50.37m/s / Tobs=65.5s »

Range (km)

MIMO(J0—RE—AX{S/DBF) £SIMO (RFEE—LAABIGXZE) ZHEE
NTA=XRISFE

13-Apr-2024 09:34:10, MIMO-DBF
o 50 ,

13-Apr-2024 08:32:45

(0.5] " (90,5) " (180,5)  (270,5)

]

Doppler velocity (mis)

Doppler velocity (ms)

1E—AMIMO-DBF (XIEf5°)
(2024/4/13 0930-1000]ST)

5 E—ASISO-DBS(KIEA 5 °)
(2024/4/13 0830-0930]ST)

24



4. FHFEELACLZMIMO-DBF(DDMA)

EBAEZLIFTE (SNEEEENZE0
D) JL—71>90-J DEZE (N

XEE-LNELVZs, DBFICLPEERA
ENRERBESNAZRICSHAE

02-Dec-2023 18:32:08, MIMO-DBF

Range (km)
Relative Power (d8)

} ©
i
* EY

Doppler

02-Dec-2023 19:02:47, NORMAL-DBF
20 G050 G040 G50 0

Range (km)

5E—AMIMO-DBF (BEE—/A1°~7°)
(2023/12/2 1800-19003ST)

5E-ASIMO-DBF (BRE—-A1°~7°)
(2023/12/2 1900-2000]ST)
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5. SEBOREE
(1)MUL—4—-%MIMOL —4—¢U GEAT 3L LZBRIDBEE @ L
—95yA—HIHIOFEENE LI BEGTEL, LOLEEEOEAIZ R TEMEA] e
—EDFEHIRZEREA X — S > T BLRIADISFAA
(2)MIMOL—4—LICED, BEBRTTI—ARTL—L—4—(CHBVT, DRW\— ROTTHERL T
EOBAIEER
—SREMOIT—XR7L — itz LOEIR NCERH
(3)MZETBEIRICH VT, BNAHMRE LI SvI— IR D%, FTEMR R P E BB B ZE
BeERE
S>ERUGERMEOE &
(4)CDMA/DDMA-MIMO#Ai DB PARADIEF - R PARADMIMOS T =2
S EFADIGFARTHEM
'z
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4. FHFEELANCLZMIMO-DBF(DDMA)

EBAEZ LIFTE (SNEEEENBED
D) JL—=F1>90-TDZEF/NEN

XEE-LN%ELVZs, DBFICLDEEH
ENKRERBBESNAZRICHAE

13-Apr-2024 09:34:10, MIMO-DBF
030 ) sy o

]

Range (km)
L s 2 o 5 8 .

13-Apr-2024 08:33:34, NORMAL-DBF

1

Doppler velocity (m/s)

5E—AMIMO-DBF (88E—/A1°~7°)
(2024/4/13 0930-1000JST)

5E—-ASIMO-DBF (BRE—-/A1°~7°)
(2024/4/13 0830-0930]ST)
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This study is supported by JST FOREST program

The program of Antarctic Syowa radar (PANSY radar; Sato et al., 2014)

Mesosphere-Stratosphere-Troposphere/Incoherent Scatter radar at Syowa Station (69S, 40E) in the Antarctic region

Observation of 3-d wind vectors in height regions of 1.5-20km and 60-90 km,
and plasma parameters in 100-500 km with fine resolution and high accuracy
Direct estimation of vertical flux of horizontal momentum associated with gravity waves

L—5—DRARINUIEERE SRS e N e
ThorpeEDLLE: (Kohma, et al., 2019) =

) )

[

(= Lo/Ly) =1
Radar estimates e~ Thorpe estimates er
oz 1 o

Height (km]

(@) ®
{

o1s o1s \
43 =
2 gon o1
N
N 04 06 08

005 1 005 (e

_— i I - i i

s s 4+ 5 =2 4 s 5 4 5 = 4 Theratioof radar-based ¢ to Thorpe-based «
ogro(e,) ogiofe)

System Pulse Doppler radar. Active phased array | PANSYL—% —Z&R\\ /25T
system
- XRE-REEE)
Center frea.  47MHz : Sato et al. (2014), Minamihara et al. (2018; 2020)
Antenna Array consisting of 1045 crossed Yagi Tokimori et al. (2024)
antennas equivalent to the circular area
with a diameter of 160m (18000m?), lisht | « HARGEES3E:
and tough (12.6kg/antenna) Sato et al. (2017), Shibuya et al. (2017),
Transmitter 1045 solid-state TR modules Shibuya & Sato (2019)
; Peak Power : .5.20kW _ . TRILR—ERE:
Receiver 55 channel digital receiving systems Kohma et al. (2019; 2020; 2021),
Ability of imaging and interferometry obs Minamihara et al. (2023)
Power 66kW (E-class amplifier)
consumption
Peripheral 24 antennas for E-layer FAI observation

is small in z=1.5-9 km compared to over 11 km.

There are more recent studies including discussion on
& estimation based on Thorpe method.
(e.g., Wang et al., 2019; Luce et al., 2023)

20

Introduction

- BEASHTOARTRILF—BEE () DIEES
+ VHF/UHF radar (e.g., Sato & Woodman, 1982; Hocking, 1983)
+ Spectral width method / Power method
- Radiosondes (e.g., Clayson & Kantha, 2008; Wilson et al., 2011)
+ Thorpe method
« Aircraft/UAV (e.g., Sharman et al., 2014; Luce et al., 2018; 2023)
+ Rocket (e.g., Luebken, 1997; Luebken et al., 2002)
etc. (e.g., Schneider et al., 2015)

(b) NH, Stratosphere

f . . he

Measured density Sorted density profile e 1=614,669)
Ay A O9F | 15000 DJF
e, ¥ te 12000 A
- tec N| 9000 SON|

i e

fo o
4 6 5 4 3 2 a4 0 6 5 4 3 2 4 0
L () SH, Troposphere (d) SH, Stratosphere
b 1000 n=389813| 1o 7=54,006]
tn g o OUF DJF
3 o WAl e oo
s £ & = F

Mo a0 o

o o
45 %20 6 s 4 a o

® ® logyge [ms?] logioe [m*s°)

From Thorpe (1977) 1 = €*LiN? Ko et al., (2024, BAMS)
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Motivation

SIAYV ITERIC FtRRRRNE
HOHEE:
LERSIAY VT OB
Limitation:
INE<BHERDTHER N

VHFL—% —&lIC
EO<iteRe:

VHFL—8—&5I74Y U7 DR
BAN2015FENSREXT

EEMICITHON TS
#HEINTLS

R\ AR AE
Limitation:
L—5—41 hO#;
2RI £ DHfERE(SH!

AHFEDER: o
RDES B f (Xgonae) FHERE FRECTINE
1. MLIZES< & QRROIIES

f (Usonde: Vsonde: Osonde) = £radar
« #RFE (ML) 827 70—F
2. MUL—4—ICED<HKEE

o BB TOVHFL—F—&5I74
VU T BRI DR ERERIT—5
=RV TEY

Data: PANSY radar

BSERIRR: ~200 s
L5 ERE: 150 m

4 obligue beams with a zenith angle of 10°
are used to avoid the effect of specular reflection.

IRIVF—BORE « DHEE

02,5 = 0% + 08 + 02 + 0@ (oF: Turbulence; o3: Beam broadening; o2: Shear broadening; o%: Time broadening)
E—LTO-RZVIES of 1& Nishimura et al. (2020) OFETELSIVE

2
- [e=046Nwiy | (Wi = S7-) (Sato & Woodman 1982; Hocking, 1983)

BUFISRY ML ICED<HEICHNTIE, weq ELRICHS BRBELOIRERE) ZMLZ

Machine Learnlng (ML) model

%, 7 "oa/ Full Number of parameters: ~440,000
£ Connected
' X + Loss function: L1 Loss function
(aae')»»li» . Wowd ) o
T [l N | B % + Optimization: Adaptive Moment Estimation
128 0 (learning rate: 0.001)

| e

+ Mini batch size: 256 500
Jan.-Dec. 2022 (validation data period)

-04
@ -0
5 100
<
S -08 g
2 50
B 10
= 20
5 -12
2
. L2 10
cf. Convolutional Neural Network (CNN) T -1
5 H
o 16
=
-18 2
218 -1s -1s4 -12 -10 —08 -06 -0.4
Radar estimates 1 d
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Data: Radiosondes
RIEMTDSIAY OFTERT—4 (2015~20225F)
Meisei RS-06G/RS-11G, twice a day (O0UT, 12UT)

Processed data (Raw 7—%T/\))

c u,v, &0
© ARKRTHIBPSEE RH ZAVTOEN
Oct. 2015 ~ Dec. 2022

Interpolated at a constant vertical interval of 20 m from data
with At = 1 sec.

Restricted observations where horizontal distance between the
radar and radiosondes < 25 km

Training dataset: {(wya(z)}, {[ﬁ(Z),ﬁ(Z).9’(2)12211:2}

Radiosondes: u,v,8 (z = [z — 1.5km,z + 1.5km])
« AATIDTAX:

Radar: wgq(z)
- SUAVITOREEAN S :
BRI E TR R

A
0150, U150, Viso

3 km [150 x (w,v,6)]
+ Yeo-Johnson transformation 0 =0-6
((W""':::”)“ = & E X (9: Smoothed vertical profile)

Ry

ot + 1)

e @07 =Rwv)"
13

For making the wgq dlstnbutlon G2 uz V2|1 _ (cosw —sin «,) Ocpemm
approximate normal distribution b |y sing  coso ¢
Rotation angle ¢ is given randomly for

each profile

v Data augmentation technique for
improving the ML model’s
generalization ability

Validation data is NOT used
during the training process
but is utilized for the

validation purposes. a

Training data: October 2015 - December 2021
Validation data: January - December 2022

Validation of ML model

Q: BBFEM TOERICE S WVTHRERULEZMLET LA
R THDITRIF—EORRHEREICEZ DDA ?

MU L—=5—=&35IAV U7 DOREER (34.9N, 136.1E)
HARET: August 26-29, 2024, HAf2: February 17-20, 2025

EANICIEESE 2024E8HZ7EIOQJST ZOZSEZHWBOQJST
SUAJUF: Vaisala RS41-SGP ~




6 ADHERRDLEE = al))

Comparison of logy(Wsta)

wa from the radar (dt=12h) 02 w 1. BEASHOERIRIVY —HIRE () OEEFHEDLLE :

R o " - BREOSIAY VTS & BHETFE(Thorpes®) [FRREHA AT
w 2. SUAUITEAINS ¢ EHETZMMEE (ML) (CLZ7TO—F
gi SR g - BERAROPANSYL—5 —E SUFY YT ORBEENT —5 % %
: - 3 - BATIELHY 2RI, SRR T
p— 210 © = BAEMOEE TEBUEMLET VIS OBR SIS Emaa: ?
I SEMUBIFT CMUL—8 — &S5 o7 DREE
g KERQ e TR NFHEIERIZSHZEDD,
5 1] 1 . MLEFIVIC & BHER MBI L—5 — T E B
-1.6 T T T T T T
T T i cbsentions SROTE:
— 0 < SBEDMREEHD (FIZIX Wilson et al. 2013)
- @ . AN S I DT ESRIAOER - A ZEAEDR & DEEE

The 2nd International Symposium on the
Whole Atmosphere (ISWA2)

- Date & Time:
6-9 June 2027

» Venue:
The University of Tokyo
(Ito International Research
Center), Tokyo, Japan

Group photo from 1st ISWA 2016

Further details will be shared in the near future, and we hope to welcome many of you there.
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Definitions

UTLS: Upper Troposphere-Lower
Stratosphere, 10-30 km above sea level.

TTL: Tropical Tropopause Layer or Tropopause
Transition Layer,14—19 km, gateway for air
exchange within UTLS.

CPT: Cold Point Tropopause, ~16—18 km,
coldest point of temperature, effective boundary
to stratosphere.

Stable Inversion: Layer where temperature
increases with height, creating strong stability
and suppressing mixing.

UTI: Upper Tropospheric Inversion, a Stable
Inversion in the upper troposphere, defined by
Fujiwara et al. (2003), that forms above cirrus
cloud anvils resulting from deep cumulus
convection

Temperature

UTLS|

Cu

v
Stable inversions

West East

Schematic illustration of the observed system including UTI and the easterly jet
(adapted from Fujiwara et al., 2003)

%

Location: Kototabang, Agam/Bukittinggi,
West Sumatra, Indonesia (0.20°S, 100.32°E)
Period: January 7-16, 2025
Instr & ements:

. Equatorial Atmosphere Radar (EAR) Wind
profiles up to 20 km, 59 s temporal / 150 m
range resolution and turbulence/stability
parameters

. HYFLITS* Balloon System TKE dissipation
rate (€) from Hot Wire sensors, 1-second PTU
and wind profiles (Colorado University, USA).

. Optical Particle Counter (OPC) Cloud
particle (0.3—36 pm) concentration profiles.
(Part of HYFLITS)

N

EAR at Kototabang EAR Antenna (Fukao et al, 2003)

e
="

N

Hot Wire i
]

w

ta
ssmst

*: HYpersonic FLight In the Turbulent Stratosphere
(https://www.colorado. i i i
Turbulent Kinetic Ener

I -
Measurements are made during balloon descent using a
valve system to avoid balloon wake

HYFLITS

TKE,

Outline

1 Background and Objective
2 Observation Setup
3 Observation Results

3.1 | Madden Julian Oscillation (MJO) and Horizontal Winds

3.2 | Tropical Tropopause Layer (TTL) Stratification and Stability

3.3 | Turbulence Measurements

3.4 | Cirrus Clouds below an Upper Tropospheric Inversion (UTI)

3.5 | Persistence of UTI o
4 Summary and Perspective

Z
%

Z
1. Background and Objective Z

MJO: Madden-Julian Oscillation. An eastward-moving
intraseasonal oscillation (~30-60 days) of tropical clouds
and rainfall near the equator.

§TTL o The TTL controls water vapor, aerosols, and
i f"{"; Smeiplo (Rbuence /i Bote energy exchange between troposphere and

o >\ 2 > .V stratosphere (STE).
[ i :' I 0 Turbulence in the TTL originates from
: ; : convection overshoot, Kelvin wave breaking,

f Y £ and horizontal wind shear

w 1 2 Characteristics of "TTL turbulence" remain
: 5 s : poorly documented due to limited observations
L AN 2 7 0 lts study is important because it may affect
“'-"'E-"”//:"‘,,,/'-'4""".," cirrus formation, dehydration processes, and

B M V: even MJO variability.
- mearwind = 0 Objectives of this study: Investigating shear-

Schematic zonal cross-section ilustration of MIO convection
and shear-induced turbulence in the TTL (adapted from Jiang et
al, 2020)

driven turbulence in the TTL and its impacts on
clouds, MJO, and wave activity using in situ
and remote sensing measurements
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o

. Cloud Particle Sensor (CPS) n

. Satellite Data COSMIC-2 for

Instruments:

Radiosondes Vaisala RS41-
SG/SGP and Meisei RS11-G, 1-
second PTU and wind profiles

Meisei RS11-G. Cloud particles
(>2 pm) concentration profiles

tropo-stratospheric temperature
profiles through GNSS radio
occultation, Himawari IR/V data
for high-level cloud detection

CPS and Meisei RS11-G

COSMIC-2: Constellation Observing System for Y
Meteorology, lonosfer and Climate — Mission #2

GNsS: Global Navigarion Satellite System

Vaisala RS41

Launch of HYFLITS and Vaisala Radiosonde




January 7 - 17, 2025 Reassessment of the EAR's performance .
o o8 0 10 1] 2 3 1 15 16 ” for wind measurement after the long interruption period. Zonal (top) and merirional (bottom)
s s s wind  profiles measured by 4

R T == radiosondes and the EAR (1-hour
= 1 5 spectrum average) on 07, 13, 14, and
% I 15 January 2025.
| * The EAR wind data are sparse above
| 12 km due to lower sensitivity and
| outliers  (clutter-like and  external

— EAR-derived winds can be used for

@
R the ization of the dynamics of

) the TTL and its evolution.

RS Observation Timeline R % Horizontal Winds

jons
pta

* The EAR was operated in a standard
mode for continuous tropo-stratosphere
observations

* Balloon flights performed during night
© CPSMEISEL (~20:00 LT) to avoid solar insolation and
@ vasALA heavy rains

* However, EAR data are available in
the sheared regions of the easterly jet
and show good agreement with
radiosonde data. Very little variation in
the zonal wind profiles from one day to
the next.

*Two HYFLITS sondes H2 on January
11 & H6 on January 15 (among 7)
provided useable data in the TTL

Comparison Zonal (top) and Meridional (bottom) wind speed from Vaisala Radiosonde (black line) and EAR (red star)

MJO and Horizontal Winds

0) Pt gt 0

Zonal wind speed (ms ™) Nov-Dec 2024 4

N 7 v;ﬁ‘ffn" 6 &
5 ¥
N | o o = A stable inversion (~20 K/km) is
3 Ny el o P MJO Active is persistently observed ~2 km below
- deﬁngd when the CPT with little temporal variation in
H amplitude RMM1 both depth and stability.
g . g g tahr:jg'fxlriiizs'l or = This stable inversion may be a UTI, as
S 0 = it caps an ice-saturated layer (b). The
OUA1 0BT 1111 1611 2011 2611 01M2 082 1142 1612 2012 2612 312 @& | 2 . e
Zonal wind: (ms™*) Jan-Feb 2025 3 chated outside the air is dry above UTI.
"‘w.( , ~)i T g‘ circle. = The maximum of the easterly jet tends
_ b 2 7 O to align with the bottom of the UTI,
£ g i e HveuTs * MJO-1on Nov while the maximum wind shear and
g cfw:;:;;od ! 24-25,2024 minimum Richardson number (~0.25)
H / 2l * MJO-2 on Jan tend to be observed at the top of the
“ = 23-24, 2025) i
% 2 7 5 0 UTI (typically a few hundred meters
o1 0601 1701 1601 2101 2601 3101 0502 1002 1802 2002 2502 AMM1 above).
% 2 E 1% " ~*= Nov24 —+— Dec24 —*— Jan25 —=— Feb25
Zonal wind speed measured by EAR (1 Nov 24— 28 Feb 25) Wheeler-Hendon (RMM) phase-space phase diagram . TGRETED 5 ey (® 5 e
. Two active MJO phases (MJO-1 and MJO-2) occurred before and after the campaign period. ) } ) 0
«  The EAR consistently detected an easterly jet maximum near 16 km, with a maximum of vertical shear above it. Vertical profiles of 10 radiosondes (Jan 7-16, 2025) relative to the hoveeTtnotiielcoreloilelOTL

" . . - - altitude of N? maxima, 150 m resolution
. Its detection was made possible by stronger and persistent radar echoes resulting from shear-induced turbulence.

Y
EAR Turbulence Measurements /A

2

-3

HYFLITS Turbulence Measurements

- The two HYFLITS profiles provided direct
evidence of enhanced turbulence (TKE
dissipation rates € ~ 0.1-1 mW/kg) above the
UTI, 5 days apart (and weaker turbulence
below). This represents the first direct
measurement of turbulence in the TTL.

The EAR Doppler spectral width is enhanced
above the UTI, associated with isotropic radar
echoes (AR~0 dB), confirming its turbulent
nature.

In contrast, echoes above the CPT are aspect-
sensitive (AR>10 dB), suggesting that specular
reflection dominates.

This pattern was consistently observed with
EAR (not shown) during all balloon flights.

Although the information is limited, it is
consistent with a persistent turbulent mixing
lasting for at least several days without erosion
of the UTI.

Altude (km ASL)

— Turbulence above the UTI is expected to
contribute to the formation or maintenance of the
stable inversion, rather than its breakdown.

) o 5 10
y log,  (¢)., [Wikg] NZ(s?)  x10*

TKE dissipation rate and N? profiles from HYFLITSO2 (jan 11) and HYFLITSO6 (Jan 16)

BB: Beam Broadening

%
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Altitude (km)

(Top) Radar aspect ratio (AR) with N? peaks overlaid; red square mark active MIO events. (Bottom) Time-height
cross-section of N? from COSMIC-2 (Nov 2024~Feb 2025 near EAR, with UTI (blue) and CPT (green) peaks.

&& coLie

H PR .
Cirrus Clouds below UTI
- 12 January 2024 p 16 January 2024
5 ©cps
. + orc)
L * -+ opoD)
Q Cloud particles with very low concentration are

also consistently detected from OPC and CPS
below the UTI, consistent with RH
measurements showing saturation/ice.

QO The presence of (subvisible) cirrus clouds
suggests that radiative cooling at cirrus tops can
generate or contribute to the maintenance of the
UTI (Fujiwara et al. 2003).

Alttude (km)
3

The absence (or sporadic presence) of cloud
particles above the UTI suggests that the UTI
prevents vertical mixing and particulate

Shear-dri f above UTI
should not directly affect the cloud formation or
evolution below UTI

102 10°  10?
conc. D>2 um (cm™)

[ [
104 102 100 102 104
conc. D>2 um (em™)

Vertical profiles of particle concentration measured from CPS and OPC

Persistence of UTI

porssannovsota-rensons 1o

5.

|
3
»
Iy
g
5
5
o eme o e e
P M

I

UTLS|

Relative to N?

BT

COSMIC-2 shows that the UTI was very persistent (15-17 km) for at least 4 months without MJO impacts.

During active MJO, UTI merges with the second inversion above CPT due to convective upward motion and downward
CPT motions due to wave activity.

AR peaks align very well with N*(UTI) peaks confirming the dynamically stable feature of the UTI.

AR is minimum and oblique echo power is maximum above UTI confirming persistent turbulence above UTI. y y
Turbulence above UTI continuously generate temperature irregularities through entrainment and does not
breakdown the UTI for several consecutive months.

THANK YOU!
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I Cirrus Clouds below UTI
_ Easterlies

Schematic illustration of the observed system including UTI and the easterly jet
§

From Himawari satellite data:

OMean BT < 250 K indicates deep
convective clouds, observed near
Singapore (1), offshore western
Bengkulu (2), and around Siberut
Island (3).

O Mean BT of 250260 K near the EAR
station suggests predominantly non-

58 - § cumulus or stratiform clouds.
90°E 92°E 94°E 96°E 98°E 100°E 102°E 104°E 106°E 108°E 110°E

1 The cirrus clouds can result from the
250 255 260 265 270

240 245 p outflow of these convective systems.

Average Brightness Temperature (BT) derived from hourly Himawari

January 7-16, 2025

7
Summary and Perspective Z

Summary
= Persistent turbulence above a stable inversion (15-16
km) in the TTL was captured by HYFLITS and EAR

Temperature

cPT == measurements. Turbulence was linked to the easterly
shear-induced wind shear,

uTl JUaEITIE = The stable inversion is likely a UTI as defined by

radiative coaling y jet Fujiwara et al. (2003). Persistent cirrus maintained by

i cu convective outflow and an easterly advection was

confirmed by cloud particle sensors and satellite data.

! =  Turbulence likely reinforces rather than erodes UTI

Stable i . and should complement the mechanism of UTI
aple iversions formation described by Fujiwara et al (2003).

West East Perspective

= A second field campaign in 2026 will focus on
acquiring additional HYFLITS measurements during
active MJO conditions to better quantify TTL

turbulence and its role in stable inversion dynamics.

(adapted from Fujiwara et al., 2003)



~Coordinated observation of turbulence
echo in the tropical troposphere with
hourly radiosondes and the equatorial
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2776 x 10-“’( + 15600‘”’ -Ixd

humldlty( ).

) pressure (p), temperature (T), specific

‘+»ffor a humid atmosphere : N2 = £ [ﬂ + i]
Tylaz " ¢,

+ &~ 0.50°N, o = The turbulent contribution to half spectral width obtained by removing
2 the beam-broadening effects.
+ Propose method for calculating F

F = %Ri for Ri<0 and 0<Ri<0.25

+ Richardson Number (Ri) calculated at 30 m vertical resolution, %Ri was derived over 150 m
intervals to represent the radar’s effective range resolution.

N
[du/dz]?+[dv/dz]?
+ For saturated moist atmosphere, we used the model of N2 given by Duran and Klemp

(1982). .

Ri=

Background Condition on 15 — 16 December
2005 Convective Clouds

Tas 2005-12-15 13:00 UT (K)

cloud type class 2005-12-15 13:00 UT
1 " s s

Latitude

v = 210 -1 .
995 100 1005 101 % 995 100 1005 101
Longitude Longitude

Satellite images of the infrared temperature (blackbody temperature; Tgg) and cloud t
clasmﬂcanon accordmg to Hamada etal. (2004) at 13-19 UT on 15 December 2005 Ci

line indicates radiosonde trajectory.

[iﬂp The 19th Symposium on MU Radar and Equatorial Atmosphere Radar (///

INTRODUCTION

A g/,nt‘l'his/s/tudy is concerned with time-height variations of the turbulence echo at 3-9 km
g[titude observed with EAR located at 100.3°E, 0.2°S, Kototabang, West Sumatera,
/Indonesia.

+ Atmospheric parameters were observed 25 times every hour by simultaneously
-~ launched radiosondes from 06 UT on 15 December 2005.

+ We especially focus on the relation

n o« M?/(N?F)g?/3
71 = the radar reflectivity

M = refractive index gradient (dn/dz)

N? = Brunt Vaisala frequency squared

& = turbulence energy dissipation rate

F = is the filling factor of turbulence in the radar range volume

Radiosonde

+ Hourly data collection: 25 radiosondes were
launched every one hour, beginning at 06
UT on December 15, 2005

+ Temperature, relative humidity (RH),
pressure (P), and wind velocity (u, v) profiles
were sampled every 2 seconds (~10 m)

!Béck\gl"}ound Condition on 15 — 16 December 2005:
‘/Re‘l’a;/ﬁYe Humidity, Temperature, Horizontal Winds

% gt i K + Time-height contour plots of
i . % 2 relative humidity (RH) with
w T ¢ | ’ respect to ice (%),
= temperature anomaly (T'),
70 B 6 = 0 . ’
2 s | zonal wind velocity (u) and
© 3 4 8. ' meridional wind velocity (v) at
4

a height resolution of 10 m.
The overlaid black lines |
indicate the RH = 90%. !

40 3 . F
000306 09 12 15 18 21 00 03 06 09 12

+ Cloud convection passed over’
the EAR site during 9 and 23
UTC on 15 December.

§ Radiosonde data indi

increase of the re!’étive

Altitude (km)

000306 09 12 15 18 21 00 03 06 09 12
Time (UT)
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Turbulence Echo

] S\gna\ to no|se ratio for oblique beams:
S, = :" (—) At =10 min.; Ar =150 m.

The spectral width of oblique beams (g,) is analyzed by
removing the beam broadening effects.
An enhanced hot spot of o, appeared during 14-18 UT

centered at 7 km, which was associated with an

S (< 6 km) is \argerthan S, (> 6 km), but the echo
/| intensity at 3-6 km was weaker at2-6 UTC.

interesting variation of S, suggesting a turbulence
billow structure.

£
g6
£
2

0246 8101214161820220 2 4 6 81012
Time (UT)

Time-height contour plots of S, (dB), g,

range resolution of 150 m, over 37 hours from 00: 00 UT on 15 December 2005. (b)and(e)
mean values derived from three oblique beams (north, east and south) 7

'i,ﬁelaﬁonship

3
00 03 06 09 12 15 18 21 00 03 06 09 12
Time (UT)

ms’

024 68101214161820220 2 4 6 81012
Time (U

, (ms=1) and S-S, (dB), with a time resolution of 10‘min

between log,o(M2/N2) and S,

logio(M?*/N?)

30 9 10
20 8
_ Bt
E7
10 =3
g6 12
= 5
15
-10 a
20 3 y 1
036 9121518210 3 6 9 12
Time (UT)

and S,as a function of altitude |.
km.

The two-dimensional cross-correlation function (CCF) are calculated between log;o(M?/N?)

Max CCF = 0.61 (3-5.5 km) & 0.

ag and time delay in the two height regions above and belo

62 (6-9 km) — Moderate agreement

4=

Altitude (km)
Altitude (km)

10 1112 13 14 15 16 17 18 19 20 21
Time (UT)

“pré;ble Turbulence Echo Event

8

MZ

n 0(—82/3
FN?2

[ F = %Ri for Ri<0 and 0<Ri<0.25.

Iogw(l‘ul

115 18 17
Time (UTC)—

Altitude (km)

10 1112 13 14 15 16 17 18 19 20 21
Time (UT)

N2 and M from Radiosonde

dq/dz gig'm? Iogm(M’IN’)
9
o
8
= oz =
E E7
< <
Py [ oo 3
° T 6
2 2
2 oo E
<5 <5
4 oo 4
3 3

036 9121518210 3 6 9 12
Time (UT)

036 9121518210 3 6 9 12
Time (UT)

qN?  7800dq

Tg T dz

(rad 5P

The parameters from radiosondes are calculated at the height
resolution of 30 m, then averaged at a height interval of 150 m to
mimic the range resolution of the radar.

00008
) 00006
Y

s 1| o0oos
g5

< 00002

These parameters are relatively enhanced below about 6 km.
Range of the variations in dg/dz was larger bellow 6 km, whose

036 9121518210 3 6 9 12
ime (UT)

Richardson Number
(b)

® o

{Ais-025

S

oeRi025

Altitude (km)
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86 . w© CIE|
2 . 2
= » =°]

4 4

e

0369121518210 3 6 912
Time

912

0369121518210 3 6 9 12
Time (UT)

3

Time-height distribution of (a)
0<Ri<0.25 (blue) and 0<Ri(red), (b)
wind shear (sA(-1)), (c) and (d) shows
the percentage of (0<Ri<0.25)and (Ri
< 0) at the vertical resolution of 30 m,
accounting for saturated atmospheric
conditions by incorporating N, 2.

Because of the latent heat release due
to condensation in saturated
conditions, N4 < N2. A static moist
instability can then occur even when
N2 > 0. Note N2 use only to estimate
Ri.

i shoar — du2+dv2
wind shear = |( - -

2 _9 (47 Las\__g das
Mo =\t )\" 7T ) " Th g @

eLqs (s
* ,,RTZ( * )

Cpvls
14 evls
p

‘The profiles of dq/dz, N2, MLM2/N2, @, €,, S., Nos and

N at17 uT

dq/dz

{

N2 M2 M2/N? O, € Fri So &n (dB)
7
: So
R = R R B S SRRt LCEES E EEEEE S Nos
i T o - NRi

-03 0 -05 25 55 0 003006 0246 01 2
x1e-2 x1e-4 x1e-14 x1e-12

We defined F as
1. Constant > F=0.5 ‘
2. F=%Ri
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g T J s
. H H § S H H / +We study the characteristics of turbulence scattering echo in the equatorial
g 150TC 2 17.utc /troposphere referring to the fundamental relation; n o M?/(N?F)&?/3on December

i H H 5 H H 15, 2005. The unpreceded hourly radiosonde data enabled us to analyze the time

continuous variations of the atmospheric parameters, which are indispensable to
13 e s investigate the behavior of M, Ri, € and F.
02 4 60 15 % 4505052 024 60 15 % 4550510152 . . e .
xiet2 x1e3 xie-12 x1e3 + The relationship between S, and log 1o(M?/N?), finding a moderate agreement, it

N e So&n N & S.&n / does not seem to fully describe the characteristics of S,. /

.
} + Convective clouds (09-23 UT) induced strong turbulence, leading to enhanced
echoes (S,) and the wide spectral width (a,).

T
T

E " 3
- H H 16 UTC i, + Individual hourly profiles during 15:00-18:00 UT at 6-8 km indicate that the local
£ 2 maximum of S, does not coincide with the peaks of either M2/N? or ¢,, but it
“es H H s locates between the two peaks. Therefore, M2 /N? does not fully explain the
distribution of S,, but €, must be taken into account.
s & riore Lo + The peak altitude agrees better between ng; and S, than with 15, indicating that-
xte-12 x1ed ngi reproduces the height distribution of S,well.
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Analysis of the MJO impact on the
aspect sensitivity in the UTLS by
Equatorial Atmosphere Radar

Noersomadi'), Hubert Luce?, Tiin Sinatra®), Hiroyuki Hashiguchi?, Nurjanna Joko Trilaksono®
1) Research Center for Climate and Atmosphere, BRIN

2 RISH, Kyoto University
3) Faculty of Earth Science and Technology, ITB

Wipdp &P eain

Phase space points for all days in December-January-February

Introduction from 1974 to 2003 (WH,2004).
Z <
Weslern
 Pacific
o d \
o
Large scale cumulus
convection during =]
P3 and P4 over EAR * 5,3 oz,
station - ol g | ]
w =[] g
: 82 581
25 20 |
o
Strong eastward N
wind (U >0) in the
lower troposphere ? .
at 850 hPa after lo"cd%::
cumulus convection R e I
is crossing over EAR.

T
No

station when MJO at P6 to P8
MJO phase propagation from Outgoing Longwave Radiation (OLR) and 850 hPa wind anomalies (Wheeler and Hendon, 2004;
'WHO04). By definition of WH04, MJO is active when the amplitude of Realtime Multivariate MJO index is equal or larger than 1. The
magnitude of RMM index is located outside the circle.

OLR anomaly (W.m?)

Mio2

Mol

Case study MJO events
Nov 2024 to Feb 2025
MJO1 and MJO2 are passing through the

EAR station on Nov 24-25, 2024 and on
Jan 23-24, 2025, respectively.

results from Triani et al.,

Uwind EAR () Nov-Doc 2024

Uwind EAR () Jan b 2025

o

Strong eastward wind (U > 0) in the lower troposphere at 850 hPa

after cumulus convection is crossing over EAR
Wcosumnwm a5 gy
'[ i

T A
18 mio1 star (cyan) and circle (blue) MJOZ . 4,

e are the altjtude of peak N2 |

101 1108 1015 11722 1129 1208 1213 1220 1227 OVA 0110 OVA7 0Y2S OYH 0207 214 0221 02zE

b
%,

N?in the upper troposphere inversion around 15.5-16.2 km is pushed into ~ 17 km.
Asingle peak of N7 is seen when MJO1 and MJO2 are crossing over EAR.

2025

39

Outline

« Introduction
« Case study MJO Nov 2024 to Feb 2025
« Statistical analysis for the MJO cases from Jan 2016 to Dec 2019

« Observed variation of aspect ratio for the MJO cases from Jan 2001
to Dec 2019

« Comparisons Echo Power, N? peak and altitude of the N? peak

« Summary

Data

e Echo power and wind from EAR observation (102.5E, 0.25 865 m).
Temperature profiles observed by COSMIC2 GNSS Radio
Occultation with location of occultation within 3° radius from EAR
station for the case study Nov 2024 — Feb 2025.

The date with no COSMIC2 profile within 3° radius is defined as no
observation data (missing value).

The average distance for all COSMIC2 profiles from EAR station
throughout Nov 2024 — Feb 2025 is 1.140.63°.

Temperature profiles obtained with radiosonde RS-41 at GNSS
Singapore station (103.888E, 1.34041N altitude 21 m = 2.07° from 2
EAR site) for the case study 2016 — 2019. (www.gruan.org)

Basic principle of
GNSS RO

J 5} ml |
100 100
Brunt Vaissala frequency squared (N?) ., ‘,EJ

is calculated using observed - - \ %
temperature profiles £, oot B 5
Sies —oee s

100 i 100
N2=g/T (dT/dz + g/cp) s vss;

5o o} GNSS RO is a technique where a Low Earth Orbit (LEO)

. aktitud i . { satellite measures the bending of Global Navigation

2:altitude § (A S S A Satellite System (GNSS) signals as they pass through
g gravity acceleration i Woatsd)

¢ heat capacity at constant pressure

A comparison of typical temperature and Brunt Vaissala
profile by radiosonde and nearby GNSS RO

the Earth's atmosphere to retrieve electron density

), temperature (I, pressure, and water
[}

(Noersomadi et al; ACP, 2018) vapor

AR (B) N (10459

Pv : echo power at vertical beam
Po : average echo power at oblique beam 1 10
Aspect Ratio (AR) is defined as

AR = Pv—Po p
Por.EARNov 202 Fob 2025 v = "

single peak of|AR
(MJO around B3 to P4)

1 1
s 0 s 1 15 o s 10 15 2

N (10459

Upper
Troposphere
Inversion (UTIL

AR (B)
El El

ouble peak of AR and N?
(MJO around p6 to P8)

R
401 1408 1115 1122 1128 1206 1213 1220 1227 OVO3 0110 OVI7 0124 OV 0207 0214 0221 0228
(MmD) 15 15

02 4 6 8 1012 02 4 6 8 1012

Average during 27 Dec 2024 — 17 Jan 2025

results from Triani et al., 2025



Case study MJO events 2016 — 2019

Supporting data :
Realtime Multi variate MJO (RMM) index from BoM Australia.

Method :

Search the MJO events when passing through within Phase 3 (P3) and Phase 4
(P4) regions with amplitude >= 1 based on the RMM index.

Then, select the cases when the time duration within P3 and P4 equal or more
than 10 days.

Define the middle date as the 0 lag day by assuming it is the day when MJO
passed over the EAR site or nearly across the border line between P3 and P4 in
the RMM diagram.

For example, if the time duration within P3 and P4 is 16 or 17 days, then the 9th
day is defined as the 0 lag day.

The same procedure was also applied for the cases when MJO at P6 to P8.

Nov2028 MJO 2016-2018 P3 to P4

ns 1122 1129 1

ns 122 1 1

5 1) 2L
87654321012345678
Lag (day)

Hmax(AR) = 17.27 £ 0.65 km

25
$7654321012345678
Lag (day)

MO Phase 3-4 (2016-2019)

efer 7

Composite N (10 57)

Hmax(N?) = 17.18  0.59 km

The mean altitude of maximum AR by EAR and maximum N2 by radiosonde is 17.23 km and 17.24, respectively.
An interesting feature shows over lag positive days where AR indicate minimum at about 0.5-1 km altitude above the
tropopause coincide with the low values of N2, suggesting MJO enhance the isotropic turbulence at above the peak AR.

MJO 2016-2019 P3 to P4

Composite Pv (dB) Composite Po (dB)

3
2
1
0

H-Hmax(AR) (km)

8-76-5-43-2-10123458678
Lag (day)

Singapore radiosonde profiles.

25

2

15

1

°
a

5

H - Hmax(AR) (km)

87-65-432-10123456738

Lag (day)

MJO 2016-2019 P6 to P8

Composite AR (dB)

H - Hmax(AR) (km)

109876543210 128345678910
Lag (day)

Hmax(AR) = 16.25 * 0.49 km

Comparisons Echo Power, N? peak
and altitude of the N2 peak

Top panel:

Black: Time series of the UTI peak of log10(N?)

Red: Time series of its normalized altitude z_norm. The
normalization is: z_norm=2/3-8.5 (km) to fit the level
of 1og10(N2).

L AR MJO cases for Jun 2001 - Dec 2019
Nov 2024
» %. f Downward propagating
* § Kelvin wave Minimum AR associated with low N?
P EAR Nov 2024 P 2028
-« P3 to P4 P6 to P8 =
& Composite AR (dB) Composite AR (dB)
- " "
mIo1 " 16
2
— o SRR
Fewys 1 : i stenr
£ ’
v : 2 ov 202t 2028
* 1 :
‘
4 =
+ b 2
'
2 T
o1 IR R R EERTRREREREL "1098705432101254587800 B
1o e e Hmax(AR) = 17.32 £ 0.54 km Hmax(AR) = 16.25 % 0.58 km akar

UTI was forced up into about 17.32 km due
to large scale convective system of MJO

The results are persistent from the long term of EAR observation
- the peak AR within P3 to P4 (14 dB) was relatively larger than the peak AR within P6 to P8 (7-9 dB)

- minimum AR was observed at 0.5-1 km above the altitude of max AR.

UTI was maintained at ~16 km when
large scale convections were located far
away over EAR site.

(0.82) between the two is spectacular.
There is linear relationship between log10(N?) (or log10(N%))
and z_norm.

The static stability of the UTI linearly increases (decreases)
when its altitude increases (decreases).

The right panel is the corresponding scatter plot: The

P Ao o2 Feo 28

Ww.;:« :

RE .,:-r’

v cosmca

Double peak of AR and N?as
shown in the MJO P6-P8
(Nov 2024 - Feb 2025).

Enhance AR and N2 during

Composite N? (10 s

H- Hmax(N?)

876543210123
Lag (day)

negative lag day

AR <3 dB above 0 km
relative altitude within
about 7 positive lag day

N2 COSMIC2 Nov 2024 - Feb 2025

" e T v
401 1408 1115 1122 1129 1206 1203 1220 1227 OVGD 010 VA7 0126 OVY
MwDD)

regression is close to 1 (0.82, equal to ion, by
chance).

Bottom panel

The same analysis for the inversion above tropopause about
17 km. The correlation is very poor (0.06) and the regression
is also close to 0, so that there is no relationship between
the two.

The relationship between altitude and amplitude of N? is
specific to UTI.

anavznzs

log(N)

The mean altitude of
maximum AR is 17.23
km. The maximum of Po
show above 0 km
relative altitude.
suggesting that
throughout P3 to P4,
the MJO increase echo
power at the
tropopause.

We calculate the daily mean Pv and Po of 10 min EAR observation and N2 daily mean of twice daily temperature from

We collect all samples of Po, Pv, AR and N? based on the MJO events at UTLS region, then calculate their composite mean.
The x-axis of composite diagram is Lag (day). The y-axis of composite diagram is relative altitude to the peak AR and N2.
For the EAR data, the altitude reference (0 km) is the altitude of maximum AR within 16-18 km.

For the radiosonde data, the altitude reference (0 km) is the altitude of maximum N2 within 16-18 km.

45678

Hmax(N?) = 16.17 £ 0.63 km

o207 o214 0221 0228

UTLR=082 , slope=1.16

4 3 2
Normalized altitude z (km)

SPT.R=0.06  siope=0.05

log,o(N?)

DA AR R Al

4 E) 2
G5 Normalized altitude z (km)
20042025

CPT : cold point tropopause



P, x2? vs peak altitude (correlation coefficient =0.50)

D8P ol zmancs 27 § ma(poner)
3

Summary

values.

far away over EAR site) are persistent.

themselves due to altitude variations.

(Top)

Hourly-averaged Signal to Noise Ratio (SNR) from vertical
beam between 14 and 19 km from Nov 26 to Jan 16. Here,
we focused on the first peak of echo power associated
with the Upper Tropospher Inversion (UTI).

(Middle)
Black dots: Time series of echo power associated with
UTI, corrected from range attenuation effects

(i.e. Pv * 22, in dB), z=altitude.

Red dots: Time series of normalized altitude znorm of the
echo power peak.

The normalization is: znorm=2*5-27. The coefficients have
been applied to fit the levels of Pv * z2 =Pvcor

There is a clear correlation between the two
(corrcoef=0.5). When the altitude increases (decreases),
then Pvcor increases (decreases) linearly (at least in the
first order).

(Bottom)

There is a dominant oscillation at 10 days for both
parameters (the frequency spectra of Pvcor and znorm.
A modulation by a Kelvin wave ?

The MJO increases echo power at the tropopause, forcing the peak AR into about 17.2 km.

The MJO enhance the isotropic turbulence at above the peak AR associated with low N?
Double peak of AR and N? as shown in the MJO P6-P8 (large scale convections were located
AR < 3 dB above 0 km relative altitude within about 7 positive lag day.

We demonstrated that time variation of N? (UTI) with altitude z only.

We found a variation in echo power over time caused by variations in N2, which are
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Atitude z of max(power) associated with UTI

peak alltude z (km)

P

Mean descent rate: -1.2 mhour, -30 miday, 0.3 mmis

S T T

T i

10 20 W 50 60

30
Time (day)
Comparison between Pv, . and f(z)

(dB) &1(z)

£

Py,

comelation coefficent=0.55

Comparison with model NZ(@=N2 1016%M N2=6.3 10, Hed kim, 2,156 km

30
Time (day)

Proposed model

then Z—2Z

N2
= Hlog,o <_)
NG

+2(2)
(P, X z%)ap
=5z

BHD) 4
Il th =s’5€{z h;
all ti e e !5%‘9consistent with:

- a time variattorf of N2 (UTI) with altitude z only

- A variation in echo power over time caused solely by
changes in N2, which are themselves due to altitude
variations.

-> A remarkable relationship.



Humidity Profiling by Wind Profiler with Radio
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TURBULENCE ECHO

Introduction

Several methods have been proposed to estimate q using WPR.

« One approach links q with various turbulence-related
parameters measured by WPR-RASS (Tsuda et al., 2001). [es——]
[Recovery facor

Another study enhanced this work by utilizing WPR to W
identify transition levels, such as the top of the boundary 1
layer. This technique helps align humidity profiles by

adjusting calibration coefficients, thereby reducing error (Said

ctal., 2018). 2

Furumoto et al. (2003) focuses on determining q using using IWV from GPS
turbulence-derived values obtained from EAR. This method
establishes an upper boundary by incorporating total water (considering time continuity)

vapor data from radiosondes or GPS, which allows for the GPS MEASUREMENT

generation of continuous q profiles in the tropical troposphere

Using radiosonde
data as reference

Consiraint of sign of M

* However, these methods have not proven fully effective. Furumoto et al. (2003)

The primary objective of this study is
to develop an accurate and
interpretable ML method to
estimate vertical profiles of g.

Introduction , _
This study proposes integrated

measurements from the EAR-RASS,
with a particular focus on utilizing T
as the main novelty
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Introduction

* Specific humidity is related to the observed M (M*), which is described as

M* o anl/zNe—m

* The retrieved M* is in an absolute value, and the Filling Factor (F) of
turbulence is estimated through (NOAA) Aeronomy Laboratory €2 model

* The volume reflectivity depends on the radar power echo and radar set.

* Calculating q using EAR data is highly dependent on M, which faces
challenges since its negative or positive sign is not provided by the radar.

Introduction

Amaireh et al. (2023) proposed a method,
where the moment data from the raw spectrum
is used to predict the relative humidity in two-
cascaded steps.

In the first step, the moment data is used as
input features to predict the pressure.

In the second step, the predicted pressure and
moment data are combined to predict the
relative humidity (RH) without using
temperature.

The best model presented R? of 0.778 and MSE
0f 93.83

Datasets

EAR-RASS and Vaisala RS-41SG radiosondes collected
during an observation campaign in Kototabang from
August 31 to September 2, 2016.

+ The datasets consist of six profiles, each containing
atotal of 37 data points (from 2.065 km to 7.465
km) recorded at 150-meter intervals.

To estimate specific humidity, features suchas T,
Pr, and o from the EAR-RASS measurements were
used for training (80%) and testing (20%) the
machine learning (ML) models.

g, which serve as reference/label, are estimated
from radiosonde data.

1/Q Data Quality Control
Core features

: (Spectrum Moment i e )
! (spec | joments ] (Radial Velocities J
i

S ML Predicted
Pressure
T | Pressure Profile
M model
Training

Radiosonde
Humidity
Measurements

Second stage
MLmodel
Training

ML Predicted
Vertical Humidity
Profile

Amaireh et al. (2023)

: MTE 1 do
=) = 92/ W67 x 107 M 4 s D2z kg0 ()
.
2/3 )2
C2=a? ‘(ﬂ)z @
dz




The proposed method

Features: Feature Engineering: Machine Learning (ML)
) ) models
EAR-RASS measurement of * Weighting/scaling ‘ )
. . ) | n|- simple regression
Temperature (T), :: |+ polynomial terms ) models (Ridge, Lasso),
+ Echo power (Pr), and + interaction features . Ensemble models
« Doppler spectral width (o) + log transformations (Random Forest,
Gradient Boosting, and | 1 | Predicted
XGBoost) /| Specific
. humidit
Reference/Label: Evaluation: v (@)
Specific humidity (q) from « Performance
i of ion (Mean
Squared Error (MSE)
« Temperature (T) and R?).
+ Pressure (p) « Feature importance (F-
« Humidity (RH) statistic and p-values
from ANOVA)

Performance of Models With Different Feature
Engineering and Hyperparameters

Model | Feature Engineeri Hy, MSE | R?

Ridge | Weighted Features alpha:1.0, random_state:42} 0.955 | 0.885

Lasso Weighted Features alpha:1.0} 1.113 | 0.865

Ridge | None (Standard) alpha:1.0, random state:42} 1161 | 0.860

Ridge | Selected Features (Poly + In- alpha:1.0, random_state:42} 1.177 | 0.858
teraction +

Ridge | Polynomial + Interaction + | {alpha:1.0, random_state:42} 1.322 | 0.840
Transformed Features
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Results

Summary

Ridge models, enhanced through feature engineering, significantly outperformed other
models, achieving an MSE of 0.955 and an R? of 0.885. The effectiveness of Ridge and
Lasso models demonstrates that the selected features made these models simple,
efficient, and robust.

A robust model fit was confirmed as a diverse suite of algorithms, including regularized

linear models and complex ensembles, all demonstrated strong predictive power with R?
exceeding 0.82 and MSE values below 1.44.

These models outperformed those that did not incorporate T and only depend on moment
data of WPR, such as wind speed, SNR, and Doppler spectral width from WPR.

This highlights the crucial role of T in the analysis. Despite the challenges posed by limited
data, the research produced valuable findings.
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+ EPB found in

Equatorial Plasma Bubble detected lonosphere Layer s imeree i

by L-Band Synthetic Aperture Radar 4 e N s

and GPS-TEC Observations in el
Indonesian Regions
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* The ionosphere is a « Equatorial ionization « Indonesia, situated along the
charged atmospheric layer,  5nomalies (EIA) feature equatorial region, experiences
E?nz‘zﬁ:t';hgg:‘:itmg two electron density strong ionospheric dynamics,
The 19th Symposium on MU Radar and Equatorial Atmosphere Radar day-night cycles, and ’ peaks near the magnetic including Equatorial Plasma

seasons. ' equator. Bubbles (EPB).

#1 Equatorial Plasma Bubble (EPB) #2 Equatorial Plasma Bubble (EPB)

Plasma bubble is significant reduced electron

e i pover e

Rayleigh-Taylor instabilties (RTI) causes plasma bubble density i hod | 2 + Sato et al. (2021) reported
rd ExBdrift i + The eastward electric field at sunset time “~‘~:~ e s two-dimensional images of
duw“e“‘w"‘ ionospheric current induces upward plasma drifts at the equator plasma bubble over northern
ward = « EPB occurrences peak during equinoctial J Brazil using ALOS-
®B +ﬁ—_ o months (March and September) due to high c 2/PALSAR-2 images
+ E — cquatorial ionosphere solar activities o3 .

Stripe-like patterns are
observed overlapped with
airglow image associated

EAR conference (2023)
Plasma Bubble Occrrence Rate

. 2 with the structure of
%40 e equatorial plasma bubble
& i.e %4 Satoetal, (2021) (EPB)
% 2 Abadi et al, (2024) This provides opportunity
§ In Indonesia, EPB has been measured to detect EPB with ALOS-
i T through GNSS scintillation and Very 2/PALSAR-2 images over
High Frequency (VHF) radar. Indonesian Regions

0
2002 2004 2006 2008 2010 2012 2014 2016
Otsuka et. al., (2023)

hitps://wdc.kugi kyoto-u.ac.jp/

W OuPoison)  mrememte W RS v

May 2024 Geomagnetic Storms Our goal:

« In May 2024, a powerful geomagnetic storm occurred,

EPB after Geomagnetic Storms in 2023 (Sun et. al., 2024) : i B TUECR A R ST e
peaking on May 11 with a Dst index of -412 nT,
o marking one of the most intense geomagnetic 1. Det.eCt EPB .on May gth’ 2024 m—— 08 e —
disturbances (weathernews.jp) using SAR Images over 2024 : 2024
« In Japan, low-latitude aurora was observed : : (240118, (240201}
+ During geomagnetic storm, unseasonal EPB can occur Kal!mantar.‘ and Bali ¢
due to growth of R-T instability through storm-time 2. Validate with GNSS-TEC and
electric field SAR images on non-EPB days
«+ In Indonesia, clusters of EPB found on May 9th, 2024 g y ® e ey e mours)

ROTI on 130 (Latitude -2 to Z)M

htps:/fwdc.kugi.kyoto-u.ac.jp/ Hokkaldo(Maytii2e20)
May 2024 Dst (Provisional)

https://gatotkaca.brin.go.id/petaionosfer/ionosphericmap/

-

= The entire Indonesian region covered by
§ high values of TEC irregularities
:35 associated with EPB on 240509

Longitude

GoogapnicLat. ()

Details on the ROTI map generation is
included in Abadi et al (2025)

Time (hours)

% w0

https: i
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110° 115°
IS o
Datasets' Kalimantan
- 16:39 UT
1. ALOS-2/PALSAR-2 sason
2] ©) 240509
Kalimantan 240118 130 (7110, 7120) 16:39 UT (23:39 LT) e -
240201 130 (7110, 7120) 16:39 UT (23:39 LT)
130 (7110, 7120)  16:39 UT (23:39 LT)

2. GNSS Data (in Indonesia)

« Some GNSS stations are used
to validate the TEC changes from SAR
based estimation

Syntnetic Aperture

torosphere

SAR Azimuth Offset (4x)

Yamashita et al., (2022) describes SAR azimuth offset for
ionosphere changes (TEC) in a single image as follows:

Negative
Ooppier snift

Sato etal.,, 2018

positve
Doppler Shitt

Fig-1 Geomenc configuation of aamuth diecion SAR imaging
through the lonosphere The progresson f the niena ver the
syntheic spenureperod, comesponding changes i dectionand
Dopplershifs are shown

Vion Vsat OTEC K =40.28m3/s?

dx=2K cf? Dp 0x Vion = the velocity of the ionospheric piercing point (100 m/s)
where 2% _ Dr Vsqr = the velocity of the satellite
CRy  fo ¢ = speed of light (3x 10° m/s)
Axe K vion 9TEC Ro f= the center frequency (1270 MHz)
f2vgq Ox Ro = zero doppler range (782 km)

2 hsqe = the altitude of SAR satellites (630 km)
where  vion = Vsut% hion = the ef fective height of ionosphere (300 km)
Ax =£hmn6TEC . Ro TEC gradient al imuth track

fz hsat ax gradient along azimu rac

Kalimanian

ROTI and TEC Depletion:
Kalimantan (May 9th 2024)
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TEC Depletion (TECU)
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GNSS-TEC

e)
GNSS-TEC is method for measuring total electron content 3™ GK‘
using phase differences of two GNSS signals (L1 and L2).
The Rate of TEC (ROT) is calculated as the difference in TEC .
between consecutive observations, commonly at 30-second GL
intervals. The Rate of TEC Index (ROTI) represents ionospheric ? Gw\
irregularities and is computed as the standard deviation of ROT a0 o

values within a specific time window, such as 5 minutes. The
depletion of TEC made by plasma bubble are isolated using 60
minutes running average

Rntge,
SR,

1
STEC = (An 2nR

\2rzre-onL,

VTEG Ghanges (TEGU) —  VTEC Ghanges (TECU)

“Time (UT hou)

ROT

ROTI =/[<ROT > — < ROT >?

On EPB day, SAR image is
already unfocused compared to
non-EPB days.

SAR image

240118
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Fujimoto et. al., (2024)




TEC changes on non-EPB and EPB days

240509

* TEC changes
on January
18th and
February 1st
are smaller
than during
EPB on May
9th.

dTEC (TECU)

240509

SAR Image over Bali

* SAR frames are covering both land and

ocean regions, and the ocean region is

masked out

High ROTI is not overlapped with SAR image

during Bali acquisition (16:37 UT)

+ SAR image is azimuthally well-focused and
shows weak azimuth shifts similar to those
during non-EPB days

Thank you for your attention

Email: ihsan.naufal.muafiry@brin.go.id

* The observed peak

MEASURED o TEC depletion from
BY GNSS-TEC AND == SAR image is
SAR IMAGES 1;» measured around 5
Kalr‘manta/y TECU
"\,0 L 0o i ’\ / \/\//\/
@ 2skaPlsBt N LV
-5° W ° ’ con-grs23 ar-ors2s cons ars2s cose - rs 26
) cblﬁhm, 100 100 10 0
- 16:39UT < ol a o I
+ Typical TEC depletion associated e Rt Fmer ‘“er,iifm‘i,’ e
with plasma bubble was found — We——s W W
measured by GNSS-TEC inarange o~ o T\ M o
between 5-10 TECU during SAR ¢ e el oW e W]
image acquisition {16:39/UIN) CEEL] SEEL | JEEL | JEERLL
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Conclusions

« Azimuth offset of ALOS-2/PALSAR-2 SAR images has been used to detect
ionospheric irregularities in equatorial region during intense May 2024
Equatorial Plasma Bubble occurrences

Large azimuth offset of SAR images was found on May 9, 2024 in Kalimantan,
Indonesia, beyond 20 meters

The TEC depletion observed by GNSS-TEC technique confirms the occurrence
of Equatorial Plasma Bubble around the frames of SAR images

The peak of TEC changes for plasma bubble calculated by azimuth offset is
much larger than that of Sporadic-E (Es) in Japan

Such a large azimuth offset is not detected in SAR images over Bali and during
acquisitions under low geomagnetic conditions

.

The space weather data are obtained from World Data Center for Geomagnetism, Kyoto University (wde kugi kyoto-u.ac.jp). The ALOS-2PALSAR-2 level 1.1 data i this study are s

PIXEL (PALSAR Interferometry Consortium to Study our Evolving Land Surface) under a cooperative rescarch contract with the Earthquake

ALOS-2/PALSAR-2 data belongs to JAXA. The authors thank the Indonesian Geospatial Information Agency (BIG) for GNSS
brin.z

arch Institute, University of Tokyo. The
a (www.srgi.go.id). ROTI map is ac
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Background : lonogram and spread F

« Graphical image of ionospheric electron « Inthe F layer, radio wave reflections
density, showing how reflection altitude appear blurred on the ionogram.
relates to radio wave frequency. « This shows disturbed ionospheric electron
Vertical Axis : Virtual Height density.
Horizontal Axis : Frequency « Such disturbances impair satellite

a0 communication and GPS

hitps:/iwdc.nict.go jp/lonospherelcondit
fonslassets/img/02-3.png

normal

600 spread F

400

HEIGHTIkm]

200

0 1 2 3 4 5 6 7 8
FREQUENCY[MHz)
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Background : Previous studies Detection of ionosonde at Shigaraki MU Observatory

(Automatic detection at Shigaraki

Previous Studies on Automatic Detection of spread F
Using Machine Learning Model

Automatic Detection and Classification of Spread-F From lonosonde at

Hainan With Image-Based Deep Learning Method

M. Yacoub et al., J. Atmos. Solar-Terr. Phys., vol. 270, 2025.

« Using observation data from Fuke Station in Hainan Province, China

« Classification of spread F types is also performed.

« Training was performed using ResNet, EfficientNet, and ViT, and a detection accuracy of up to
92.5% was achieved with ResNet50.

Automatic Spread-F Detection Using Deep Learning™

C. Luwanga et al., vol. 57, no. 5, pp. 1-16, 2022, doi:10.1029/2021RS007419
« Obtained training data from NOAA data repository

* 95% accuracy with ResNet50 + Adam

Background : lonosphere

HF Communications/Broadeasts
njihas.gif
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Solar X-rays
Pancre

lonospheric Storm

\

lonosphere

lonosphere : altitude 50-60 km to 1000km

« Atmospheric nitrogen and oxygen are partly
ionized by solar ultraviolet rays, forming
plasma.

« The ionosphere reflects radio waves, and the

hiahest reflectable freauency is called f.F..

Sun

Navigation Satellites
(6Ps)

L &

Broadcasting/Communication!

Extreme Uitraviolet
‘Radiations %
Ao Observation Satelites

mithe D

F layer(160km-~)

. lonosphere
NN P N

Y A\ D layer(60km~)
Radio Absorption g’ s N
\‘\‘\. ETOE ragion

Interferenc

Earth ground

- Sai
TVIFM Radios

Spread in the frequency
direction (horizontal
axis)

Mixed type

when both
happen at once

difficult to distinguish the-

because of the difference in
angle

spread in the
altitude direction

1
|
I
|
I
N A |
(vertical axis) 1
1
I

spread F(spread F) %

Last year, we used Mask R-CNN
machine learning model to detect
spread F from ionograms

4

Human visibility

observed at Shigaraki MU E_ No_SF(not spread F)
Observatory with high accuracy. 'g 5
accuracy : % =092 ] v/ J
o
H

Problem
Existing research (Shigaraki) indicates effectiveness, but remains unverified in other regions,
seasons, and under varying solar activity.

Research objective
» Evaluation of a method to detect spread F using Mask R-CNN by attempting to detect spread F
using the same method used for the ionosonde at Shigaraki MU Observatory on SEALION data
installed in Southeast Asia
» Validation of the model using long-term ionogram data to evaluate its applicability to different
seasons and changes in solar activity.




Background : SEALION Background : Mask R-CNN

communications and GPS

disturbances.

The lonospheric Anomaly Observation Network for Southeast Asia operated by NICT
Monitors the impact of ionospheric phenomena such as plasma bubbles on satellite

It sets observation sites in Southeast Asia and both hemispheres to study equatorial ionospheric

» method for object detection and segmentation
» Uses Convolutional Neural Networks (CNN) as the
backbone to extract features from images

Workflow of Object Detection in lonogram

Input :
lonogram image
(plot region only)

-
7 VHF radar %Qli_ang Mai ( @ lonogram image (plot region only) ]
i J TVientiane
A FMCW ionosonde e N\ Using a CNN (Convolutional Neural
TKorat S .
‘ Toankok < Network) to extract features from images RolAling
T GNSS-reciever ) P A
fitAZF Chiimphon Ie Object Detection Head predicts the object class Object detection Mask generation
8 Magnetometer t‘?? ac Lieu / ¢ ‘; ebu (type) and position for each Rol head head
R e gl SR 7 AT v
# Alisky imager Songkhla Magnetic Equator (s Using RPN (Region Proposal Network) to predict Box | [ 4.Class
Y \ where objects are likely to be (Rol) n Mask l
. as
*The “grayed-out” icons mean W\ spread F
“observation closed”. > N N Mask : Object segmentation
Ko Equator . - .J. 9 ) .
. 4_oto§abang —Qual 7" == S Box : Position and size of detected objects Judge : Red region i JdF
http b-nict.go n Class : Class label (category) of detected objects udge : Red region Is sprea

n by Observation Site

Training : Class Definitions

No. Class name Explanation
Mask R-CNN S - @) Es2 E-layer echo
leele] (ResNet-50) Data Utilization by f)bservatlon Site @ No_SF A bifurcated object capable of accurately reading values such as ff, from
Library PyTorch(Python) training an ionogram
Frame work | detectron2 / & validation data [©)] SF spread F
Training data 500 ionograms observed in ifat inference @ AMB Unable to determine whether spread F is occurring (cannot_judge)
9 Chiang Mai ® SF_diagonal | ® Among these, specifically those that are not mixed-type spread F
Es2. No_SF(2013), - —
calsses SF, AMB, SF_diagonal(2009) == %— kel S Enlarged view oftralmng data
6 (5 types of classes + when no
Qi detected object exists) \
Optimization | SGD
Methods E
Training rate itart at 0.01 and gradually P b : .
ecrease — Training data included small

AMB : Handling Ambiguity in Mask R-CNN Detection accuracy in SEALION data

At what stage can the phenomenon be classified as spread F?

« Mask R-CNN is a model designed Normal spread F

Detection accuracy on validation data
(n =500)

Verification using data from Chiang Mai

Blue : Correct

Red : Miss

for clear-cut class classification Comparison of Accuracy

In actual ionograms, intermediate
states exist between normal and
spread F
« Even to the human eye, it is
difficult to determine which
category they belong to.

accuracy
o
v
=)

—lt is difficult to judge phenomena involving onlinuous change solely 0.25 Bm Shigaraki
based on the binary values of “normal or abnormal. = SEALION
I £ 0.00 <
X
e — — e o SENC
+ Training using ambiguous ionograms caused mislearning < &7; @'b 0‘0\
i 5 . 5 °
and overlearning. . - Avoid forcing ambiguous = R R O
+ When intermediate states were excluded from the training data into categories; allow it N4

data, large differences between classes led to unstable
learning.
— In both cases, numerous false detections of intermediate
states occurred during inference.

to fall into intermediate
classes

91+135+242 _

500 0.93

accuracy :
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The type of spread F frequently observed varies by season and time of day.

: MU2009 @ typebytimeperiod  cMu2013 @ typebyt d
Mixed type type by time peri d ype by time perior

Most frequently
observed between 8 PM
and midnight during the
spring and autumn
equinoxes

R EEEERT)

hour

SN S CSIOPHEI DD ER T

cMu2009 & typebytimeperiod CMU2013 ®  type by time period

[Frequency and range type}

Late summer nights
(after midnight)

it

2013 counts per week in three places

The two graphs shows the
number of spread F detections at
three observation points counted
weekly in 2013

40

Seasonal trends(upper)

« spread F is frequently
observed during the vernal
and autumnal equinoxes.

2013 counts per hour in three places

100 | = Trend
m— CPN

Time trends(lower) 80 cMu
+  spread F is mainly observed ¢ o] ™= ®
from 20:00 to 23:00(local 20

time).

Trends in Years wi Solar Activity (2009) Summ

» Observations were frequent during late night hours in summer (primarily August)
» The occurrence of spread F on the spring and autumn equinoxes was milder than in years with
high solar activity

[ Number of observations by time ][ Number of observations by week ] [ Number of observations by month ]

MU 2009 @5 type by time periot CMU 2009 counts per week CMU 2009 Hourly counts by month

150 B +- March

+ April

S S8 S @ 5
& SHTEE Y @“ﬁ @*:?i & é@‘\
g O

I PEE TR R RNV eRS
e

6 2 4 6 8 1012 14 16 18 20 22
Hour

week

. . + The number of observations is + June through August see a high
Most Oll)se,rvauons oceur higher in summer than in spring or number of late-night observations.
after midnight ST
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Comparison of Accuracy

e Shigaraki

SEALION

] B e mme
&

1.00

Result

» Using the same method as Shigaraki MU Observatory,
SEALION ionograms detected spread F with 93%

o
S
G

accuracy
o
@
S

accuracy.
® High accuracy is achieved at training locations (e.g., 0.2
Chiang Mai) 0.00
® Accuracy drops at other sites due to differences in D7 05‘5 o
noise characteristics. & & Y
o>

53
» We also confirmed the trend observed in previous studies that the occurrence tendency of spread
F differs depending on solar activity.

Issues

» In the SEALION data, a high proportion of ionograms classified as AMB was confirmed. Therefore,
for automatic detection, it is considered preferable to introduce a quantitative evaluation method
independent of thresholds rather than threshold-based determination.
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squaresimplemented as a real-time service
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\ - Introduce ionosonde measurements
to add constraints to tomography
solution.

- Modify original (TEC-only)
tomography results by using
ionosonde data in the assimilative
approach (3-DVAR)

- Introduce log-normal distribution
assumption for solutions to
constrain the solution so that they
are always positive.

T Laiude(N)
* This study further improves this
e method.

Ssessanga, N.,Yamamoto, M., Saito, S. et al. Complementing regional ground GNSS-STEC computerized
ionospheric tomography (CIT) with ionosonde data assimilation. GPS Solut., 25, 93 (2021). https:/
doi.org/10.1007/s10291-021-01133-y
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! Z551 " Globally observable

Smoothed in a wide
horizontal area
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[5%

20256 EMUL —5— - FEARL—F—YYRITL

50



E

L/ Peak height comparison: Tomography - Incoherent scatter

ENRI TEC variation (5 Nov 2023)

YR

7 /_\- g

i e
- E/RI 5 November 2023 g
MPAT W,November 2023 Dst (| MPAT

(2022-2023) o WWMM

W GNSS-TEC Tomography
-

P graphy

RI Improvement in the height estimation

e 6 1 16 2 26 31
Detrended TEC ROTI Absolute VTEC
T8 = 3690 sec. Forier EL.maske 30.Mapping: 350 km RO ELLmesk 30 Happna: 350 e Wap AR S50k EiMack:30.0
L e T X - ai o s 200
i s s
150
i o
. o ws_
H H 3
£ a3 o 002
o H i s
, G o o0 an *N|
-200 -100 [) 200 i so
Aheight [km] ™ >N
078 28
% Peak heights are estimated by the improved tomography much better than the . o e B T T L 1)
original (TEC-only) tomography.
2025FEMUL—F— - FEARL —F— Y VRIDL 8 2025FEMUL—F— - FEARL —F— Y VRIDL

/‘\’ ///A\‘ /—\’ P
=== ENRI 3-D structure: 12:45 GPST (21:45 LT) Ehget

L/ MPAT L/ Lon:132, Date:2023-11-05-12-45 101 Lat:32, Date:2023-11051245 a2 0 M P A T
wap AR 3505 EHagk:30.0 vop AR 3500n Etbask300 wop AR S5 Ehttadk:30.0 AR S o o
T T 1 . T T T
3
m 10 o6z
28 s é
ok 100k 48
3 3 &
75 78 “
o] 02
= = 125°F 130°F 13:
. o - o0
" | - » | 40 a5 - 135 140 145 -
N T T T e e T T L N e ave 00 N e O T e %0 . . Altitude:440 km, Date:2023-11-05-12185
16:00 20231105 1430 20231105 15.00 202311105 * Field-aligned structure 4 0
Map AR 33km ELMask30.0 Map AR 33000 Etade:30.0 wap At 338 ot 00 8
T T 1 { T T 1 o T T 1 T w0 on the southern side
o s s .
- o % Sharp at the west edge H
s _ us_ * Depletion region glowed than the east edge z
wob ool northward, then faded away . H
: E g wasrd * Electron density ot
” ” enhancement at lower 0t
s s0 : .
s altitudes
T 2 2 e
|
| |
¢ T e e T o Y UL—F—  REARL—F—YYRII L 10 2025FEMUL—F— - FHARL—F -V VHIIL
PR, 7Y
ENRI Realtime analysis Summary %
(g Computational environment WP M T
< o-o
Intel Core i7-14700 <
CPU (8/12 Performance/Efficient cores) ST et * lonospheric 3-D tomography over Japan has been improved.
(8 cores are used for tomography ) Al aohey - lonosonde data are assimilated.
RAM 64 GB E‘:;‘“E:{‘h_ - Geometry matrix, covariance matrix, and cost function are modified.
os AlmaLinux 9.2 RS- - lonospheric layer height are better represented.
Python hon 3.12.2, numpy 2.2.5, scipy 1.15.2 B . A~ . .
b Pyd Py 24 - * 3-D structures of ionospheric disturbances during the geomagnetic storm on 5

November 2023 has been investigated.
- Equatorial plasma bubble-like structures embedded in electron density

enhancement are found.
Field-aligned electron density depletion as well as electron density enhancement at
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- Processing time is about 2-2.5 min.
- Additional wait time (~a few minutes) for
ionosonde data to be ready is needed.

= Improved tomography results can be obtained -
with latency of about 5 minutes

100
v GNSS-only tomography can be obtained before T - X .
the i 7 de d gt.a phy d e R il - Every I5 min, latency of about 5 min
© lonosonde data are ready. hetpsi/iwww.enri go.jplcnspubltomo3_newl
2025FEMUL—5— - FEARL—F—3 VT4 12 20255 EMUL—5— - FEARL—F— VT IL

51



Equatorial Plasma Bubble (EPB) during geomagnetic storm

Latitude (deg)

From Abdu (2019); https:,

Mag. Dist

The 19th MU Radar an atorial Atmos > Radar

Sym (9/8-9, 2025)

Post-sunrise ionospheric irregularities in
Southeast Asia during the Geomagnetic
Storm on 19 -20 April 2024

Prayitno Abadi?, Ihsan N. Muafiry?, Teguh N. Pratamal, Angga Y. Putra?, Agri
Faturahman?, Noersomadi', Edy Maryadi, Febrylian F. Chabibi?, Umar A. Ahmad?3,
Guozhu Li4, Wenjie Sun?, Haiyong Xie?, Yuichi Otsuka®, Septi Perwitasari¢, and
Punyawi Jamjareegulagran’

1) National Research and Innovation Agency, Republic of Indonesia (BRIN), Bandung, Indonesia
2) Geospatial Information Agency, Republic of Indonesia, Jakarta, Indonesia

3) School of Electrical Engineering, Telkom University, Bandung, Indonesia

4) Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing, China

5) ISEE, Nagoya University, Nagoya, Japan

6) NICT, Tokyo, Japan

7) KMITL, Chumphon, Thailand
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Equatorial Plasma Bubble (EPB)

Observations by all-sky airglow imager
on's April 2011
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EPB refers to plasma
depletion in nighttime, and
it contains irregularities on
various spatial scales
North-south structures
Eastward migrating EPB
driven by thermospheric
wind

The mechanism generation
via Rayleigh-Taylor
instability (RTI)

The generation needs
seeding and an eastward
electric field

The Geomagnetic Storm on 19 — 20 April 2024
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Methods: Observing depletion and irregularities
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Methods: Observing depletion and irregularities Methods: Electric field observations

Prompt-penetration electric field (PPEF)
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Summary

* First study to connect post-sunset and post-sunrise ionospheric
irregularities during a geomagnetic storm, focusing on the storm of 19—
20 April 2024.

* Post-sunset EPBs formed in western Southeast Asia due to PRE, drifted . ) . .

d d left ol depleti truct that lat d Abadi, P., Muafiry, I. N, Pratama, T. N., Putra, A. Y., Faturahman, A., Noersomadi, Maryadi, E.,
eastward, an ert plasma depletion structures at later move Chabibi, F. F., Ahmad, U. A,, Li, G., Sun, W., Xie, H., Otsuka, Y., Perwitasari, S., & Jamjareegulgran, P.
westward. (2025). Post-Sunrise lonospheric Irregularities in Southeast Asia During the Geomagnetic Storm on

« Storm-driven electric fields raised the F-region height at sunrise, 19-20 April 2024. Remote Sensing, 17(16), 2906. https://doi.org/10.3390/rs17162906
reactivating irregularities within these residual depletion zones.

* These locations of remnants likely acted as seed points for sunrise
EPBs, emphasizing the influence of storm-time electric fields and pre-
existing perturbations on EPB/irregularities generation during the
storm.

For detailed content of this study, please find it at:
https://www.mdpi.com/3457814

Next research

Future research should explore “initial perturbations” for the newly
formed sunrise EPBs in scenarios where post-sunset EPBs do not occur.
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The cost-effectiveness and rapid development of the
GNSS (Global Navigation Satellite System) infrastructure,
has effectively broadened the spatial and temporal
scales over which ionosphere dynamics are probed.

)%:auss Satelite

TEC (Total Electron Content) from satellite to
receiver is one of the most important parameters in the
ionospheric study.

A single-layer model is generally used to represent the
ionosphere.

P C L

‘ Problem: The missing height dimension poses limitations on the information that can be inferred. ‘

&cnss Satellite

The computerized ionospheric tomography
(CIT) approach in our analysis follows the
voxel-based model.
Given m measurements and n voxels:

. n
yi =X aix t e,

STEC (y) = Z length (a) X Electron density (x) + error (e)
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May 2024 geomagnetic storm was one of the strongest since 2002.

A coronal mass ejection (CME), or a large explosion
of plasma from the Sun, hit Earth’s high atmosphere
between May 10-13, 2024. The subsequent
geomagnetic storm was one of the strongest observed
in the last 22 years.

This led to severe in Earth’s i here,
causing various damages such as satellite
communication disruptions and increased GPS errors.

Credit: Wikimedia Commons/NASA

During the storm, significant ionospheric disturbances

G5 retic st 2024.05.10.~05.12. .
bl ! are observed in Japan.
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Multiplicative algebraic reconstruction technique
(MART) is used to solve ill-posed and ill-
conditioned problems, due to the characteristics
of converging rapidly and nonnegative solutions:

: Araij/llaill
k>)

»J=Lha,

||a;|| is the maximum path-pixel intersection length in the grid. x]"' is estimated electron density in the jth voxel
at kth iteration. < d;, X* > is simulated STEC at kth iteration. Ay (0< A <1) is the relaxation parameter and
controls the convergence of the algorithm.
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Electron density enhancement SED structures

+~  Quiet period Meridional-vertical slices (139°E) May 11, 2024
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(a) a significant increase in The tomography technique show its advantage in reconstructing the SED structures over
background TEC exceeding the Japan, revealing their large latitudinal (~1,000 km) and vertical (~300 km) extensions.
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Embedded depletions

May 11, 2024
Meridional slice (139°E) Zonal slice (37°N)

The vertical reconstruction results are generally
consistent with the ionosonde:

Height (km)

During the electron density enhanced period
(13-19 UT), strong spread F and increased
nmF2/hmF2 are observed over Kokubunji.

Validation with Swarm data:

The method show good fidelity in
reconstructing ionosphere during quiet and
storm periods.

Height (km)
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Depletions are also observed by satellite
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ionograms and our reconstruction.

Echo power (dBV)

A correlation of more than 80% is observed
between the peak heights of disturbances as
simulated and reconstructed.
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equatorial plasma bubbles may occur over Japan. Shiokawa et al. (2004). EPB

1. By using the dense GNSS measurements over Japan, a 3-D tomography algorithm with high

pati poral resolution is d to reveal the ionospheric response during the super
geomagnetic storm in May 2024.

2. Reconstruction results are indicative of SED occurrence: a significant increase in background
TEC exceeding reference values of geomagnetic quiet time; an increase in NmF2 but remaining
comparable with reference values; elevated hmF2; and electron density enhancements primarily
occurring at higher altitudes. Tomography reveals the large latitudinal (~1,000 km) and
vertical (~300 km) extensions of SED structures.

3. Field-aligned depletion structures were observed embedded within the SED, extending over
600 km parallel to geomagnetic field lines, with radial and zonal dimensions of 50-150 km
and 50-100 km, respectively. These structures are likely caused by equatorial plasma bubbles
extending to mid-latitudes from the equatorial region at altitudes of ~2,500 km along
geomagnetic field lines.

4. Electrodynamic forces may play a key role in the formation and development of electron
density enhancement and embedded depletions.

Details of this research can be found at Fu et al. (2025). Geophysical
Research Letters. 10.1029/2025GL 116567
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Preliminary analysis: Chung-Li ionosonde echoes?

The pulse trains from the Chung-Li ionosonde were sampled at the Okinawa Electromagnetic
Technology Center of NICT from 4:00 to 4:54 on March 24, 2024 (JST) and cross-correlated
with the model replicas. The two highest-intensity echoes (in the F and E regions) of each 4.8
MHz pulse train are identified and annotated on the maps.

) 000 () 0406 (© a2 @ 018 (@) ot:21
() 0130 (2) 0436 () ox:a2 ) ox18 () 0454

2T. Iwamoto and M. Konishi, “Simultaneous observation of the time of flight and the Doppler frequency
shift of each HF wave refracted in the ionosphere,” JpGU, 2025.
3/12

Comparison of observation and extrapolation of DFS

The observed ToF is extrapolated with the estimated DFS during the next interval and
compared to the next ToF. No significant difference is recognized between them.

[F5-F region (observed)
[%-F region (extrapolated)
<S>-E region (observed)
[ £ E region (extrapolated)
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Time of flight
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Start time of a pulse train (minute)

5/12

62

Current

status of our collaborative research program

® Our collaborative research program:

Aim 1:
Aim 2:
Method:

Feasibility:

Simultaneous observation of time of flight (ToF) and Doppler frequency
shift (DFS) of each echo of the Shigaraki ionosonde.

Quantification of the growth rate of medium-scale traveling ionospheric
disturbance (MSTID) instability if its echoes are sampled.

Construction and application of the maximum likelihood estimator (MLE)
based on the transmitted waveform.

Partial feasibility is shown in the preliminary analysis of echoes of the
Chung-Li ionosonde?.

® Current status:

Revision:

Test:
Identification:

Smpling:

The controling software of the Shigaraki ionosonde was revised to repeat
specifyed pulses while keeping the risk of malfunction suppressed.

Revised software was tested without physical transmition.

Currents in the two ionosonde antennas were measured and Tx and Rx
antennas were identified.
Sampling of ionospheric echoes of pulses by the revised controlling software
during maintenance periods of MU radar is under preparation.

1K.-J. Ke et al., “New Chung-Li lonosonde in Taiwan: System Description and Preliminary Results,” Remote
Sensing, vol. 14, 2022.

Estimated ToF and DFS of echoes in F and E regions

The cross-correlation intensity vs. the DFS is plotted in each subgraph, which is vertically
aligned with its ToF.
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(b) 04:06 (c) 04:12 (d) 04:18 (e) 04:24

() 04:30

(g) 04:36 (h) 04:42 (i) 04:48 (j) 04:54

Idealized model of received samples

Suppose that known wave form is sampled at time ¢1,%o,...,t, ... after ToF 7o with DFS Fq
with additional noises n

s(ty) = ez”iFU(tk”G)z(tk —70) + n(ty)-

and that the noises obey independently identical Gaussian distribution of standard deviation o

{HM%H=0

E[n* (tr,)n(te,)] = 001, 10, »

where Kronecker delta is represented by 6”1,%. With the following model

yo(t) = ™ gt — 1),

MLE is constructed.
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Maximum likelihood estimator

From the noise distribution, a log likelihood function is derived as

1 2,
£L(0) = 557 ; lyo(tr) — s(tx)|” + (indep. of )

= %% (Z y;(t,c)s(tk)> + (indep. of ).
P’

and a MLE § = (7, F) is defined by the argument that maximizes the likelihood function.

Repeating pulses in Shigaraki ionosonde transmission

At present, the Shigaraki ionosonde observation has time margin to repeat pulses, which
improves the accuracy of the DFS estimator. The controling software of the Shigaraki
ionosonde was revised and tested in the following steps:

Recompile:  The controling software of the Shigaraki ionosonde was recompiled in a virtual
PC with an outdated compiler running on an outdated OS.
Revision:  The controling software was revised to repeat specifyed pulses while keeping the
risk of malfunction suppressed.
Test:  The revised software was successfully tested without physical transmission.

Transmission of physical pulses by the revised controlling software during maintenance periods
of MU radar is under preparation.

Summary of current status and future work

Revision:  The controling software was revised to repeat specifyed pulses while keeping the
risk of malfunction suppressed.
Test: Revised software was tested without physical transmition.

Currents in the two ionosonde antennas were measured and Tx and Rx
antennas were identified.

Identification:

Antenna positon: In the direction orthogonal to the Poynting vector of the Tx, the additional
antenna position for sampling should be fixed.

Smpling:  Sampling of ionospheric echoes of pulses by the revised controlling software
during maintenance periods of MU radar is under preparation.
MLE: The ToF and DFS of each Shigaraki ionosonde echo will be estimated

simultaneously.

The growth rate of MSTID instability will be quantified if its echoes are
sampled.

Quatification:

112

63

Cramér-Rao bound (CRE) of the DFS estimator®

The first and second partial derivatives of the log likelihood function with the DFS F are
derived as follows

o ; .

0= g (t —7) {e”’”“‘k*ﬂz*(u —7)s(ty) — e2mF g (g, — T)s*(tk)}A,
k

0%t 22

a2 @ =" otk = {7 by = 7)) + 2Dl = 7)o (10)
k

The CRE of the variance of the DFS estimator / is derived as follows,

Var(f) > — 1 = o
T (@) A Tt el - )P

The summation in the denominator is the second-order moment with respect to the sample
distribution of photon arrival times, and increases with pulse repetition.

3T. Iwamoto and M. Konishi, “Analysis of wave propagation estimation,” |EIEC Technical Report,
SANE2025-31, 2025.

Sampling

Identification: ~ Currents in the two antennas of the ionosonde were measured, and Tx (marked
with a red arrow) and Rx antennas were identified.
Antenna positon: In the direction orthogonal to the Poynting vector of the Tx, the additional

antenna position for sampling should be fixed.
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