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INTRODUGTION

The Tropical Tropopause Layer (TTL) is located at an altitude of 14 — 18.5 km (Fueglistaler et al., 2009) > the boundary
between the troposphere and the stratosphere, where exchange p! of atmospheric ituents occur that influence
global climate.

PPy ———

Wiy !
(Noersomadi et al., 2019)

Noersomadi et al., (2019)
Active MJO phase > TS strengthening

ELED
ul of (Kim et al, 2010)
. Thin Ia?enymmn TTL

¥

Cooling results from hydrostatic
adjustments (Holloway and
Neelin, 2007)

popause sharpness )
(Noersomadi's PhD Disertation, 2019)
Static stability influences atmospheric wave
dispersion relations (Grise et al., 2010).

(im and Son, 2012)
The temperature dipole structure modifies the temperature gradient in the upper
troposphere-lower stratosphere (UTLS) (Kedzierski et al., 2016) --> significant TS
fluctuations at the equator (Kim and Son, 2012).

Further studies related to TS are needed to
understand  the  parameterization  of
atmospheric wave propagation.

DATA

Outgoing Longwave Radiation (OLR) Data :
o Daily average data
e Used to identify the MJO, MRGW, and proxies for
convection
e Spatial resolution 2.5° x 2.5°
e National Oceanic and Atmospheric Administration
(NDAA) website

Global Navigation Satellite System Radio Occultation
(GNSS-RO) Constellation Observing System for
Meteorology lonosphere and Climate (COSMIC-2):
e Used to determine the A2 profile, TS, and integrated
water vapor (IWV).
e Vertical resolution: 100 m
e https://cdaac-www.cosmic.ucar.edu/

(Copemicus

NCEP/NCAR Reanalysis Meridional Wind Data:
e Used to see the influence of winds in the upper
troposphere on TS variations
e Spatial resolution 2.5° x 2.5°
e 17 pressure levels from 1000 hPa to 10 hPa
o https://cds.climate.copernicus.eu/

e
RMM MJO Index Data:
e |dentify active MJO phases

© RMM1 and RMM2
®  http://www.bom.gov.au/climate/mjo

Period: January 2020 — December 2022
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INTRODUGTION

Noersomadi et al. (2019)

COSMIC-1 COSMIC-2
+ Polarinclination angle +  Polar inclination angle
+ ~1,500-2,000 + ~4,000-6,000
occultation profiles occultation profiles
per day per da

y
(Anthes, 2011) (Schreiner et al., 2020)

(Takasuka et al., 2019)

Takasuka et al. (2019) - show that high-frequency
meridional wind circulation associated with the MRG can
intensify the MJO convective cloud growth process
through moisture convergence.

(UCAR)
The influence of the MRG associated with the MJO on

TS fluctuations is still unclear. Opportunities to conduct further research on UTLS dynamics on

short-term time scales and global space scales with higher spatial
resolution.

METHODOLOGY

Identification of MJO Events and MRG Waves COSMIC-2 Data Preprocessin

| COSMIC-2 data with varying resolution in space and time |

grid, resolution 2.5° x 2.5° (longitude x latitude)

- The MJO phenomenon is categorized as being ¥
in the active phase if the amplitude value is = 1 COSMIC-2 grid data is in the form of a space-time array |
in phases 3, 4, and 5. (Wheeler and Hendon,
2004)

- Using RMM1 and RMM2 indices. l
Amplitudo = RMM1Z + RMMZ2 | Data at 30°N - 30°S are gridded every day on a regular |

Using the WK99 wave number filtering method
(Wheeler and Kiladis, 1999), filtered using the
NCAR Command Language (NCL) “kffilter"
function (Schreck, 2009)

SE  L20E  180'W  LI0'W  60'W

Spatial distribution of COSMIC-2 GNSS-RO gridded data
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Tropopause Sharpness Calculation

-> Static stability is calculated as:
2 _9[9 o]
LA 0z

¢, = specific heat of dry air at constant pressure (1.004 J K'kg')
aT/dz = temperature gradient

N2 data were averaged with tropopause height as a reference
(Birner et al., 2002). CPT is an appropriate reference for the
tropopause in tropical regions (Kim & Alexander, 2015)

- Tropopause sharpness is calculated as follows:
TS = (maksNZ2,) — (minN2,)

The difference between the maximum value of static stability in
the region 1 km above the CPT and the minimum value of static
stability in the region 1 km below the CPT

(Noersomadi et al., 2019)

1. Horizontal Structure of Tropopause Sharpness

B
120°E 180°W 120°W 60°W

B0°E

Figure
S 0%

(b) OLR during

High average TS > 6,5 x 10s2 corresponds to low
OLR values < 210 W/m?, characterizing the presence of
convective clouds as a source of equatorial wave
propagation.
There is a relationship between equatorial waves and
TS globally.

METHODOLOGY

Image of 104 N rofes fom indiidual RO event on November 107,
2020, at5°N - 5° S a *

ean N n convetona! heignt (H) coorin

Mean N¢ relative to CPT height (Dotted otk e ncicates the moan

CPT height)

Resuit & Discussion

2. Identify Active MJO Phase Events

Table 1. Time of occurrence of active MJO phase.

No Event Date No Event Date

1 1-11 Mar 2020 12 322 Jul 2021

2 21Mar—-5Apr2020 13 6 Sept— 14 Okt 2021
3 25Apr—-3May2020 14 5Nov-1Des 2021
4 20-23May 2020 15  15-22Feb 2022
5 29Jul-9Aug2020 16 18 — 24 Mar 2022
6 31Aug-—18 Sept2020 17 9 - 12 May 2022

7 12 — 23 Okt 2020 18 28 Jun—15 Jul 2022
8 21Nov-19Des 2020 19 2 -7 Aug 2022

9 6—17 Jan 2021 20 15-21Nov 2022
10  25Mar—5Apr2021 21 6 — 28 Des 2022
1 8 — 25 May 2021

* We identified a total of 21 active MJO cases.

Resuit & Discussion

3. Case Study of Tropopause Sharpness Response to MRG and MJO

201081

S5

I
2020-12.20

0-1021

2020-12:10

2020-11-30

4 -7 6 7 4
TS Anomaly {16-'5-7)

ure 4. Hovmoller diagram of fitered TS anomaly (shaded), fitered OLR anomaly (black dot
a contour interval of 4 Wi, only negative anomalies are shown) above 10°N -
S during 22 Aug — 31 Dec 2020 for ( a) MJO and (b) MRG.

The strengthening of TS in the MJO filler resuls is clearly

sa0-1031
2020-13-40
2020.12:30

202012

-t o
WV Ancmaty Tigim'h

Figure 5. Hovmoller diagram of fitered integrated water vapor anomaly (shaded), fitered OLR
anomaly (black dot contour with a contour interval of 4
above 10°N - 10°S during 22 Aug — 31 Dec 2020 for (a) MJO and (b) MRG

Win, only negative anomalies are shown)

The propagahun of MRG convection to the west, before the

associated with the propagation of organized
eastward from the western region of the Indian Ocean towards
the western Pacific Ocean.

The strengthening of TS in the MRG filter results is associated
with the westward propagation of the wet phase MRG.

The TS strengthening in the wet phase MRG is less intense than
in the active MJO phase.

to the east, toan
increase in water vapor content, which can help the process
of organized convective cloud growth.

23

Integrated Water Vapor Calculation

IWV: the total amount of water vapor in the vertical
atmospheric column
Derived from the variable vapor pressure (e)

0.622 x e 1 (P2
lWV=—f qdp
9Jp1

175 =(0378 xo)

q = specific humidity, p = surface pressure
The integration process is calculated from 2 km to 20 km

COSMIC-2 profile penetration does
not always reach the surface level

* Water vapor pressure profile on November 107, 2020,
at8.40 UTC (Dotted black line shows height 2 k)

Wt v prrsaurs el

3. Case Study of Tropopause Sharpness Response to MRG and MJO

Table 2. Selected MJO events for case study

MJO Cases Event Date
MJo1 31 Aug — 18 Sept 2020 .
MJo2 12 - 23 Ot 2020
MJO3 21 Nov — 19 Des 2020

0200822 i

20200911

_120°%

121436 1820222426200
gy

Figure 2. Time versus longitude diagram of (a) tropopause sharpness (shaded), OLR anomaly (black
dot contour with  contour interval of 10 Wim?, only negative anomalies are shown), (b) integrated
por N 10° —31Dec 2020

METHODOLOGY

Composite Anal of Relative Longitude

Conducted to analyze the persistence of MRG
associated with the MJO in the study area

Relative longitude (x, = 0°) - location where the OLR
anomaly value reaches a minimum (convection peak)
between 60° and 180° E.

The TS composite and supporting variables were
averaged based on x,.

Daily Lag Composite Analysis

Daily lag composite analysis was carried out for the
influence of MRG associated with the MJO on TS.
Composite analysis was carried out with a lag range of
-10 to a lag of +10 days.

Lag 0 is the first day of each active MJO phase 3
event.

Resuit & Discussion

The TS (up to 16 x 10~ s2) showed an eastward propagation
associated with negative OLR anomalies and large water vapor
content (> 30 kg/m?) during the active MJO event.

The TS value related to eastward MJO propagation is greater
than the TS value related to westward MRG propagation.

OUR, V-wind Fiftered 100 hPa

02008.32
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;
20201001 {5 .
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Figure 3. Time versus longitude (Hovmoller) diagram of meridional wind anomaly data at 100
hPa (shaded) and OLR anomalies (black dot contour with a contour interval of 2 Wi

i, only
2020

Resuit & Discussion

3. Case Study of Tropopause Sharpness Response to MRG and MJO

i i
] =
g % + The change of V-wind direction in the
H é upper troposphere are located in the
= west of the maximum IWV.
= = + The maximum peak of the TS value
; é is tilted toward east of the minimum
§ L P i i OLR anomalies.
S = g s | H
3 \ -5 e A— i + The change of southerly to northerly
| Norhery // J 3 W WY convactive active | =39 & i X X
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Figure 6. Longitudinal distribution of IVW (red) and V-wind at the 100 hPa level (biue), as well as TS (red) and OLR (blue) anomalies.




4. MRG Associated with the MJO

Resuit & Discussion

onTi Sharpness

4. MRG Associated with the MJO

The TS value reached a maximum of about 7
x 10 s"2at 10° east of the convection center.
The large IWV (high moisture) coincided with
minimum value of the OLR anomaly.

We observed the change of southerlies to
northerlies around 30° west side of the
convection center and change of northerlies

to southerlies around 15° east side of the e

convection center. - -
(The COMET Program)

Meridional wind variations associated with MRG -> induce increased water vapor and
trigger the growth of MJO convective clouds (negative OLR anomaly) = increasing TS
related to sharp gradient temperature near the tropopause.

Figure 7. Composite variations related to relative longitude of (a) TS and OLR
anomalies, (b) IWV and OLR anomalies, (c) V-wind at 100 hPa, and IWV.
0° indicates the location of the minimum OLR anomaly.

Resuit & Discussion

Sharpness

TS, GAR Anomaly

-4

The eastward propagation of TS clearly
corresponds to the propagation of MJO
convection from the Indian Ocean towards the
Pacific Ocean.

Organized strong convection reaches the upper
troposphere and tends to increase the
gradient in TTL i et al.,

2019).

The change of meridional wind component before
the MJO around 90° E was followed by high
moisture to the east.

-— —
2 6 10 14 W 2N NM

by

Figure 9. Composite spatial distribution of TS (shaded) and OLR anomalies (point contour, contour interval 5
W/m?, only negative anomalies are shown) (a), integrated water vapor (shaded) and meridional wind at the
100 hPa level (contour) (b). The line shows the evolution from D -4 to D +5 of the MJO peak
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Resuit & Discussion

4. MRG Associated with the MJO ion on T

Sharpness

Duays flagh
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Figure 8. Hovmoller diagram composite lag related to relative longitude of (a) T

S, (b) V-wind at 100 hPa, and (c) IWV.
0° indicates the location of the minimum OLR anomaly. Day 0 means the first day of MJO active at phase 3.

+ The large TS enhancement is dominant around the east of the convection center. The TS at D=0 reached up to 7.25 x 10 s2.
The TS after D=0 (Lag positive) is considerably larger than before D=0 (Lag negative).

The changes of southerlies to northerlies around 30° west side of the convection center on D-4 are accompanied with the increasing of
water vapor content.

The large water vapor contents are associated with organized MJO convection

CONCLUSIONS

o The growth of organized large-scale convective clouds associated with the MJO is more dominant in
influencing TS than that of small-scale convective clouds associated with the MRG. MJO can strengthen TS
up to 8 x 10°° s72, while MRG is only around 4-6 x 105 572,

.

MRG associated with the MJO can indirectly modulate TS. The change in the meridional wind component
from southerlies to northerlies in the upper troposphere, which propagates westward associated with the
MRG, increases humidity in the troposphere and generates the growth of convective clouds in the east,
which is associated with MJO. Large-scale convective clouds associated with the MJO will increase the TS
until it reaches a maximum value of 7.25 x 1074 s~2 east of the convection center.

&
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Analysis of frequency and vertical wavenumber spectra of winds and
temperature in the upper troposphere-lower stratosphere (UTLS) using
superior temporal-vertical-resolution radiosondes observed at the Equatorial
Atmosphere Radar (EAR) observatory

Anis Purwaningsih', Noersomadi?, Toshitaka Tsuda?, Tiin Sinatra®, Halimurrahman?,
Nani Cholianawati?, Asif Awaludin?
1Research Center for Climate and Atmosphere, National Research and Innovation Agency (BRIN),
Indonesia
ZResearch Institute for Sustainable Humanosphere (RISH), Kyoto University, Japan
*Email: anis.purwaningsih@brin.go.id

EXTENDED ABSTRACT

Atmospheric waves contribute to transport momentum flux and kinetic energy across the
atmosphere, horizontally and vertically. Especially equatorial waves (Kelvin wave, Mixed
Rossby gravity wave), diurnal tides, and gravity waves (GWSs) have essential roles in the
exchange of flux and energy along altitude. GWs are excited by mechanisms such as
orographic effects, convection in the tropics, and other meteorological disturbances (e.g.,
Tsuda, 2014). GWs are also found to be associated with sub-tropical jet streams (Murayama
et al 1994), typhoon intensifications (Kim et al 2014), and tropical depressions (Das et.al, 2010).
Moreover, the convectively coupled atmospheric Kelvin wave is the most prominent source of
synoptic-scale rainfall variability in the tropics and water vapor transport and mixing (Schreck
Il CJ, 2015, Tsuda, 1994). Kelvin waves excite cyclogenesis (Schreck Il CJ, 2015, Shin and
Khouider B, 2021), and the development of El Nifio events (Schreck Il CJ, 2015). Furthermore,
the diurnal tide is also a prominent wave in the equator, which is excited by the absorption of
solar radiation, by large-scale latent heat release associated with deep convective activity in
the troposphere, by the interaction between gravity waves and tides (Miyahara and Miyoshi,
1997, Hagan and Roble, 2001, MclLandress, 2001, MclLandress and Ward, 1994). Thus,
understanding the features and behavior of these waves helps understand the energy and
momentum flux exchange triggered by these waves, especially in the tropics. This research
aimed to investigate and analyze the frequency and vertical wavenumber spectra of wind
velocity and temperature over Kototabang, Indonesia. For the vertical wavenumber spectra,
we are interested in analyzing the spectra slope to determine the GW regime and turbulence.

We observed profiles of temperature (T) and horizontal wind velocity (v and v) with a
10-m height resolution using the GPS radiosondes from 24 November 2005 to 22 December
2005 at the Equatorial Atmosphere Radar (EAR) site at Kototabang, West Sumatera, Indonesia
(100.32°E, 0.204°S). Radiosondes were launched every 6 hours, and seven special campaigns
with hourly soundings were embedded for 25-30 hours. Figure 1 represents the anomaly of T,
u, and v data after removing the mean during the campaign, which generally show disturbance
in a form of downward propagation due to atmospheric waves in the stratosphere.
Perturbations are also recognized across the tropopause and in the troposphere. By using the

25



Fast Fourier Transform (FFT), we investigated characteristics of the frequency and vertical
wavenumber spectra of T, u, and v perturbations at 6-16 km in the troposphere and up to 30
km in the lower stratosphere. The height range of spectral analysis (time-domain analysis) was
set as 19-30 km with a thickness of about 5.5 km. Moreover, for calculating the vertical
wavenumber spectra (spatial domain analysis) of T, we applied FFT over 6-16 km and
compared the observed spectra’s slope to the spectra slope model for GWs (Smith et al 1987,
Tsuda, 2014).

a.) Temperature anomaly

b.) Zonal wind velocity anomaly
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Figure 1. Anomalies of a) Temperature (T), b) zonal wind velocity (u) and c) meridional wind velocity (v) from
Radiosondes data during the campaign period from November 24, 2005.

Results indicate that T, u, and v represent the overlapping atmospheric waves, showing the
highest energy at a wavelength with wave periods of 2-7 days (Figure 2). In addition, the Kelvin
wave (10-14.5 days) is identified from T and u, but it does not appear to be involved in the v
(Wallace J and Kousky 1968) (Figure 2). Moreover, the Diurnal tides appear from T and u above
24km (denoted by yellow rectangles in Figure 2). While v does not represent this tide shown
by periodicity less than 1 day (red ellipse mark in Figure 2-c and dashed line in Figure 2e). The
diurnal tide seemed to show the hemispheric symmetry relative to the equator because the

diurnal signal only appears in u, but no clear spectral peak for v (red dashed line in Figure 2d-
2e).

26



a) Temperature b) Zonal wind velocity c) Meridional wind velocity

5
5] — TATA ~
- x— e A N N ol
A 2 a’ fn 301 - A EAUAN | 2630 km
A N A |y
A & ' 28-29km
20 & A A A
A 10 A 251 'y 27-28 km
A A .
= a & - A s _ A 26-27 km
o —— - c i -
s} a 2 8 “ 2 201 } . 2526 km
b - . A " - -
(=1 . A = S— A W b, - ol
s A a . > a . = — Y\ 24-25 km
P SN 6 - 15 PN ' 12324 km
Py NN R —h— 3 . AN )y,
10 \ g W, PR __— A LA 19993 |en
A oA
¥ N
A 4 — 10 L 21-22km
A A A s
s \ 20-21km
kS, g
~ 2 N — anidendh 05 4 L SV Y 19-20 km
15 -10  -05 0.0 i 10 s 00 -15  -l0 05 00
log f log f log f
d) Zonal wind velocity (higher f) e) Meridional wind velocity (higher f)
' 40 2 e Shifted by n*10000
1 I
40 I ' [ A t=10-145d
s : : | A t=574d
‘% A 30 VLA ADg 30k ét=2—4d
30 - .-' g : 28-29k Avt=1d
< It ~ 25 1 27-28km
S 25 I ) { [26-27km
; I = 1 25-26km
S 20 i | < 20 NS  af2a-25km
" v ! A 123-24km
. 1 15 - !
1 2 | N ~ 4?2 23km
T I |
10 » 10 i 21.22km
1 i 20-21km
05 : " 05 :' A A19-20km
04 02 00 02 04 02 00 02
log f log f

Figure 2. Frequency spectra of T, u, and v over 19-30 km from 6-hourly radiosondes data retrieved from 24
November 2005 - 22 December 2005. Panels d) and e) are the close-up of the spectra at high frequencies, to
emphasize the 24-hour component (diurnal tide) denoted by the red dashed line.

In the troposphere, we are interested in the regime change from GWs to atmospheric
turbulence, by investigating the slopes of vertical wavenumber spectra. Basu and Holtslag,
(2022) explained the scaling regimes of atmospheric turbulence. In general, mesoscale
perturbations are affected by GWs, and the spectra in the normal log-log plots between
wavenumber (m) and the power spectral density follow the saturated spectrum of GWs (m3).
While perturbations at high wavenumbers are expected to be attributed to the 3-dimensional
isotropic turbulence, which follows m™?3. The intersection between these two lines may
represent the outer scale of turbulence. Results indicate that the wavenumber spectra follow
the slope of GWs from approximately 2 x 103to 5 x 103 cycle/m and follow the 3D isotropic
turbulence from 5 x 1073 to 2.25 x 10 ™ cycle/m. Figure 3 suggests that the wavelength of
about 200 m is the outer scale of the turbulence regime. This finding is consistent with the
result by Wilson et al., (2014), who found the outer scale is more than 100m. Furthermore,
over 6-16 km indicates the high mixing activity over this altitude range, indicating the high
turbulence activity over this altitude.
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Figure 3. The median of normalized temperature anomaly (left) and vertical wavenumber of
temperature (right) over 6-16 km from the 6-hourly radiosondes data retrieved from 24 November 2005 -
22 December 2005.

Summary

We investigated and analyzed the frequency and vertical wavenumber spectra of u, v,
and T from radiosondes data retrieved from 24 November 2005 to 22 December 2005, over
Kototabang, Indonesia. For analysis of the vertical wavenumber spectra, we are interested in
analyzing the spectra slope to determine the GW regime and turbulence. Results indicate that
T, u, and v represent the overlapping atmospheric waves, showing the highest energy at a
wavelength with wave periods of 2-7 days. The Kelvin wave (10-14.5 days) is identified from T
and u, but it does not appear to be involved in the v. Moreover, the Diurnal tides appear from
T and u above 24km, and no clear spectral peak for v, showing the hemispheric symmetry
relative to the equator. Results for the vertical wavenumber spectra indicate that the
wavenumber spectra follow the slope of GWs and the 3D isotropic turbulence with the outer
scale of the turbulence regime is 200 m wavelength.
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Introduction

+ Radiosondes were launched hourly for 19-30 times during the CPEA campaign in November to
December 2005 at the EAR site at Kototabang, West Sumatera, Indonesia (100.32°E, 0.20°S).
(Fukao, 2006)

* We sampled profiles of temperature (T), relative humidity, pressure, and horizontal wind velocity
(U) every 2 seconds, corresponding to about 10 m, because the balloon ascending speed was
about 5 m/s.

* We applied a linear interpolation to get uniform height interval of 10 m.

* We investigate time-height variations of the turbulence echo power, focusing on a relation
between the radar reflectivity () and the background refractive index gradient dn/dz = M as
well as the behavior of atmospheric turbulence.

* In the lower troposphere,

__ ep (¥ w7
M = ~77.6x 1055 (%+ 1560015 — 702
where N is the Brunt-Vaisala frequency.

) (Ottersten, 1969),

10 m Interpolation Data VS Original Data

Interpolation Interpolation Interpolation
Original e Original e Original

Balloon burst height

* Hourly radiosonde campaigns in 2005
1. 05-23 UTC 30 November (19 times)

2. 05-23 UTC 3 December (19)

3. 05-23 UTC 6 December (17)

4. 05 UTC 9 - 06 UTC 10 December (26)
5. 05 UTC 12 - 05 UTC 13 December (25)
6. 05 UTC 15 - 05 UTC 16 December (25)
7. 05UTC 18 — 12 UTC 19 December (31)

Echo Power with EAR

* This study intend to calculate correlation between n and MZ/N2 in the
lower troposphere

* n~S,,whereS, is normalized signal to noise ratio compensating for
the range-squared effect.

2

P, r : . .

*Sy = (P—") (E) , where P, is echo power, P is noise level.
N

Lower Tropospheric Echo Power (15 Dec 2005)

Sv () Vertical Dosm

P

Sv (4B] Mean Oblique Baam —

Aspect sensitivity: -~ 3 — 5 km : Strong > Water vapor stratification  The signal bellow 3 km is weak. It is maybe due to
->5—7km : Small 2 Isotropic turbulence technical problem (recovery of receiver, etc). For the
->~7 km : Strong > Convective instability?? next calculation, we consider data above 3 km.
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NIGHT TIME

- The figure shows the
| | = result of frequency
| = domain interferometer
by EAR with time
. resolution 16 second and

15 Dec 2005

; 1 minute.
2 ' Overall below 7 km, the
atmosphere shows
" stratified structure.
Above 7 km, turbulence
structure can be
- recognized. We analyzed 2-Dimesional Cross Correlation Function between the EAR echo
2/ power and M?/N2 along height between 3 km and 9 km during 24 hours from 7
- n= &3 UTC on Dec 15t
N The maximum CCF value obtained by XCORR2 function (GNU octave) for
* SvOblique vs M?/N2 = 0.6417
* Sv \Vertical vs M2/N? = 0.7443
Luce,H. Presentation 2023
2D CCF (Oblique)
F | :
E [ 065 | Richardson Number
9 \ TABLE | Richardson Number and Stability
< The Richardson number is the ratio of these two
E 05 27 proceeses o
& Classification  mmber
% ‘-'l NZ=%ﬂ+i Smble  Ris 028
2 yldz " e, :
T | 055 | iabalonoe dempaned. seyligibie
e = 1 ) ) spread ke plisme
= du dv Srabie D R0 Mechamcal iurbulence weakened
2| w-[2 +[2] et
L 05 ¢ Newrsl  Ki=0 Mechanical mrrwlence valy
W ®™ W w0 w0 N2 Usaable 003 = Ki < 0 Mochancal murbulence and
ift in Ti i - ” etiom
e ] 20 22 24 8 30 32 M T Ususble  Ri< 004 Comrction prederminan, winds
+ 1-pixel corresponds to 1 hour and 150 m along time and height, weak, strvmg vwrtical iicn.
respectively. Kelvin-Helmholtz instability (Ri-KHI) : 0<Ri<0.25 S "
+ The maximum CCF is recognized at 42, indicating no shift along height. 26.712 Convective instability (Ri-CI): Ri<0 - -
+ Regarding CCF along time, we applied a polynomial fitting (right Schnelle, K. B. (2003)
panel) at the 42 height level.
* The shift in time is 27-26.712 = 0.288 = about 18 minutes.
+ Because the balloon ascending speed is 5 m/s, it takes about 30
minutes to reach 9 km altitude.
Percentage of Richardson Number 15 Dec 2005
Radar range volume 100 m
150 m " . -
Percentage of Ri We also calculate correlation coefficient
every 150 m between the EAR echo power and Ri
100 m Convective Instability & Ri Kelvin Helmholtz
A D Riis determined in every 10 m. Instability along height between 3 km and 9
. Percentage of Ri < 0 and 0 <Ri < 0.25 is calculated within every km during 24 hours from 7 UTC on Dec 15"

200 meter thickness.

Sv Oblique vs Ri-C (virtual)= -0.3649

Sv Vertical vs Ri-Cl (virtual) 4255

Sv Oblique vs Ri-KHI (virtual 038660
Sv Vertical vs Ri-KHI (virtual)= -0.1311

There are the gravity wave structures above
6 km.
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NIGHT TIME

Between 2 — 3 o’clock,
below 7 km, the
atmosphere show
relatively stratified.

The echo radar between

8-10 km depict
turbulence structure.

Luce,H. Presentation 2023

Summary

* We investigated time-height variations of the turbulence echo power observed with the
equatorial atmosphere radar (EAR) focusing on a relation between the radar reflectivity (17) and
the background refractive index gradient dn/dz = M as well as the behavior of atmospheric
turbulence.

The hourly radiosondes showed that n below about 7 km correlated with M2 /N?, which largely
depends on dq/dz.

We calculated the occurrence percentage of Ri-Cl and Ri-KHI, which showed height progression in
association with increase in n above > 6 km altitude, where dq/dz was small.

The results on 15 December 2005 showed that the percentage of Ri-Cl showed time-height
variations which could be associated with increase in n above > 7 km altitude.
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Introduction

* Humidity retrieval from Wind Profiler and RASS measurement require
calculation of refractive index gradient (M)

* However, the retrieved M is in an absolute value and the Filling Factor (F)
of turbulence is unknown

« Several methods have been proposed to obtain specifig humidity (q) from
wind profiler and RASS measurement, such as
* determine the sign of M using empirical threshold and time continuity (Furumoto et
al., 2006), and
* using ensemble learning to derive the q profile directly from 1/Q or moment data
without requiring temperature as an input feature (Amaireh et al., 2023)
« This research propose a method to determine the sign of M and correcting
its magnitude using ensemble learning

The proposed method

EAR-RASS measurement : " Machine Learning for
Burnt-Vaisala Frequency (N2) Refractive Index correcting |M*| Humidity
Volume Refractivity (n) [ Gradient: | n|+ Magnitude (dueto | Profile from
« Filling Factor (F) (assumed asa /] . | — unknown F) | EAR-RASS
constant) = « Sign Observation
+ Turbulence Dissipation Rate (e) (vor gative)
Radiosonde measurement : ‘ Radiosonde is used
Temperature (T) Refractive Index Gradient M :
Pressure (p) — ) E+1ssouﬂ—@'ﬁ as training and
+ Humidity (RH) v o7\ Tg T & testing dataset for
Height (2) machine learning

Ensemble Learning

Baggingis a simple ensembling
technique consisting of many
independent predictors and
combining them using some
model averaging techniques. (e.g.
weighted average, majority vote,
or normal average)

Boosting is an ensemble
technique in which the predictors
are not made independently, but
sequentially.

Source : https://blog.mireview.com/gradient-boosting-from-scratch-1e317ae4587d

Gradient Boosted Trees
based on CART

(Classification and t 1 1 1
Regression Trees) A o L e all —A
¥ ¥ ' v
| . |
« Combines several weak learners Teee 2 Thee2 free ¥
into strong learners, P i h Y
* each new model is trained to Train |
minimize the loss function such
as MSE or cross-entropy of the
previous model using gradient X e X ) (L]

descent.

X : feature matrix
y : labels

Datasets
EAR-RASS Radiosonde
31 August 2016 00:02:00 00:26:53
1 September 2016  00:01:56 00:08:05

Y : the predicted labels
ry : residual errors ry.
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the ensemble's predictions
have improved compared to
the first model

R? =-10.092
* The M data of EAR- 000008
RASS mostly has a °
. H negative value ° 00
Results : Implementation of Ensemble & g s
. 2
Lea rni ng * The correlation of M % 0100005
Radiosonde and M e
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000020
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. S « Training set o N
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< ~poooi - . — DX =)+ )
f . oy From the figure, we see that

10

Results : Ensemble
consisting of three
decision tree models.

We can get the predictions
from the ensemble by simply
summing the predictions
across all trees

000k G000F 040

As promised, adding more
models to the ensemble
improves the predictions (at
least qualitatively)

X

Radiosende vs EAR-RASS M Camparison

Target / Reference : M of radiosonde with sign

— Fadiosonse.
— ERAASS

— Radiosonde

150
Index

Fredicted

0

11
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Mx10

Radiasonde vs EARRASS M Comparison

— Radiosonde
— EARRASS

Target / Reference : absolute M of radisonde

— Rasiosance
— mredictea

Results : Implementation of Single Regression
Model

14

Performance Comparison of Several Regression Models

M Comparison of Radiosonde and Prediction

Actual vs Pragicted Values Comparison

e

Root Mean Square Error -1.7359372532305282
-3.0134781471535512
-1.1292720629544781
R? 0.31312182195691773
0.6083934216330626

-0.6721904142665477

Mean Square Error

Mean Absolute Error

Pearson R
Median Absolute Error

15

Summary

Two machine-learning models have been implemented to correct the

magnitude of M obtained from EAR-RASS measurement

* The M data of EAR-RASS and Radiosonde in this study has R? = -10

* Gradient Boosting with an ensemble of 3 decision tree models is able to
register R? of 0.45

* KNeighborsDist (the best among the regression models) is able to register
R? of 0.31

* The improvement will be made by
« increase the number of tree models in the Gradient Boosting ensemble model
« correcting the magnitude and sign of M separately
* Increase the number of data

17
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Tirbubea Eth Dletaviti

ntroduction ] ]

ks | ]
We study the possibility of determining a humidity e P
profile using the wind profiler radar (WPR), such as T
Equatorial Atmosphere Radar (EAR), combined with a

radio acoustic sounding system (RASS) (Tsuda, 2001;

Furumoto, 2003)

The refractive index fluctuation by turbulence and

thermodynamic properties such as pressure,

temperature, and humidity influence the clear-air

scattering of electromagnetic waves. ol
From the Doppler spectra, we can derive the

nevw ¢ ° X tha g of M
refractive index gradient (M) magnitude as shown in 0

the figure. ) o SR | ‘ This research
Here, determination of the sign of M is a critical issue. Wity 3

Using the archived radiosonde database, we study the U B P < T il

Mg |

statistical distribution of M in Indonesia.
This study can potentially apply to machine learning
(neural network) for predicting the sign of M.

The vertical gradient of refractive index (M)

N2 NZ  7800d
M=-77.6X%x 10‘5E —+15 6002————‘]
T\ g Ty T dz
(Tsuda et al., 2001) a b c
ressure (hPa),
Viisala frequency;

emperature (K), N2: the squared Brunt-
water vapor humidity (kg kg-1)

The value of M is significantly influenced by dq/dz

The methodology of Best-fit Probability Density Function (PDF) Model of M Profile Using Long-Term
Radiosonde Campaign Data in the Equatorial Region:

1. Collect radiosonde campaign data from [IUGONET Kyoto Univ.

2. Calculate M with resampled radiosonde data

3. Classify M ions based on the ia climate variability

4. Calculate the best-fit PDF model for M populations

5. Analysis (seasons, MJO)

The resampled radiosonde data is organised into altitude bins with 100-meter intervals for each radiosonde. This data
allows us to calculate M within a range of altitudes from 1 km to 10 km, with increments of 1 km in height.

Radiosonde Observation Data in Indonesia based on
IUGONET RISH, Kyoto Univ.

* Kototabang (2107 launch): 1998, 2000, 2001, 2002, 2004, 2005, 2008, 2010, 2012
* Bandung (1545 launch): 1992, 1993, 1994, 1995, 1996, 2000, 2004, 2006, 2013

= | Kototabang,

The images are plots of data from
one of the launches in Kototabang
and Bandung for temperature and
water vapour variables. M is the
result of calculations for the
refractive index gradient.

Bandung,
Jan. 28, 2006
11:45UTC

Nov. 28, 2001
05:36UTC

| . The M value is typically negative

5] because it represents the comparison

| between two different water vapour
levels, where the upper part is generally
smaller than the lower part.

Positive values occur due to
disturbances, causing the comparison
between two water vapour levels where
the upper part s greater than the lower
part.

This image shows the refractive index gradient
1202+ (M) obtained from 280 Vaisala balloon

radiosonde data that were launched between
November 3 and December 10, 2005, at
oo Kototabang in West Sumatra

Refractive index gradient (M)

Statistical Analysis

This is a graph of M
values at every 100 m
interval within a 1 km
range and a population
15 17|  distribution of M
values.

The population
distributions of M
differ among the 1 km
layers.

Weibull Gumbell ~ Gumbell  Chisquare %
Max. Min.

For statistical analysis in each 1 km layer, a Probability Density Function (PDF) model that
matches the population of M in each 1 km layer is employed. The PDF models used
include t-student, Weibull, Gumbell, Chi square and f.




1:2km = 2:3km / L 34km =
p

4-5km ' " 5-6km 9-10km =

T T e e e P el IE T EET BT The pictures above show the calculation resultsfor inding
T the suitable Probability Density Function (PDF) model for
each M profile at various levels and durations.

- .
Based on Indonesia's meteorological climatology authority
(BMKG), Indonesia exhibits three primary climate variabilities:
equatorial, monsoonal, and local.
Bandung is in a monsoonal region, while Kototabang is in an
equatorial zone.
Global and regional phenomena that influence climate
variability include the Madden-Julian Oscillation (MJO), Dipole

The Madden-Julian Oscillation (MJO) is an atmospheric
phenomenon characterised by eastward-moving
disturbances involving clouds, rainfall, winds, and pressure
patterns. It traverses tropical regions, including the
Indonesian maritime area, and typically completes an entire
cycle, returning to its initial starting point within an average
timeframe of 30 to 60 days (Wheeler, M. C., & Hendon, H. H.

odel Weibul Weibull Weibull - - ;
S I I Il I I (R Bl Bl O B 11 b presents the calculation outcomes of PDF best-fit Mode Index, €l Nifio-Southern Oscillation (ENSO), and tropical  (2004).
models in each 1 km layer from 1 to 10 km. cyclones. In this study, we focus on seasons and the MJO effect only.
— . N Bandung Rototabang. X X
Classification for M Population based on wet | "] AN 2 Assessing the Best Fit PDF models
season types (o] 6' We perform best-fit model processing and compare between seasons for the PDF models using the Gumbel, student-t, Chi,
. JJrZ Weibull, and f models. The results are displayed in the table.
To analyse the PDF best-fit model for the population of M, we * | A) >> Wet seasons (W2) for Kototabang

classified the Kototabang and Bandung radiosonde data based on
Indonesia's climate variability. Here are the results of the
classification.

2
(MAM) (SON)

B N =
In Kototabang, West Sumatera, 2107 launches and categorized into 14 groups based on seasonal types.

Jeignt [ 1908 Jaooo | 2001 | 2002 ___| 200a [ 2005 [2008] 2010 [ 202 ]

Months ~ Sep,Oct Dec  May J":;‘J;" Oct,Nov Apr | JubAug Nov Apr,May Nov,Dec Dec Dec Jan  Dec
Seasons | Wet2 Wetz Wet: [D2| Wet2 wets [UDi2ll| Wetz Wet1 | Wet2 | Wet2 Wet2 Dryl Wet2
launchs 37 74 &7 |23 178 166 |43 | 178 137 2 17 42 16 8
list 1 2 3 [a 5 6 7 8 9 0 1 12 1B u

In Bandung, West Java, 1545 launches and categorized into 24 groups based on seasonal types

Jan  Mar Oct Jan Mar Jn  Sep Jan Mar ki Sep

Months ~ Nov Dec Feb Apr Nov Dec Feb Apr Jul Ot Dec Feb Apr Jul Oct Dec Feb Mar Nov Dec May Feb  Feb Mar
May aug  Nov May Aug  Nov

Seasons T2 w2 W1 T1 T2 W2 W1 T1 D T2 W2 W1 T1 D T2 W2 Wi TiIT2W2T1I Wl WI T1

11 31 71 122 56 47 30
18 19 20 21 22 23 24

launchs 14 59 183 147 42 31 41 80 87 8 30 49 8 79 87 30 50
list 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

1-2km oWt
2-3km t t t t t w
3-akm t wootow ot w
4-5km t t t t t w
5-6km t t towow t
6-7km t t woww t
7-8km w woow Wt t
8-9km t Wt t W t
9-10km t towoow e t
Number of launches 37 74 176 178 288 17
Month(s) SepOct Des Nov Nov Nowoss Des
Wet2  Wet2 Wet2 Wet2 wet2 Wet2

The PDF models predominantly show the student-t and Weibull models, with Gumbel appearing less frequently. In contrast,
the Chi and f models do not appear. The last three columns depict the calculated percentage of each model's occurrence, while
the final column signifies the most frequently appearing model, thereby representing the respective season under

consideration.

[ io%s T 2000] 2002 02 | 008 | ao0s | 200 202
t t w G_L

GL 025 050

Kototabang

W W 025 0625 0.2
Wt 05 05
t W 025 075
t t 025 075
t W 05 05
t t 05 05
woow 05 05
t W 0375 0625

t: Student-t
42 8 W:Weighbull
Des Dec  G_L: Gumbell-left
Wet2  Wet2

Comparing Best Fit PDF model during Dry-2 season
(D2) in Kototabang, West Sumetra

[reignt ] 2001 | 2002 [ 2012 | sw | % [ L

1-2km w W G_L 067 000 033 w
2-3km w w 067 0.33 0 w
3-4km w t w 0.67 0.33 0 w
4 - Skm t t W 033 067 0 t
5-6km t t t 0 1 0 t
6-7km t t w 033 067 0 t
7 - 8km w w w 1 0 0 w
8-9km w W t 0.67 033 0 w
9-10km t t t 0 1 0 t

In the table above, it can be observed that during the dry season in Kototabang, the
most commonly occurring best-fit PDF model is the Weibull distribution at altitudes
ranging from 1-4 km. Furthermore, at altitudes ranging from 4-7 km, the student-t PDF
model is observed to be the most prevalent distribution t.

Comparing the Best Fit PDF

>>Kototabang, West Sumatera

models between seasons

2k w w i mm
2-3km w w w a | 3 Vietul
—x
3-4km W t w | t/w = ]
4-5km t ¢ ¢ = =
5-6km t W 5 t Wet2
(SOND 4)
6-7km w w t t/wW
7 - 8km w t w t/w
8-9km t ¢ W
[[9=10km t ¢ ¢ +

After comparing the best-fit PDF models for the refractive index gradient (M) profile in
Kototabang during both the dry and wet seasons, it was determined that the Weibull
PDF model is the most suitable for levels 1-3 km. However, for levels 4-5 km and 9-10 km,
the student-t model was found to be the best-fit model.
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Comparing the Best Fit PDF models between seasons

>>Bandung, West Java

1-2km

ﬂIl PDF Model

T Vieibull

The best-fit PDF models for Bandung across different seasons finds that the student-t PDF
model has a significant influence on most height layers from 1 to 7 km during the wet season
(DJF), the dry season (JJA), and Transition 2 (SON) . For the transitional-1seasons (MAM), the
Weibull and student-t PDF models are equally prevalent in heights ranging from 1 to 7 km,

each occurring 50% of the time. Notably, the student-t model dominates at heights of 4-5 km.

When analysing the mean value of refractive index (M) and standard deviation for
Kototabang shows that positive M values only occur during the dry season of
2010, with negative M values dominating the rest of the time.

M Profile per seasons 2"I-degree polynomial

Kototabang

Transition 1 . Dry Transition 2

o

2

1
{
i
In Bandung, positive standard deviation or mean M
values do not occur during the wet season.
However, during the dry season JJA, positive mean
and standard deviation values of M are observed in
1994. During the second transition season (MAM),
positive M values occur between 1996 and 2004.

Bandung M Profile per seasons 2"-degree polynomial

When the refractive index gradient (M) sign is positive, the Madden-Julian
Oscillation (MJO) is active over Maritime Continent.

M Profile per seasons 2nd-degree polynomial
Kototabang

Transition 1 Dry Transition 2

Active MIO

‘Active IO

‘Active MIO

i I ||

Active MIO "Aetve MIO
For Kototabang, positive M sign values occur during JR—
the dry season and when the MJO is active during the | i
transition season but not during the first transition i i
e season when the MJO is active over Maritime : S 5 e bo
Continent. :
M Profile (Season) Vs MJO H #
Active MIO | ctive M

Bandung

Summary

* The occurrence of a positive M sign in Bandung is more pronounced compared to
Kototabang.

* In the case of Bandung, the PDF model for wet season (DJF), dry season (JJA) and Transition
2 (SON) at height layers between 1 to 7 km dominated by the t-student distribution.
Conversely, in the Transition 1 season (MAM), both Weibull and t-student PDF models
provide the best fit. Interestingly, the altitude range of 3-5 km consistently exhibits a
dominance of the t-student model.

In contrast, for Kototabang, the Weibull PDF model appears to describe M during the dry
and wet seasons for level 1-3km layers. However, in the 4-5 km and 9-10 km altitude
ranges, the student-t model prevails throughout all seasons.

The variability in the vertical gradient of the refractive index (M) is influenced by location,
seasons, and the MJO phenomena. For the subsequent work in machine learning methods,
notably Neural Network Analysis, the recommended sign of M is a function of location,
height, seasons, and the MJO phenomenon.
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We investigated characteristics of the bending angle, @& in GNSS radio
occultation (RO), focusing on a relation between the height derivative of the bending
angle, da/dz with the refractive index gradient, dn/dz.

We created a model profile of n for a dry atmosphere at 0-110 km, referring to
the temperature profile, T published by NOAA. We assume horizontally uniform
atmospheric layers with a height interval of 100 m. The Abel inversion is commonly
used to relate between @ and n. However, it does not provide the shape of the ray
path. Therefore, we developed a simple ray tracing model, where the ray bending is
approximated by a circle within each atmospheric layer with a thickness of 100 m.
Curvature of the ray is calculated, referring to the general relation between the impact
parameter and dn/dz (Lehn, 1985). By connecting partial pay paths at interface of
the spheres, a smooth ray path is constructed for the tangent height ranging from 100 m
above the ground up to 70 km altitude every 100 m. The ray tracing model is consistent
with the Abel inversion results. We found that 1/3, 1/2 and 4/5 of @ is attributed to the
height range about 1 km, 2 km and 7 km just above the tangent point, respectively.

A good correlation between dn/dz and da/dz is recognized. Because
dn/dz in a dry atmosphere largely depends on the Brunt-Vaisdla frequency squared,
da/dz can be utilized as a measure of atmospheric stability. When retrieving GNSS
RO results, the observed @ is optimized by referring to a model atmosphere at high
altitudes in order to suppress the effects of ionospheric noise. This procedure may
induce to some extent artificial modification of @ . Our study suggests that & without
the optimization is useful for detecting atmospheric thermal structure at high altitude.
Results by using actual GNSS RO data with COSMIC are presented in a companion

paper (Noersomadi et al., this issue).
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[ Optimization of the bending angle (a) 1/3 ]

The bending angle a due to neutral atmosphere
exponentially decrease as the tangent altitude goes
higher. On the other hand, the effects of ionospheric
noises grow considerably larger above about 50 km.
Then, the relative magnitude of a becomes smaller
than the ionospheric noises, and it is difficult to
accurately determine the a profiles at high altitudes.

However, the Abel transform requires integral up to the
top altitude where «a is practically zero (about 140 km).
For obtaining a reasonable a profile, a model
atmosphere, such as MSISE9Q is incorporated, whose
weighting becomes large at high altitudes. Above
about 50 km «a is largely inferred by the model.

This optimized a profile is used for the Abel inversion.

Thus, at high altitudes the retrieved T profile may not
reflect structure and variations of the real atmosphere,
but it is significantly affected by the model atmosphere.
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Scope and Objectives ]

v

v

The Abel inversion is commonly employed in GNSS RO missions, which is very useful in
retrieving the refractive index ( n ) from the bending angle («a).

Note, however, that the optimization procedure of a at high altitude (above about 40-60 km)
may distort the original temperature structure and perturbations.

Because the Abel transform does not provide the shape of the ray path, we developed a
simple ray tracing model, where the ray bending is approximated by a circle within each
atmospheric layer with a thickness of 100 m. Curvature of the ray is obtained by referring to
the general relation between the impact parameter and dn/dz (Lehn, 1985).

By connecting partial pay, a smooth ray path is constructed in the altitude range from 100 m
above the ground up to 70 km. ( The a profile is consistent with the Abel inversion results.)

We investigate characteristics of the profiles of a, da/dz , dn/dz and d?>n/dz?.

We are particularly interested in a comparison between da/dz and dn/dz, where the latter
is related to the atmospheric stability. Then, we will look for a possibility to utilize a for
investigation of the thermal structure of the atmosphere.

[

A Model of Refractive Index 1/2 ]

L]

We constructed a model profile of the refractive index (n) in a height range from the ground to 110
km with an interval of 100m.
Three atmospheric parameters are required for n as follows:

(n—1)x10% =N = (?) [p + (‘“’Tﬂ)] ()

where, p (hPa) and T (K) are the atmospheric pressure and temperature, and N is called the refractivity
(Ottersten, 1969).

We remove the third term in Eq. (2) for simplicity in the dry atmosphere above about 10 km. Then,
Eq. (2) becomes proportional to the atmospheric density.

We took a model profile of T at middle latitudes published by NOAA, where the T values are defined
as a liner function or a constant in several height segments
(https://www.noaa.gov/jetstream/atmosphere/layers).

Although the NOAA model shows a seamless T profile, its height derivative is not continuous at the
interface altitudes, which makes a discontinuity when calculating the refractive index gradient.
Therefore, we applied a Spline smoothing on the T profile.

We further calculated the pressure (p) profile, assuming the hydrostatic relation between p and T
then, we obtained n from the ground to 110 km with a height interval of 50 m.

L]
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[

A Model of Refractive Index 2/2 ]

L]

L]

L]

L]

The top-left panel shows T with a height T =R dTdz T \d(lop(p))dz
interval of 50 m, where the blue line (not clearly ES o . Lo

seen because of overplotting) is the original T f o - ...

provided by NOAA, and the red curve is a e el 000

profile after applying the Spline fitting. e e —
The original dT/dz (top-middle panel) shows a Temperature () T e ' Ioq10(Pressure) (hPa)

100000 0000 - 100000

d(log(p))/dz n-1 d(n-1)/dz

0000 - 0000

step-wise structure, while the red curve is
continuous.

The bottom-left panel shows d(log p)/dz,
whose height variation is significantly affected
by T. Height variation of dn/dz (bottom-right) is )
also characterized by T. ® 00040 —0.0035 ~0.0030 TS0 5 % . —~0.004-0.003-0.002-0.001 0.000

d(log10_P)/dz N dN/dz

80000
60000

8| 8

6p000 - 60000
40000 4p000 40000
20000 4 2] 2
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For testing sensitivity of ndue to T * Model profiles of the temperature (7) (top-left), dT/dz (top-middle),

perturbations, two n models are generated by log(p) (top-right), d(log(p))/dz (bottom-left), (n-1) (bottom-middle),
adding the sinusoidal T variations at 40-55 km and d(n-1)/dz (bottom-right).

with the wavelength of 7.5 kmand T’ « For T and dT/dz, the original NOAA model is plotted in blue, and
magnitude of 5 K. The other model includes T’ red line shows profiles after applying a Spline smoothing. (Note
at 12-28 km with the wavelength of 4 km and that the Spline smoothing is not applied for p and N profiles,

the magnitude of 3K. because negative values are sometimes produced at high

altitudes, and Spline curve may not follow well the exponential
decrease in p and N.)

Onion-peel model for ray bending ]

Here, we investigate the shape of the bending ray path in the atmosphere.

With the fundamental Snell’s law, we can compute an approximate path length (L) in each sphere. Then, we
compare between L X dn/dz and da/dz.

The bending angle of ray path is generally obtained by the Fermat’s theorem, in which the refractive index
gradient plays an essential role. When the refractive index shows a linear height gradient in a homogeneous

atmosphere, the derivative of a is related to dn/dz as follows:
dn 1dn dz (3)

da = % cos(a) (—) ds =cosa — —
Note that ds is the distance along the ray path, which can be re-written as ds sina = dz when the ray path is a

dz n dz sina
straight line. Then, the following related is obtained.
da 1 dn
tana —= = — (4)
dz n dz

Because n is at most 1.0004 near the ground, so it can be approximated as 1.0 above about 10 km. Eq. (4) can
also be derived by adopting the Snell’'s law.

We now consider ds is not a straight line, but it is approximated by a part of a circle.

We adopt an onion-peel model, assuming overlying concentric thin homogeneous atmospheric layers.

When a ray passes through a stratified atmosphere, the following well-known relation is generally satisfied.
nsin(0) = a (5)

where 6 is the angle between the ray and the vertical, and a is a constant for the ray, which is called the impact

parameter. Lehn (1985) derived the curvature of the ray as

K = — sin 6 d_n (6)
n dz
We calculate the shape of ray path within each thin atmospheric layer, having a constant refractive index gradient.
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Bending of Ray Path

[

(1/5)

)

Consider two concentric spheres A1 and A2 with their radius, R+10km and R+11km. Note R=6310km is the Earth’s radius.
Assuming refractive index n0 and n1, we determine the curvature (k) of ray path at the tangent point on A1 (Lehn, 1985).
Another sphere B1 (green) with radius =R, ( 1/k> 6300 km) is touching A1 at the tangent point (B1 is concentric with A1).

Solve a crossing point (X) between B1 and A2.
A1: x2+y?=(R+10km)? (not used), A2: x2+y?=(R+11km)?,
A2 - x2=(R+11)2-y2, — B1— (R+11)2-y2+(R-R-1
At the crossing point (X): 2(R-R-10) y =-(R+11)? - (R,-R-10
y1 =(RZ -(R+11)? - (R-R-10)2)/( 2(R,-R-10))
X; = (R+11)2 - y2)12

B1: x2+(R-(R+10)+y)2=R 2

0)2 +2(R-R-10) y +y2 =R
)2 +RK2

Bending angle
a,= dy/dx @B1

72 12( W
=12km

v 4 /I’]O
Z1=11km

7/ 7/

70=10km

7
Dz=1km /

Shape of Ray Path

)

\2/

\

B, radius=
Al A2 A 1/K>R
\ 3

* We assume a GNSS radio ray passing through the Earth’s atmosphere at 10 km altitude (tangent height).

» Then, we calculate curvature of the ray in the 10-11 km layer, using a model refractive index, and find a
crossing point on the overlying sphere at 11 km altitude.

* Repeat the computation every 1 km until 14 km. The result shows a smoothly connected ray path.

Cross point on
the upper layer

Tangent

.y

b

s

Atmospheric
layer at 10 km
altitude

Enlarged in the
altitude direction

- .

Full ray path up
to 70 km altitude

1 K. I
LA !
2nd solution ,
/ of cross
NOTE: For this computation, the altitude spacing points .'\
of atmospheric spheres is set as 1km, but, later N b6
investigation is done with a 100 m height interval. Lr | g 11
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Partial bending along height ]
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A weighing function (top), indicating contribution of the
partial bending angle to the total bending. Accumulation
of partial bending in % (bottom) as function of altitude.
Horizontal axis is the number of spheres with an interval
of 100m, and the plots are shown every 20 tangent
heights from 0 to 70km altitude.

Comparison between the bending angle and
refractive index (BV frequency)
Results (A): T’ at 40-55 km, profiles

10000
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2000 - m
——
0
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The altitude above the tangent point where the accumulated
angle exceeds 33 % of the total bending angle (purple),

50%(red) and 80%(blue). Horizontal axis is plotted in unit of
100m in 0-70km, while the vertical axis in m, i.e. 0-10km.

Because GNSS RO is the limb scanning observation, its
weighting function has a sharp peak at the tangent altitude,
and it decreases nearly exponentially along height.

The thickness within which the integrated partial bending
angle exceeds 33%, 50% and 80% of the final bending
angle is about 1 km, 2 km and 7 km, respectively.

About half of the total bending angle is accumulated in a
few km. Therefore, the shape of the ray in a thin layer just
above the tangent point is very important to determine the
behavior of the bending angle in GNSS RO.

Various parameters related to the bending angle
and refractive index are compared.
Note that s denotes the Brunt-Vaisala frequency,
and N indicates refractivity, i.e., n-1.

dN
a/ dZ(E) Top-left: 6 potential temperature
Top-center: dN/dz
Top-right: d*N /dz*

Middle-left: s? (Brunt Vaisala

frequency squared)
Middle-center: ds?/dz [blue]
and —d*a/dz* [magenta]
Middle-right: T temperature
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Bottom-left: enlarged plot of
middle-center at 35-60km,
where d/dz(s*)*0.01 is plotted.

6 4 Bottom-center: N/A
Bottom-right: log10(n-1)
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[ CCF analysis, T’ at 40-55 km ] (1) da/dz vscosa x L/(dz *n_lay) X 1/n x dn/dz

0 500 1000 [red: mean n, green: n at tangent point] n_lay=10, -- 1km thick
(2) enlarged plot of (1) at 40-55 km
60 (1) (3) 2nd derivative of the values in (2) , and ds?/dz is added (purple.
Local maximum/minimum is indicated by +.
40 ~ (4) CCF of the values in (3). Peaks are indicated by +.
CCF values for the height range 42.0-50.0 km
20 - d?a/dz?vs d?n/dz?: max at 0.7km, 0.932
d?a/dz?vs d?n/dz? (TP): max at 0.5km, 0.961
0 T z z d?a/dz?vs ds?/dz: max at 0.2km, 0.950
35 TIT Riarc*dn/dz, B:db/dde—6| 0 1.0 @
1 (3)
50 (2) 48 e
46 -
45 4 0.0 7
44 -
] T L} 42 T ] -0'5 ] L L} Ll 1
0.0 0.5 1.0 1.5 20 -4 -2 0 2 -4 —2 0 2 4

dB/dz [blue], cos(B)*arc*1/n*ds8/d8 [red] d/dz(dB/dz) [blue] 1e—9 CCF d/dz(dB/dz) vs d/dz(dNdz)

Local maximum/minimum in (3) d?a/dz? max 47.8 km, min 43.6 km
d*n/dz? max 46.7 km, [-1.1km] min 42.1 km [-1.5km]

d*n/dz? (TP): max 47.1 km [-0.7km], min 42.5 km [-1.1km]

ds?/dz: max 47.4 km [-0.4km], min 43.7 km [+0.1km]

[ Summary ]

v" Regarding GNSS RO (radio occultation), we investigated characteristics the bending angle (a) and its height
derivative (da/dz), focusing on a relation with the refractive index gradient (dn/dz) and the atmospheric
stability (Brunst-Vaisala frequency squared; s2.)

v' First, we created a model of n at 0-110 km in a dry atmosphere (humidity is neglected for simplicity), referring
to the temperature profile, T published by NOAA. We assume horizontally uniform atmospheric layers with a
height interval of 100 m (the model values are given every 50 m for computation of height derivatives).

v Although the Abel inversion relates a and n, it does not provide the shape of the ray path. Therefore, we
developed a simple ray tracing model, where the ray bending is approximated by a circle within each
atmospheric layer. Curvature of the ray is obtained from a relation between the impact parameter and dn/dz .

v By connecting partial pay, a smooth ray path is constructed in a height range from 0.1 km to 70 km altitudes
every 100 m. The «a profile is consistent with the Abel inversion results.

v' We found that about 1/3, 1/2 and 4/5 of a is contributed from the height range about 1 km, 2 km and 7 km just

above the tangent point, respectively.

A reasonably good correlation between dn/dz and da/dz is recognized.

We found that d?a/dz?* and ds*/dz shows a remarkable correlation.

Because dn/dz in a dry atmosphere largely depends on s 2, da/dz could be utilized as a measure of the

atmospheric stability.

v" In a normal GNSS RO retrieval, the observed a is optimized by mixing with a model atmosphere at high
altitudes in order to suppress the effects of the ionospheric noise. This procedure may induce to some extent
artificial modification of a. Our study suggests that a without the optimization is useful for detecting
atmospheric thermal structure at high altitude, such as the stratopause.

ANENEN
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A relation between bending angle gradient of GNSSRO and atmospheric stability:
(Part IT) Observation study
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Indonesia

? Research Institute for Sustainable Humanosphere (RISH), Kyoto University, Japan

Abstract

This study focus on the relation between the vertical derivative of the total bending angle, do/dz
with the refractive index gradient, dn/dz. We analyzed the ionospheric corrected bending angle and
retrieved refractive index observed with the GNSS RO COSMIC and the refractive index derived
from observed temperature, pressure, and humidity by radiosonde. The collocated COSMIC and
radiosonde measurement showed good agreement of refractive index profiles with ratio = 1 and
slightly fluctuations below 10 km which due to humidity variation. We investigated the do/dz and
dn/dz profiles around the tropopause region. The local minima both of da/dz and dn/dz are related
to the height of tropopause. We also analyzed the vertical derivative of the Brunt Vaissala frequency
squared (dS/dz) derived using the temperature profiles. We found that the peak of negative of
second derivative of bending angle, —d’a/dz* agreed very well with the peak of dS/dz. The cross
correlation between —d’a/dz*and dS'/dz at 12 — 20 km altitude range shows 0.8 with lag of 0.1 km.
This study suggests that the observed bending angle, which is related to radio wave propagation, is
useful for investigating the atmospheric structure around the boundaries, such tropopause and

stratopause.
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Time variation of ray path o 1 dn
penetrating the ionosphere a=-2a fi—dr Bending angle
and atmosphere a n«/cizrz - az) dr
@ Abel transform @
ray bending angle/
Bending angle profile a(a)

n(x) =exp l]'

~ 9@ 4a -
“a\/m Refractive index

Refractive index (n)

- Dx10° =k PIT, +k,e/T,”]

k,=77,6 [K/hPa] and k, = 3,73 x 10° [K*/hPa] (Aoyama, et al., 2004)

Then atmospheric profiles
(pressure, , idit

P :dry Pressure; T, : dry temperature; e : water vapor pressure; T, : wet temperature

For the dry atmosphere, the second term can be neglected. Therefore, T, is derived by applying the
equation of state (p = pRT) and assuming in the hydrostatic balance (p = — pgdz).

In the lower troposphere, T, and e are retrieved using initial condition from the numerical weather

prediction model, such as ECMWF.
(Melbourne, 2004)

! da=(TxVn)/nds=sin(x/2+a)x (dn/d2)/nx ds
I = cosa X (dn/dz) /nx (dz/sin(a)),
| | tan(a)Xda/dz = (dn/d2)/n=M/ n

Here, T is unit vector.
Fermats’s theorem: For propagation of light, the

path length becomes minimum. For the stratified layer in the upper
Ray Tracing: When a plane wave propagates in troposphere and lower stratosphere n = 1

inhomogeneous medium at the veloclly v, «
propagation direction (normal to the plane Wave)
changes in an infinitesimal time A tby Aa= -3v
1.1 (derivative is taken paralil to the wave then
front) |
Considering group velocity v=cfn (c: speed of light), o) /

v varies depending on the gradient of n, along the ~ -
avo o g on e d 9 (tan a) da/dz = dn/dz=M

Aa=cin? (anfal) At
Using a small distance along the propagation path
As=vt, Aa=1in (@nfa) As
Using a unit vector in the propagation direction T
da=1/n (T x Vn) ds
The resulting bending angle can be obtained by the
following integration.

a=1in (T xviyds

Assina=Az,

Please note that here a shows a local bending
angle.

The total bending angle is obtained by
integrating the ray path towards the GNSS and
the ray path towards the LEO.

When n is discontinuous, we apply Snell's law.
Using a unit vector N normal to the discontinuity, i
n(TxN) must be continuous across the boundary. 1y sin o, = ), sin 0l
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We derive refractive index from observed pressure, temperature and humidity by radiosonde
to compare refractive index profile by GNSSRO.

20

GNSS RO : COSMIC1 atmPrf 2011-10-06 12:10:49 UT
_ Lat 0.40125N, Lon 100.5912E

Radiosonde : launched at Padang 2011-10-06 11:30:00 UT
- Lat—0.884N, Lon 100.353E

Alttude (km)

Refractive index of radiosonde is obtained using observed
pressure, temperature and relative humidity data.

1 10001 10002 10003 1.0004
Refractive index
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We derive refractive index from observed pressure, temperature and humidity by radiosonde
to compare refractive index profile by GNSSRO.
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(lonosphere-corrected bending
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Individual comparison between radiosonde and COSMIC profile

We observed that dn/dz and tan(a)*da/dz are related to the tropopause height with about 0.1 to 0.2 km
height shift.

Here we can see the relation between the thermal tropopause (related to temperature) and the radio
tropopause (related to radio wave) (Rao et al., GRL 2007).
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- 3009
2606 Individual comparison between
between first derivative of Brunt
Vaissala frequency squared (dS/dz) and
the minus of second derivative of
Bending Angle (d*BA/dz2) of COSMIC
result.
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We observed that dS/dz and
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correlation function to identify the shift

in height.
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BA

We applied cross correlation function (CCF) between first derivative of Brunt Vaissala frequency (dS/dz) and the

second derivative of Bending Angle (d?BA/dz2) from 23,085 of COSMIC profiles.
The mean max CCF shows 0.84 at 0.1 km shift. _ 55
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The mean bending angle £ We have investigated the comparison between vertical gradient of refractive index observed with
(BAmean) at 40-60 km altitude k| = radiosonde and vertical gradient of total bending angle with COSMIC.
within 80-160E and 10S-10N. s
We observed that dn/dz and tan(a)*da/dz are related to the tropopause height with about 0.1 to 0.2 km
(Bottom) o0 B height shift.

Vertical gradient of BAmean
dBA/dz We found that the first derivative of Brunt Vaissala frequency squared (dS/dz) and the minus of second
Fluctuations around 50-55 km LY derivative of Bending Angle (—d?BA/dz?) show a good correlation 0.84 with 0.1 km height shift.

indicate wave activity in the
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GPM/DPR observation on June 30 2023 at 201952 UTC
(July 12023 at 051952 JST)

JMA operational Mesoscale GPM/DPR
Model (MSM) data
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e
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Continuous observation by ground-based radar network (X-Rain)

et NASA GPROF

DPR = < JAXA GSMaP
' precipitation | precipitation

precipitation |

* The MU radar/X-band radar observed the rain band A when the GPM-CO satellite passed by, followed by the rain band B.
+The rain band A had a very weak scattered signal at GMI 89 GHz, indicating "warm-rain type heavy rain".
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Warm-rain type heavy rain

Chiaracteristic Features of Warm- Type Rain Producing Heavy Rainfsll over
the K i TRV
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Vertical cross section of GPM/DPR observation on June 30 2023 at 201952 UTC

., RN . The precipitation top heights observed by DPR
in the rain band A are low (less than 10 km)
and consistent with the weak scattering signal
at GMI-85 GHz, supporting "warm type of
heavy rainfall”.

E

5

servations at the MU site

me of passage of
GPM-CO satellite .

Vertical Doppler observations at the MU site captured
the transition from the rain band A to the rain band B.

. iately after the DPR

up to about 4 ms™.

05:20:00 LST

Vertical air motion
by MU (46.5 MHz)
with LQ7 (1.3 GHz)

2t 0520 LST,

blowing of precipitation particles was observed at an
altitude of 57 km just above the melting level, with a
corresponding strong atmospheric upward motion of

During this time period, fast terminal fall speeds are
calculated at the altitudes just above the melting level.

06:00:00 LST

Vertical ns at the MU site

Time of passage of
GPM-CO satellite ..

Vertical Doppler observations at the MU site captured
the transition from the rain band A to the rain band B.
Immediately after the DPR observation at 0520 LST,
blowing of precipitation particles was observed at an
altitude of 5-7 km just above the melting level, with a
corresponding strong atmospheric upward motion of
up to about4 ms,

During this time period, fast terminal fall speeds are
calculated at the altitudes just above the melting level.

el
Vertical air motion
by MU (46.5 MHz)
with LQ7 (1.3 GHz)

Time of passage of
GPM-CO satellite
June 3021:03:224 LST  July 101:15:19 LST  July 1 05:07:08 LST  July 1 09:02:02 LST

Very moist layer at time of
passage of GPM-CO satellite

GPS son bservations at the MU site

Ge profiles

Time of passage of
GPM-CO satellite

JMA operational Mesoscale Model (MSM) data

tetetssdisatises

The layers fulfilling the moist absolutely unstable layer
(MAUL) condition:

26,

——= < 0and RH > 95%

oz

MAUL conditions are met in the area of the rain

band A (34.5-35.0° N), which includes the MU site,
and may be a factor in the strong atmospheric

upward motion .
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3.2 U3y X—IEDRER

BTV TIFNLDREREED ) A XLV ERZ Ry 75 —2X7 b DCMP EDEHFER X 412
TY. LQ-T TRy 775 —E-2.0m/s fHETRRT a—»EHEN TV, Fy 75 —#E Om/s DN —
MI Ty R—TaA—TH2. IMIFI7VTFHIVITND Ky 77 —HED 0m/s ICOATIA—=DHZIehrbY
T R—WIDAEEZFEL TN,

DCMP XA L2 BE0 L3 — 1220 T, KRTI2—OFRIFAE S 2 b FIfi-nTB D, SMhT 7 >
FIFB1IADBET T v Z—DPEFLALTMEIN TRV, MHT 7> FF 2 3RICTE2TED YTy
R—FWETETWVWS. L2L, 2RO A XL RABELRD, 79y Z—ED T TR VDI 5K
WEDDETH 5. 5NE DCMP EICBWTRERIIO Y > 7128 .2 212 DCMP EZEH L TWwW3 23,
MU U =X —=ZHWITHATIEIMEBRZICED 75y X—2a -3/ A ALV ETMIE SN 3 [3).

779 X—EPATIBFERE LT, LQTD 7 T v X=Xt/ 4 Xt C/N29MHF 7 > 7F D C/N &bk
VNI ehEFLNE. K4 T, LQ7 2AMIT 7 > 7 F T C/N D 10~15dB DEMH D, 2z L H #IED
TH3ichoTnb eEZBNS.

4 VS YR—TITVADER

I E TOMRLS, 77 v X—EEZA LSE L2 FEDO—2L LT, LQTDI Iy X—2a—-DC/N%
TF2 e TFons. LQ7T LV —F =[0Il v X2 —T7 =2V AZRELTED, B L 0 5E 5k
T3y R —za—%llT2%EERED. 4D X512, LQ-TDELEIX2013FE5 AtHICZ vy XR—T7 2>
AMEKEBEEINTED, £72 2014 EENTBINTYZ I v X —7 = VAR EINT. RUNHRBINZT7 2 VA
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sione 1 Fare—ELos@oms

5 LQ-TITRBEINTWVWE I Fv R —T 2 VR

T == 6N TWVBDITHART, R EN/2P T v X—7 = Y RAFHIFEICEEICREZINTED, 7=
YAD—FKLICEEBBEDASAL THBH B0, BIICED 77 v XR—T a—1ZHEEER I L TV 5 A[REMED
Hole. ZZT, /R I v RX—T7 2V AD FERWELTBHE NV 7 v XR—Ta—-DZ Lz,

0.06 - [ 2013-Jan-Feb

=) 0.04 - 1 2013-Apr-May

§ ' 2023-May-01-18
0.02 ~ 1 2023-May-20-31
000 T T T T T T T T

-130 -120 -110 -100 -90 -80 -70 —60
Power(dB)
0.075 4 1 2013-Jan-Feb

2 1 2013-Apr-May

2 0.050 -

g 2023-May-01-18
0.025 - [ 2023-May-20-31
0.000 T T T T T T T T T

-140 -130 -120 -110 -100 -90 -80 -70  —60

Power(dB)

6: @ 0.6km 2> 5 1.0km( L) & & 2.0km 205 2.4km(F) T, LQ-7 12 & 2 KIE/SMID DC K57
(27 F v &Z—=kI7) DBAFERDOE A 75 4. BAOWHHRIE, A ALV TH D, 2hzh o,
013F 1AL 2R3 5vR—T7 =2V AK L, 2013 4055 Bld7 9 v & —7 = v AR B,
202345 A1 H25 5 H 18 HIZEHR DD 7 v R—T7 =2 2AH D, 202345 H20 H» 5 5 A 31
HIZEHR T D7 Iy 2 —7 2V 2D FEEROBHF— &2 TH 5.

LQ-7T D8R T =X EZHWT, 77 v X —7 = ¥ ADIRENZ L 7-FiZ OB CTEE D DC 7% g U 7=
LA MILERI6ITRT. WY Ty X a—2ElE A TWARVERE 0.6km 5 5 1.0km(K 6( 1)) T,
RADT = AWERTED 2023 FE5 H1H2S 18 HE 202345 H 20 HA2 5 31 HTIRIEFZ (L L TWiRWZ &
Bhhd. BEDIHVWT T v R—DGHEERTD I 79 X —T7 2 Y AKX BHEI VRN, $i2, 759 X —
T2V ABRBBLTORWVW2013E1L A2 S 2 AICHANTHREBEHZRD 2013 E4 A5 5 HOANZ I v X —131
IMEATH 2. ZHUITTNZ T v X —TLa—DFHIZ 7 = Y ARBICIAMEIMELNTIC, LAY T v & —
Ta—%2ZFELTWV5.

W Ty RTa—pElX N3 EE 2.0km 25 2.4km (X 6(F)) T, DD 7 = ¥ AMERZD 2023
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ES5H1H»S18HE 2023 FE5 H20 2531 HTZ 9y Z—za—2ML TW3. A TIIEE 2km
25 3kmBED Y 7y X—MEEXEHMNE LTWEZ 225, METD 7 2 Y AMEICE D C/N IFREL 72
MRICR-oTWD., £72, 2013 1 A5 2HL 2013FE4 A5 5 BRI 2, MW 7y R—2a—D
BREIIvR—T 2V ADRBEIZEIN 7Ty X —% T EMITETWE I PR TE 5.

WD 7y R—=T 2 AWMEWRXCED 77 v R—2a—D C/N X 63 2 & B HRF L7223, SE O
BT bTICEEHRNC R o 72, SRIZEI DI v R—Dti 2D 2 FETH 2

5 FLHLSERDFE

LQ-7T D ZEFTHT ¥ 7F2FREL, 77 v X—METED, ¥MEEI O TERY. 7V T7F%
W3 Z 2 TDCMP RS BOEHENET 2D, XD 79y X—0EEZN2 eEZ SRS, L Lah
5, LQ-7D C/NIIMIF 7> 7FD C/N K h KEWieo, fIFEEZ A EXE 2 ETREICKR > TV AR
Mhb. SR 7VTFEILIGEMLTYZ 7y Z—xa—OMEER EE2XZ. 7> 7 F&EICE L T2ZER
DF % YINBIRO DD 2720, 1 DDZIEF v o xica— AL EEEE T LEERO 7 VT HES2E
REE, TYXNMEBUETHHET 2 2 & THEMINICZF v VANV ZEEITO FETDH 5.

F72, V99 R =T 2V ADER DT —HMEL T I v X—x2a—0ZLEMER L7203, MERHRO T
ERREEM 2 WO RIS o 7. SR XD RIROBIFER 2 VB2 LT, 79 v X —7 = VA
B BEEFNTE2TETH 5. Sk EZEY LT, EREITY 7 v X—MFNEP TR 2 X5 BT AT
LHAFZHIET.
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({{; Outline

O Background
Estimating the Cross-Radial Wind Velocity based on the - ,
9 N Yy N O Investigation of Spectral Observation Theory(SOT) and
Spectral Observation Theory for Atmospheric Radar .
Radar Inversion
Erlu Chuai, Koji Nishimura?, Hiroyuki Hashiguchi’ 0 Comparison between Radar Inversion and FCA (Full
7Kyoto University, Kyoto, Japan Correlation Anal ySI s )
2023/09/20
Q Improvement of FCA
Q Summary
Z17EMUL — &
Background Spectral Observation Theory
— 1. Conventional wind measurement is DBS(Doppler Beam Ri;/’ (T) = F(T' UV) Girj (T' H)W(T) u Window function
Swinging), which estimates wind velocity by the geometric nf Y
— relationship between wind velocity and doppler velocity. l . i ALS
" P i
_ 2. We plan to realize a high-resolution 3D wind field Signal Turbulence  Wind vector i y
measurement for small spatial scale dynamics of the C e 1 ali
Fig1 atmosphere without beam scanning. il
Cross-radial Wind N
3. SA(Space Antenna) method could reach that goal but with "
unknown basis. i
4. Now we develop a new method to measure cross-radial
velocity based on Spectral Observation Theory, which is
called Radar Inversion.
ader
Fig 2 Fig3 [1] Nishimura, Koji, et al. "Spectral theory and beam ing algorithm for radar.” IEEE
ctions on Geosci Remote Sensing 58.10 (2020): 6767-6775.

FL7EMUL — X' — - § F17EIMUL — X

Spectral Observation Theory Radar Inversion
Algorithm Flowchart
Ri.i(T) =F(, UV)GiJ(T' wWW(r) Radar observation equation: R(t) = F(T)G(n)W(T)

XCF of Receive Signal

Known Unknown  Unknown Known

ACF of Window

Function

“ Optimize & Minimize

Z|FFT(FGW) — FFT(R)|

' e — 1 1
T Y IR L ) P CRGRINTEEHED) Turbulence Horizoptal Vernc_a!
Oopper vetucity fova) Intensit Veloci Velocity

t i [ emCwe) |

Fit (0, u)

360 degrees/files

FL7EMUL — X' — - §
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Radar Inversion

Here we take 3 subarrays' Radar Inversion as an example.

1. Generate receive signal: R(t;F2,F3,F4)

2. Generate 3 subarrays beam pattern G (360 files)

w

. Calculate XCF of signal and beam pattern
F2&F3, F2&F4, F3&F4

IS

. Calculate FFT of those parts

5. Use optimization library function (Python, leastsq) to
calculate an optimized result.

min[X RMSE (F2&F3) + RMSE (F2&F4) + RMSE(F3&F4)]

Optimized Result : (u,v,.w) and turbulence &

Fig2

E17TEMUL — % — - il

Rrara(®) = F.2) G ) W0
Rrzr® = Fl6.0) Grara () W0
Resl) = P60 Grsra (i) w0

nnse

S /
wind vector direction (deg]
Fig3

Radar Inversion with 3 subarrays

Simulation of Rl with 3 subarrays

Set (u,v,w) = (10,0,0) m/s ""1 .
u

v N
Azimuthal

direction

vectors

u v

3 sbaaps Radt bwerson

E17EMUL —

Numerical Simulations of Radar Inversion

We product numerical simulations to develop Radar Inversion and verify it.
Wind Vector: (u,v.w) m/s

4000 m

1000 m

Scattering

model

2000 m

Joth antenns

[

|__ttems | Settings

x-axis range -2000<x<2000

(E-W) (m)

y-axis range -2000<y<2000

(S-N) (m)

Zz-axis range 1500<z<2500
(m)

Wind velocity — #=(uv,w)m/s

Wind variance ¢ = 0.5m/s

Tx, Rx i jarrays

Scatter 1018

number

Radar Inversion with 7 subarrays

Simulation of Rl with 7 subarrays

Set (uv,w) = (20,0,1) m/s Wl ——

v
Azimuthal
direction
vectors -
ma| ¢
4 -
2 -
< " |
fatw bvescn

u 4

7 sitarays Raca eversee

Spaced Antenna as conventional
FCA algorithm (FCA1)

method

P& n,7) = plak® + by’ + 77+

Correlation function of radar echo could be expressed as the ellipsoid equation.

A 4

Wind velocity could be calculated by the speed of the ground diffraction pattern.

Fig2 [1]

[1] Briggs, B. H. "The analysis of spaced sensor records by correlation techniques, Handbook
for MAP, Vol. 13, 166-186, SCOSTEP Secretariat, Dept.* Elec. Eng., Univ. flinois 61801

FL7EMUL —K— - 5 AN

2f€r + 2gnr + 2hén).

Tia = = f&z ~ ama,
ia = = fn ~ am,
5 = —f&n — am.
iy = a&fy + by + 2h§uama,
T = a3y + bmy + 2h&ayman,
7 = aghy + bnj + 2hEnn.

{ vy = (hg — bf)/(ab— h?),

= (hf ~ ag)/(ab~ K?).
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Compare RI & FCA1

Simulation of Rl and FCAL with 3 subarrays
Set (uv,w) = (10,0,0) m/s “

u
v
¥ Radar Inversion vs. FCA1
1 N
1
€ ° €
2 I >
o 4 -
o .
o

[am— o

FCAL

Radar Inversion is closer to the truth.

Radar Inversion > FCAL




Improved FCA algorithm (FCA2) FCA Results

We directly fit parameters of the exponential function and estimate wind vector. Compare between tWO FCA methods

XCF(i,

)=p(&1j,7mi,j,7) =p(AE2 + Bn? + CT? + 2F &y + 26T + 2HéT) Set (uv,w) = (10,00) m/s W
= exp(Aé2 + Bn? + C1% + 2F&n + 26yt + 2HéT) 1)

21 combinations of XCF v
o [ FCAL vs. FCA2 Azimuthal
] I "y - - 2 T 1 direction
" " . N 5
of G function fitti
o aussian function fitting FCAZ is closer to the truth both
-l . . < inUand V, performs stably in
g S —— . . . 5 t direction.
vy = (hg — bf)/(ab— h?), o 3 1 } T
Optimized parameters [A,B,C,F.G,H] 10 FCA2 > FCA1
vy = (hf — ag)/(ab — h?). o 1= 15
-15 4
Estimated wind velocity & direction WA | | | l. faal ()
FCAL FCA2  FCAL  FCA2

(1992): 117-129,

Z17EMUL - AT — K —

Compare FCA & Radar Inversion Summary
Set (uvw) = (10.00) m/s v Z . . 0 Radar Inversion enables to accurately estimate wind vector
g G M INT based on SOT with multiple subarrays.
v

" Radar Inversion vs. FCA1 vs. FCA2 . Azimuthal e O We developed FCA2, which shows the better performance

L] . dirggtion . than the conventional FCA (FCA1).

R L : s FCA2 performs more stable
= I - I o 1 + than Radar Inversion, it is also O Quantitative comparison shows Rl performs better than FCA1
gy . T | T 1o £ T closer to the truth.
S L BN B LA : but not than FCA2.

'l T T T Yo7 I

o | S i FCA > Radar Inversion > FCAL O We will fucus on theoretical consideration of the reasons, and

J ! . n R KR try to figure out what the optimal RI algorithm is.

TRl FCAL  FCA2

FCAL FCA2
KL

FI7EMUL — X — - FiARL —F—>

85



oot Ussge Reseacn ceter
F‘esearch Institute for
Sustainable Humanosphere

On the turbulent layer depth dependence of TKE dissipation rate
from LQ7-WPR and Lidar data analysis.
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Acknowlegment: The Doppler lidar data were provided by EKO Instrument Co. LTD

Outlines

Luce et al.(EPS, 2018) established an empirical model of TKE dissipation rate & :
Erout = ¢ [Loye With < Lye> ~70 m (A)
from comparisons between MU radar and UAV (in-situ) data (Kantha et al., EPS, 2017)
(1) We tested the relevance of (A) from data collected with a UHF wind profiler (LQ7-WPR) and a
Doppler Lidar.

(2) To specify the model's performance, it is necessary to physically interpret < Lyy>.

1. The currently used model to estimate TKE dissipation rate & from Doppler radar data

(Weinstock, 1981, Hocking, 1983, -+, 2016)

Doppler spectrum .
For stably stratified turbulence

» ey = Cof /Ly =CaZN

€ = 0.5 + 0.25 (Hocking et al., 2016)
I Ly = 0,/N: Buoyancy scale
Valid if Ly<2a, 2b

i 204,

radar Doppler spectrum (')

2 B,
9¢ = Oobs~Onon—turbulent

3

2=150m

S@k) 4 mupar

B ~g2/3}-5/3
= j S(k)dk

"k
kg =2m/Lg  Turbulence spectrum

Assessment of the model with the MU radar and UAV (DataHawk) data
Luce et al. (EPS, 2018)

< Loyt >
[ Al data ~70m
MU radar (from dimensional analysis) ‘ In CBL ~140m

ey ~ 050N (= 0.507/Lg)

=
€Lout = 0% /Lout

£>1610% mis™! 2< Ly> ~05 < Loye > ~30m
[y 5 Ly < 2a,2b~100m

logyo(ey [m*s™])
Logso(eous [m*s™])

5 45 -+ as 3 25 2 15 5 45 4 as 3 25 2 18
logo(eyay [m?s—3]) 10g10(eyay [m2s™3])
(mW kg ) The conditions for a 62 law

are verified but a of law is
observed. =PARADOX!

ey ~ 050N

sout = 07 /Lowc (70 M)

Based on physical models
»

¥

Empirical model

@

Disagreement with in-situ estimates | Agreement with in-situ estimates

= -

- An interpretation of < Ly, >= 70 m must be found

Is it related to radar parameters or to atmospheric turbulence properties?

Eraviee = 02 /1(A1,0,)  (Labitt, 1979)

Assessment of the model with LQ7-WPR and UAV (DataHawk) data

Luce et al. (2023a, AMT)

36 fights (90 profiles) SUREX2016-SHUREX2017

EN logigley)vs10g,gcy) Elgur 09,0(e o) ¥S100, )

z Slope05 27 3 Jope 01 =7 Exactly the same (quantitative) trends
21(c) 2 lop: 2
+ 2/ ; L@l T with the LQ7-WPR
] e’ iy i
G 4 3-
& g g 3
2 g %, ELout = 0t /Lout
8 ® fros _87 Loye~70 m)
6 4 2 E El
109.(cy) 993oley)

MU radar WPR-LQ-7
(during the campaigns)

[ Acquisition time (s) for one profile) _ [IREYISAUSVECETS 0.66 5 (every 3.3 5) x NINCOH(18) = 118 s over 59 s

Range resolution (m) 150 100
Transverse resolution (m) (at z=2000 m) ~100 ~150
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2 Alternative expression of & for small Richardson numbers
(i.e., for weak stratification or strongly sheared flows)
From models of TKE spectra
ey = (0.5 + 0.25)a?N =
(0.5 +0.25)0¢ /Ly

Rik1
From energy budget equations

& = 0.6402S = 0.640¢ /Lyunt

Buoyancy scale Ly Hunt scale Lyyne

When Ri is small, the largest eddies are
l limited by the wind shear before being

affected by the buoyancy o
t (Hunt et al., 1988)
@ ’-Bl
I The Hunt scale (Lyy,n,=0,/S) defined
for neutral conditions s the

counterpart of the Buoyancy scale
(Lg=a,/N) for a stable stratification

@

$ Q-

. A Hcking and Horsa (1957)

Eddy stretching in the
presence
of a wind shear.

Eddy anisotropy due to
buoyancy

(e.g., Hunt et al., 1988, Basu and Holts|ag, 2022)

3 Assessment of the models for a KH layer
Luce et al. (2023a, AMT)

& Ehout (Lowe =70m
Vaisala sonde (V6)
V6, 18 JUNE 2017 14:51 LT

Comparison with UAV-derived & (ShuREX2017)

WL SR (48 ) 18 e 3847V

[
5 DH3S, 18 JUNE 2017 (15004520 LT)
i

s s (@) Oy

<w-000
<woe033

=

KH layer depth D: ~ 800 m

&5 and eg, =70 m) agrees with ey in the KH layer (Ri <<1)

200

2200

&y fails in the core of the KH layer (by a factor up to 10)

zonp e R

o s 0
SOLID (red, green, blue): MU radar

DASHED (red, green, blue): LQ7-WPR .

eyay = 0.6402S  AND  eyuy = 0¢ [Loye(= 70)

-
0.64S ~ 0¢/Loye(= 70) Lout™ Liune /0.64
»\ Is this relationship observed for other KH layers (Ri <<1)? |

4. Statistics for KH layers
Luce et al. (2023b, AMT)

Statistics from 192 KH layers identified from LQ7 (routine) radar echo power maps
(2011-2021)

Mean depth of the
detectable KH layers: ~600 m

o o4 th 100 coe
A’ = WPRLQT SR 00 97) 28 ctsber 290 DEPTH e sepresasrz

§ Ty : goul _(800m)

(the deepest KH layer detected by LQ-WPR between Jan. 2011 and Nov 2021)

For each selected layer, < S >, < D > and < o7 > was estimated oo N

Statistical assessment of 0.64 S ~ o;/Loyt
From case study: 0.64 S = 6,/70 L,y (case study)=70 m

Series of .64 5 and /50 (og scae): orrelation coefficient =0.41

Fig. A Fig.B T
K1 2011.2021 Lo KiZOM2021

- 2 | = ‘ I e
% Series of on
g i
25 ‘
. Ny
TR s as 2 s
10g10(0/50) 10g30(a,/0.0875 D)
Lo = 50m Ly~ 01D g 8 s - o s v

Fig A: The best agreement is found for Loy =
50 m, in accordance with (Loy=70 m) x 600/ 800
Loyt = 0.1D
Fig B: the agreement is even better with variable

Loue=70x D/ 800 =0.0875 D= 0.1 D

10

The quantitative agreement between & and g4, found for a KH layer event is
confirmed by a statistical analysis of KH layers (using LQ7-WPR data)

ELout = &p ~ 07/(0.1D) & 5= 0.6402S = 0.6407 /Lysynt |

Liune = 0.064 D

&p is well-known for neutral turbulence and
the outer-scale of turbulence is a (small) fraction of the layer depth D
(e, Ziitinkevich, 5, Druzhinin, O, Glazunov, A, Kadantsev, £, Mortiov, E., Repina, |, and Tritskaya Y: Dissipation rate of turbulent Kinetic

energy in stably stratified sheared flows, Atmos. Chem. Phys, 19, 2489-2496, 2019

5. Is the equivalence between the two models restricted to KH layers?
- Application to turbulence in convective boundary layers (CBL) (a priori not relevant)

A preliminary analysis based on two months (May-June 2017) of LQ7-WPR data <D >~1400m

LQ7-WPR SNR (dB) (0°,0°) 2017/05/16

Mean depth=1401.53

6 . 20 L
& L 10 KH (800 m)’!
2, : |
2 0 oz, i
g i
22 10 !
< H !
Bors !
{ :
R o o i
& 10 i
4
3 0 o
s
10
2
12 14 16 18 20 22 24 ° 0 mMp.m o
time LT

0.64S ~ 0,/(0.1D) ?
i.e., 0645 ~0,/140 7.,

For each selected CBL: <S>, <D >, < o >

11
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CBL May-June 2017

Statistical assessment of 0.64 S = 4,/(0.1 D)

Without depth correction: Correlation R=0.18, -0.02<R <0.36

CBL May-June 2017

15

o0 ,(140)
——10g,(0.645)

Two major issues:

6. Comparisons LQ7-WPR / Doppler Lidar

(1) No range overlap between
LQ7-WPR and the Doppler lidar

a WindCube v2 Infrared
Doppler Lidar, manufactured by
Leosphere and provided by EKO

Shigaraki observations: 20 Aug-16 Sep 2022

Drone/tethered balloons

-> In principle, comparisons are not
possible, except when CBL depth
exceed >> 400 m)

(2) The Doppler Lidar spectral width
is not available

& 2
« Instruments Co., Ltd. (Japan) T :

3 o 20 0 0 s 0 70 s s 10 > direct comparisons of the models
< Event number are not possible.

» With depth correction: Correlation R=0.6, 0.46< R <0.71 D?‘Dpler Lidar(40-300m) [N ™ 0| 0
g 1 Lsdpum WindCube v2 (Shigarak
8 s R s = WindCube v2 (Shigaraki)
15 !
2 )k 7
p | 2 22(DL) = 20m At=4
s 25 2 45 8 25 2 45 28 WWWWW . t=4 sec o
log,(o/140) log,(o/(0.1 D)) WindCube v2 (Boulder, Colorad
o o 3 Courtesy, J. Lundquist
0 10 20 3 40 50 60 70 8 90 100 { i
Event number
Az(WPR) = 100m (transverse resolution: ~30-35 m at 400-500 m AGL.)
A similar quantitative agreement between & and &), is found for CBL turbulence (!)
o~ 07/(0.1D) & &= 064075 (to be continued..)
A case study Estimation of TKE dissipation rates in the convective boundary layer from DL and LQ7 WPR
11-Sep-2022 Mean CBL depth =1050 m

Lidar:100-300 m, LQ7: 400500 m

10°

w0}

| Wesenumber
m“‘v k=2nf/<U>

[sw =225
10" -
10° 102

CBL dynamics.
[ The

Vertical velocity W spectra

LQTWPR 59-sec time series

- L7
102} From DL 4-sec time series ?
g | wmame :
2 fm
10} Sope 0U-155
! DL

<U>~26ms™"

Wavenumber
=== During day time (07-17 LT) in clear air conditions, 3-min
averaged W(DL) in the height (100-300) m and W(LQ7) in the
height (400-500) m show very consistent features suggesting & .f
that both instruments faithfully reveal the vertical motions in = | *

corresponding  wavenumber W
remarkable consistency down
wavenumbers with a -5/3 slope, characteristic of an inertial

Vertical velocity

o P 8 raw L7 date)

Time siot and ahitude range used or spectrum calcuation

(N8: 12w LQT date)
107 100

spectra  show
to the largest resolvable

Approximate CBL top from LQ7 echo povier and

urface solar radiation

EO——

15052022, smoothed (i vt vind

W{;‘\“W\p.’w‘m

Principle of the processing methods

TS:
From W time series data

:, "W\f\”"’ ‘Y\,’w MM 9

|

Applied to
DL and WPR LQ7

Two Methods

Ds:
From Doppler spectrum

e Osege s )

10 tansversespactum l

-5/3

S(k) = 0.69 3k~

l Beam-broadering crtctin

of
Variance of W
produced by turbulence

!

€Lout = ¢ /Lout

Applied to
WPR LQ7 only
(Spectral width is not
available for DL)

WPR
(TS methad)
DL

sub-range. 4 . o B w W T . i * Lout=70 m by default
DS method applied to WPR compared to TS applied to DL o Mean CBL dopth () 20-Nov 2022 - 15-Sap 2022
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This agreement suggests that
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The agreement between the
two estimates is consistent
with the expected weak
dependence of ¢ with altitude
in the CBL but this can only
be a first order approximation.

B depn (1000:140)

Lgye=70 m consistent with ~0.1 D=77 m

But & is not expected to be constant over the whole depth of the CBL:

' ! 2020)

- s 221
03 E'

LQ7 WPR = factér ~2 than  &p,
’ l < | mixed layer the CBL.
04 :
02| oL "
[ . surface layer

Jog, (iwliz))

One can expect g,; ~twice smaller
due to the altitude
decrease of TKE dissipation rate in

E1gue ~ 0F /Loyt With Loye~0.1D — 0.2D
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Comparisons of the two methods from DL data
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Conclusions
About: 0y = 08 /Lour

Our studies suggest that:
(1) < Lyye> is related to the depth D of the turbulent layers detected by the radars

ELout~Ep = 02/(0.1D) for KH layers

(2) The model g, is equivalent to 5 = 0.6462S valid for low Ri values (<<1)

(3) The two models ¢, and &5 seem to be valid for both KH and CBL (convective) turbulence
according to studies with LQ7-WPR (more analyses are needed).

(4) ep = o} /(aD) with a(z) =0.1-0.2 for CBLs according to comparisons with Doppler Lidar data.
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Equatorial Plasma Bubble Alert System: Equatorial Spread F
Auto Detection Method for SEALION Ionogram

Septi Perwitasari * Kornyanat Hozumi * Michi Nishioka (NICT)
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Introducti

Medi le tr ling ionospheric disturbances (MSTIDs) are a common type of mid-

latitude ionospheric irregularity that manifests as wave-like plasma density perturbations in the F
region with horizontal wavelengths of a few hundred kilometers.

FEIEIMUL — & — - RS L —& — > 27 L, Sep. 20,2023
03:00:00(UT) 01/07 2020 14:10:00(UT) 06/19 2019
7 ————— - ————_——

Assessing the performance of the double-thin-shell approach with

e ) e )

MSTIDs at daytime and nighttime show
. . . . . g different characteristics:
improved resolution for studying nighttime MSTIDs using dual Daytime midlatitude MSTIDs:
dense GNSS networks in Japan 1. Southward (or SE) propagation
2. Maximum occurrence in winter -
3. Atmospheric gravity waves (AGWs) are the most possible ¢/ i~ 'Daw-'mq MSTIDs n!;"
causes i e e we WS Yt i

“ Nighttfe MSTIDs

s
I Nighttime midlatitude MSTIDs: - ]
1. Simultaneous occurrence in geomagnetic conjugate
regions

: Aug. 9.2002 (630nm airglow)
' .

" 2. NW-SE (NE-SW) alignment in the N(S) hemisphere

1

|

|

1

oeral (8

ey ey

3. Equator-westward propagation
4. Usually accompanied by a sporadic E (Es) layer
5. Max in summer, followed by winter

‘Weizheng Fu', Yuichi Otsuka', Tatsuhiro Yokoyama?, Mamoru Yamamoto®

(E-mail: fu.weizheng@isee.nagoya-u.ac.jp) P e

Unstitute for Space-Earth Environmental Research (ISEE), Nagoya University, Nagoya, Japan @ () fﬂrwin -
2Research Institute for Sustainable Humanosphere (RISH), Kyoto University, Uji, Japan <& Eé
The generation of nighttime midlatitude MSTIDs if e

can be explained by electrodynamic forces s i

¥

125 120 130 152 134 128 128 150 137 134 136 128 100 132 194
Long. (deg) Long. (deg) Long. (de0)

Otsuka et al. (2004). Geophysical Research Letters, 31(15). 2

Nighttime E-F Coupling pheric Sounding with GNSS

Previous theoretical analysis suggests the generation and propagation of nighttime lonospheric sounding techniques, including radar, ionosonde, satellites, are limited in
MSTIDs have a significant connection to the sporadic E (Es) layer in the E region, observation coverage or spatiotemporal resolution in the study of nighttime E-F
which influence the F-region MSTIDs through an electrodynamic coupled effect along coupling process, particularly for the E region.
the geomagnetic field line, known as E-F coupling. Furthermore, this electrodynamic . . . .
force and map to the opposite hemisphere and causes interhemispheric coupling. The cost-effectlvenes:s and rapid development of the G_NS_S infrastructure, hz_as effectively
broadened the spatial and temporal scales over which ionosphere dynamics are probed.
TR B SRR SRR S iR Msmm Total electron content (TEC) is one of the

most important parameters in the ionospheric
study. With the development of GNSS, TEC

In the E-F coupling process, MSTIDs — 4 -
can be measured economically and effectively.

and Es layers share common
propagation parameters and related to

TEC enhancement _TEC depletion 2022-01-01/00:00:00
0 45 90 135 180

each other via a magnetic field line. 5
> o| T
B Sivet lonospheric i
P oo pant

Polarized electric ild 5 == ( T T T T T T e e e e T e ! L) 9
o G \ | Key question: | 8
ropagtion diecton of MSTID —— ) i
AN | What are the causes and effects in | g,
Aaternrest - the electrodynamic coupling? | 3

i | | ® 5 5 180 135 90 45 O

However, the commonly used single-thin-shell model only provides 2-D horizontal
Yet, the challenge remains that no existing methods allow for the direct observation information on ionospheric dynamics. Its exploitation in the E-F coupling process is difficult.
of Es structures on a scale of hundreds of kilometers during nighttime MSTID event.

Langley. (2002, February). In phs of invited ion to the Canadian {
3 of Physicists Division of Atmospheric and Space Physics Workshop, Fredericton, NB. 4

Courtesy of ISEE at hitps://stdb2.isee.nagoya-u.ac.jp/GPS/GPS-TEC/

Liu et al. (2019). IEEE transactions on geoscience and remote sensing, 57(10), 7547-7557.

Double-Thin-Shell Model Matrix Equation

We assumed the ionosphere in the double-thin-shell model, the vertical

To analyze the E-F coupling, a direct, continuous, and broad distribution of
TECPs within a cell in each shell were assumed to be uniform.

electron densities in both E and F regions is required.

\ For each epoch, with all the slant TECPs from GNSS observations (M >
Assume perturbations mainly exist in E A double-thin-shell model is introduced to 10000, N > 5000), a mixed determined system of the linear equations
and F regions provide information in different layers can be constructed:
Obtain TEC perturbations (TECPs) by 0 secXp e 0 secxry 0 x TECPSG-vk

using detrend method (a running

average of 30-min window) 0 sec X, 0 sec Xry 0 Xn — |TECPSiK

S
s — s s )
TECP> = TECP; + TECPg (Azimuth: y) 0 S€CXE41) 0 SECXF;u1) 0 XNyt TECPSitk+1)

“MXN

. " . . &‘\ Mx1
A; = arcsin (sin A, cosy; + cos Ag siny; siny) &
= x,, represents the TEC perturbation in grid block n.

@i =@pt arcsin(s"::%:‘y) AR + =7
X; = arcsin (Rfjhi cosn) Here, Singular Value Decomposition (SVD) is
n A=UDVT used to solve this matrix equation.
Yi=;-n-x An r-dimensional sub-space of singular vectors is
Shell height: 100 km (E) and 300 km (F) used to represent A ~ U,.D, VT with a representation
TECP{ = TECPY / cos x; (i=E, F) ‘ Resolution: 0.15° (E) and 0.5° (F); 2 min of 95% of the total variance.

Fuetal. (2022). Earth, Planets and Space, 74:83.
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The TEC measurements are from a dense
GNSS receiver network over Japan
(GEONET) with more than 1200 stations.
Only GPS measurements are used.

The high spatial density (15~25 km) of
GEONET makes it an ideal tool to study the
ionospheric irregularities in detail.

Detrend method of TEC perturbations
(TECPs): deducting a 30-min data running
average (centered on the epoch of the LOS)

Kokubunji ionosonde

from each LOS (line of sight) TEC. S ot
MU radar
TECP = TECs— < TECs >30min
26°N - \ : . T -
125 130°E 13 140°E  145°E 150°E
Longitude
Daytime sporadic E MSTIDs
10 1 w0 1 2
- - - etrend _
3 3 3 ECP 3
i g 8 i
E.20 o0& Eg 0E
il & 8 &
Year/DOY: 20101141
B |peamo E 5 |reamov.z0izn? 2
g0 Station: 0048 4 o Station: go48 2
6 6 7 75 8 85 9 95 8 9 10 1 12 13 14
uT (h) 7

Improve the Do

135
Longitde

145°E

125

135°E
Longiude:

aon o

GEONET: ~1300 stations over Japan
Softbank: ~1000 stations in the northeast Japan (a subset)

an opportunity to improve the double thin-shell model.

M ™™ To improve the double-thin-shell model, denser
°| data points and better spatial distribution of
$ signal ray\paths are important. /
Zaen
@] =N (b) Expand the available data sources j

205
£ Adimun distribution
02 NE)
GNSS Consiliaton
o BoDou —
oseo N )
- GLONASS \
m—crs
000 [
600 E w(@r07) E@0)
3002 (
o
o
o
swzs) " se s

The incorporation of SoftBank GNSS observation network provides

Integrate multi-GNSS data (GPS,
GLONASS, Galileo, BeiDou)

s (180

Distribution of signal ray
path azimuths at one epoch

9

Distribution of IPP counts in each shell
at the improved temporal resolution

09:00 UT

The improvement in temporal
resolution would help to determine the
actual instability phase velocities.

Test the case of increasing
@ temporal resolution from 2
to 1 minute
The utilization of multi-GNSS and
5 SoftBank network can mitigate the
effects of improving the temporal
resolution.

N

The improved resolution:
0.1°/0.3 for E and F regions,
1 min for time.
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The double-thin-shell model has been validated as a useful tool for
45 analyzing ionospheric electrodynamic coupling.
~§ For the first time, the cause of local E-F and inter-hemispheric
2 coupling has been identified. The Es layer was observed in the
pré summer rather than winter hemisphere.
s
5% i The region with Summer
Sos| most data points T "R 08
125 130 135 140 145 1% S g N
‘Geoaraphic longitude (°E) y i
. E
P (e F-region =
il il
Transmission of electric field fr“"‘ TR te vy
along the magnetic field line oo ) A i
e ) o) oasur = E-region
5 i 15 s
Winter
@ - {a) F shel (North). /
wsTIDSs / T \ Conjugate MSTIDS o
0! 200U1 ) F-region
Magnetic field line 3
BT |
Magnetic euator 2ol
Northern Hemisphere Southern Hemisphere o 4
ummer) (winter) | T2eour E-region |
2 5 B
Fu et al. (2023). Journal of Geophysical Research: Space Physics, 128(3), €2022JA031074.

09:00UT

Distribution of IPP counts in each shell at the improved spatial resolution
The incorporation of multi-GNSS data and GEONET+SoftBank networks holds the
potential to increase the spatial resolution to 0.1°/0.3° but not 0.05°/0.15°.

Increased Unsolvability
compared with the
solvability caused by
Eieisew) the improved
. resolution:
| © [Eloorserw)

G-5, 695 015

Solvability:
percentage of
solvable grids in the
analyzed region (at
original resolution)

H v J. Fc GPs 005)

10

mulation (1)

Following the procedure in the previous simulation, we verify the feasibility of increasing
the temporal resolution to 1 minute and the spatial resolution to 0.1° and 0. 3° for E and

F regions.
— e _—— IE/IF: ratios of input amplitude in E and F regions
42N nout 6+, GPS ors, onss S /1
Eshel (100 || Esnel 100kn) || € shon (100 ary
oy Jlieos ) lierost 1 |
e 05 o
B
s =0 70 g ni ;
| e I ¢ Disturbance A is =) SoftBank network is
s &
. @ © @ glos® not reconstructeld important for improving
2N e e | eE e B e by the double-thin- the resolution
42N Input +5, GPS G5, GNSS shell model
poony, | oot et o I
P05 ) | iETEe051 o RERe05 o,
14 P
SN A E Background noise a more comprehensive
A & is reduced after sampling of the
5 <= adding the multi- ionospheric disturbances
i GNSS data
o s,
sl ars anss
3 i Background noise at the limited spatial
os | . \ higher latitudes above =) distribution of satellite-
e (g)ﬁ el ‘n (@) disturbance B and to receiver rays at the edge
P Resnt rect) Resitl (TECU) the left of A

n+0:87.37% 95.88%




Simulation (2) Case 1: Daytime Sporadic E
. At original resolution: 430 Ul
Cases of different IE/IF are wy ooty | Gt | ERMw | IS 0.15° for Eand 05" for F, 2 miniin time  ag " 542 il
simulated: NP0/t ENF=0.111 IENF=0301 1 IEF=0.30 .1 s
- - . oy At improved resolution: 1 3
3 Ho = 5 Ha £ 0.1° for E and 0.3° for F, 1 min in time o £
32 \(b) 025 @ "’5§ Maeda and Heki. (2014). Radio Sci Nsrl ¢
! x ! laeda and Heki. . Radio Science. «
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fidelity and lower e e o o o £ N I 3
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Eshl 00 £ shell (00,6 the previous\simulation. However, the sporadic E) are only reconstructed s N
i reconstructi f)n performance is much improv in the E region rather than F region B
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3 3 5 v MSTIDs) are only reconstructed in 7 i
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s i Fane) @O 1 Sl Reconstruction results on July 3 (DOY 184), 2022
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b 2 ulation results when using only GPS 1 reconstruction image
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Concluding ma

Original resolution: Improved resolution: Single-layer model
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1045 ur| 2. The incorporation of multi-GNSS observation data and SoftBank
SoftBank data is important for [/ G N ETNCIN W ' network holds significant potential for improving the double-thin-shell
supplement GEONET p = model and advancing our understanding of MSTIDs.
The improved model show = i 2% fol ol sl ' 72@ 3. The longitudinal and latitudinal resolution improves from 0.15° to 0.1° in
hlgherpreconstruc!lon fidelity .éﬂv i the E region, and from 0.5° to 0.3° in the F region. The temporal
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e : — e © 0 ) a region reconstruction performance even at improved resolution.
A ,m‘ e lllPE
) Jiooour
5 o bl sl 5. The improved model shows the capability of analyzing MSTIDs in
E o % o complex background conditions.
wl,, F
WE e EHIE
s e Cria 15 16

UT (Hour)

100



Eﬁ/&‘i

3-D structure of ionospheric disturbance over
Japan after the eruption of Hunga Tonga-
Hunga Ha'apai on |5 January 2022

1*Susumu Saito, 2Taisei Nozaki, 3Nicholas Ssessanga, 2Mamoru Yamamoto
IElectronic Navigation Research Institute, National Institute of Maritime, Port and
Aviation Technology, Japan
2Research Institute of Sustainable Humanosphere, Kyoto University, Japan
34-D Space, University of Oslo, Norway
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et
E-b}ﬂl Traveling ionospheric disturbances over Japan
MPAT
* Two series of TIDs
- 08-I1 UT:Much earlier than the arrival of atmospheric pressure waves on the ground
- 11-13 UT: Coinciding with the arrival of atomspheric pressure waves

0830 UT

260 misec ff

A~400km ., |

dTEC
[TECU]
150

1H3out

45N 270 m/sec/
IVl

45N

*Mapped at 350 km
*| TEC=10'6 m2
125E I35E 145E 125 135E 145E

Saito, S. (2022), lonospheric disturbances observed over Japan following the eruption of Hunga Tonga-
Hunga Ha'apai on 15 January 2022, Earth Planets Space, 74, doi:10.1186/540623-022-01619-0
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o 2
ROTI enhancement

1100 1130

Y STy
=

~ Ty
Outline
MPAT
* Overview
* lonospheric disturbances over Japan following the Tonga eruption
- dTEC
- ROTI
- Absolute TEC
% Three dimensional structure of the ionospheric disturnace
- GNSS-based ionospheric 3-D tomography aided by ionosonde measurements
- Electron density profiles based on the GNSS tomography
* Discussion
- Possible mechanisms of the ionospheric disturbance
2 2023, 20 2023
2N EETy
E-b}ﬂl lonospheric irregularities associated with the TIDs
MPAT
* 08-11UT
- ROTI enhancement aligned with the TID structures
* |1-13UT
- Strong ROTI enhancement but not aligned with the TID structures
0830 UT 3o uT
= ton -
4sn) ITEC _v”f an
I T e o
an o
35N s o
az
s
-as
25N 2 . o
v -Lon ooe
1256 I35E 145E dTEC ROTI
- - - [TECU] [TECU/min]
dTEC and ROTI maps are available in real-time at
5 https://www.enri.go.jp/cnspub/susaito/rocket/recent_roti.html 2023, 20 2023
~ Ty

ROTI and absolute TEC

* Started to appear around
1000 UT

* 3 regions appears
* Elongated NW-SE

- Not aligned with TID
structures

2023, 20 2023
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* ROTI enhancement and TEC enhancement were colocated.

2023, 20 2023



3-D ionospheric density by

tomography

NRI

3-D ionospheric density distribution by GNSS tomography
x1011
+4

. _xIO”7oo.
25

MPAT

% GNSS network-based tomograpl:yp “ Vertical TEC at | 130 UT
. + assimilation of ionosonde data 15 500\
-~ A o - Based on Ssessanga et al. [2021] : 300
Sarobetsu ' — with improvements (Details are
. ® 3 *., presented in ST05-001 on 05
i Friday.) mg 38N
el i * GNSS a
. & 25
- -L #3 ! - Real-time data from 200 stations 5001
'b :Kokubun| - Sampling rate: | Hz 15 00
¥ & Yamagawa * lonosonde ———
) * . - Data from 4 ionosondes in Japan 0% 100 |
" ogimi b operated by NICT _ s 700 | H
- - Near Real-time (~2 min latency) g
auto-scaled parameters o 500
Ssessanga, N.,Yamamoto, M., Saito. S.. etal. Cor_nplementing regional ) - foF2,hpF2 'g 3 L]
grcund GNSS-STE(.: c.crr.|puter|zed ionospheric tomography (CIT) with _ Every |5 minutes with a few Z-' 300 H*
ionosonde data assimilation. GPS Solut., 25, 93 (2021). https://doi.org/ Y
10.1007/510291-021-01 33~y minutes delay ' ool |
2023,20 2023 10 2023, 20 2023

Longltude 1

3-D structure of the ionospheric disturbances

Similar event (10 November 2004)

10 November 2004
TEC

L S
EN/R 1 EN/R 1

MPAT MPAT

ROTI

* Horizontal o o0
- Elongated from NW to SE

- (38N, I32E)<(32N, 142E), (35N, 127E)-(27N, 130E) = — 2 “
*  Vertical » i = »

- Enhancement around an altitude of 400 km » "‘-._ 3

- Decrease around an altitude of 270 km = ] - =

= The ionosphere was lifted up. = -

TEC uni

i -———— ——— = L

- Amplitude of enhancement is greater than the i o
amplitude of decrease

- It was after sunset.

= Denser ionospheric plasma should be transported *

from higher density region *

i -————

[Maruyama et al., JGR, 2013]

——— = L
Storm-induced plasma stream or “SIPS”

[Maruyama et al.,JGR, 2013]
NW-SE elongated TEC enhancement and irregularities embedded in it.
Around the peak of severe geomagnetic storm (Dst -263 nT), while it was in the
* The structure is consistent with the model proposed by recovery phase of minor geomagnetic storm.

Maruyama et al. [2013]. * Some mechanisms to enhance westward neutral wind is necessary.

1 2023, 20

2023 12 2023, 20 2023

Eﬁ/ﬂi Summary (1) Eﬁ/ﬂi Summary (2)

MPAT

MPAT
* lonospheric irregularities were observed after the eruption of Hunga Tonga-Hun;
Ha'pali)on Is Janiary 2022 P & & & #* Observed structures of the ionospheric disturbances resembles the ROTI and TEC
- 08-11 UT: Enhanced ROTI along the TID structure en'I:RNncgEnert even;on 10 NoveTbIer 2004drepc_:rted :y Maruyama et al. (2013).
- 11-13 UT: Strongly enhanced ROTI not aligned with the TID structure - —ke orfgate s:.rf.icture? °A 9 ectrc?n ensity en ancemgnt
- Small-scale irregularities coinciding with the electron density enhancement
* Regions of strongly enhanced ROTI X L . L. .
- Elongated in NW.SE * Enhanced westward wind and eastward polarization electric field is important in the
- coincided with TEC enhancements model '?Y Maru),'ama etal (20|3,)
- Consistent with the observation
* 3-D ionospheric density structure behind the ionospheric anomaly are investigated by - Elevated ionospheric peak height
a GNSS tomography - Transport of denser ionospheric plasma from the equatorial ionization anomaly
- Elongated from NW to SE crest
- Elevated ionospheric peak height - Plasma bubble like depletions and small-scale irregularities only within the
- More enhancement than decrease at lower altitudes electron density region
* 'Small-scall? sharp ionospheric density depletions were embedded in the region of * Neutral wind data (observations/simulations) are important to understand the
ionospheric density enhancement mechanism of the ionospheric disturbance observed after the eruption of Hunga
- Plasma bubble-like depletions accompanying ROTI enhancement Tonga-Hunga Ha'apai
15 2023, 20 2023 16 2023, 20 2023
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