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Pre- and Co-seismic Ionospheric Disturbances of the 1

January 2024 Noto Peninsula M7.6 Earthquake

Jann-Yenq (Tiger) Liu'*, Katsumi Hattori?, Chia-Hung Chen3, Chi-Yen Lin4,
Tie-Chi Liu5, Yun-Cheng Wen5, Fu-Yuan Chang?, Chia-Wei Chang?,
Charles Chien-Hung Lin3, Yuh-Ing Chen®

!Center for Astronautical Physics and Engineering, Department of Space
Science and Engineering, Center for Space and Remote Sensing Research,
National Central University

2Center for Environmental Remote Sensing, Department of Earth Sciences,
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Abstract

On 1 January 2024 at 07:10 UT (universal time), a magnitude 7.6
earthquake struck the Noto Peninsula in Ishikawa Prefecture, Japan.
The total electron content (TEC) of GIM (global ionosphere map) is
used to study the temporal variation and spatial distribution of pre-
earthquake 1onospheric disturbances (PEIDs) of the earthquake. TEC
derived from ground-based GNSS (global navigation satellite system)
receivers in Japan and Taiwan are employed to examine co-seismic
ionospheric disturbances (CSIDs) inducted by seismic and tsunami
waves of the earthquake. Observations of ground-based ionosondes and
Doppler sounding systems are further employed to have a better

understanding on the PEIDs and CSIDs.
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Tsunami waves triggered by the 2024 Noto M7.6 Earthquake
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Liu et al. 2011a).



Ionospheric GNSS TEC disturbances of seismic and tsunami waves
triggered by the 2024 Noto M7.6 Earthquake
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Total Electron Content of Global Ionosphere Map (GIM)
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Detection of Pre-Earthquake Ionospheric Disturbances
(PEIDs)

* The LB and UB are constructed by the 1-15 previous days’ moving
median (M), lower quartile (LQ), and upper quartile (UQ).

e Here, LB=M — k(M—LQ) and UB =M + k(UQ —M), where k=1.5 or 3.0.

* Red and black shaded areas denote differences of O—UB and LB-O,
respectively, where O is observed TEC.
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FORMOSAT-5/AIP Science Mission

*Space Weather-Plasma Structure/Dynamics and Irregularity
(Communication, Positioning, and Navigation Monitoring Forecast)
*Earthquake Precursor-Ionospheric Plasma Anomalies
(Earthquake Forecast and Tsunami Early Warning)
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Dynamo electric field: E=-V x B

V and B are the ion velocity and the Earth’s magnetic field

AE,., =AU, x H= AU, x 18574.9 x 106 x sin(90°) = AU, x 0.0186mV/m
AEgp,, = AU, x H = AU, x 18574.9 x 106 x sin(82.381°) = AU, x 0.0184mV/m
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Statistical analyses on PEIDs of Japan earthquakes 1999~2023
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Conclusion

* The 2024 Noto M7.6 earthquake triggered a tsunami on the west coast of
Japan with a propagation speed of approximately 100-110 m/s.

* The co-seismic ionospheric disturbances (CSIDs) travel with horizontal
speeds of about 817 m/s and 2.0 km/s around and away from the epicenter,
respectively. The former is a mixture of acoustic and gravy waves, while the
latter is most likely related to the Rayleigh waves.

* The spatial analyses show that negative and positive pre-earthquake
ionospheric disturbances (PEIDs) appear around the epicenter on day 33-35,
13, 7-8 and 30 before the Noto M7.6 earthquake, respectively. These
generally agree with the polarities and lead-days of PEIDs associated with
large earthquakes in Japan during 1999-2023.

* FORMOSAT-5 AIP ion velocities show that the observed PEIDs are caused
by 0.13-0.74 mV/m eastward over the epicenter during the four day-periods.
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1. Intruduction

* Palu at Celebes Island, Indonesia is a city above the
subduction zone of the Eurasia and Pacific tectonic plate.

+¢ Tectonic plate earthquake happened in September 28t 2018,
magnitude 7.4 depth 10km, and cause of land-slide and
liguefaction zone.

+** Human dead victim 1,200; severely wounded 500; 29 people
lost; 2050 damage houses; 744 subsidence houses.

¢ Integration of analysis of SAR satellite imagery, optical
satellite data imagery, and DEM data, has the ability to
observe the subduction zone and urban positions in Palu
City, conditions before and after liquefaction, and
deformation due to the earthquake on September 28t 2018.



Dynamics of the Tectonics Plate and the Formation of Celebes Island
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1.1. Objective

® To study the position of the subduction zone and spatial
distribution of Palu City based on the integration of DEM
data and SAR Interferometry analysis.

= To study the impact of the earthquake (on September 28
2018) which caused liquefaction based on analysis of
optical satellite imagery and dual polarization SAR.

® To study the area of deformation due to earthquakes based
on SAR Differential Interferometry analysis, and
understand the potential for earthquake and liquefaction
hazards in Palu City in the future based on long-term
historical series data of earthquake events.
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1.2. Study Area

% Palu City, Celebes Island,
Indonesia

% The Capital city of Central
Sulawesi Province,

% Area coverage around
395 m2 at the Alluvial land

% Total population 288,944
people (Statistics Office,
Palu City, 2023)

2. Method

a. Data

® DEM 3 Arc.Sec. 30 meter (SRTM DEM, USGS 2024)
® High Res. Satellite Image aq. Feb. 20", 2018
and Oct. 2" 2018.

® Sentinel-1 SAR (Synthetic Aperture Radar) ag. March
13th, 2017 and Oct. 229, 2018

® Time Series Historical Earthquake (USGS, 2023)
® Geology digital map, 1:100.000 scale (ESDM, 2010)

b. Method

DEM data analysis, visual Interpretation and on screen
digitating, Differential Interferometric SAR data
processing.



3. Result and Discussion

3.1. The position of the subduction zone and spatial distribution of Palu City
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Palu city on the fault zone is 1400m below the Eurasian hill terrain (A) and 500m below the
Pacific hill terrain (B). Wide of Palu city above the fault zone: 260 square-km (2,6043 ha)

3. Result and Discussion

3.2. The impact of the earthquake (on September 28 2018) which caused
liquefaction based on analysis of optical satellite imagery

Pre-earthquake event satellite image Feb. 20t", 2018 and post-earthquake Oct. 2"9,2018

L SL-

Pre-earthquake Post-earthquake



Areas Affected by Liquefaction due to the Earthquake on 18 Sept 2024
Pre-earthquake event satellite image Feb. 20", 2018 and post-earthquake Oct. 24,2018
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Pre-earthquake Post-earthquake

Areas Affected by Liquefaction due to the Earthquake on 18 Sept 2024
Pre-earthquake event satellite image Feb. 20", 2018 and post-earthquake Oct. 24,2018
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+¢ Palu river sand-bar has been impacted by liquefaction is around 5,6 km
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3. Result and Discussion

3.3. The area of deformation due to earthquakes based on SAR Differential
Interferometry analysis
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0.474208
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119°31'40"E 119°52'10"E 120°5'50"E 120°19'30"E

--------

Land deformation using comparison of
two Sentinel-1 SAR data in March 13th,
2017 before, and October 22th, 2018 after
the earthquake.

Total wide area of deformation is 15,7
square-km.

Range of land-displacement is 0.6 m up-
lifted area and up to -0.6 m subsidence.

4. Conclusion

= The Palu City is located on the alluvial plain, above the
Palu-Koro fault which is where the meeting site of Eurasian
- Philippine tectonic plates.

® The impact of the earthquake (on September 28 2018) was
significantly high on the liquefaction.

® The earthquakes have impacted significant deformation at
Palu City, and It is high risk on the threat of earthquake
and liquefaction hazards in the future.
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Project Configuration ~ Data  View

[Project: Grand Rapids] [Series: Grand Rapids] [Year. 2011] - i-Tree Eco v6.0.32

E o

Project  Submit Data

Metadata for Processing Retrieve Results

[T Coordinates
[] Comments
[] Hide Zeros

Settings

Reports | Forecast  Support

v L 0 B 0
AF Qualty Heath ~ Pest
Charts

Track &

Engish  Common |

Model
Notes

Written Compostion  Benefis Individual
Report and Structure- and Costs~ Level Results » Impacts and Values~ Analysis+

Formatted Reports

Reports > Formatted
Reports > Benefits and
Costs > Annual Carbon |
Sequestration of Trees >
By Species

The report seen in the |
action panel to the right
provides total estimates
of gross carbon H
sequestration of trees by |
species in your study
area. Results are also
reported in carbon
dioxide equivalent by
multiplying carbon
sequestration by the
ratio of their atomic '
weights (44/12). This
report displays results in |
table format.

Notes:

* |f you make changes ;
to your project
settings or add or
edit your field data, |
you will need to send
your data to the
server and load your ,

Reports > Formatted Reports > Benefits and Costs > Annual Carbon Sequestration of Trees > By Species
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Annual Carbon Sequestration of Trees by Species
Location: Grand Rapids, Kent, Michigan, United States of America

Project: Grand Rapids, Series: Grand Rapids, Year: 2011

Generated: 9/17/2023

Gross Carbon Sequestration CO, Equivalent
(metric ton/yr) (metric ton/yr)

5.12 18.78

282.45 1,035.75

Species

Hedge maple
Boxelder

557.22. 2,043.34
190.97 700.30
467.44 1,714.11
832.73 3,053.61
219.43 804.67
0.00 0.00
16.10
41.37
42.84
16.42
830
9.08

Norway maple

Red maple

Silver maple

Sugar maple

Tree of heaven
Paper birch
American hornbeam
Bitternut hickory
Shagbark hickory
Northern catalpa
Northern hackberry
Flowering dogwood
Haurtharn sn
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cc: &Eh (0 — 100%)

E: BT DA FREICED FAESRE =2.26 (CLE=0/1), 1.78 (CLE=2/3), 1 (CLE=4/5)

GR =GR, - F/F,

GR,: KEFLEBICH T 2 EMMRRE (=0.83 cm/4)
F,: EE D B# (Frost-free Days =153HF)
F: ERirthcoRRBOBRHK (H)
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Y—nN—|2T7 v 70— FIh=-hmXATH 2GR FURY T~ sy
DKL Ry MY F—4

BHRE +HNEH 0.0082 5 EEED Ezm 0.0378 3,326
=EHE  l&H BEX 0.7163 67 MR HEDH X 0.3074 50
EER BEm 0.6038 491 RFE LEAED EHHRAT 0.2512 20
EER fRiEm 0.6772 8,774 FHEIR BEh 0.3512 943

Py 2L (FH 0.2284 7 BEE Eth 0.4394 7 |

fz£3=51=1 Elliha 0.7331 8,774 FEHIR [T 2.1271 27,164
- BER SWkEER  KEX 0.2806 43 EHS 2)llm 0.2306 290
BHER SWhv=FEm BX 0.4054 7 TEMT EBTH ERK 0.6863 4,282
BHER FEET 0.2605 7 § REBTH RIUX 0.2411 75
BHER AEm 0.3029 TEB &R REX 0.2090 9,354

FER [Nt} 0.3657 KBxrs EX 0.3419 674

FER Lishsl 1.3954 : prisysl X 0.8889 405
FER izl 0.3112 § b 1EX 2.6772 33
REED FHREX 0.7634 § WRHE 0.7237 11,093
REB X 0.4360 AIRRET 0.9575 22
RRED BX 0.1808 : R 0.4822 1328
REED NRX 0.3398 YERRT 1.6676 50
REED BRX 0.4778 BlETh 0.5236 105
REED IRKX 0.5253 AT 2.2646 963

- REE T2AX 0.4112 AFIEBLLIT 0.6340 54
REED 28K 0.4606 FHX 0.2650 11,570
REB HRBX 1.2183 ] X 1.0222 162
REED IAR)IX 0.9265 b 0.1006 1,592
R#ED isizssl 0.3375 pieet AR 0.7981 1
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FRHREEER
(kgC/m2/yr)
I 0.0082 - 0.5000
[ 05001 - 0.6000
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[ ]o7001- 08000
| ]oso01- 09000
| ] 09001 - 1.0000
[ ]1.0001-1.1000
[ 1.1001 - 1.3000
800 [ 13001 - 1.5000
Kilometers [l 1.5001 - 26772
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MODIS vs. i-Tree Eco Hititt 5

FRRREEE
(kgC/m2/yr)

I 0.0082 - 05000
[ 0.5001 - 06000
[T 06001 - 0.7000
[ 0.7001 - 0.8000
[ 0.8001 - 0.9000
[T 0.9001 - 1.0000
[ 1.0001 - 1.1000
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I 13001 - 15000

B 15001 - 26772 16&“0 meters
I

MODIS NPP i-Tree Eco
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FRREEEE
(kgC/m?/yr)

I 0.0082 - 05000
[ 0.5001 - 06000
[ 06001 - 0.7000
[ 1 0.7001 - 0.8000
[ 08001 - 0.9000
[ 1 0.9001 - 1.0000
"1 1.0001 - 1.1000
[ 1.1001 - 13000

I 1.3001 - 15000

/ 120
| 1-5"001‘ - 26772 Kilometers

MODIS NPP i-Tree Eco
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(kgC/m?/yr)

I 0.0082 - 05000
[ 0.5001 - 06000
[T 06001 - 0.7000
[ 0.7001 - 0.8000
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[T 0.9001 - 1.0000
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I
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i-Tree Eco
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(kgC/m?/yr)
I 0.0082 - 05000
[ 0.5001 - 06000
[ 06001 - 0.7000
[ 1 0.7001 - 0.8000
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i-Tree Canopy

CTa eecon

£ canopyitreetools.org/map

‘ ﬂ Canopy

Home
iIree. A tree canopy assessment tool

Project~ Menu~

can draw your own areas right on the map, or load in one or more shapefiles.

Suginam ity
Map  Satellite

Configuration step 1 of 3: Use the map and tools provided to define the area you want to survey. The easiest option is to select a pre-existing boundary, but you

- o

oe

X

Q% © - B @ED

Feedback v

i

Sh'bu{v\a City,

I
AX

Foundation™

DAVEY#  @amoron

Additional support provided by

HEHAX TORREEEDNFREZE

ST

ISR N l CaseyTrees
@woouu\w
TRUST

N —1
EXTE

[V @ reccumony x +

€ 9 C % canopyitreetoolsorg/map

| ﬂ Canopy

Home Project ~
iree. A tree canopy assessment tool

Menu ~

Configuration step 1 of 3: Use the map and tools provided to define the area you want to survey. The
|

can draw your own areas right on the map, or load in one or more shapefiles.

Suginam Gt
14 Map  Satellite

Mitakaj 110

Ml ieomes  Stored in trees (Note: this benefit is not an annual rate)
|

B pavEYE @utemmomnsion

Additional support provided by:

Treeconomics

‘rv B8 i-Tree Canopy x  + - [u}] X
<« © %5 canopyitreetools.org/benefits Q¥ © - B @ ED 0@
JPY v Metric v
Symbol
¥
Air Pollution Hydrological Carbon

Carbon Price CO, Equivalent Price

¥/t 20832.82

¥/t  5681.68

Carbon Benefits
Description Carbon Rate (t/halyr) CO: Equiv. Rate (t/halyr)
Sequestered annually in trees

4.290 15.730

71.330 261.543

=

Currency is in JPY. Metric Units: t = metric ton, ha = hectare

(2]

[
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v @ i-Tree Canopy x 4 - o X

¢« > ¢

canopyitrestools.org/survey * O -

\
\
} ﬂCanopy Home Proje

Menu ~

. Atree canopy assessment tool

Conduct your survey: Add survey points by clicking the small 4+ button below. With each point you add, the map shifts to a random location. Use the Cover Class dropdown to record the land cover at
the yellow crosshairs at map center. The more points you survey, the lower your standard error. and the more precise your sampling will be. More points provide a better estimation of Land Cover
across your study area

| i @
20km* 5
£ s g
g g
3 0%
o 2 10km* §
# 105 s
ox! okm? <

HIBIORS T W

Cover Class

ter: 7.7%:

View Results

Add New Point

D

27
Cover Class

Tree/Shrub v
Latitude 35.64892218432373
Longitude 139.6230962446972¢

/ Save & Create New

Save your Project

Save often - don't lose your datal

B pavey®  Osvesroumden Wk ISA

Casey Trees

$¥500hFR DY FTY S

2. IO

ﬂ Canopy

Hice. A tree canopy assessment fool

Conduct your survey: Add survey points by clicking the small 4 button below. With each point you add, the map shifts to a random location. Use the Cover Class dropdown to record the and cover at
the yellow crosshairs at map center. The more points you survey. the lower your standard error. and the more precise your sampling will be. More points provide a better estimation of Land Cover
across your study area

e
200

T

& s

o 10km?*

0%

Area Covered (kmu

(T Shinjku ity ot
Ngime . # -
Sk

HBIORS T W

Cover Class

£1.10 Impervious Buildings: 40 8%22 20
View Results =3
ID Cover Class Latitude Longitude
1 Impervious Road 3562382 139.60031
L N ¢ e S < S 2 Impervious Buildings 3563964 13961886
L i 5 3 Impervious Buildings 3562408 13964437
4 Impervious Buildings 3566794 139.65387
5 Impervious Buildings 3564096 139.66554
6 Impervious Road 3564677 139.68165
7 Grass/Herbaceous 3564252 139.63067
8 Impervious Buildings 3560200 139.64648
9 Grass/Herbaceous 3563004 139.60553
10 Tree/Shrub 35.65070 139.63639
+ @ W M Page 10151 W m

Save your Project

| N
Neybord shoricu | Mapdars ©2022 magery 92024 Teraetics | Tems | Resorta map o

DR e e ~ @®ucrs  1QA @ -

Save often - don't lose your datal




[REAL X HAEEER - RREEE

[ =

Canepy x |+ (v € i-Tree Canopy x 4 = B =
= ritreetools. ul
= b SRRk ansy < @ %5 canopyitreetoolsorg/report Q4% © -B@ED LOQ

ﬂCano Home Project~ Menu~

Hice. A tree canopy assessment fool

Conduct your survey: Add survey points by clicking the smail 4 button below. With each point you add, the map shitstoarand.  Abbr. Cover Class Description Points % Cover * SE Area (km?) £ SE
the yellow crosshairs at map center. The more points you survey, the lower your standard effor. and the more precise your sampll
; ey Hdyes H Grass/Herbaceous 32 6.43+1.10 3.74£0.64
1B Impervious 203 4076 £2.20 2372+1.28
Buildings
10 Impervious Other 43 8.63+1.26 5.02+0.73
IR Impervious Road 86 17.27+1.69 10.05 + 0.99
S Soil/Bare Ground 18 3.61£0.84 2.10 £0.49
T Tree/Shrub M2 2249187 13.08 + 1.09 I
w Water 4 0.80 £ 0.40 0.47 £ 0.23
Total 498 100.00 58.18
Tree Benefit Estimates: Carbon (Metric units)
Description Carbon (kt) *SE CO: Equiv. (kt) *SE Value (JPY) *SE
Sequestered annually in trees 3.57 +0.30 13.09 +1.09 ¥37,838,030 +3,147,737
| u T \ Stored in trees (Note: this benefit is not an annual 93.33 17.76 342.22 +28.47 ¥989,330,394 182,302,177
Kawasaki & rate)

e T

urrency Is in and rounded. Standard errors of removal and DEneTt amounts are based on standard eors of sampled and Classmed
points. Amount sequestered is based on 0.273 kt of Carbon, or 1.000 kt of CO., per km?/yr and rounded. Amount stored is based on 7.133 kt
of Carbon, or 26.154 kt of CO:, per km? and rounded. Value (JPY) is based on ¥10,600,003.33/kt of Carbon, or ¥2,890,910.00/kt of CO- and
rounded. (Metric units: kt = kilotonnes, metric kilotons, km?* = square kilometers)

Tree Benefit Estimates: Air Pollution (Metric units) -

CiEREHYMNESTENFELE

Web: www.itreetools.org
Email: Satoshi.Hirabayashi@davey.com
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F.
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f3=Co+ (C1+1mC) 1 + Csry + (Cy +12C5) 15 + Cera —Ts =0, (r;=1—¢)
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J =a— bk
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Surface temperature: Air
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Profile: ECMWF 2000 Monthly

mean profile (averaged over 10 I = 7(0)[eB(T,) + (1 — &)F /x| + I,(0)
[deg.] latitude interval)
Surface temperature: Air 7(0) = exp[—&(u)/ cos 0]
temperature at the surface E(u) = Au” +C
+0, 5, 10, 15, 20, 25, 30, 35[K] fa(0) = az® + bz, @ = [1 = 7(6)| B[T(0)]
£: 0.95, 0.96, 0.97, 0.98, 0.99, 1 F'=aX*+8X, X =[1—7(0)]B[T(0)]
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Table 1 Values of MECF # at various places in the world

Place MECE 1 | Wavelength Reference
(gm™) (nm)
Dalanzadgad 2.16 910 The present study
I 1.91 § 532 I
Beijing 1.78 — 332 Sugimoto et al. 2003
Seoul 1.40 “ 532 Sugimoto et al. 2011
Tsukuba 1.18 _ 532 Sugimoto et al. 2011
Al 1.04 532 |Shimizu et al. 2011
Volcanic ash 1.45 532 |Gasteiger et al. 2011
Saharan dust 1.93 532 Ansmann et al. 2012
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Air Pollution

Air quality consist of water vapor, Gases, and particles. Some of the air content are pollutions that has
detrimental effects on human health and the environment. In megapolitan areas like Jakarta, rapid
industrialization, urbanization, and population growth have contributed to the deterioration of air quality. Budi
Gunadi Sadikin (Health Minister of Indonesia) said that ISPA cases (acute respiratory tract infections) is 4 times
higher than during covid-19. the increase is due to worsening air pollution in big city. Especially Jakarta.

Some pollution in the air : Some effects of air pollution:
«  Nitrogen Dioxide (NO2) . greenhouse effect = @

5 e - .
«  Ozone (03) - particulate contamination od/ . ¢
- Sulfur Dioxide (502) 5 Moreased UV radiation o @ /0
*  Carbon monoxide (CO) 5. increased ground-level ozone % 2
+  Particulate Matter (PM) concentration
6. increased levels of nitrogen
oxides

Overview

* Moisture content, particularly water vapor, significantly
influences how pollutants spread and react in the
atmosphere.

* Moisture, including water vapor, can be quantified using lonogphere
GNSS (Global Navigation Satellite System) technology.

* GNSS analyzes delays in satellite signals as they
traverse the troposphere, allowing the measurement of i
water vapor.

» Delays in GNSS signals involve two main components:  Teesehe
the dry component (ZHD) and the wet component
(ZWD) that results from the presence of water vapor in
the atmosphere.

Signal from
Satellite

4




Research Objectives

Developing an Integrated Approach: Create a sophisticated and integrated method to
combine satellite imagery data (MODIS, Sentinel-5P, Himawari) with PWYV data obtained from
Continuous Operating Reference Station Global Navigation Satellite System (CORS GNSS).
Enhanced Air Quality Monitoring: This approach will significantly improve our ability to
monitor and classify air pollution.

Utilizing Precise Machine Learning Techniques: Apply appropriate machine learning techniques
to process and analyze the integrated data effectively.

Accurate Pollution Prediction: The goal is to generate accurate machine learning models that
can predict air pollution levels with a high degree of precision.

Measuring Model Performance: Evaluate the performance of the developed machine learning
models using relevant evaluation metrics such as accuracy, precision, recall, and F1-Score.

Flow Chart
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Remote Sensing Satellite

1.Sentinel-5p:
*Objective: Conduct global monitoring of air quality to understand atmospheric pollution.
*Main Instrument: Equipped with TROPOMI, a tool that can measure concentrations of
nitrogen dioxide (NO2), carbon monoxide (CO), sulfur dioxide (SO2), and ozone (O3)..

2.MODIS:
*Objective: Used for remote sensing in climate studies and understanding atmospheric

conditions.
*Main Instrument: MODIS produces Aerosol Optical Depth (AOD) data which provides

information about the aerosol content in the atmosphere..

3.Himawari 8:
*Objective: Geostationary meteorological satellite focused on the Asia-Pacific region.
*Main Instrument: With the Advanced Himawari Imager (AHI) instrument, Himawari 8
provides data on particulate matter (PM), including PM 2.5 and PM 10, for weather and
atmosphere monitoring in the region.

Himawari 8 product level 4 datasets

File type NetCDF

Latest version Version Beta PM 2.5
Area Global

Temporal 1-hour (Level 4)

resolution

Spatial resolution Longitude 0.375 deg., Latitude 0.37147 to
0.37461 deg. (Gaussian) (Pixel number: 960,
Line number: 480)

Data Aerosol optical thickness at 550 nm (Sulfate, BC,
Organic Aerosol, Sea Salt, Dust), PM2.5 surface
conc., PM10 surface conc. PM 1 0




Sentinel 5p dan MODIS Product Datasets

Satellite Polution Google Earth Engine Catalog
Sentinel-5p CO COPERNICUS/S5P/OFFL/L3_CO
Sentinel-5p NO2 COPERNICUS/S5P/NRTI/L3_NO2
Sentinel-5p 03 COPERNICUS/S5P/OFFL/L3_0O3
Sentinel-5p S02 COPERNICUS/S5P/OFFL/L3_SO2
Modis AOD MODIS/061/MCD19A2_GRANULES

Data Interpolation for Missing Values

The imagery obtained from Google Earth Engine often requires interpolation due to the presence of invalid values (0
values) in certain areas.

Interpolation Method:

Subsequently, we utilize the "nearestNDinterpolator” function from the SciPy library for interpolation within the
masked areas.

nearest-neighbors assigns the value of the new point to that of the nearest known data point. As such, the resulting
interpolant is piece-wise constant.

This technique is commonly used in image interpolation because of its low computational complexity

The formula for NN is expressed as follows:

fan = f(argmin||x - xillz)

x = unknown point, x; = known points, || ||2 = Euclidean distance, f = known value




Data Interpolation Result
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CORS GNSS Station

+ Zenith Wet Delay (ZWD) is a parameter derived from Global
Navigation Satellite System (GNSS) data collected by CORS
(Continuously Operating Reference Station) stations, which are
typically part of national or regional GNSS networks.

e CORS GNSS stations are equipped with dual-frequency
receivers. They receive signals on two different frequencies (L1
and L2), which are affected differently by the atmosphere. By  suwopnere
comparing the signals on these two frequencies, it's possible to
separate the dry component of the delay from the wet moreshepies
component.

« The ZWD calculation involves observing the residuals, or the
differences in signal travel time, on the L1 and L2 frequencies.
By analyzing these residuals, the wet component of the delay
can be determined.

Signal from

Satellite
lonogphere




PWV = Q X ZWD

1x 10°
ks

Q:

Pressure
{Meteorogical Station)

= Interpolated Pressure

Zenith Hydrostatic Delay

{zHD)

PuRy (m + ké)

T, = 70.2 + 0.72T,

r

GNSS Precipitable Water Vapor (PWV) Analysis

Zenith Total Delay (ZTD)
{Wienna Mapping Function}

Zenith Wet Delay (ZWD)

h 4

ZWD=ZTD-ZHD

PWV=0Q.ZWD
Precipitable Water Vapor
(PWV)

P, = Water vapor pressure
R, = water vapor constant

Land Surface Temperature
(ERA 5 Reanalysis)

Tm Model

{from Belvis et. al 1592)

— Q Factor

F 3

ks = atmospherc refraction constant
k5, = atmospherc refraction constant
T, = land surface temperature

PWV GNSS from CJKT station result

CORS GNSS PWV Result

comparation with PWV Radiosonde station WIII

Cengkareng, Jakarta.
Correlation : 0.94
RMSE : 5.18

MAE : 4.57

0
&

Grafik Time-series PWV Jakarta
GNSS vs Radiosonde (2019-2021)
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Data Extraction and Correlation Analysis

Data Fusion Phase:
In this phase, processed satellite imagery data from Sentinel 5P and MODIS is aligned with the
observational points of CORS GNSS (CSBY).

Pixel Value Extraction:
Pixel values from the satellite images are extracted at the CORS GNSS observation stations.

ZWD Data Aggregation:
Simultaneously, the Zenith Wet Delay (ZWD) data from CORS GNSS is aggregated to obtain daily
averages. This ensures that it is compatible with daily satellite data.

Correlation Analysis:
The final step involves analyzing the correlation between the satellite imagery data and CORS
GNSS-derived ZWD.

Datasets on GORS CJKT Point

ooz

PM25 PMI10

333333 \\\\\\\\\\\\\\\\\\\\\\\\




co
NO2

03

S02

PM25

PM10

AOD

Water

Vapor

co

1,000

0,402

0,252

-0,002

0,253

0,275

0,316

-0,385

NO2

1,000

0,075

0,005

0,279

0,296

0,277

-0,329

03

1,000

-0,054

0,017

0,015

0,031

-0,005

Correlation Analysis

S02 PM25 PM10 AOD  Water 1.CO Positive Correlation:
CO is positively correlated with NO2 (0.402), PM25
(0.253), PM10 (0.274), and AOD (0.316)..
2.Negative Correlation of CO-Water vapor:
CO is negatively correlated with Water vapor (-0.385),
showing an inverse relationship with average
humidity.
3.Similar Relationship of CO and NO2:
NO2 shows a positive correlation with the same
0,003 1,000 variables as CO.
4.Correlation of AOD with Other Variables:
0,003 | 0,994 | 1,000 AOD has a weak-moderate positive correlation with
CO, NO2, PM25, and PM10.
5.Negative Correlation of Water vapor-CO and NO2:
Water vapor has a fairly strong negative correlation
with CO and NO2 (-0.385 and -0.329).

Vapor

1,000

-0,011 0,251 0,260 1,000

-0,062 | -0,262 @ -0,291 | -0,196 1,000

Classification with Random Forest

Random forests are a popular supervised machine learning algorithm.

Random forests are for supervised machine learning, where there is a labeled target variable.
Random forests can be used for solving regression (numeric target variable) and classification
(categorical target variable) problems.

Random forests are an ensemble method, meaning they combine predictions from other
models.
Each of the smaller models in the random forest ensemble is a decision tree.

In a random forest classification, multiple decision trees are
created using different random subsets of the data and X

. . . . . . . -
features. Each decision tree is like an expert, providing its % - ﬁ
opinion on how to classify the data. Predictions are made cg& g}é &)
by calculating the prediction for each decision tree, then Ei Eakien e

taking the most popular result.

A7 4 u

Catezory 4 Catezory 5 Catezory n



Pelatihan data dengan Random Forest
Hiperparameter

Features : Satellite datasets (Sentinel-5P, Modis, Himawari) and
CORS GNSS PWV dataset.
Data Label : Ground-based measurements from DKI Jakarta Air
Quality Monitoring Station (SPKU) - Kelapa Gading

Parameter Value

smote k neighbor

[3.5,7]

rf n estimator

[50, 100, 150]

Rf max_depth

[None, 5, 10, 15]

Model Training Result

Accuracy : 0.801
precision recall f1-support support
Good 0.83 0.91 0.42 242
Medium 0.78 0.59 0.86 232
Unhealthy 0.79 0.91 0.26 211

-6.10

-6.15

-6.20

18 (Correct)

@ GOOoD

MEDIUM
@ UNHEALTHY

106.70 106.75 106.80 106.85 106.90 106.95
Longitude

112 (Incorrect)

@ GOooD
MEDIUM
@ UNHEALTHY

FeaturTs (X) Labels (Y)
( |
0.033261| 0.000168| 0.126112| 5.44068E-05 6,846/ 6.925 268 33.439
0.029858| 7.13E-05| 0.119236 0.000683666 20 13.992 443 33.344
0.030422| 8.92E-05| 0.120613 0.000203878,  88.4| 11.760 618 33.250
0.030986| 8.17E-05| 0.122962 -6.66607E-05 156.8 13.770 740 33.251
0.040017| 0.000197| 0.122623| -0.000144743 398.75 77 | 7295 | 33252
Traini It in DKI Jakart
6 (Correct) 11 (Correct)
-6101| = pabiow -610]| 3~ eoiom
@ UNHEALTHY @ UNHEALTHY
-6.15 -6.15
w-S.ZO m-—GAZO
%—6.25 %—6,25
-6.30 -6.30
-6.35 -6.35
106.70 106.75 106.80 106.85 106.90 106.95 106.70 106.75 106.80 106.85 106.90 106.95
Longitude Longitude
36 (Incorrect) 68 (Incorrect)
=5101 @~ esiow =6104 @~ eoiow
@ UNHEALTHY @ UNHEALTHY
-6.15 =6.15
w-G.ZO m-G.ZG
§—6,25 %—6,25
-6.30 -6.30
-6.35 -6.35

106.70 106.75 106.80 106.85 106.90 106.95
Longitude

106.70 106.75 106.80 106.85 106.90 106.95
Longitude

106.70 106.75 106.80 106.85 106.90 106.95
Longitude




Accuracy : 0.863

Random Forest Model Testing

precision recall f1-score support
Good | 1.00 1.00 1.00 3
Medium| (.84 1.00 0.91 16
Unhealt| 0.00 0.00 0.00 3
hy

The model shows good performance on the test dataset with an
accuracy of 86.36%.

For the 'GOOD' class, the model achieved maximum precision
and recall (1.00), indicating the model's ability to predict
perfectly.

For the 'MEDIUM' class, precision reached 84%, indicating a
positive level of prediction accuracy.

However, the 'UNHEALTHY' class shows less than satisfactory
performance, with precision and recall of 0 each.

The F1-score for the 'GOOD' and '"MEDIUM' classes is high (1.00
and 0.91), while for the 'UNHEALTHY" class it is 0, indicating the
model's difficulty in identifying these classes accurately

Conclusion

Accuracy in the training stage reached 80.17%, while in the testing stage it increased to 86.36%. This shows
that the model succeeded in generalizing well on the test data.

The model shows good performance in classifying the majority class 'GOOD' 1.00 and 'MEDIUM' 0.84, with

high precision and recall values in both datasets.

The 'UNHEALTHY" class shows unsatisfactory performance, as seen from the low precision values of 0.00
and recall of 0.00 at both training and testing stages.

Improving model performance, especially for the 'UNHEALTHY"' class, is the main focus. Further evaluation
and model adjustments need to be carried out to improve the ability to recognize this class.
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NO, and HCHO

Both are central components of tropospheric chemistry: related to tropospheric ozone (link to air
quality and climate change) and hydroxyl radical OH (main cleaning agent of our troposphere)

- can be measured by satellites and ground-based remote sensing in the UV-vis (DOAS technique)
- Long datasets available (e.g.: GOME-2 on MetopA/B/C, 2007 to now, http://acsaf.org)
- Recent satellites (TROPOMI/S5p, GEMS/GK2B): high spatial/temporal resolution

S5P HCHO tropo
2018-2022 ~
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Use of MAXDOAS for satellite validation
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Use of MAXDOAS for satellite validation
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Validation illustrat

ion

Comparisons of NO, and HCHO GOME-2 GDP 4.8 to MAXDOAS in Chiba:
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NO, NO, Validation results in Chiba
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NO, Validation overview
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HCHO Validation overview

ATMOSPHERIC COMPOSITION.
MONITORING

The NO, comparison results strongly depend on the location of

> Partly due to the impact of local pollution sources, not
adequately sampled at the coarse resolution of GOME-2

horizontal NO, variability

Update of Pinardi et al., AMT 2020; ACSAF VR 2023
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The HCHO comparison results strongly
depend on the location of the station:
- positive bias for clean stations (< 2.5

H = ] Pmolec/cm?)
Tt i - negative bias for high emission
et — & o . stations (> 8 Pmolec/cm?)
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aeronomie.he

a0 o 10 20 30
SAT - GB [Pmolec/cm?]

EUMETSAT

@& ACSAF

ATMOSPHERIC COMPOSITION
MONITORING

GOMEZ2: 50/26/71 %;
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A 4 A”
esa Conclusions & Gems? @

TROPOMI

Long-term validation of GOME-2, OMI, S5p, GEMS NO, and HCHO columns using ~70 ground-based
stations (FTIR, MAXDOAS and PGN):

- Importance of harmonized approach for validation to allow checking coherence among the satellites &
highlighting effect of station location:

: generally under-estimated by SAT (in part due to spatial inhomogeneities & representativeness
mismatch within large satellites pixels), except GEMS v2.0 that over-estimate (= prb!)

*  HCHO: negative bias in polluted conditions (> 8 Pmolec/cm?) and positive bias for clean stations (< 2.5
Pmolec/cm?)

aeronomie.be

- A-SKY MAXDOAS data are key for the long-term monitoring and validation in Asia — link between
historical and recent sensors, such as GEMS.

- Future: the creation of NO, and HCHO TCDR (ESA CCl+precursor project) for the improvement of the pmurm
retrievals & better consistency between SAT instruments = need for long-term validation work!

- Essential harmonization/homogeneity of the GB network(s) to use them as Fiducial Reference
Measurements = FRM,DOAS: MAXDOAS centralized processing system (including profiles retrievals,
that are a key (unknown) assumption for the satellite retrievals) + PGN, FTIR networks = ground-based
instruments intercomparison and synergy! FRM

DOAS
Thank you! Questions? gaia.pinardi@aeronomie.be
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Several studies have shown the important role that geostationary satellite sensors can play in the monitoring
of active volcanoes. Indeed, the geostationary attitude allows for a quasi-continuous observation of the -177°0.0" -175°30.0" -174°0.0" -172°30.0"
volcanically active regions on Earth, favoring the rapid detection and the early warning of new phase of .
thermal unrest, as well as the effective monitoring of short-lived eruptive events. Among the geostationary ““ / A
satellite sensors, SEVIRI (Spinning Enhanced Visible and Infrared Imager), onboard the European Meteosat  -18°0.0 /' : - 4
Second Generation (MSG) geostationary satellites, has largely been used to monitor thermal volcanic activity, Eqnieig / N
thanks to its channels, in the medium infrared (MIR) and thermal infrared (TIR) regions of the electromagnetic ¢
spectrum, and temporal (i.e., a high frequency of observation, with refreshing time of 15 minutes) features,
despite the coarse spatial resolution (3 km at nadir) (e.g., [1]). The ABI (Advanced Baseline Imager) and AHI
(Advanced Himawari Imager) radiometers, respectively aboard the GOES-R [2] and Himawari-8 [3] satellites,
by providing data every 10 min, with a 2 km spatial resolution in the MIR and TIR bands, have further
increased the monitoring capabilities of active volcanoes from space (e.g., [4]; [5])- | ® /

:* Home Reef

-19°30.0"

“Tofua

In this study, we investigate the recent and intense volcanic eruption occurred at Home Reef (Tonga) [ Hunga Tonga /
submarine volcanoes, which produced new island emerged from oceans. Specifically, we show the results =2120:01 / 1 & /
retrieved using GOES-R ABI data and by applying the well-known RST (Robust Satellite Techniques; [6]) multi- . Sy 75 150 km
temporal approach. The latter is an advanced scheme of satellite data analysis which was largely used to / / e —

detect and monitor volcanic thermal features in different geographic areas (e.g., [7]; [8]).

In more detail, RST is a change detection approach comparing the satellite signal to be investigated with an “unperturbed” background, which is computed by means of a long-term
statistical analysis of multi-annual cloud-free satellite records, acquired in similar observational conditions (e.g., same season/month and time/hour of acquisition). The main added value of
RST is the independence from the fixed thresholds, including those generally used to identify volcanic thermal anomalies by means of MIR and/or TIR data. Fixed thresholds, although
implemented also by some well-established methods performing operationally (e.g., MODVOLC; [9]) are generally effective in specific conditions (e.g., in presence of intense thermal
features). The RST approach, by automatically identifying statistically significant changes of the MIR/TIR signals, without a priori definition of the thresholds, is capable of guaranteeing high
performances in detecting hotspots (with a high trade-off between reliability and sensitivity) regardless of environmental/observational conditions (e.g., [10]).

These features are confirmed by results shown and discussed in this work. They indicate that RST was capable of promptly detecting the onset of the sub-marine Home Reef (Tonga)
eruption by means of GOES-R ABI. Porting the RST scheme to GOES-R ABI observations enabled a prompt detection (about 2h after the official eruption starting, identified only by means of
the volcanic gas plume emitted) of the first thermal signs of the Home Reef eruption which took place on 10 September 2022 at 01:39 LT.

Moreover, the continuous monitoring of the eruptive activities, performed thanks to the high temporal resolution offered by the geostationary satellites, allowed for an effective analysis of
the space-time evolution of the thermal anomalies occurring in the hours following the main event.

t ~A RST METHODOLOGY
; —Vy)
3 The RST method ([6]) uses a local variation index, defined after processing satellite images in the
S J\/ /\ space-time domain named Absolutely Local Index of Change of the Environment (ALICE), to
> \’\/\/\\ /v detect thermal anomalies ([7]):
n . -
Time ®M1R (X, y,t) _ [TMIR (xa Vs t) _:uMIR (xy )’) ] (1)
YV ~A Oyir(X,9)
: — Vet
é Veelt'3) £10(x3y) In equation (1), Tyr(x,¥t) is the brightness temperature measured in the MIR (Medium Infrared)
= band at time t for each pixel (x,y) of analyzed satellite scenes. The terms p,x(x,y) and ox(x,y)
S represent the temporal mean and standard deviation calculated at the pixel level after processing
] multiyear time series of homogeneous (i.e., same spectral channel/s; same month, same overpass
% -.%’ time), cloud-free satellite records and removing possible signal outliers (e.g., hot targets) by
means of the ko clipping filter.
INVESTIGATIONS OVER HOME REEF (TONGA) DURING SEPTEMBER 2022 BY USING GOES-R/ABI OBSERVATIONS
The time series of the ALICE index computed over the Home Reef (Tonga) Home Reef Tonga volcano

area, in the period 9 September at 18:00 LT —10 September 2022 at 06:30
LT, shows that before the early morning of 10 September values of ®,x
(x,y) < 2 mostly occurred (see blue bars). A first significant increment of
the index ( ®,,z (x,y) > 2.6) was recorded on 10 September at 03:40 LT (see
red bars and the MIR image, bright pixels, on the right) indicating the time
(2h after the eruption start) when the thermal anomaly at the Home Reef
became detectable by satellite through GOES-R ABI observations. Negative
values of the same index were observed in presence of clouds.
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A Hybrid Approach that integrates Machine Learning (ML) techniques By employing Artificial Neural Network (ANN) and Gradient Boosting Model Type C models showed the best overall performances with up to 0.94 R2
with physics-driven models to forecast Clear-sky Irradiance in near real- (GBM) trained on outputs from physics-driven models - clear-sky Global score. The models enhanced prediction accuracy by 10% over
time using GOES-16 Geo-stationary Satellite Imagery and data from Horizontal Irradiance(GHI) is predicted. Prior to that the most influential reanalysis-data-based models. The performance of ANN-SATELLITE-AOD
Sun-synchronous Earth-orbiting Atmospheric Satellite- AURA. meteorological features are extracted and then forecasted with was close to Type B models predicting nearly 85% of the test samples
Long-Short term memory Recurrent Neural Network (LSTM-RNN) within 100 W/m2 error range (Figure 6). Although the number of
= = D AURA Satellite positive errors were quite higher than the negative ones (Figure 6)
24 hours temporal and 28 km Spatial resolution , ~ Sun-synchronous Start which is presumably due to the minor impact of clouds.
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5 min temporal and 2 km Spatial resolution” At a Geo-stationary orbit The LSTM model takes the last 3 hours of meteorological data as input 06:00 08:00 10:00 12:00 14:00 16:00 18:00 20:00
(22300 miles away) and forecasts those for next 1 hour at 5 min granularity. The daily trend Time
‘ for 3 consecutive days for all meteorological data is presented in Figure 4 (C):GHI Prediction from ML Model with Satellite Data
where Aerosol Optical Depth (Aerosol) showed strongest seasonality. - looo
E
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Prediction models are classified into 3 types. Type A and B are physics- 0 50 100
driven models predicting GHI from Reanalysis and Satellite data Absolute Eror in Wim2
Pyranometer respectively. Type C are ML models trained on Satellite data (as input
Figure 6: ANN-SATELLITE-AOD Model Error Histogram
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At Bondville lllinois (USA) the prediction performances of different models w ile Table 2 shows the =00
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Figure 1: Project Overview Table 1: Assessments of different irradiance prediction models SUR_FRAD GHI - 215
with respect to ground-truth (SURFRAD) = = Qutlier Bounds
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Aerosol Optical Dioxide (NO2) two Type B models - the corresponding clear-sky GHI from this model was SURFRAD GHI (ground truth)
Depth used as labels to train Type C models that turned out to be the best
v v v performing ones. All Type C models were validated for 3 consecutive days Figure 7: Scatter plot between the prediction IN-5 TELLITE-AOD Model anc
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Figure 2: Data Collection and P

only AOD was used as meteorological data to train two Type C models: Email:
ANN-SATELLITE-AOD and GBM-SATELLITE-AOD. These AOD based ML matt
models were also up to 3 times faster among all Type B and C models
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e Land Surface Reflectance Data

QIAO ZHI ', YANG WEI |, (1.CHIBA UNIVERSITY)
Keywords: Clumping Index (CI), Himawari Satellite, BRDF simulation, Normalized difference between hotspot and darkspot (NDHD) index

Introductions O Hot-spot detection

Particle

4 Foliage Clumping Index: What and why
- characterizes the grouping of foliage relative to its random spatial
distribution.

- critical in determining the foliage radiation transfer, photosynthesis, and considered as a hot-spot
hydrological processes (Peng et al,2018).
- very useful in ecological and meteorological models(estimation of true LAI; Hot-spot calculate equation:
separation of sunlit and shaded leaf groups; GPP modeling) (J.Pisek et al, 2015) cos(f) = -cos(s) cos(8,)-cos(ps-pv)sin(Gs)sin(6,)

(E. EVERMOTE, 2002)
Random Uniform Clumped

) W % - 0: Scattering angle, Og: sun zenith angle, 0,: view zenith angle, gs: sun
azimuth angle, pv: view azimuth angle
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Figl. Foliage clumping happens at different hierarchical levels.  Fig.2 Different spatial distribution and corresponding CI @ ) = 2 .. * " 1o
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d Field measurement

Sensor

CI>1 CI<1 on

In field measurements, CI can be estimated by Digital
hemispherical photographs (DHP) (Fang, 2021).
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D PreVious Studies Fig.8 Model fitting (top) and Prmclple plane fitting (bottom) Fig.9 Comparison results of 4 BRDF models
- MODIS, MISR, POLDER etc. d CI computation
- Hot-spot can not be always observed because of the observe mode and cloud For cone/cylinder crown shapes (coniferous forests):
contamination. CI =-0.47*NDHD+0.80
For ellipsoid crown shapes (the other vegetation classes):
. . . =_1.23%
1 New opportunity from Geostationary (GEO) meteorological CI=-1.23*NDHD+1.34 .
satellites . (Jiao et al, 2018)
d Evaluation
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(2019/03)

Tab.1 Comparison result with in-situ data, MODIS CI
Meth 0 d S & Re s u lts product and CI calculated from Himawari

Conclusion & Discussion

M MMY i s - Himawari has the feasibility of calculating CI where and when
¥ hot-spots can be observed.
BRDF-fitting Conclusion - Himawari CI may be more accurate than MODIS CI product.
¥ - By comparing with in-situ data, it was found that the CI

calculated by Himawari has a certain degree of accuracy.
- An effective Cloud mask is needed.
Discussion - More valid datasets are needed.

- Temporal and spatial distributions of CI need to be discussed.
Future- Valid data collection and cloud mask. - Analyse temporal and spatial distributions of CI. -

CI computation

— —

Evaluation

CI mapping developmnt.
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(Michia Corp.)
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Pulsed Power| 075 W

Pulse- Repetition
E 500 kitz

70 mrad

3omp 5. Two versions of the compactLED lidar
for near-range ground experiment:
X _ @ version 1, and @) version 2.
Peak Power: 0.75W = 7.5nJ/10ns They were setup in a biaxial
Average Power: < 5mW configuration
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€0, Concentration

Quantifying Anthropogenic Impacts on Global COa:
A Robust Isotopic Modelling Approach

o

415.710.2
ppm

Carbon Dioxide as a Greenhouse Gas ——
global mean
‘abundance

Anthropogenic CO, emissions from fossil fuels and cement production
increased atmospheric CO, by 38% from 1850-1900 to 2010-2019,
reaching 398 ppm. In 2010-2019, 46% remained in the atmosphere, 23%
in oceans, and 31% in vegetation.

2021 abundance )9
relative to 1750° 199%
2020-21 absolute
increase Epe
2020-21 relative
increase 061%
Mean annual absolute
increase over the past
10 years

The most recent concentration is 422.80 ppm in the atmosphere by the

Mauna Loa Observatory in January 2024. 2Asppmyrt

Emissions Over Time

Atmospheric C0, Concentration Variation NOAA
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— 02 AZR Concentration
— €03 5P Concentration
— 02 BHD Concentration
€03 SHM Concentration
— 03 UTR Concentration

— Fossil Fuel Emission
=== Coal
= 0il
Gas
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Fossil Fuel Emission (MEC/Year)
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5'3C Dynamics

+ The isotopic composition of carbon in fossil —
fuels, characterized by 5'3C values ranging from
-44%o to -19%, differs from atmospheric CO,,
which typically ranges from -8.5%o to -4%o. over
geological timescales. This discrepancy arises
from photosynthetic fractionation during plant
material formation, where °C is selectively
rejected. Notably, C3 plants, predominant among
trees, exhibit greater discrimination (-18%o) than
C4 plants like grasses (-4%o). Atmospheric CO,

‘Anthropogenic

CO, Isotopes and their Applications

A14C Isotope change (obs)

(2 )sampte
12C 2

(125)standara

1zC
6180 = (

What are the CO, Isotopes?
12(::5 s 1306 s 14(:6

8”°C = ( i 1) x 1000

(mo) .
oo )sample
180

(389 standara

o 1) x 1000

1925 1950

Global 6™C (Graven)

Isotopic values differentiate CO, sources
and sinks; fossil fuels deplete 5'3C and
AC, impacting atmospheric isotopes.

— Ghtal 51%C

83C reflects '3C/2C deviations; A'C
indicates '*C/2C variations, adjusted for
isotopic  fractionation and radioactive
decay.

modifications via gas transfer induce isotopic
fractionation, influencing the &'3C signature of
dissolved inorganic carbon (DIC) in surface
ocean waters.

» Marine ecosystems contribute to variations in
ocean &'3C through processes such as net
photosynthesis and respiration, which decrease
&13C values at depth. Overall, these phenomena
underscore the complex interplay between
biological processes and environmental factors
in shaping the isotopic composition of carbon in
Earth's carbon cycle.

—e— 513C Monthly_LJo

—— 6130 Corrected_LJO

—=— 6'3C Monthly_SP
513C Corrected_SP

B 19 190 1% a0 2005 .0 205 200

Box Model and MIROC4.0-ACTM

« The Box Model dissects Earth into ¥ : el
compartments—Atmosphere, Biosphere, and
Ocean—to scrutinize CO, and isotopic mixing. It
further subdivides into 48 sub-boxes for precise
concentration analysis.

EKAB Biosphere 1

Biosphere 2

Biosphere 3

* MIROC4-ACTM, part of the MIROC Earth
system model, precisely simulates long-lived
atmospheric gases like CO, and CH, with T42
resolution and 67 vertical layers. It accurately
simulates long-lived atmospheric gases,
facilitating inverse modelling for estimating land
and oceanic fluxes.

Mixed Layer Ocean
K )

Diffusive Layer

N Besiea
="\, Deep Ocenn

205

Upper Atmosphere AMC production

A'C Dynamics

Respiration Photosynthesis|
. Fossil Fuel Emission
Nuclear Emission

+ Radiocarbon, with a half-life of 5,700
+ 30 years, occurs naturally and
decays over time. Fossil fuels lack
14C, hence, combustion releases only
stable isotopes 2C and '3C into the
atmosphere.

Anthropogenic
Gas Exchange mission
ANCO, = -1000%

Mixea Otean
AMCO, = 5%

« In the 1950s, nuclear weapons testing
spiked atmospheric 1“C levels, halting
its declining trend ("aging"). This
surge, known as "bomb" 14C, nearly

e
doubled atmospheric “C content. High A™¢_emission points

* Nuclear bomb test sites and atomic
bomb explosion zones from 1940 to
1990 mark the primary sources of
these point releases.

Alert Offsct Adjusted

MIROC4.0-ACTM Results

« Total CO, concentrations are represented by
gc3t and gvjf for the 258 sites that can be
retrieved based on the CCGG (Carbon Cycle
Greenhouse Gas) observation database of
NOAA.

Monthly Mean CO2

ge3t = CO,"(GridFED) + CO,"™/(CASA-3hr)
+C0,°"(TT09)
2vjf = CO,™(GridFED) + CO,"™(VISIT-3hr)

—=— Obs (ppm)
3 9vif (ppm)
& geat (ppm)

+CO,*"(IMA) + CO, ™.

Alert Tracers
Chandra et al., 2022

The CO, concentrations are then plotted as a

ﬁ+ Fire Emission
—

monthly average for 2022 from January to

December for both gc3t and gyvjf.

—&— GridFED High

Observation data from NOAA's CO, observation
database are added along with the simulated

data for the specific sites.

Nwm

Offset is calculated as a difference between
Model — Observed Data

Box Model Results

« Isotopic and CO, exchange among boxes follows fixed factors over time. Physical parameters
like box thickness and exchange rates guide calculations to align with observed data.

« Initial CO,, '3C, and 'C concentrations, set by Nakazawa et al. (1997) from 1727 and adjusted
by Morimoto et al. to 2018, underpin the Box Model simulation.
(Special acknowledgement to Prof. Shinji Morimoto of Tohoku University for providing us with the Box Model Code)

A 14C per mil

H

T 3 T T T
— "14c_strato'

— '14¢_tropo'
—"1 40_b!o_sh_ort‘

— diseq_bio
— diseq_oc

bomb_trop.

— fossil fuel

— stratosphere->troposphere
14C production

14¢_bio_long'
— '14c_mixed layer'

d(AC)/dt (per mil/year)

Future Works

« As previously mentioned, measurements of 5'°C and A'*C in atmospheric CO, and other carbon
reservoirs have provided crucial information on the carbon cycle as well as atmospheric and
oceanic circulation. Scientific research would have benefited greatly from even more observations
made during the uniquely powerful period of nuclear bomb testing, across a wider range of
environments. This would have included additional measurements of the atmosphere and ocean
as well as the carbon in soils, rivers, and lakes.

We are entering yet another critical time as A'*CO, falls below 0°C and either stabilizes or keeps
falling to extremely low levels. Future atmospheric change simulations show that some applications
of A™C, and maybe &'3C, will inevitably lose part of their effectiveness over time. The particular
applications impacted will vary based on the emissions strategy chosen. As time goes on, at least
some applications' utility decreases, hence observations made today will typically be more
valuable than those that are yet to be produced. For instance, if A“CO, stabilizes, the need for
A'C observations to determine the decadal-scale turnover of terrestrial carbon stocks will no
longer be necessary.

The next task involves preparing fluxes for isotopes 3C and '*C for simulation in the MIROC4.0
Atmospheric Chemistry Transport Model (ACTM). The endeavor aims to seamlessly integrate
theoretical insights from the Box Model with practical application in the MIROC4.0 ACTM, fostering
a harmonious synergy between model-based simulations and empirical observations for continual
refinement and optimization.
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