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Abstract Accurate estimation of forest carbon stocks is important in establishing greenhouse
gas reduction plans. In this study, we estimate the spatial distribution of forest carbon stocks
using machine learning techniques based on high-resolution remote sensing data and detailed
field survey data. The high-resolution remote sensing data used in this study are Landsat indices
(EVI, NDVI, NDII) for monitoring vegetation vitality and Shuttle Radar Topography Mission
(SRTM) data for describing topography. We also used the forest growing stock data from the
National Forest Inventory (NFI) for estimating forest biomass. Based on these data, we built a
model based on machine learning methods and optimized for Korean forest types to calculate
the forest carbon stocks per grid unit. With the newly developed estimation model, we created
forest carbon stocks maps and estimated the forest carbon stocks in South Korea. As a result,
forest carbon stock in South Korea was estimated to be 432,214,520 tC in 2020. Furthermore,
we estimated the loss of forest carbon stocks due to the Donghae-Uljin forest fire in 2022 using
the forest carbon stock map in this study. The surrounding forest destroyed around the fire area
was estimated to be about 24,835 ha and the loss of forest carbon stocks was estimated to be
1,396,457 tC. Our model serves as a tool to estimate spatially distributed local forest carbon
stocks and facilitates accounting of real-time changes in the carbon balance as well as manag-
ing the LULUCEF part of greenhouse gas inventories.
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2 Z839t} Landsat 9494 202030 2
# Landsat 7 ETM+3 Landsat 8 OLI/TIRSE ©]-&3}
A TH(Table S1). Landsat $149%974<] o4 HI=
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Table S1. Date list of Landsat data used in this study
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Path/Row

Date

113034
114034
114035
114036
115033
115034
115035
115036
115037
116033
116034
116035
116036
117034

20200306 20200322 20200407 20200610 20200626

20200406 20200414 20200422 20200430 20200508 20200601 20200609 20201023 20201108 20201116

20200305 20200406 20200414 20200422 20200430 20200508 20200609 20201007 20201023 20201108

20200305 20200406 20200414 20200430 20200609 20201007 20201023 20201108

20200320 20200405 20200608 20200616 20200920 20200928 20201006 20201107

20200320 20200405 20200608 20200920 20200928 20201006 20201030 20201123

20200312 20200320 20200405 20200429 20200523 20200608 20200616 20200904 20200904 20200920 20201006 20201030
20200312 20200320 20200405 20200421 20200429 20200608 20200904 20200920 20201006 20201030

20200320 20200405 20200429 20200507 20200608 20200904 20201006 20201014 20201030

20200311 20200404 20200506 20200530 20200615 20200919 20200927 20201005 20201029 20201114 20201130
20200311 20200404 20200428 20200506 20200927 20201005 20201029 20201114 20201130

20200311 20200319 20200404 20200428 20200506 20200927 20201114

20200311 20200404 20200428 20200506 20200927 20201005 20201005 20201114

20200302 20200403 20200427 20200513 20200606 20200622 20200918 20200926 20201020 20201028

| [ |
123°E 124°E 125°E 126°E 127°E 128°E 129°E 130°E 131°E

Fig. S1. The map of range of Landsat data used in this study.
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Ao Z QA (Quality Assurance) 27, TOA (Top Of
Atmosphere) 27, 3 A ®A, SLC (Scan Line
Corrector) 73S 235} th(Fig. S2).
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Fig. S2. Schematic diagram of Landsat preprocessing.
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Table 1. Formula of Landsat indices used in this study

Satellite NDVI EVI NDII
(NIR - Red) (NIR - Rdd) (NIR — SWIR1)
Formula (NIR + Red) 23X IR T 6x Red=7.5x Blae 7 1) (NIR + SWIRT)
Landsat 5. 7 (Band4 — Band3) 25x (Band4 — Band3) (Band4 — Band5)
’ (Band4 + Band3) " (Band4 + 6xBand3 — 7.5x Bandl + 1) (Band4 + Bandy)
Landsat 8 (Band5 — Band4) (Band5 — Band4) (Band5 — Band6)

(Band5 + Band4)

2.5x (Band5 +

6 xBand4 — 7.5xBand2 + 1) (Band5 + Band6)

o] 2A55 #4319t SRTM DEMLS AlA| A
A28 HEAC WGS 84 (EPSG: 4326)2] A=
FEAZ FAEO] 1 ok Z(1 arc second=0.00028°
=30m)9] F7eld=S 2=t DEM At5= d239
2245 98] Landsat Z3AI9F 72+ FHHE A2l WGS
84/UTM zone 52N (EPSG: 32652) HEAZ FHH
o] X 71 (Nearest neighbor interpolation)g 283}
o 30m FZHEIEE AEE HIBFS L 2 ATe
#EA7h HEhd DEM AES 28-5te] mde] 5§
HeE 88¥= I (Elevation), ¥F(Aspect), A
(Slope) < ARttt AlMte ZF XPAA #2 E
AR EAE A H FHENES Aldste] 4hg
Al gk 2t AFAA; s FEsHATh

2.1.3 F7MIPALZAAZENNFD) 2 $YA=

B A3e= #A AL A8<] NFI (National Forest
Inventory, = 7MHIAFAZAL AR)E AH &4 A%
F Ay wmdo] FEHew FRETh F7AEA
LA dig= A A =7t AEA 718
FAE gHslHE FHOR A Abd s sd
F712 AlshH, 1972938 A1z} d=rabEaidz
ATZ Al E o] 20061 Al E 53} RAMRE =7}
AHAQRZALE WA o] WAEe] IPCC Guideline©]
A= A 2AF 7120l whh A= et 4k
AL A7 ZALE fl8l] A9l Aol 4km
AR} 7FA0Z oF 4,0000] /e IAHE BEHS A
A&tgh z2F FEFLS 1dd oF 800/ 2AEH,
AXE BE T2 59 712 24 A 5 4kl
el dbAQl Z=AF 218 ETH(Korea Forest Servise,
2017). & A+= 7P 4l A5 20206 NFI A=
o] AHFA L A &a AYE A R F50
T2 E83th NFI A5 2AF 2244 g 4
I3t AABEE AFTEHA Lob AAAHE AT Ha
@Rl - AT G9R AEFH S HAS

B ATe A wpol e ' AR Sk o
E F7F A AFE AEsaA 1:25000 539
TA PIES L8] AFA G JFS T,
G95d, EadoR TR HAAY F 5
Admel EFEA Fob WS & 5 (e AYe
A2 AR Eador JHsit

ATE Ao 7 By AS Y8 EX|vE
£ AAH o2 Agste] 8l EXTEX
Azl A7 XY H Landsat 7 ETM+ 3%

1, 2, 3, 4, 5, 7H Band®} Landsat 8 OLI/TIRS <
2] 2, 3, 4, 5, 6, 7H Bandoll FEEF 7HE o)
g3ttt EX RS oAl 7R (AHA], A, BA

oA, A, FhHE EFETE AZE EXYEAE=
A diiEF EXYEARS ZIw HAS Wl
w2t AZFe A3 974%° HA HAFEE wA
(Ministry of Government Legislation, 2021). ¥
v EXIEAR F AR EFE AYe FE3)
o] $Aol &85t

22 2 Fx Wy

Ao A g AR A 292 Random
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S (Fig. 1).
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Fig. 1. Schematic diagram of forest carbon stock estimating model.

Table 2. Carbon emission factors by forest types in South Korea from National Institute of Forest Science

Density of wood (D),

Biomass expansion

Root-shoot ratio (R), Carbon fraction (CF),

Forest types Unit=t d. m./m’ factor. (BEF), Unitless Unit=t C/t d. m.
Unitless

Coniferous 0.460 1.430 0.270 0.510

Broadleaf 0.680 1.510 0.360 0.480

Mixed 0.570 1.470 0.315 0.495

Al %3 Random Forest 299 J&E=2 FHEE
AgAe ot 2
S,= BNDVL+ BEVI, + BNDII,
+ ByEL+ P5SI+ Peds; + &

O

r

§= A5 (m’)

NDVI=Normalized Difference Vegetation Index
8tk A4 A, Wl 0-1)
EVI=Enhanced Vegetation Index

@98 44 A%, W 00

NDII =Normalized Difference Infrared Index
g7t H&A A, "W 0~1)
El=Elevation(3£2)

SI=Slope(73 A}, ¥ $1: 0~90)

As = Aspect(ZF, H<: 0~360)

pf=59 A

e= 2z}

i=AA i

B Axe dpo] 945 %F Random Forest Fgo
Landsat A|<=(NDVI, EVI, NDII) 2@ SRTM X]&<lz}
(Elevation, Slope, Aspect) HI°|EE Y3l 4HX]
Qo] AEFH FEEE PP

2 A AgRFe] F7HE X = Random Forest &
42 g JESZH FHEE 4 vlo] Qw2
eha A Fakae A gste] AltELh 2 Aie
A blol w2z BhA A AEE Sk ANFHET
H, g95d, a8 71 LF A (Table 2)5
2835199 H(Korea Forest Resarch Institute, 2007,
2010). b wpo] Qw2 vhA AgRF A TRy
) o

C;=8;xD;xBEFs;x(1 + R)xCF;

C=4rg nlo] Qul s B4 A g
(Forest biomass carbon stock)(tC)
S = 9] &2 (Growing stock)(m®)
D =E3 71 B = (Density of wood)(t d.m./m’)

Atmosphere, Vol. 33, No. 1. (2023)
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Fig. 2. Comparison example of spatial distribution of (a)
2020 Landsat RGB image, (b) 2020 Landcover map, (c)
2020 Forest carbon stock map estimated by this study.

BEFs = Hlo] Quj2~ EYA|4>(Biomass expansion factor)
= BRE] A/ H]-&(Root-shoot ratio)

CF = B4 3HA] 4= (Carbon fraction)(tC/t d.m.)

j=AA i2] Y2 3 (Forest types)
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Fig. 3. The maps of (a) growing stock and (b) forest carbon stock in 2020 generated by this study.
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Table 3. Estimated growing stock, forest carbon stock, forest area and forest carbon storage efficiency in units of regional

governments
Region Growin% stock Forest carbon Forest area Forest carbon storage
(m’) stock (tC) (ha) efficiency (tC/ha)

Seoul 2,001,661 1,169,051 18,185 64.28
Busan 4,342,684 2,292,706 38,712 59.22
Daegu 6,136,812 3,159,826 52,912 59.72
Incheon 4,198,223 2,363,472 39,793 59.39
Gwangju 2,105,867 1,043,481 19,145 54.50
Daejeon 3,568,367 1,883,179 32,175 58.53
Ulsan 8,473,833 4,619,193 74,456 62.04
Sejong 2,780,824 1,547,526 26,181 59.11
Gyeonggi-do 63,158,870 34,698,413 560,204 61.94
Gangwon-do 186,342,063 101,987,778 1,454,221 70.13
Chungcheongbuk-do 64,347,903 34,388,133 539,978 63.68
Chungcheongnam-do 47,221,547 24,848,729 432,561 57.45
Jeollabuk-do 56,091,622 30,009,506 465,060 64.53
Jeollanam-do 81,764,920 41,661,484 727,279 57.28
Gyeongsangbuk-do 176,037,546 92,247,290 1,475,235 62.53
Gyeongsangnam-do 92,063,934 48,161,538 874,192 61.42
Jeju 10,968,016 6,133,215 96,798 63.36

Total 811,604,692 432,214,520 6,837,088 63.22

Atmosphere,

Vol. 33, No. 1. (2023)
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Table 4. Estimated growing stock and forest area in this study and the statistical yearbook of forestry in units of regional

governments
Region Growing stockﬂ in Forest area in Growing stock ir; Forest area in
this study (m’) this study (ha) Forest Service (m") Forest Service (ha)

Seoul 2,001,661 18,185 2,282,684 15,323
Busan 4,342,684 38,712 6,268,223 34,926
Daegu 6,136,812 52,912 8,745,821 48,338
Incheon 4,198,223 39,793 5,705,792 39,373
Gwangju 2,105,867 19,145 2,806,238 18,944
Daejeon 3,568,367 32,175 5,006,992 29,764
Ulsan 8,473,833 74,456 11,401,826 68,001
Sejong 2,780,824 26,181 3,839,903 24,849
Gyeonggi-do 63,158,870 560,204 81,057,717 512,105
Gangwon-do 186,342,063 1,454,221 250,792,917 1,366,644
Chungcheongbuk-do 64,347,903 539,978 78,091,550 488,337
Chungcheongnam-do 47,221,547 432,561 59,154,844 404,097
Jeollabuk-do 56,091,622 465,060 71,494,501 440,746
Jeollanam-do 81,764,920 727,279 88,048,613 686,852
Gyeongsangbuk-do 176,037,546 1,475,235 228,240,999 1,333,691
Gyeongsangnam-do 92,063,934 874,192 124,449,446 698,810
Jeju 10,968,016 96,798 13,059,207 87,334

Total 811,604,692 6,837,088 1,040,447,273 6,298,134
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o2 FHHEL

o

FIFLHE;\'%OEL_HEF
@S ol
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}.,OE
o>

i
o
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o,

XL
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XU Y

3.2 YiSAeiEelo| HW
Ao mjd JPEAARES Wtste] Fz}A]
A ©@9le] AHRIHA 9 JESH JRE AYsial
Atk kA, B d7E 20208 dPYEAAR 2B
B AT Ayl Awd 2 JdEEHS
20209 YPEAAHS] A= 2EHAF JEE2HS

Sh=17)48ks 7] A133E 13 (2023)

7} 62,981 ha®t 1,040,447273 m*C. 8 E A7 3}
thE)ske] AL 9F 5390 ha(8%) 23 YB3
& oF 228842581 m’(28%) BS Aoz Uehyith
Table 4).

PPEAARL} 2 AFAHAE FYAAEA] 9
2 8wt A3, QHFAA 9} FFFAAl= Y
Zo] 7pd Afol7t A2 Zo R Yt 7 A9
AP A 2pol= 7} 4ha(1%), 2ha(1%)E £ AT+4
7t 27 O EA AESHAAR, dEFH ] Aol=
T AA Zt 1,507,569 m*(36%), 700,371 m*(33%)
T AREAQRAA ¥ B Zo® Yeith A
HEEE AESH 9 ztol7t 7P AA vehd XY
O 2 6,283,693 m’(8%)HE UPSAARANN o B
Ao 2 Ve T, AT A2 404 ha(6%) T+
2 AFA3rt =4 2P S tH(Table 4).
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Table 5. Estimated Forest carbon stock in units of City County in Seoul and Dong of administration in Gwanak-gu

City County Forest carbon Dong of administration Forest carbon
stock (tC) in Gwanak-gu stock (tC)
Jongno-gu 142,919 Bongcheon-dong 30,402
Jung-gu 17,817 Sillim-dong 126,642
Yongsan-gu 25,184 Namhyeon-dong 35,204
Seongdong-gu 12,197 Total 192,248
Gwangjin-gu 35,849
Dongdaemun-gu 13,427
Jungnang-gu 51,420
Seongbuk-gu 102,626
Gangbuk-gu 177,699
Dobong-gu 123,664
Nowon-gu 186,405
Eunpyeong-gu 183,257
Seodaemun-gu 63,602
Mapo-gu 32,231
Yangcheon-gu 36,982
Guro-gu 42,088
Geumcheon-gu 31,776
Yeongdeungpo-gu 9,239
Dongjak-gu 41,338
Gwanak-gu 192,248
Seocho-gu 250,566
Gangnam-gu 101,999
Songpa-gu 39,933
Gangdong-gu 45,213
Gangseo-gu 41,982
Total 2,001,661

Table S2. Forest fire damage area according to forest type

Forest types Donghae (ha, %) Uljin (ha, %)
Coniferous forest 2,877.48 (56%) 11,390.58 (58%)
Broadleaf forest 211.95 (4%) 971.28 (5%)
Mixed forest 2,019.87 (40%) 7,365.42 (47%)
Total 5,109.3 (100%) 19,727.28 (100%)
AR HA o= AFE o] AT H -5 Y 126,642 tC(66%), 35,204(18%)S AAdhe Aoz U
Aol &9l MlER s & & Qlvk v, & A ERRTH(Table 5).
€ A7 WA= Y g Ay 37 e v
Sto] Al AT ©9le A i AT AL 3.4 LE Al AF
g 5 o mebd, B Qe A gk A9F A4 R A7e g gh A9F 44 wd olga A
Y BdS BEY AR ATE ALEUA T w9 AP 20229 Be-27 AR BT A B
9 el WASS POE AY Ba AFFS A WS BASET Bo-27 AR T s
ZHg ekt I 2l UrEe] AHER 20229 39 4YUolA 2022
WA A, AEEAL o B AR 2,001,661 F 3E 13U7KA] S8 E IR elA] 2SI

tC & FdTE 192,248 tC(10.41%)5 A5t AL FIRMS (Fire Information for Resource Management
Z Uehgdon, #obte] WA E BAE AldE, System)] ALF(NASA, 2023)} Sentinel-2 $14 942
HaEe] A vk A 7M7) 30,4021C(16%),  wAS A, AHEE Q1 A 24 WAL FlA|
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9 5109 ha, 23X 19,726 ha® = 24,835 ha®
A+E TH(Table S2).

2 AFE 2020899 2 g4 AR 2d A5
AA5E 2 gl A3 FHs] A g A
o] xS A S A F3) AL AHEE 9l
3 A A AAFEe] B AdE 202 7P
ok A A, A ga A A F3A
9 284,221 tC, €AY 1,112,246 tCZ & 1,396,457
tCZ A = A TH(Table 6). 2+ x99 A+ g4 A%
o] ApEe AHE Tdl HE 3 B8 (Table S2),
AHE T8 WAY A ek ATk A Fa,
SRR BE oF 56tC/haZ AHE E AT

2bge] ofgh

el FAYYE] QA BEo 1

g DAGAL AR} 7 A SEE o] &1 g Ab 9 e A AP

2 A& =24 Vebgtt 20229 -1 A 1)
AL AA WA 24835ha = APFHo] 14,268
ha(57%), &5 o] 1,183 ha(5%), ERHo| 9,384 ha
(38%)5 AHAI5HH (Table S2) 7 A9 BF 5ol
SAISE A Aof|A] AbEo] LAYSIATHFig. 4). WA, AF
B ARre] AdEe AP 682,857 tC(49%),
9453 107,192tC(8%), EEFH 606,408 tC(43%)=
A =] TH(Table 6). ©]ol] wa} YA AHE mjs)] W
A by ' AR AFRe HA4E 48.86 tC/
ha, E¥48 90.59tC/ha, E&FH 64.62 tC/ha® YEF
Sk AHe] A v AR g8 rE U
v ZH5go] FHoju ko] o3 A wa A e
o] o= TS T AoE HATh

Table 6. Comparison of forest biomass carbon stock by forest types in wildfire area by this study

Coniferous forest,

Deciduous forest,

Mixed forest, Row sum,

Wildfire area Unit = tC (%) Unit = tC (%) Unit = tC (%) Unit = tC (%)
Donghae 134,995 (47%) 17,593 (6%) 131,623 (46%) 284,211 (100%)
Uljin 547,862 (49%) 89,599 (8%) 474,785 (43%) 1,112,246 (100%)

Total 682,857 (49%) 107,192 (8%) 606,408 (43%) 1,396,457 (100%)

(a) Forest type in Donghae

. ’.
£ S &

(b) Forest

, ‘v
, , e
,_.‘,, wl

(d) Forest carbon stock in Uljin

type in Uljin

Forest type

I Coniferous
[ Deciduous
[ Mixed

Forest carbon
stock (2020)

10
(tC/yr/900m?)

Fig. 4. The maps of (a) Forest type map with wildfire area in Donghae, (b) Forest type map with wildfire area in Uljin, (c) 2020
Forest carbon stock map with wildfire area in Donghae, (d) 2020 Forest carbon stock map with wildfire area in Uljin.

Sh=17)48ks 7] A133E 13 (2023)
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