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1
MG PAU
1. Tinh cap thiét caa vin dé nghién ciru

Tu COP13 (2007), hon 150 dug an REDD+ duogc
trién khai nham giam phat thai va quan 1y rimg bén vimg.
Viét Nam 1a mét trong 13 qudc gia dau tién tham gia UN-
REDD, véi cac théa thuan tiéu biéu nhu ERPA (2020)
vung Bic Trung B6 va Y dinh thu LEAF (2021) ving Nam
Trung B6 — Tay Nguyén. Trudc yéu cau minh bach cua
Thoa thuan Paris, UN-REDD d4 hd tro Viét Nam x4y dung
phuong trinh sinh tric hoc wéc tinh cic-bon, song phuong
phap nay han ché vé chi phi va quy mo. Vi vy, viéc Gmg
dung anh Sentinel-2 trong udce tinh trir lwong cac-bon rung
tu nhién ¢ Pa Nang 1a hudng di can thiét, gop phan thuc
hién cac cam két giam phat thai.

2. Muc tiéu ciaa dé tai
2.1. Muc tiéu chung

Xay dung co sé khoa hoc cho viéc udc tinh trit lugng
cac-bon ring tu nhién tir anh Sentinel-2, phuc vu trao doi
tin chi cac-bon va thuc thi ERPA tai Nam Trung Bg va Tay
Nguyén.

2.2. Muc tiéu cu thé

- Uéc tinh phat thai va hap thu cac-bon giai doan
2016-2023.
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- Xay dung mé hinh hdi quy wéc tinh trit lugng céc-
bon tir chi s6 anh Sentinel-2.

- Pé xuat m6 hinh va giai phap giam phat thai, huong
loi tai chinh tir ERPA.
3. Y nghia khoa hoc va thuc tién
3.1. Y nghia khoa hoc

Lu4n an bo sung co so khoa hoc cho phuong phép
xay dung mé hinh sinh trac hoc wéc tinh trit lwong cac-bon
rung tu nhién tir anh Sentinel-2, tich hop dit liéu OTC véi
vién tham va GIS. M6 hinh duoc phat trién bang PCA két
hop tham dinh chéo c6 trong sb trén R-Studio, dam bao tinh
khach quan va phu hop véi dit liéu 16n, da ngudn.

3.2.'Y nghia thyc tién

Mo hinh cho phép udce tinh trit lugng cac-bon rung
tir nhién tir anh Sentinel-2 ma khong can do dém truc tiép,
gitip giam thoi gian va chi phi, dong thoi dam bao d6 chinh
xac va do tin cay phuc vu giao dich tin chi cac-bon va thuc
hién ERPA vung Nam Trung By — Tay Nguyén.

4. Nhirng diém méi cia luan an

Nghién ctru ¢6 ba diém méi chinh:

(1) Lya chon va so sanh dong thoi nhiéu chi s vién
tham (NDVI, EVI, SAVI, ARVI, SIPI va cac dai BLUE,
GREEN, RED, NIR) d¢ phan tich mdi quan hé véi TAGC
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bang PCA, xac dinh NDVI, SAVI va NIR c¢6 tuong quan
manh nhét va hinh thanh céc t6 hop chi s6 hiéu qué hon;

(2) Phat trién mo hinh hoi quy phi tuyén da bién co
trong s giita TAGC va céc chi sd anh, thay thé cach tiép
can tuyén tinh truyén thong;

(3) Ap dung tham dinh chéo Monte Carlo 100 lan lap
trén R-Studio, lya chon md hinh t6i uu theo AIC, R?, ASE,
RMSE, MPSE - dat R? dén 0,89 va MPSE < 30%, nang cao
dd tin cdy va kha nang ung dung so véi cac nghién cuu
trudec.

5. Giéi han cia deé tai

Luan &n mdéi1 dung & viée phan biét rung tu nhién va
rung tréng, chua xay dung dugc ban dd hién trang rung
2016 va 2023 theo tung trang thai (TXG, TXB, TXN,
TXK). Do d6, viéc danh gia bién dong trir lugng cac-bon
giai doan 2016-2023 dya trén s6 liéu nganh Nong nghiép
Pa Ning, song dit liéu nay con sai sot nén két qua chua that
khach quan. Nghién ctru chi xac dinh sinh khdi phan trén
mat dat cho ciy c¢6 D1.3 > 6 cm va udc tinh sinh khéi dudi
mat dat bang hé s6 chuyén doi. Luan an tap trung xay dung
mo hinh ude tinh TAGC va TC cho rung ty nhién tir anh
Sentinel-2, chua phan tich sau ring trong do phan b manh
man va chua tham gia co ché chi tra tin chi cac-bon.
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CHUONG 1. TONG QUAN CAC VAN PE
NGHIEN CUU

Chuong tong quan nghién ctru duoc trinh bay véi 02
noi dung chinh vé co s& 1y luan va co so thuc tién.

1. Co so ly luan tap trung vao ba noi dung:

- Chu trinh cac-bon va vai tro cua ring trong viéc
hap thu cac-bon

- Chi tra giam phat thai va céc cap do tinh toan luong
phét thai/hap thu khi nha kinh:

- Co so khoa hoc cua cac phuong phap danh gia kha
nang tich liiy cac-bon rung.

2. Co s& thyc tién tap trung vao ba noi dung:

- Tong quan vé Chuong trinh UN-REDD va Chuong
trinh Chi tra giam phat thai viing Bac Trung Bo

- Xay dyung cac mo hinh uwéc tinh sinh khéi va trir
lwong cac-bon.

- GIS va vién tham trong quan ly tai nguyén rirng va
trit lugng cac-bon.
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CHUONG 2. POI TUQNG, PHAM VI, NOI DUNG
VA PHUONG PHAP NGHIEN CUU

2.1. Péi twgng va pham vi nghién ciru
2.1.1. Pbi twong nghién ctu

- Trir lwong cac-bon trén mit dat (TAGC) cua rimg
tu nhién va rimg trong (keo lai) nham udc luong phét thai
va hap thu cac-bon do bién dong st dung dit va rimg giai
doan 20162023 tai thanh phd Pa Néng.

- Mbi quan hé giita TAGC ring ty nhién véi cac dai
phdé (BLUE, GREEN, RED, NIR) va cac chi sb thuc vat
(NDVL EVIL, SAVI, ARVI, SIPI) tir anh Sentinel-2.

2.1.2. Pham vi nghién ctru

Vé khong gian: Thanh phb Pa Ning (cii).

Vé thoi gian: Giai doan 2016-2023; cap nhat bod
sung dir liéu ndm 2024-2025.

2.2. N9i dung nghién ciru

(1) Phan tich bién dong st dung dat va rimg giai
doan 2016-2023; (2) Panh gia phat thai va hap thu cac-bon
do bién dong ring; (3) Xy dung mé hinh udc tinh TAGC
dwra trén anh Sentinel-2; (4) Udc tinh va phan cap trit luong
cac-bon ring tu nhién; (5) Dé xuat giai phap giam phat thai,
tang cuong trir lugng cac-bon rung.



2.3. Phuwong phap nghién ctiru

a) K& thira tai liéu tht cip: Thu thap sb liéu quy
hoach st dung dat, kiém ké va dién bién riung t S&
NN&PTNT, UBND thanh phé va Chi cuc Kiém 1am.

b) Uéc tinh trir lwong cac-bon ring: Thiét 1ap 143 6
tiéu chuan; do D1.3, Hvn; tinh sinh khéi va trix luong cac-
bon theo phuong trinh Bdo Huy; xac dinh sai sb6 va hé sb
bién dong cho timg trang thai rimg.

¢) Phan tich bién dong rimg va phét thai/hap thu cac-
bon (2016-2023): Chong ghép ban d6 hién trang rimng; xac
dinh hé s6 phat thai/hap thu va tinh tong luong phat thai,
hép thu theo dién tich bién dong.

d) Xay dung moé hinh wdc tinh trir lwong cac-bon
bang anh Sentinel-2: Xt 1y anh, phan loai 16p phu va danh
gia do chinh xéc; tinh céc chi sb thuc vat; xdy dung mé hinh
hoi quy don bién va da bién (tuyén tinh, phi tuyén), lwa chon
bién bang PCA va kiém dinh bang tham dinh chéo Monte
Carlo.

e) Phan cap trit lugng cac-bon: Phan cip TAGC
biang ANOVA, hiéu chinh thuc dia va danh gia sai sb dé
xay dung ban d trit lwrong cac-bon rimg tu nhién.
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CHUONG 3. KET QUA NGHIEN CUU VA THAO
LUAN

3.1. Bién déng sir dung dat va rirng giai doan 2016-2023

- Giai doan 20162023, tong dién tich rimg Da Nang
tang tr 56.363,97 ha 1én 57.868,48 ha; trong do rung tu
nhién giam 658,08 ha, con ring trong ting 2.162,59 ha.

- Bién dong chu yéu mang tinh ky thuat do chuan
hoéa dit liéu, chi mot phan nho mat ring thuc té (~12 ha) do
mua bao va khai thac trai phép.

Tuy nhién, vé khoa hoc thi dir liéu chuan héa nim
2016 va 2023 van dugc dung 1am co s& tinh todn phat thai
va hap thu céc-bon.

3.2. Su phét thai va hap thu cac-bon giai doan 2016-2023

- Nghién ctu ghi nhan 108 loai cdy (107 loai tu
nhién, 1 loai Keo lai) tai 143 6 tiéu chuan; gia tri WD duoc
téng hop tir c&c ngudn uy tin.

- Trit lwong cac-bon trung binh giam dan theo trang
thai rung: TXG 146,02 tC/ha; TXB 74,89; TXN 33,86;
TXK 20,00; TG 18,29 tC/ha.

- Hé s phat thai/hap thu (EF/RF) cho thay rirng phuc
hoi hap thu manh (TXN—TXB: +41,0 tC/ha), trong khi mat
hoac suy thodi rung phéat thai 16n (TXG—DTK: -146,0
tC/ha).
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- Tong bién d6ng 2016-2023: suy thoai 2.326,14 ha;
mat/chuyén dbi 4.235,25 ha; ting chat lwong 788,06 ha;
trong mai 4.980,82 ha.

- Téng phat thai: 117.851,47 tC; Tong hap thu:
109.584,67 tC; Phat thai rong: —8.266,80 tC.

3.3. Mé hinh wdéc tinh trir lwong cac-bon trén mat dat
dwa vao anh Sentinel-2

3.3.1. Xay dung ban db hién trang ring tir anh Sentinel-2

Ban d6 hién trang rimg nam 2023 cua thanh phd Da
Ning dugc xay dung tir anh Sentinel-2, xac dinh tong dién
tich ty nhién 98.750,1 ha, trong d6 dét c6 ring 60.353,12
ha (61,12%), gom ring tu nhién 42.643,3 ha (43,18%) va
ring trong 17.709,82 ha (17,93%). Két qua kiém dinh bang
110 mau doc 1ap cho thay do chinh xac téng thé 96%, hé s6
Kappa 0,94, chung to ban db hién trang rimg nam 2023
(Hinh 4.3) c6 d6 tin cay cao, du co s& sir dung trong cac
phan tich tiép theo vé NDVI va trit luong cac-bon
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Hinh 4.3. Ban dé hién trang rimg thanh phé Pa Nang
nam 2023 — két qud tinh todn tir anh vé tinh Sentinel-2
3.3.2. M6 hinh udc tinh trir lugng cac-bon dua vao NDVI
Nghién cau sir dung 96 6 tiéu chuan dé xay dung mo
hinh héi quy gitra trit lugng cac-bon (TC) va NDVI, trong
do6 trir lwong trung binh lan luot 13 TXG: 148,94 tC/ha,
TXB: 76,60 tC/ha, TXN: 33,63 tC/hava TXK: 19,87 tC/ha.

Qua tinh toan, da xay dung dugc 05 phuong trinh
hoi quy (Hinh 4.5).
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Hinh 4.5. Két qua phan tich hoi quy gita NDVI va tong
cac-bon rung tw nhién

Phan tich hoi quy gitra trix lugng céc-bon (TC) va chi
s6 NDVI tai 96 6 tiéu chuan cho thiy 5 mé hinh déu cd y
nghia thong ké (F, P < 0,05). M6 hinh bac hai TC = 5297,1
x NDVI2 - 6127,9 x NDVI + 1751,8 ¢6 d6 phui hop cao nhét
(R =0,8713; MAE = 15,09) va duoc chon dé kiém chiing
trén 19 6 doc lap. Két qua kiém chiing cho sai s6 RMSE =
9,5 tC/ha va do léch chuan 16,59%.

3.3.3. M6 hinh wéc tinh trit lwgng céc-bon trén mit dat dia
vao céc dai quang phd (kénh anh) va cac chi sb thuc vat
3.3.3.1. Xdc dinh cdc chi sé anh va dai da phé c6 dnh hwéng
dén tong lwong cac-bon trén mat dat

Nghién ctru st dung phan tich thanh phan chinh
(PCA) trén 10 bién tir 115 6 tiéu chuan dé danh gia anh
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hudng cua cac chi sé thuc vat (NDVL, EVI, SAVL, ARVI,
SIPI) va dai phé (BLUE, GREEN, RED, NIR) dén tong trit
luong cac-bon (TAGC). Két qua cho thay hai thanh phan
chinh dau PC1 va PC2 chiém 96,35% bién thién, trong d6
PC1 (82%) dugc dung dé xac dinh trong s6 cac bién. (Bdng
4.16), hai thanh phan chinh dau (PC1 va PC2) duoc chon
dé phén tich va xac dinh cac chi s6 thuc vat va cac gia tri
dai quang phd c6 anh huong 16n dén TAGC dé thiét lap cac
mo hinh tuwong quan, vi hai thanh phan chinh nay chiém

96,35% mirc d6 bién thién ciia bo dir liéu gbc.

Bdng 4.16. Tom tat két qua PCA tir 115 bé di liéu gom

10 bién
PC1 pPC2 PC3 | PC4 | PC5 PC6 PC7 PC8 PC9 PC10
Do 1éch chudn |2,8636| 1,1976| 0,4521{0,3336 0,2024 0,0923] 0,0148 0,0051] 0,0026 0,001
Ti 1€ phuong sai |0,8200 0,1434] 0,0204/0,0111 0,0041 0,0009 0,0000 0,0000 0,0000 0,0000
Ti 1€ tich liy 0,8200 0,9635/ 0,98390,9950 0,9991] 1,0000, 1,0000f 1,0000{ 1,0000 1,0000
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Hinh 4.7. Biéu dé trong s6 giita thanh phan chinh 1
(Principal Component 1) va thanh phan chinh 2
(Principal Component 2)

Phuong trinh thé hién trong sb cua cac bién theo
thanh phan chinh dau tién (PC1) duoc trinh bay nhu sau:
PC1 = 0,3243373 x TAGC - 0,3351920 x NDVI —
0,3443245 x EVI - 0,3420016 x SAVI -0,3329627 x ARVI
—0,3270426 x SIP1—0,3469365 x NIR —0,2269835 x RED
—0,3204391 x GREEN - 0,2335349 x BLUE

Céc bién BLUE, RED, GREEN c¢6 anh hudng yéu
nén bi loai. TAGC c6 mdi quan hé nghich v6i NDVI, EVI,
SAVI, ARVI, SIPI, NIR va cac bién nay dugc két hop thanh
ba t6 hop chinh biéu thi bang cic vong tron mau: vang
(NDVI, ARVI), d6 (SAVI, SIPI), xanh (NIR, EVI) (Hinh
4.7). Trong mdi t6 hop, NDVI, SAVI, NIR c6 trong s6 cao
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nhit, anh hudng 16n dén TAGC. Két qua PCA cho thiy ba
t6 hop nay han ché mat thong tin dir liéu, ting kha ning
dién giai.
3.3.3.2. Phdt trién cdc mé hinh hoi quy

Khao sat bién dong TAGC theo NDVI, SAVI va NIR
(Hinh 4.8) cho thay dir liéu TAGC phan hoa manh khi cac
chi s6 nho (hién tuwong heteroscedasticity), do d6 can mo
hinh ¢6 trong s6 dé cai thién dy doan. Nghién ciru di xdy
dung cac md hinh don bién va da bién c6 trong sd.

TAGC vs NDVI TAGC vs SAVI TAGC vs NIR

0 :JD o ‘45
NDVI SAVI NIR

Hinh 4.8. Bién déng TAGC theo NDVI, SAVI va NIR.

0.36 040 044 0.48 0.5: 0.30 0.35 040 035

3.3.3.3. Xut Iy thong ké, kiém chitng mé hinh (tham dinh
chéo)

- Nghién ctru d thiét 1ap 36 mo hinh hdi quy TAGC,
bao gdm cic mo hinh don bién, da bién, tuyén tinh va phi
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tuyén. Cac mé hinh duoc danh gia qua AIC (trung binh
766,691) va R2 (tir 0,763-0,891). Trong sb nay, 16 md hinh
c6 AIC < 766,691 va R > 0,85 dugc chon dé udc tinh va
kiém tra su ton tia cua cac hé sd.

- Qua kiém dinh chéo Monte Carlo (100 lan lap, 80%
dwr liéu xay dung, 20% tham dinh), 9 mo6 hinh c6 hé s6 v6i
p-value < 0,001 va MPSE < 30%, gdm cic md hinh dang
mil va parabol bac hai, ca don bién va da bién. Trong sb
nay, cac mo hinh quadratic (parabol bac hai) cho két qua t6t
nhét. Hai mo hinh t6i vu duge xac dinh:

+ Mo hinh don bién parabol bac hai: TAGC =a+ b
x NIR + ¢ x NIR2, MPSE = 22,04%.

+ M5 hinh t6 hop bién parabol bac hai: TAGC = a +
b x (NIR x EVI) + ¢ x (NIR x EVI)?, MPSE = 21,63%.

C4 hai mo hinh c6 gia tri du doan chinh xac, nam
gitta ddm may dir liéu quan sat va phan du phan b hep,
duoc chon lam phuong trinh t6i wu dé udc tinh TAGC tir
céc chi s6 thyc vat va dai pho Sentinel-2 (Hinh 4.9)
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31. TAGC =a + b x (NIRXEVI) +cx (NIR x EVI)?

Hinh 4.9. So sdnh xu hwdng di dodn trén biéu dé phdn
tan, gid tri quan sdt so véi gid tri dw dodn, va phan dw so
voi gia tri dw dodn (tw trai sang phai) cua 9 phwong trinh

duwoc chon
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3.4. Phan cap trix lwgng cac-bon ring tw nhién
3.4.1. Phan cap trir luong cac-bon ring tu nhién

- Dit lidu co so: 115 6 tiéu chuan (OTC) rimg 14 rong
thuong xanh tai Pa Nang, TC trung binh 77,8 tC/ha, dao
dong tr 15,36-203,48 tC/ha, do tin cay 95%: 77,8 £ 9,44
tC/ha.

- Phan cdp TC ban dau (3 cap): Cap 1: 15-67 tC/ha
(54 OTC); Cép 2: 68-87 tC/ha (25 OTC); Cap 3: 88—203
tC/ha (36 OTC)

ANOVA cho thay khéc biét TC giita cac cap rat &
rét (F =256,07; P <0,05).

- Dé xuét 4 cap TC dé bao quat day du: Cap 1: TC <
15 tC/ha; Cép 2: 15 < TC < 68 tC/ha; Cap 3: 68 < TC < 88
tC/ha; Cép 4: TC > 88 tC/ha.

3.4.2. Xéc dinh dién tich theo cap trit lwong cac-bon ring
tu nhién

Rimg tu nhién Pa Ning (42.643,3 ha) dugc phan
tich theo 4 cép trit lugng cac-bon. NDVI cho thay 2.064,38
ha c6 TC <15 tC/ha, chi yéu & viing dia hinh phic tap (Ba
Na, giap Hué), trong khi NIR va NIRXEVI khong xuat hién
mirc ndy. M6 hinh NIRXEVI ¢6 R? cao nhét, phan anh chinh
xac hon cac cép TC trung binh—cao. Kiém tra thyuc dia tai
Ba Na xac nhan khong c6 TC cuc thap, nén phan cép cudi
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cung dugc rit gon con 3 cap trit lwong cac-bon, phi hop
dac trung rung tu nhién dia phuong.
3.4.3. Panh gi4 sai s6 cua phan cap sinh khdi

- Cap cac-bon 1: Sai sé cao nhat, S% = 23,72%
(NDVI), 19,69% (NIR), 18,53% (NIRXEVI).

- Cap cac-bon 2: Sai s6 thap hon, S% = 7,64%
(NDVI), 5,76% (NIR), 5,00% (NIRXEVI).

5,64%

- Cap cac-bon 3: Sai sb thap nhat, S%
(NDVI), 4,77% (NIR), 4,82% (NIRXEVI).

Trung binh S%: NDVI = 12,33%, NIR = 10,07%,
NIRXEVI =9,45%, cho théy NIRXEVI uéc luwong gén thuc
té nhat.

3.4.4. Trir lugng cac-bon cuaa rung ty nhién

Trit lwong cac-bon rimg ty nhién Pa Ning nim
2023: Tong dién tich 42.643 ha. Uéc tinh theo ba m6 hinh:
NDVI 3,91 tri¢u tin, NIR 3,96 triéu tin, NIRXEVI 4,58
triéu tn. Cac mo hinh NIR va NIRXEVI phan anh trit lugng
cao hon NDVI, trong ¢6 mé hinh NIRXEVI cho két qua gan
véi thue té nhit.
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3.5. P& xuat mét sé @wng dung va cac giai phap ting
cwong kha nang tich lity cac-bon rirng tw nhién

3.5.1. Dé xuat mo hinh wéc tinh trix lwong céc-bon trén mat
dat.

Két qua nghién ctru cho thiy mé hinh TC (NIR x
EVI) dat gia tri MPSE thap nhat (22,09%), dong thoi van
duy tri R? & muc cao (0,8764) va sai s6 tuyét ddi (RMSE,
MAE) ¢ muc chip nhan dugc. Diéu nay khing dinh TC
(NIR x EVI) 1a mé hinh c6 tinh 6n dinh va d tin cay cao
nhat dé ap dung trong udc lugng trit lwong cac-bon tir dir
li¢u anh Sentinel-2 tai khu vuc nghién ctru.

4.5.2. Cac giai phap han ché mat rirng va suy thodi ring.

- Hoan thién co ché phap luat vé quan 1y rimg, PFES,
tin chi cac-bon; mé rong cho rimg trong; ting cudng dong
quan 1y gitta Nha nuéc, cong ddng va doanh nghiép.

- Ung dung GIS, vién tham, MRV trong diéu tra va
phuc héi rimg theo cap céc-bon; trién khai phuc hoi 2.500
ha TXN, cai tao 1.000 ha TXK, khoanh nu6i 1.000 ha TXB,
quan 1y 42.643 ha mdi giai doan (2025-2030, 2030-2035),
tong kinh phi ~1.253 ty dong.

- Nang cao nhan thuc, dao tao, truyén thong, tham
van cong dong va minh bach hoa dir liéu vé ring va céc-
bon.
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KET LUAN VA KIEN NGHI
1. Két luan

Xay dung mo6 hinh udce tinh TAGC, TC dua vao cac
chi s6 thyc vat va dai da pho cua anh Sentinel-2 ngay cang
dong vai tro quan trong trong viéc udc tinh trir lugng cac-
bon rung, bdi vi phuong phdp nay tang do tin cay va giam
chi phi so v&i phwong phép giai tich cdy va c6 thé ap dung
& pham vi 16n nhu qubc gia, khu vuc va toan cau. Vi bbi
canh trén nghién ciru ndy duoc tién hanh ¢ thanh phd Pa
Ning da chi ra nhitng phat hién chinh nhu sau:

Trong giai doan 2016-2023, dién tich rirng ty nhién
trén dia ban thanh phd Pa Nang (cii) di giam xudng,
nguyén nhan chu yéu va do diéu chinh k¥ thuat trong quan
1y ban d6 dién bién rimg. Tir d6 dan dén luong phat thai do
suy thoai rirng va mét rimg 13 8.266,7 tin cac-bon.

Thong qua phan tich PCA, cac bién NDVI, SAVI,
NIR va céc t6 hop bién (NDVI, ARVI), (SAVI, SIPI), (NIR,
EVI) duoc xéac dinh 1a co mbi tuong quan hé chat ché véi
TAGC, tir 6 di xac dinh dugc 9 mé hinh (bao gdm ca mé
hinh phi tuyén don bién va t6 hop bién) théng qua thim
dinh chéo véi R? = 0,85 - 0,89 va MPSE = 21,63% -
26,32%, trong s6 d6 d3 chon dugc 2 md hinh tdi wu (optimal
models) dang parabol bac 2 don bién va t6 hop bién. Ngoai
ra phuong trinh twong quan gitta TAGC v61 NDVI dugce
thiét 1ap theo phuong phap tham dinh doc 1ap da cho két



20

qua udc tinh trilr lwong cac-bon nhu hai phuong trinh trén.
Tuy nhién phuong trinh TAGC = 505,7588 — 2411,523 X
(NIR x EVI) + 2967,038 x (NIR x EVI)? duoc dé xuat ap
dung cho viéc udc tinh trit lwong cac-bon tai ving sinh thai
Nam Trung Bo cua Viét Nam do c6 ¢6 su can b'fmg gitra do
phu hop va do chinh xac twong ddi.

Phén cép trir luong cac-bon dwa vao hai mé hinh
duoc chon bang cach két hop giita phan tich PCA va thim
dinh chéo phu hop v6i phan cép trir luong cac-bon dua vao
dir liéu diéu tra ring (3 cip), trong khi d6 mé hinh duoc
thiét 1ap bang tham dinh doc 1ap c6 4 cap trit luong céc-bon.

2. Kién nghi

Két qua nghién ctru cda luan an da xay dung duoc
cac phuong trinh udc tinh trir luong cac-bon tur anh
Sentinel-2 cho rimg ty nhién tai thanh phd Pa Néng, dong
thoi kiém ching d6 chinh xac bang sd lidu diéu tra 6 tiéu
chuan. Do d6, kién nghi S& Nong nghiép va Mai truong,
Quy Béo vé va Phat trién rimg thanh phd, ciing nhu cac co
quan lién quan, st dung san pham cta luan 4n trong cong
tac kiém ké, giam sat va du bao bién dong trir luong cac-
bon rirng, phuc vu quy hoach 1am nghiép bén viing va tham
gia thi trudng tin chi cac-bon. Két qua nghién ciru ciing co
thé tich hop vao hé thong GIS quan 1y tai nguyén rimg cia
thanh phd, nhim hd tro cong tic theo ddi dién bién rung,
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xay dung co s& dit liéu phuc vu co ché MRV va cac chuong
trinh giam phat thai nhu REDD+.

Tuy nhién, xuat phat tir nhitng giéi han da duoc xac
dinh trong luan 4n lién quan dén dir lidu dau vao, phuong
phap va pham vi nghién ctru (chwa phén loai ddy du céac
trang thai rimg trong ban d6 hién trang, chua phan tich bat
dinh theo chuan IPCC, pham vi rimg trong méi dimg lai ¢
murc tham khdo, v.v.), trong d6 c6 viéc chua phan tich sau
d6i véi rimg trong, can thiét phai tiép tuc nghién ciru va mé
rong theo cac hudng sau: (i) xdy dung ban dd hién trang
rimg da thoi gian véi phan loai chi tiét; (ii) bo sung diéu tra
sinh khéi dudi mat dat va cdy c6 dudng kinh nho dé giam
sai s0; (iii) phat trién mo hinh riéng cho rimg trong; va (iv)
trién khai phan tich bat dinh nham nang cao dd tin cdy cia
két qua. Viéc chua phén tich sau rimg trong khién birc tranh
cac-bon cdp dia phuong chua thit sy toan dién; tuy nhién,
day 1a gii han c6 chu dich do ring trong trén dia ban phan
bd manh mun, chu ky kinh doanh ngan va chua dugc tich
hop vao co ché tin chi cdc-bon tai thoi diém nghién ctu.
Pay 1a co so quan trong dé hoan thién va ning cao gia tri
tmg dung cta két qua nghién ctru trong kiém ké cac-bon
cap thanh phé va khu vuc.

Trong céac gioi han néu trén, viéc st dung hé s6 céc-
bon CF = 0,47 va ty 1 ré — than (R) theo ngudng AGB la
mot ngudn bt dinh dang luu ¥. Viée sir dung hé sd cac-bon
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CF = 0,47 va ty 1& ré — than (R) theo ngudng AGB gitp
chuén hoa quy trinh tinh toan va bao dam tinh so sanh giira
cac nghién ctru. Tuy nhién, do cac hé sb ndy mang tinh mic
dinh, chung khong phan anh ddy du su bién thién ty nhién
theo loai, trang thai rimg, diéu kién lap dia va tudi ring, tir
d6 c6 thé 1am gia ting d6 khong chic chin cua két qua ude
tinh trir lwong cac-bon. Pac bi¢t, trong cac trang thai rung
o chu trac phtrc tap hodac sinh khdi cao, su khac biét cua
CF va R giita cac nhom loai va diéu kién sinh thai c6 thé
dan dén sai l1éch nhat dinh khi 4p dung mot gia tri c6 dinh
cho toan bd khu vuce nghién ctru. Do do, trong cac nghién
ctru tiép theo hodc khi trién khai MRV/ERPA, céan uu tién
st dung hé s6 CF va R theo nhém loai hodc vung sinh thai,
hodc cac hé sd duoc xac dinh tir s6 lidu thuc nghiém dia
phuong, nham giam bt dinh va nang cao d¢ tin cdy cua két
qua.

Bén canh d6, trong bdi canh phat trién nhanh cua di
liéu vién tham, viéc mé rong sir dung thém cac kénh phé va
chi s6 anh khac (nhu cac bang red-edge, SWIR hoic t6 hop
da chi sd), ciing nhu ap dung cac k¥ thuat tién xir Iy nang
cao (hiéu chinh dia hinh, hi¢u chinh khi quyén chi tiét, xir
ly may nang cao, hodc tich hop da ngudn dir liéu), 1a nhiing
hudng nghién ctru tiém nang nham cai thién do chinh xac
cua moO hinh udc tinh triv lwgng cac-bon rung trong céc
nghién ctru chuyén sau tiép theo. Viéc chua khai thac cac
kénh red-edge va SWIR d¢ phan loai trang thai trong nghién
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ctru nay nham bao dam tinh ddng nhat vé d6 phan giai
khong gian, tinh nhat quan cua quy trinh xt 1y va kha ning
so sanh két qua mo hinh. Noi dung nay duoc xac dinh 14
huéng mé rong trong cac nghién ctru tiép theo nham nang
cao kha niang phén biét trang thai va cu trac rimg.
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INTRODUCTION
1. Urgency of the Research Problem

Since COP13 (2007), over 150 REDD+ projects
have been implemented worldwide. Viet Nam is among the
first 13 UN-REDD countries, with ERPA (2020) in the
North Central region and the LEAF Letter of Intent (2021)
in the South Central and Central Highlands. Although UN-
REDD has supported biometric carbon estimation, these
approaches remain costly and limited in scalability.
Therefore, applying Sentinel-2 imagery to estimate carbon
stocks in natural forests in Da Nang City is necessary to
meet emission-reduction commitments under the Paris
Agreement.

2. Objectives of the Study
2.1. General Objective

To establish a scientific basis for estimating carbon
stocks in natural forests using Sentinel-2 imagery,
supporting carbon credit trading and ERPA implementation
in the South Central and Central Highlands regions.

2.2. Specific Objectives

- To estimate carbon emissions and sequestration
during the period 2016-2023.



- To develop regression models for estimating
carbon stocks based on Sentinel-2 image indices.

- To propose models and solutions for emission
reduction and financial benefit sharing under ERPA.

3. Scientific and Practical Significance
3.1. Scientific Significance

The dissertation advances biometric modeling for
estimating carbon stocks in natural forests using Sentinel-2
Imagery by integrating permanent sample plot (OTC) data
with remote sensing and GIS. Models were developed
using principal component analysis (PCA) and weighted
cross-validation in R-Studio, ensuring objectivity and
suitability for large, multi-source datasets.

3.2. Practical Significance

The proposed models enable carbon stock
estimation without direct field measurements, reducing
time and costs while maintaining sufficient accuracy and
reliability for carbon credit transactions and ERPA.

4. Novel Contributions of the Dissertation

The dissertation: (i) evaluates multiple spectral
bands and vegetation indices using PCA, identifying
NDVI, SAVI, and NIR as most strongly correlated with
TAGC,; (ii) develops weighted multivariate nonlinear
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regression models; and (iii) applies Monte Carlo cross-
validation (100 iterations), achieving R? up to 0.89 and
MPSE < 30%.

5. Limitations of the Study

The study has limitations related to data, methods,
and scope. Forest status maps do not fully represent all
forest conditions, and plantation forests were considered
only as references due to fragmented distribution, short
rotation cycles, and non-participation in carbon credit
mechanisms during the study period. Below-ground
biomass and small-diameter trees were not
comprehensively inventoried, and uncertainty analysis
following IPCC standards was not conducted. The use of
default parameters (CF = 0.47 and root-to-shoot ratio R)
does not fully capture natural variability. In addition, red-
edge and SWIR bands and advanced preprocessing
techniques were not utilized, limiting further improvements
in model accuracy.



CHAPTER 1. OVERVIEW OF RESEARCH
ISSUES

This chapter reviews the research background
through two main components: the theoretical foundation
and the practical foundation.

The theoretical foundation addresses: (i) the carbon
cycle and the role of forests in carbon sequestration; (ii)
emission reduction payment mechanisms and levels of
greenhouse gas emission and removal accounting; and (iii)
the scientific basis of methods for assessing forest carbon
accumulation capacity.

The practical foundation focuses on: (i) the UN-
REDD Programme and the Emission Reduction Payment
Programme in the North Central region; (ii) the
development of biomass and carbon stock estimation
models; and (iii) the application of GIS and remote sensing
in forest resource management and carbon stock
assessment.



CHAPTER 2. RESEARCH OBJECTS,
SCOPE, CONTENTS, AND METHODS

2.1. Research Objects and Scope
2.1.1. Research Objects

The study examines above-ground carbon stocks of
natural and plantation forests (hybrid acacia) and their
relationships with Sentinel-2 spectral bands (BLUE,
GREEN, RED, NIR) and vegetation indices (NDVI, EVI,
SAVI, ARVI, SIPI) in Da Nang City during 2016-2023.

2.1.2. Research Scope

The spatial scope covers Da Nang City (former
administrative boundaries), while the temporal scope
focuses on 2016-2023, with supplementary updates for
2024-2025.

2.2. Research Contents

The study focuses on (1) analyzing land-use and
forest-use changes during 2016-2023; (2) assessing carbon
emissions and sequestration over the same period; (3)
developing Sentinel-2—based models for estimating above-
ground carbon stocks; (4) estimating and classifying carbon
stocks in natural forests; and (5) proposing solutions to
reduce emissions and enhance forest carbon stocks in the
study area.



2.3. Research Methods

a) Secondary data: Land-use planning, forest
inventory, and forest change data from relevant authorities.

b) Carbon stock estimation: Field measurements
from 143 plots (D1.3, Hvn); biomass and carbon
calculation using Bao Huy’s equations; error and variability
assessment by forest type.

c) Forest change and carbon balance (2016-2023):
Overlay of forest maps to derive emission/removal factors
and total emissions and sequestration.

d) Sentinel-2—based modeling: Image preprocessing
and classification; vegetation index calculation; univariate
and multivariate (linear and nonlinear) regression modeling
with PCA-based variable selection and Monte Carlo cross-
validation.

e) Carbon stock classification: TAGC classification
using ANOVA, field adjustment, and error assessment to
generate natural forest carbon stock maps.



CHAPTER 3. RESEARCH RESULTS AND
DISCUSSION

3.1. Land-Use and Forest-Use Changes (2016-2023)

During the period 2016-2023, the total forest area of
Da Nang City increased from 56,363.97 ha to 57,868.48 ha.
Natural forest area decreased by 658.08 ha, whereas
plantation forest area increased by 2,162.59 ha.

The observed changes were mainly technical in
nature, resulting from data standardization; only a small
proportion represented actual forest loss (approximately 12
ha) caused by storms and illegal logging. Nevertheless,
from a scientific perspective, the standardized datasets for
2016 and 2023 were consistently used as the basis for
calculating carbon emissions and sequestration.

3.2. Carbon Emissions and Sequestration (2016-2023)

- A total of 108 tree species (107 native species and
one hybrid acacia species) were recorded across 143 sample
plots; wood density (WD) values were compiled from
reliable reference sources.

- Mean carbon stocks decreased progressively across
forest conditions: TXG 146.02 tC/ha; TXB 74.89 tC/ha;
TXN 33.86 tC/ha; TXK 20.00 tC/ha; and TG 18.29 tC/ha.

- Emission and removal factors (EF/RF) indicated
strong carbon sequestration in recovering forests (TXN —
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TXB: +41.0 tC/ha), whereas forest loss or degradation
resulted in substantial emissions (TXG — DTK: —146.0
tC/ha).

- Overall changes during 2016-2023 included forest
degradation over 2,326.14 ha, forest loss/conversion over
4,235.25 ha, forest quality improvement over 788.06 ha,
and new plantations over 4,980.82 ha.

- Total emissions amounted to 117,851.47 tC, total
removals to 109,584.67 tC, resulting in net emissions of
—8,266.80 tC.

3.3. Models for Estimating Above-Ground Carbon
Stocks Using Sentinel-2 Imagery

3.3.1. Development of the Forest Status Map from Sentinel-
2 Imagery

The 2023 forest status map of Da Nang City was
developed using Sentinel-2 imagery, identifying a total
natural area of 98,750.1 ha, of which forested land
accounted for 60,353.12 ha (61.12%), including 42,643.3
ha of natural forests (43.18%) and 17,709.82 ha of
plantation forests (17.93%). Accuracy assessment based on
110 independent validation samples yielded an overall
accuracy of 96% and a Kappa coefficient of 0.94,
demonstrating that the 2023 forest status map (Figure 4.3)



is highly reliable and provides a robust basis for subsequent
analyses of NDVI and forest carbon stocks.

Figure 4.3. Forest status map of Da Nang City in 2023
derived from Sentinel-2 satellite imagery

3.3.2. NDVI-Based Carbon Stock Estimation Models

The study used 96 sample plots to develop
regression models describing the relationship between
carbon stocks (TC) and NDVI. The mean carbon stocks
corresponding to forest conditions were as follows: TXG
148.94 tC/ha, TXB 76.60 tC/ha, TXN 33.63 tC/ha, and
TXK 19.87 tC/ha.

Based on the analysis, five regression equations
were established (Figure 4.5).
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Figure 4.5. Results of regression analysis between NDVI
and total carbon stocks of natural forests

The regression analysis between TC and NDVI (96
plots) showed that all five models were statistically
significant (P < 0.05). The quadratic model TC = 5297.1 x
NDVIZ—6127.9 x NDVI + 1751.8 provided the best fit (R?
= 0.8713; MAE = 15.09) and, when validated with 19
independent plots, achieved an RMSE of 9.5 tC/ha and a
relative standard deviation of 16.59%.
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3.3.3. Models for Estimating Above-Ground Carbon Stocks
Based on Spectral Bands and Vegetation Indices

3.3.3.1. Identification of Influential Spectral Bands and
Vegetation Indices Affecting Total Above-Ground Carbon
Stocks

Principal component analysis (PCA) of 10 variables
from 115 sample plots, including vegetation indices
(NDVI, EVI, SAVI, ARVI, SIPI) and spectral bands
(BLUE, GREEN, RED, NIR), showed that PC1 and PC2
explained 96.35% of the variance in TAGC, with PClI
accounting for 82% and used to derive variable weights,
forming the basis for subsequent correlation model
development.

Table 4.16. Summary of PCA results based on 115
datasets with 10 variables

PC1| PC2 | PC3 | PC4 | PC5 | PC6 PC7 PC8 PC9

PC10

Standard deviation 2.8636/ 1.1976| 0.4521)0.3336| 0.2024 0.0923 0.0148 0.0051) 0.0026

0.0011

Proportion of variance |0.8200{ 0.1434 0.0204/0.0111] 0.0041] 0.0009 0.0000| 0.0000| 0.0000

0.0000

Cumulative proportion |0.8200{ 0.9635 0.98390.9950, 0.9991) 1.0000 1.0000/ 1.0000f 1.0000

1.0000
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Figure 4.7. Weighting plot between Principal Component
1 (PC1) and Principal Component 2 (PC2)

The equation representing the weights of the
variables according to the first principal component (PC1)
is expressed as follows: PC1 = 0.3243373 x TAGC —
0.3351920 x NDVI — 0.3443245 x EVI — 0.3420016 X
SAVI-0.3329627 x ARVI —0.3270426 x SIPI —0.3469365
X NIR — 0.2269835 x RED — 0.3204391 x GREEN -
0.2335349 x BLUE

The BLUE, RED, and GREEN variables exhibited
weak influence and were therefore excluded. TAGC
showed inverse relationships with NDVI, EVI, SAVI,
ARVI, SIPI, and NIR, and these variables were grouped
into three principal combinations, represented by colored
circles: yellow (NDVI, ARVI), red (SAVI, SIPI), and blue
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(NIR, EVI) (Figure 4.7). Within each combination, NDVI,
SAVI, and NIR exhibited the highest weights and exerted
the strongest influence on TAGC. The PCA results indicate
that these three combinations effectively minimize
information loss while enhancing interpretability.

3.3.3.2. Development of Regression Models

An examination of TAGC variability with respect to
NDVI, SAVI, and NIR (Figure 4.8) revealed pronounced
dispersion of TAGC values at low index levels, indicating
heteroscedasticity. Consequently, weighted regression
models were required to improve predictive performance.
Accordingly, the study developed both weighted univariate
and multivariate regression models.

TAGC vs NDVI TAGC vs SAVI TAGC vs NIR

0.36 0.40 0.44 0.48 0.5 0.30 0.35 0.40 035 0.40
NDVI SAVI NIR

Figure 4.8. Variation of TAGC with NDVI, SAVI, and
NIR.

045
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3.3.3.3. Statistical Processing and Model Validation
(Cross-Validation)

A total of 36 TAGC regression models were
developed, including univariate and multivariate, linear and
nonlinear formulations. Model performance was evaluated
using AIC (mean value: 766.691) and R? (ranging from
0.763 to 0.891). Among these, 16 models with AIC <
766.691 and R* > 0.85 were selected for TAGC estimation
and coefficient significance testing.

Through Monte Carlo cross-validation (100
iterations, with 80% of the data used for model calibration
and 20% for validation), nine models exhibited statistically
significant coefficients (p-value <0.001) and MPSE <30%.
These included both exponential and quadratic (second-
order parabolic) models, in univariate and multivariate
forms. Overall, quadratic models yielded the best
performance. Two optimal models were identified:

Univariate quadratic model: TAGC =a + b x NIR +
¢ x NIR?, MPSE = 22.04%.

Quadratic combined-variable model: TAGC =a+ b
X (NIR x EVI) + ¢ x (NIR x EVI)?, MPSE = 21.63%.

Both models demonstrated high predictive accuracy,
with predicted values located within the observed data
cloud and narrowly distributed residuals. Consequently,
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they were selected as the optimal equations for estimating
TAGC from Sentinel-2 vegetation indices and spectral
bands (Figure 4.9)
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Figure 4.9. Comparison of prediction trends on scatter
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selected equations
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3.4. Classification of Carbon Stocks in Natural Forests
3.4.1. Carbon Stock Classification in Natural Forests

- Baseline data: A total of 115 permanent sample
plots (OTCs) in evergreen broadleaf forests in Da Nang
City, with a mean carbon stock (TC) of 77.8 tC/ha, ranging
from 15.36 to 203.48 tC/ha; the 95% confidence interval
was 77.8 £ 9.44 tC/ha.

- Initial TC classification (three classes): Class 1:
15-67 tC/ha (54 plots); Class 2: 68-87 tC/ha (25 plots);
Class 3: 88-203 tC/ha (36 plots).

ANOVA indicated highly significant differences in
TC among classes (F = 256.07; P < 0.05).

Proposed refinement to four TC classes to better
capture variability: Class 1: TC < 15 tC/ha; Class 2: 15 <
TC < 68 tC/ha; Class 3: 68 < TC < 88 tC/ha; Class 4: TC >
88 tC/ha.

3.4.2. Area Estimation by Carbon Stock Class

Natural forests in Da Nang (42,643.3 ha) were
analyzed according to four carbon stock classes. NDVI-
based estimates indicated 2,064.38 ha with TC < 15 tC/ha,
mainly in areas with complex terrain (Ba Na Mountains,
bordering Hue), whereas NIR and NIRXEVI models did not
identify this lowest class. The NIRXEVI model exhibited
the highest R? and more accurately represented medium-to-
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high TC classes. Field verification in the Ba Na area
confirmed the absence of extremely low TC wvalues;
therefore, the final classification was consolidated into
three carbon stock classes, consistent with local natural
forest characteristics.

3.4.3. Error Assessment of Biomass Classification

- Carbon Class 1: Highest errors, S% = 23.72%
(NDVI), 19.69% (NIR), 18.53% (NIRXEVI).

- Carbon Class 2: Lower errors, S% = 7.64%
(NDVI), 5.76% (NIR), 5.00% (NIRxEVI).

- Carbon Class 3: Lowest errors, S% 5.64%

(NDVI), 4.77% (NIR), 4.82% (NIRXEVI).

Mean S% values were 12.33% (NDVI), 10.07%
(NIR), and 9.45% (NIRxEVI), indicating that the NIRXEVI
model provided estimates closest to observed values.

3.4.4. Carbon Stocks of Natural Forests

In 2023, the total area of natural forests in Da Nang
City was 42,643 ha. Total carbon stocks were estimated
using three models: 3.91 million tons (NDVI), 3.96 million
tons (NIR), and 4.58 million tons (NIRXEVI). The NIR and
NIRXEVI models yielded higher estimates than NDVI,
with the NIRXEVI model producing results most consistent
with field-based observations.
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3.5. Proposed Applications and Solutions for Enhancing
Carbon Sequestration in Natural Forests

3.5.1. Proposed Model for Estimating Above-Ground
Carbon Stocks.

The TC (NIR x EVI) model showed the best
performance, with the lowest MPSE (22.09%), high
explanatory power (R? = 0.8764), and acceptable RMSE
and MAE, confirming its stability and reliability for
Sentinel-2—based carbon stock estimation in the study area.

3.5.2. Solutions to Mitigate Deforestation and Forest
Degradation.

- Strengthen policies on forest management, PFES,
and carbon credits, and promote co-management.

- Apply GIS, remote sensing, and MRV for carbon-
based forest restoration and management (42,643 ha per
phase; total budget ~VND 1,253 billion).

- Enhance awareness, capacity building, and data
transparency.
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CONCLUSIONS AND RECOMMENDATIONS
1. Conclusions

The development of models for estimating above-
ground carbon stocks (TAGC, TC) based on vegetation
indices and multispectral bands derived from Sentinel-2
imagery plays an increasingly important role in forest
carbon stock assessment, as this approach enhances
reliability, reduces costs compared with tree-based
allometric methods, and is applicable at large spatial scales,
including national, regional, and global levels. Within this
context, the present study conducted in Da Nang City
yielded the following key findings:

During the period 20162023, the area of natural
forests in Da Nang City (former administrative boundaries)
decreased, primarily due to technical adjustments in forest
change map management. As a result, carbon emissions
attributable to forest degradation and deforestation
amounted to 8,266.7 tons of carbon.

Through PCA, the variables NDVI, SAVI, NIR, and
the combined variable groups (NDVI, ARVI), (SAVI,
SIPI), and (NIR, EVI) were identified as being strongly
correlated with TAGC. Based on these results, nine
models—including both univariate nonlinear models and
combined-variable models—were identified through cross-
validation, achieving R? values ranging from 0.85 to 0.89
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and MPSE values from 21.63% to 26.32%. Among these,
two optimal second-order quadratic (parabolic) models, in
univariate and combined-variable forms, were selected. In
addition, the correlation equation between TAGC and
NDVI established using an independent validation
approach produced carbon stock estimates comparable to
those obtained from the two optimal models. However, the
equation

TAGC = 505.7588 — 2411.523 x (NIR x EVI) +
2967.038 x (NIR x EVIy

is proposed for application in estimating carbon
stocks in the South Central ecological region of Viet Nam,
as it provides a balance between goodness of fit and relative
accuracy.

Carbon stock classification based on the two
selected models, combining PCA and cross-validation, was
consistent with the three-level carbon stock classification
derived from forest inventory data, whereas the model
established using independent validation resulted in four
carbon stock classes.

2. Recommendations

The dissertation successfully developed equations
for estimating carbon stocks in natural forests in Da Nang
City using Sentinel-2 imagery and validated their accuracy
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using permanent sample plot data. Accordingly, it is
recommended that the Department of Agriculture and
Environment, the City Forest Protection and Development
Fund, and relevant agencies apply these outputs in forest
carbon inventory, monitoring, and projection activities,
serving sustainable forestry planning and participation in
carbon credit markets. The research results can also be
integrated into the city’s forest resource management GIS
system to support forest change monitoring, database
development for MRV mechanisms, and emission
reduction programs such as REDD+.

However, given the limitations identified in the
dissertation related to input data, methods, and research
scope—such as incomplete classification of forest
conditions in forest status maps, the absence of IPCC-
compliant uncertainty analysis, and the consideration of
plantation forests only at a reference level—it is necessary
to continue and expand research in the following directions:
(1) developing multi-temporal forest status maps with
detailed classification; (i1) supplementing field surveys of
below-ground biomass and small-diameter trees to reduce
estimation errors; (iii) developing separate models for
plantation forests; and (iv) implementing uncertainty
analysis to enhance result reliability. The limited analysis
of plantation forests means that the local carbon balance is
not yet fully comprehensive; however, this was a deliberate
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limitation, as plantation forests in the study area are
fragmented, have short rotation cycles, and were not
integrated into carbon credit mechanisms at the time of the
study. This provides an important basis for further
refinement and enhancement of the applicability of the
research results in city- and regional-level carbon
inventories.

Among the identified limitations, the use of a fixed
carbon fraction (CF = 0.47) and root-to-shoot ratio (R)
based on AGB thresholds represents a notable source of
uncertainty. While these parameters help standardize
calculation procedures and ensure comparability among
studies, their default nature does not fully reflect natural
variability across species, forest conditions, site
characteristics, and stand age, thereby potentially
increasing uncertainty in carbon stock estimates. In
particular, in forests with complex structures or high
biomass, differences in CF and R among species groups and
ecological conditions may lead to biases when a single
fixed value is applied across the entire study area.
Therefore, in future studies or during MRV/ERPA
implementation, priority should be given to using CF and
R values stratified by species group or ecological region, or
coefficients derived from local empirical data, in order to
reduce uncertainty and enhance reliability.
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In addition, given the rapid advancement of remote
sensing data, expanding the use of additional spectral bands
and indices—such as red-edge and SWIR bands or multi-
index combinations—as well as applying advanced
preprocessing techniques (e.g., terrain correction, detailed
atmospheric correction, advanced cloud masking, or multi-
source data integration), represents a promising research
direction for improving the accuracy of forest carbon stock
estimation models. The exclusion of red-edge and SWIR
bands in this study was intended to ensure spatial resolution
consistency,  processing  uniformity, and  result
comparability. These aspects are identified as future
extensions to enhance discrimination of forest conditions
and structural characteristics.
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