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Machine-learning Approaches with Multi-temporal Remotely Sensed Data for
Estimation of Forest Biomass and Forest Reference Emission Levels

Yong-Kyu Lee and Jung-Soo Lee
Department of Forest Management, Kangwon National University, Chuncheon 24341, korea

2 o B ATL gAY QAT tlAley SuelEe olgstel 2R7MEe AAY Agtlo] ol A%S 2
fom, olF Higo g A&y AAste] Bl 46ty wWAlg g 7|Hre] Aduto] oA 2 wdlS =517
2l5le] Landsat TM Al gAkal §-33k2-93eato)| 4] A -&3l= Biomass Climate Change Initiative JRE o] 85190,
HAlgy Yg1e]&e vBeg: 851 E 2] k-Nearest Neighbor(kNN)z QJAFA AL 7]6Ee] Random Forest(RF)S 2)-8-3}
Ak w3t AT Addto] uf AES Forest reference emission levels(FREL) A}&¢} B|wslich HAlg Y ggls ¥
Arguto] oA 24 Bl vlwsjRy, Ao kNN Zdlul RF 229 Root Mean Square Error (RMSE)= 747+ 35.99}
3441401, RFE O] KNNEHR T} A& 0 2 9-4=5t¢ich 3} FREL, kNN, RF 2 & H Aglulj&7|24d9] 7187]+=
Zv7y oF —33Aton, -253&ton, -92ton 0.2 A E| i)

Abstract: The study aims were to evaluate a machine-learning, algorithm-based, forest biomass-estimation model to
estimate subnational forest biomass and to comparatively analyze REDD+ forest reference emission levels. Time-series
Landsat satellite imagery and ESA Biomass Climate Change Initiative information were used to build a machine-learning-
based biomass estimation model. The k-nearest neighbors algorithm (kNN), which is a non-parametric learning model,
and the tree-based random forest (RF) model were applied to the machine-learning algorithm, and the estimated biomasses
were compared with the forest reference emission levels (FREL) data, which was provided by the Paraguayan government.
The root mean square error (RMSE), which was the optimum parameter of the kNN model, was 35.9, and the RMSE
of the RF model was lower at 34.41, showing that the RF model was superior. As a result of separately using the FREL,
kNN, and RF methods to set the reference emission levels, the gradient was set to approximately -33,000 tons, -253,000
tons, and -92,000 tons, respectively. These results showed that the machine learning-based estimation model was more
suitable than the existing methods for setting reference emission levels.

Key words: REDD+, biomass, forest reference emission level, reference emission level, machine learning

kl = Climate Change; UNFCCC)& AJZFo 2 1997 W ESH

A, 20159 5] Hek A2 5 A A<l wmeo] ojojzirk

= A AR S| whE A2 s} (Kuyper et al., 2018). £3], UNFCCC 11x} A= E3

o 93l 71&EkE 9Jow, o]E Askslr] ¢&l 19923 (Conference of the Parties; COP)&= 7N =AF=9] AF A
[e)

713 :H 3}& 9K(United Nations Framework Convention on £ 9 3}y 3} 2] (Reducing Emissions from Deforestation
and forest Degradation; REDD) 9JA| & zj&sl o, 15
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dation in developing countries, and the role of conservation,
sustainable management of forests, and enhancement of for-
est carbon stocks in developing countries; REDD+)2 2| €}
alsith. w3k, me) Woke gorato] AulKon 7 B
¥ (Nationally Determined Contributions; NDCs)& A
of AAA B w7t A AF-2ds 435} R s F
AthYoo et al., 2021).

23, SelUEhE 2030 S ST PERE AT
o Ea) 29| 73 HES 1629 THEC A 33.5uFHE
2 A% 2Astgl o, REDD+ AF{le] & T e A
A A1SFHTH2050 Carbon Neutrality and Green Growth
Commission, 2021). 3t A62} AFH 7| EA = o] uf=2H
AYHe BALATNA 25 BE DA A7) A Ao
jgat7] 918l Abdmel Akt 20308714 107]o 4]
REDD+ AFYS Z3sl= Aoz Ex 7 3tal thKorea
Forest Service, 2018).

REDD+ AFJ9] 712 27| A, o|fetA, )
SA R FYE FHEA A= AR A 5 A
FA= A AA ol gt A o]al wshAQl F4, B,
A5 ALF(MRY) G50 Zash, ofof wpa} tf A
o] At Aste] thgt mheto] I sjrh Wk ofua}, o]
A A B B7EeF MRV A3, St TAof| A =3
Gl ghe, SaAlE ARl 5 REDD+ AR ZRto] Qlof o
A AFglo] tigt RmyE S daF ofth
A& 7] &4 (Forest reference emission levels)-2 9%
1709] 4 AGOR QT A7k WETS ojulsi
oA ) AT AH1o) el WA o e
2 o] gslo] AAFIc) FRELS REDD+ ALY
BAA MBS 55t 285
S| EAAE A skl AAlS)H
1THLee et al., 2013a; Lee et al., 2013b).

4] REDD+ Ag7to] =l Al o] A8 WA
73 5 HEE 7] Sl AR 2
3}al QJth(Lee et al.,, 2013a). REDD+ o 33 A+
H T, Goussanou et al.(2018)& EbAgRS A =F3ls}
& 7)EAE AR5 fsiAe AFRAIS Y |
Kol upo]euj s A wd Lol FQsirial Zhx
ok, AA D EARE 0]8-5te] Hio] 2mfj
H, ol A= 2010 TH
A& o83 A4t FE JAYPEH U
(Seo et al., 2012; Yim et al., 2009). S}A|qt, HAlEyd Hof
O v o g o= KNN 4 ofy e} =2 459 off
g mdso] AdEa glon, ofo] wEt ==
Artificial neural network(ANN), Support vector regression
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(SVR), Random forest(RF) 5 t}ofst HAlgjy &z
2 A vholedag 24 A7t AAHD 9
(Mutanga et al., 2012; Vahedi, 2016; Meng et al., 2016).

st @A AR T % el vholenja 24
AL WHRAARE wigoR 258 dolgt Ba
bol, @ AARE ST AeAE 2 68T A
bol nEi Agolth. webd, B AT AeHoR
REDD+ ARIS A2]3t 5 QIes g2z 4l 7|
TS5 "ol FEEA|Eel 914 dtS 285t
slalel Zlae) $4 BRe EHT, 0|8 |uHo R 3

q2 .0

5

[0

N

c

1. SCHAR] U ABRER

A< = dor 7t =9 sl «1A1gh shetat
o]o] CFERA, & WAL oF 1,290%ha2 77|= WA 2
oF 13u]0] alatul, Thelatole] FxA o] gL 3)
o CFE BRAPATANA 20138 2UE Agom
A4 Q) AFIEATE o] 2] AT glo] AFAAZ A
A8} A ctH(Figure 1).

GIS F7HAE ARE G35 (European Space
Agency; ESA)o| A A|-83l= ESA biomass climate change
initiative(Biomass_cci)?} CCI land cover map(CCI LCM)
< 0|83} Biomass ceive FZFHAIE 100mx100m 2]
Qe ge 2, 2017dwe] HAAL] Arge] 2|4bto] @
A X BEE A5, CCI LCME= 300mx300m2)
g FER, 199237 E 2020874 &) AA|A 2] EX
D EZRBI 5 A3l Biomass cci} CCI LCM2 #| 3]
FE0] on| A2 AFAQl BUE Foll= AZE AT,
AAA ] Het FEE Alsshe dHolH = &8/d0] =&
Aol Stk 2 A4t H7teE, 5754 REDD
T ARolA 300m o] S RE o] 83t Al E AL
sto] = 7)o HlolEE &85 tH(Nyamari and Cabral,
2021). A FE= 918l F2htolo] FAA (instituto
nacional de estadistica)oj| 4] A3 PAAARARE &
gatgict.

DA R = USGSOlA AlFstal Sl 2013,
20174, 2021 9] 2= Landsat 8 OLI2] Collection 2
Level 2 A 52E5 0|83} th Collection 2 Level 2 A5 =
ARZteS Aeste] HAo] ShaE HNARE T A3
2% AmE EZIshL glow, & Ao EHTARE
A= % 671 Wi =ZH(Band2, Band3, Band4, Band5, Band6,
Band7)E ©]8-3t3it}. E3h Landsatd/d Woll 5492
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Figure 1. Location of the selected study area.

up27) Helshel ol gt AASIAON, SHGA 1
29} Biomass_cci ARE A=Y} 71 @2 CCI LCM
ARE TEon Dussirk

B QTS o) 5E 24 B neiviolo] 37
I} A< 753 75 (Ministry of Environment and Sus-
tainable Development)o]] 4] UNFCCCof A|&3%t FREL A}
29} B Wagch FRELS Allmjr) 248 A4ats] o)
& 41§98 A had vol e Ag NS mgel 9)
t}. shehatoli= 20161 FREL-S 24317 $1al A =t
947119] FEHS HAsk e, FRELS A & 9] 4H
8= 4= 25t hatd Hiol e Aasf HHE A|5-5)
L QUAITE 2016 o] Fof thgh FRELO|U NFIo| T3t 4]
Hi= AF3HA] &3l Ith(Ministry of Environment and
Sustainable Development, 2015)(Table 1).

Table 1. Used data in analysis.

g A 9 Sl AFR E4L ESRI ALY Arcgis
1012 olgsigon, mAdy mY 7% 9 A48L
Python 3.7& o]|-&3}% T}

EA O EHeLEES AFESE7] 98l CCl
LCM2] &4 ARE [PCC 7|20 wfet 67]0) A gn =
AQEF5IG ) vlo) oA A EC 2017 Landsat A}
=2} Biomass_cci AFRE 0|83}, k-Nearest Neighbor
7} Random forest Y11 8]&2 o]83t0] &3t 115
H FARES 20134, 2021 Landsat AF&of 2]-835}o]
AA Y vpo] QujA-S 2Lt 1EE mdd ulo]
©uj Rzt FRELS ol&ko] 37)e] Agujar]2Ae
A5 8] w sl th(Figure 2).

Dataset Date Data source
Ministry of Environment and
FREL 2015 Sustainable Development
Administrative boundary 2012 Instituto nacional de estadistica
CCI land cover map 1992~2020 ESA climate change initiative
Biomass_cci 2017 (CCD
(224/77) 2013.12.25. / 2018.01.05. / 2020.12.12
(224/78) 2013.12.25. / 2018.01.05. / 2020.12.12
Landsat OLI USGS
(225/78) 2013.12.16. / 2017.12.11. / 2021.02.21

(225/77)

2013.11.14. / 2017.12.11. / 2021.02.21
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CCI land cover map(300m)
- 1992~2020

Landsat OLI(30m)
-2017

Biomass_cci(100m)
-2017

Landsat OLI(30m)
- 2013, 2020

i I

v

Reclassification according to IPCC
- Forest land, Cropland, Grassland, Wetland
settlements, other lands

Developing forest biomass estimation models of 2017
- k Nearest Neighbors

- Random forest

l

]

Construction of time-series Land cover map
2013, 2017, 2020

Construction of time-series forest biomass map
-2013,2017, 2020

v

Application of machine learning algorithm to set of forest reference emission levels

Figure 2. Flowchart of the methodology.

D HAHY daeES o83k Abgrlo] oA =4
nd =z
(1) Hle|ENE 5
CCI LCME IPCC EA|o| 8 F AT A,
SA, AFA, 7IEEXR]) 7|E0 2 T8I o, 2013
Ani

=~
SHATHTable 2). E3F, Ho|HAE= 4HA]
Biomass_cci gt} Landsat 99AF HAIZFS FE3}0] 56,952

he PEsIdc s 9 A% dlolele

B(70%)9k AZelHE0%m R 729
2912 MY sgulole et FEuole
Wl Fuaola] 2z 130 A4H Holeg 1At
AT AH§E G,

ull
fr 4
i
R
T

() HAlYY darelE AE

@D k-Nearest Neighbor

k-Nearest Neighbor(kNN)-2 H|o|E] o] B35, 3] A&
sfdst7] 9o drtA o2 AMEE= dare]Eo|th kNN
S H|EA kg Hdlg goE o] JkS WA okof
theFRt 2 9] HlolE oA &8 o U=
th. 53], 4bdEofol A 9] kNNFaL
gt FAXEG FAA0] Q= Fo] 7hset ARl 8l
. KNNojA] A3t o] 2:0] o= (k)ofl whe} o
kel 7t HisHA ol wet Hdlo] o545
oh weba] 2 Ao A= k9] g 15E 50714] 14
THAIZIHA el S5 gl grtshich HEo) Prhe
welo] o =7k(y,)3} Biomass_cci Fr o]-&3to] Bt A
L 24} (Root Mean Square Error; RMSE)E AF&3}14 S
™, RMSE7} 71 W& 2|2 9] mdlg M7 shicHFigure
Ga)] (A 1.

I e

ofN 2 rr & lo %o

RsE= | - 305

i=1

M

@ Random forest

Random forest(RF)= o2] 71|9] QJAMA QO] 23
2 4%tk RF= o271 B2 glojElof W2, =
AT BT & Qe dareEo s el Qlok RFE
Tkl Sl YAEA U= HE A 84F o] &5t
o A2 EYAHoZ =50, n estimator, max depth®}
min_samples_split®] stojwjuletu|elo] we} FET
n_estimator= SHZ| 02 55 AU T
£ ofujgtch E3F, max_depth= SAHEHE] 9 Hff 2
o]Z 2Ju]s}l, min_samples_split= == B3} A] L-To
dol qlojof st a0 ME JeE et} dRbd e
2 max_depth= Z1o] 22, min_samples_splitd] 7|4=
25 o Algel RS 5T ¢ AL shEE
ollof AL E 4 U= o] AUTH(Pan et al., 2019).
whabA], & Lo A= max depth®?} min samples_ split
= SHE 4070A] SH Frhebe mdlS SLE5kal Hrtst
Atk 3, A9 gAAGUT NE THAEH7] 26
n_estimator7} 100, 150, 200791 357 9] RF 24l 1=
shol, & 192719 e F-535kaL H7Fske] RMSEZ} 7t

% e 2Ze) meg PEskglchFigure (3b).

flo fo

2) AAG A vlo]Quj Ak 24 W A=

AAD A vlo] QujAgke L2 wlo]QujA 23
e 20134, 20174, 2021 Landsat *Fo] 2-85+
o, g X718 EA T HIEof|A Ab 2] 2] Hio] o.ul
Awke Fabsto] FAsklet B3 Al g o83t Bt
olQmjA A melu} FRELS Hwstr] S8 sid A71<]
EA | EmofA] 4F A3} FREL| hatd Hpo] @ o Ak
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Table 2. Reclassification of categories in CCI land cover map.
Reclassified categories Code Definition
50 Tree cover, broadleaved, evergreen, closed to open (>15%)
60 Tree cover, broadleaved, deciduous, closed to open (>15%)
61 Tree cover, broadleaved, deciduous, closed (>40%)
62 Tree cover, broadleaved, deciduous, open (15-40%)
70 Tree cover, needleleaved, evergreen, closed to open (>15%)
71 Tree cover, needleleaved, evergreen, closed (>40%)
72 Tree cover, needleleaved, evergreen, open (15-40%)
Forest land .
80 Tree cover, needleleaved, deciduous, closed to open (>15%)
81 Tree cover, needleleaved, deciduous, closed (>40%)
82 Tree cover, needleleaved, deciduous, open (15-40%)
90 Tree cover, mixed leaf type (broadleaved and needleleaved)
120 Shrubland
121 Evergreen shrubland
122 Deciduous shrubland
10 Cropland, rainfed
11 Herbaceous cover
Cropland 12 Tree or shrub cover
20 Cropland, irrigated or post-flooding
30 Mosaic cropland (>50%) / natural vegetation (tree, shrub, herbaceous cover) (<50%)
40 Mosaic natural vegetation (tree, shrub, herbaceous cover) (>50%) / cropland (<50%)
100 Mosaic tree and shrub (>50%) / herbaceous cover (<50%)
110 Mosaic herbaceous cover (>50%) / tree and shrub (<50%)
130 Grassland
Grassland 140 Lichens and mosses
150 Sparse vegetation (tree, shrub, herbaceous cover) (<15%)
151 Sparse tree (<15%)
152 Sparse shrub (<15%)
153 Sparse herbaceous cover (<15%)
160 Tree cover, flooded, fresh or brakish water
170 Tree cover, flooded, saline water
Wetlands . .
180 Shrub or herbaceous cover, flooded, fresh/saline/brakish water
210 Water bodies
Settlements 190 Urban areas
200 Bare areas
Other lands 201 Consolidated bare areas
202 Unconsolidated bare areas
220 Permanent snow and ice
Training data set
{ ] ’ (] / "";" N Training data 1 Training data 2 . l . Tesiningdata3
, . ] ,,, ‘ . \\‘ Tree 1 Tree 2 Tree n
S AT S (P S R
(BN [ ® \@ ® ! Y
@ -2 () [ ® l l | l
~ k=6 Y, Y, S Y,
X, ¥z \M/
Y
(a) kNN (b) RF

Figure 3. Conceptual map of machine learning algorithms.
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Table 3. Distribution of land cover changes using CCI land cover map. unit : %

Years 2013 2014 2015 2016 2017 2018 2019 2020
Forest land 339 33.8 33.8 33.5 33.5 33.7 33.8 33.7
cropland 29.6 29.6 29.6 29.6 29.6 29.5 29.5 29.5
Grassland 32.5 325 325 32.7 32.7 32.6 325 325
Wetlands 3.8 3.8 3.8 3.9 3.9 39 39 3.9
Settlements 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Other lands 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

2 gofo] ARy ol el Anre AEstelrh FAE AHY

3) RF, kNN, FRELZ o] 83t Atgui&7|&4 44
A& 7]1EA 442 kNN, RF, FREL 4] 3741 &

&3l AbEE AF Blo| QU AT ZIREe 2 AR SFIE o
Sttt A&7 27 2 VES 2o
2t A=A o2 At HAR QIR AviEr|EAd 4
e FAISHATHVES, 2012). VCS R 2] w2 A
HullE71eAd A4 Wie Bt Az A EAqdEE A
ot W, AR 4 W, vAR AR,

k. . 5 AIZI7E 57K o5l

=]

=
W B8 4 ek ulebd, B AToAL 20134,
20174, 202099] % 4 o] o AL 7o 417

1. AAIEo| WE EX|u|EHst

20139 R E 20209714 9] EXTEHSE HH, Ab
A2 20173714 a7t o] fof thA] S7hsk=
< B9lou, i 20200 HAaste] 7AZE AHY
o] ¢F 0.2% r23k¢ith 2013 ofl= A 7F A
33.9%E AR o™, A 29.6%, A 32.5%, &5
3.8%, AFA 0.2% o Hasielrh 20201 0= AHg
A 7F AREA L] 33.7%S AAEFFom, HAA] 29.5%,
2] 32.5%, 54| 3.9%, HFEA] 03% &0 2 BEsHC)
whebAl, 20139 o] % AFthAA| o] EA T E s AH
2|9} HAA] WAL 7hasts Wb 2], 479 WAL

Z7}5} 9t Table 3).

%!
H
Z]
&

2o oo ot

il
S|
&

2. KNNZ} RF 7|4t HIO|QOHA X oW 1=

KNNY 12| E o] 83te] Hpo]QufA Fmdl s 13
3 A had Hpo] ufAgFe] RMSE« k=14 tf 48.59
2 7P Eokon, k=32% ) 3592 7} WA x5
ok EE 2Pl ko] gho] 8o] & uj7bx] RMSE o]
oF 127} 74s}o] mulo] =7 AAEIRLOw, o]F RMSE
Zhol oF 3692 A T Z7bv} uhE s ¢cHFigure
4(a)].

RFY 18] 5 o] §3lo] Hio]Quj A A mdle JLagt
A= ha Hlo] Qi A%FS] RMSEE= n_estimators = 100,
max_depth = 5, min_samples_split = 40 o] 3540 =% 7}

N

o

Al =Qko ™, n_estimators = 150, max depth = 10, min_
samples_split = 154 o] RMSE7} 34.412 7}A; WA 32
S19ICE. RFS: o4t o] o2 24 mele sjo]wjnje}
ulefol whe} RMSES] 2jol7h o 1 AbZs|o] kNN o}
walo] w2 Yehe Aolv} 22 ke solm et
of W WA Pe=E K, max_depthi= 5 uj FH
7} wigron, 10 o4l A% 2 o] Holx| glgirh
Y, min_samples_split> 7o) 71845 A7) 7))
HElE 2418 Beot, A mue 159 o £&H9)
}HFigure 4(b)-4(d)]. ©]+= max_depth®} min_samples split
of go] bW B HSHET} SolA A uh, SRR
BAgoR Qo) A5 HtEs ol 4 Qlekes Hale
T Aake} 8A}EFITHMa et al., 2019).

Egh 2 Aol 24E wue] RMSEE AlsaTel

A BEE volonl s 24 B U4 BYEA
S olgso] mug shad v, B 9
Hjol @l 24 mEe AgHola v
WlE7124 A5 e S8 7] 75 ol s B1EA
=21 Biomass_cciE &-gdto] mElO] gf53k Zlo] YRle
2 AZTEIT(Wu et al., 2016; Zhao et al., 2016; Li et al.,
2020; Jung et al., 2010; Seo et al., 2012; Yim et al., 2009).
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50

k = 32, RMSE = 35.99
45
3
Z 40
35
0 5 10 15 20 25 30 35 40 45 50
k gk
(a) kNN model with RMSE in relation to k value
n_estimators = 150
40 34.43 3444 3444 3444 3444 3444 3444
4 35 34.43 34.43 34.43 3443 34.43
ﬁ 30 S4.438 34.45 3446 34.46 34.46 34.46 34.46
= 25 34.46 3445 3445 3445 3445 3445
%2‘0 34.47 3447 34.47 34.47 34.47 3447
E‘ 15 SN 34.47 34.48 34.47 34.47 34.47
B 10 3454 3458 346 3461 3461 3461
5 34.61 34.64 34.64 34.65 34.63 34.63
5 10 15 20 25 30 35 40
max_depth
(c) Heatmap of RF(n_estimators = 150)
Figure 4. Evaluation of the performance of RMSE in
3. Hal2d 718k AlAIEo w2 A2 Hio|ojAZE =Y H
H=
oo

TEE wAlE Y 7N AAE AFE bl e Age
=3fal upol uj Ak ARERE A, A9 F At
¢ Hpol e uj ARk KNN S o] 85191 w, 20134
oF 3,4243kon, 2017 ©F 3,408%Hon, 2020 ©F 3,238%F
ton©. 2 AFEE o, RF 2HS o]-§513S o, 20139
oF 3,3894lon, 2017 ©F 3,384%Hon, 2020\ °F 3,322%F
ton ©.2 AhZE| 9]tk ¢, FREL| AAIH hatd Hpo] Quf
2w A8 4 370 Al7loll 2 hatd Hpo] LAk
o] Z-gx|o] 20131 °F 5,746FHon, 2017 <F 5,6841Hon,

n_estimators = 100

40 34.49 345 345 345 345 345 345
£ 35 34.48 345 34.51 3451 34.51 34.51 34.51
a9 30 34.47 34.51 34.52 3451 3451 34.51 34.51
£ 25 34.49 34.55 34.53 34.54 34.53 34.53 34.53
g 20 34.48 34.55 34.53 34.55 34.54 34.54 34.54
d15 34.47 34.54 34.56 34.56 34.55 34.55 34.55
‘g 10 34.46 34.64 34.65 34.69 347 347 34.7
5 34.48 3473 34.74 3475 3476 3474 3474
5 10 15 20 25 30 36 40
max_depth
(b) Heatmap of RF(n_estimators = 100)
n_estimators = 200
40 34.44 34.44 34.44 34.44 34.44 34.44
5 35 34.43 34.44 3444 3444 3444 34.44
9 30 34.45 34.46 34.46 34.46 34.46 34.46
2 25 34.47 34.45 34.46 34.46 34.46 34.46
g 20 34.47 34.47 34.48 34.47 34.47 34.47
315 34.44  34.47 34.47 34.46 34.46 34.46
E 10 84430 3454 3457 34.6 3461 3461 34.61
5 34.45 34.61 34.66 34.66 34.68 34.66 34.66

B} 10 15 20 25 30 35 40
mazx_depth

(d) Heatmap of RF(n_estimators = 200)

machine learning models by hyperparameter tuning.

[ox]

Rl = AA

o7} chal S7het o] whelEl Ao whekEich v, o
Aleld 7]ute] vho] enjaae] 34 RS x|ofo] upe}
Afolet A1 W 9 A BE Fol weE 4 9]

ool AF A "E o] STl = Eekal & vhol e

‘

Table 4. Comparison of forest biomass using machine learning models and FREL.

Year Forest . Average of Total biomass

area (ha) biomass per ha (ton) (thousand tons)
2013 517,617 66.1 34,239
kNN 2017 512,136 66.5 34,078
2020 515,979 62.8 32,382
2013 517,617 65.5 33,892
RF 2017 512,136 66.1 33,836
2020 515,979 64.4 33,219
2013 517,617 111 57,455
FREL 2017 512,136 111 56,847
2020 515,979 111 57,273
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Figure 6. The distribution of forest biomass change area from 2013 to 2020.
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