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2. ALEUIMTE K R 38 R 2 [ R SR =, LA 100875
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1 5 7

W 2 A= W AT BILAR A B 38 7 A 2% A TR 1
B B AR A (Xiao %5, 2009; Schwartz, 2013) .
FE B ARG A A KB EE S5, &
R T 42 BRAS A AR fR i 7 ) fie L34 78 (Walther
45 2002; Cleland 2, 2007; Richardson %, 2013;
Piao 5, 2019), HTy 7Rl E & RGEXT S &R
4t R i £ 8542 (Richardson %5, 2013), JLF
A S B T A 7 (Forrest F1 Miller—
Rushing, 2010). L, FEBE 05 00w Wl

’f%i‘lﬁfﬁﬂﬁé[zj‘%%ﬁf"fzﬁﬁﬂu&fﬂﬁ@%f@,im%?ﬁ
M 7 R0 Sz 45t A AR Ak 22 S HE L
YR BRES, CRKET 2 (O

Yy Wy A LI A0 T T B o X LT VR R EAT ) 4h
32 HUEDUIY OO . Py foe KR AL e 0 i
) | BRI A T (1),

i HHA: 2023-03-27; FENZR: 2023-10-17
HE&mB.
FE—1EEEN:

FE 5 A T 3R (5 : 2020 YFA 0608504 ) 5 [El 5% [1 SR Bl e 4 AN AR B2
AR B I AR 5 AR A . E-mail: xiezy@bnu.edu.cn

NI 2 A2 258 (4 A8 1 0 e 0 - B, HGl
WLV RS A RO 5, B UL R s A )
BRI M JFAE . S5 R Rk AR A R kA
MEAARH I R4 48, 20100, HAr, HE. &%
o REFNRRNSFE ZAE ZM X T T LT
SR N B I ) (Schwartz, 2013)
fan, P EYEIIR CPON  (http : //www.cpon.ac.cn/
[2023-03-27]) . EE YU K (http ://www. obs—
saisons. fr/[ 2023-03-271) 1 58 %] [¥] Z¢ W) 1 ) USA~
NPN (http://www.usanpn.org/[ 2023-03-27]) %%,

B B ) P08 JEE A S AR SR 100 e T i
AEBRG SRS CO,. K53 FIRE 5383 (1 = Ak
W, 33k S 30 e W S S sk TR R A RO A
ERARLGE K BhAS (T 5t %%, 20045 Aubinet
8, 2012) o JE LI T 224 1] RUBE A2
BAG A5 NEE (Net Ecosystem Exchange) LA
Kt NEE 43 45 21 09 S W E 72 71 GPP (Gross

4 (45 :42025101)

WIEEE T RSCR, W55 10 At 5 R S )& . E-mail: zhuwq75@bnu.edu.cn
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Primary Productivity) (Pastorello %%, 2020). HAf,
FLUXNET2015 (https://fluxnet. fluxdata. org/data/
fluxnet2015-dataset/[2023-03-27] ) W £ T 4 ¥k
2124 38 3 UL B dl O BT T S
R AL B, T NEE B GPP I P 8008 , R 58 & JF
JiE T R A Bl R A Y R DT 5T (Gu 5%, 2009;
Richardson %%, 2009, 2010; Gonsamo %5, 2013;
Wu Fl Chen, 2013; B dhdh MR 2z, 2013; Xie
2 2019; Yang%ﬂNoormets, 2021; XieZ%, 2022).
BT NEE 35 R 4o 9l e Ry < Bl ) ik
(Carbon Flux Phenology) (Gonsamo %5, 2012b; Wu
8§, 20125 Zhu#§, 2013), BT GPPIRIUAY Mot
FE SR “H#OGE Y (Vegetation Photosynthetic
Phenology) (Gu%¥, 2009). HAT, YangHlNoormets
(2021) B 3T FLUXNET2015 48 5 48 T dr o
LANEZL /S 16

S T AE AL TR G b 3 A 4 e 2 N
RN AL EI Y SE R, Baldocchi 55 (2005) #H
WAE 5 8 b2 Y A AL (Richardson 5%
2007), RAEBOEEFEAT /N RO ARSI . )
i FH AL 2 3 2 A T OUL Iy fige e S g 1 o
(Browning %, 2017), HRET$EHE AR B /4 18 A
AR, Wil R ERE RSB E . Pk
FHBL LA BUASHE SE 1) 7 2 iy AR Bl 1 A7 3% 2 U
T 3 X 545 14 Ak BRI AT 3 ICRE B8 SR AE AR B 2
LR Z MR AL R R SR AR E i, AR YELL
(R). 2% (G). i (B) PBTIAYARX R B AR AL
GCC (Green Chromatic Coordinate; GCC=G/(R+G+
B)) ANt ETe 4 ExG (Excess Green; ExG=2G-
(R+B) ) % (Richardson%, 2007; Sonnentag %,
2012) . H Hii, PhenoCam Dataset v 2.0 %% #i &
(https : //daac.ornl. gov/cgi—bin/dsviewer.pl? ds_id=1674
[2023-03-27]) 44T 2000 4F—2018 4F: 43 1
TS FNER 3 B b X AN [ A 25 R 48 393 ki s Y
Yy o AR DU ) e A fee e b Bl . A LT 14T
Xof 4 A AH AL LI 5 4R O K 68 e i AR 1 A
“Phenopix" (Filippa%‘&f, 2016) .

L0 0 i A T 2 s 0 0 A ) ) M S0
S, R AR E TR, AL
FI AR PRI A5 P A0 0 SR B 10 kg BE A, B T ik S B
S Oy B LI M W e 0] (2587 45
20055 JAJTHE A%, 2023). HAT, CAE TRZMHE
Yy e i Al . SR, 52 PR T X0 A8 4 fe v 7 < A
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AL AL A AT BRI, WA A5 0k 4y fse 3 ) A5 41
L AE AR (AR 45, 2020). IeAh, A
R A XK BRI 85 DR SRR 1Y) 22 S B HE
23S b, BRI T AR DR RUEE A I o

TR SR DX R A R R WA T i A B
i B A BT B o T TR e R AR R A A ) A —
PR 5 W RS R A O R e, R D Bl R
5 LSP (Land Surface Phenology) , A JE LM f4)
i F A 2 I Z= T PEAS AL (de Beurs Fil Henebry,
2004; Reed %, 2009; Schwartz, 2013; Helman,
2018) o i 2 M e ik T 2 SR SR IR HE A 2 4
W E i (i an, 3 — 1k 2% (8 A Bl 45 B NDVI
(Normalized Difference Vegetation Index) [ 27 4
AR AR U R b5 o A [R] T 15 G0 LI A i 25 |
JEy | TFAEFNSE R A e A, AL T R A W) e
I — PR A 3 ) 2 e WL R A 110 A K 2 S i 4
SOS (Start of Growing Season) . 5 # ] EOS (End
of Growing Season) M HAZE GSL (Length of Growing
Season) (Caparros—Santiago %%, 2021). HFI, #f
FEH O BL TR S e B A 7 1 BT A X 4
BRAYREFAR B o (BB 5%, 2022).

RGO, Hb DU PTAE ul SORUBE AR AR B
YT AR B M Kl L (H A DR X el 2 () i 4 1Y)
L A B ) v 32 BRI ORI 2 o ) g AL A
REJTAYJRI BRI, AR R M i 24 1 LA DX sl R E 4 7
FH o TR 3 B B B X a4 Bk R A B )
I e A R B BE TS R I T B YRR A
BT T DL TR R O RN T By, b
T Ay 385 T Be 1y DXl R 4 35k R RE 194 i A 1 )
A ().

P AR o e I N T i
Fig. 1 Common methods of vegetation phenology monitoring/

prediction
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2 [l AT D At R O A R A

Wil S AL A ok % M ) e i 2 5 B B T
T B R (F2), HOCHD R 45E
S PP (BOEEFE RIfivE ) | 28I P 4L
PEEAE . WA bR AR ORURS B2 SR IE

2 REHE) i R i P A
Fig. 2 General technical flow of remote sensing—based

phenology monitoring

BT T 8 OIS SO R AN Y NDVT AT
SR B FE XL EVI (Enhanced Vegetation Index) S5 AH #%
FRES AT R M T AR TE ZC LAL (Leaf Area Index) #l
He A R B K HE R FPAR (Fraction of absorbed
Photosynthetically Active Radiation) &5 & 1iE T i # 45
Fy L AR BRI A SE DT T R ZE AL, X LB A

SR Z I Tl SR AR M (Zeng 55
2020; Caparros—Santiago %, 2021) . 5 ZHEEW
S, ANTA) B S HU AR 0 R W R R A TE 22 57
HARH Y 48 bR A e AR D Wy B SCRAS BT 22 031
Bl W e W 00 o i JER A AR R U (Berra 1
Gaulton, 2021), AN [a] k& &R LI A9 A DY) A7
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EHHE M ZS (White 28, 2014; Karkauskaite 25,
2017; FH 4, 2017; 8% 45, 2018; Yang 5%,
2019; Xie4§, 2022; #MFIHT 5%, 2023). Kowalski
45 (2020) H:F Sentinel-2 Fil Landsat H#?ﬁ}ﬁ{)ﬂﬂlﬁ
T PIRE TR B U5 T ik CRERRORE %
logistic) LA K WG &% 5 FH B A #5452 (NDVI %ﬂ
EVI) W5 I [ bk SOS #9145 SRR B I8
e LI 7 200 pR B S B e PR s R B, 1 S
TR (B AR PR RSB M sk 2
It 4 A o o R0 1 R PR, LA A AR
F SRR AE B Z T M S SRR BE ) BB
S LRI ) o TR T )

N PR E A (R ESE) WEN
SRR (= AR BEAE ) X2 SR e £ 80 1)
S O 87 N ST i (RS E (1 VA R N B ¢
TSR ITEK L, T AN FHUG Ik SR )
46 br Z [ fF 7E — € 22 5% (de Beurs il Henebry,
2010; Atkinson %%, 2012; Lara 1 Gandini, 2016;
Li%, 2020). 2 W78 6 05 B HA A i
B (CEHUE 55, 2022), 7EA FF8 1 i A st fi
FERLG T ial li—2L, TUﬁﬁ%ﬁhﬁﬁﬁ@Lo
NTRAR i 2 AB B e DR A R, I P e
OLE55 R R Ak Il R L i A DA A ke E A P AR R
BN

Wy A 48 s i TR i A B 40 M e J R T 41 O
PR, AR A R )RR ()
w, EE . AR R A & S RO IRE ) Ok
SE X SOS., EOS M GSL A edabn o ili A8 i 4 i
TSR I K e 2R A, TR ) Il A B A T
Gt — s E L (de Beurs%ﬂHenebry 2010). A
[ BIFFE BT A8 SCR g da b, H& AFTEA BT 1Y
Dl o, A R0 il 2R R R T S
FEPRAFTEAS BT X ], T AS ] B R FT 5 )40 g fis
B BT R AE 0 W) A B B [R) REAEFEAS I 22 57 o WMt 4
P H8 HBOAN AS e X 38 R R i 58 0 o 2o J5 s N0 490 A% >
PN, AR 8 0 A ) e R BB S5 ok
SR R B OCH 2

QAR 26 WL . A 80 VT A0 A 40 e e J M D A
32 2 Ity 29 A e A o J s DU 174 X e [ Ei@
oy 6y 2 o i i AN e B — R, X
T8 G O R G (2L 5%, 2021,
RS A5, 2021) 0 ARG IR BE PRI ANLZ
NP E bR P2 BOT LAY RZ MR, S RO 3 B Ak
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Yyt Fa bn i A o 1 S22 SRR 25 AR 255 i )
48 b W RS B2 . A R 22 B30H kA 32 s
45 TR S G 6 T b T UL 11 2 25 W) i T R
2 B W A AR T 22 5 R0 RLBE R0 A 5 T T TR A
it

A28 TR TR KA A B3 4 0 A s B
AT 235 e i 3 4 1 SRR W ORG B (A%
4, 2013; JEfEAF 45, 2016; Li%E, 2021).
CL AT 2 0 253 338 AN TR] A B2 430 AT T R Bk 40 1 32
TR I AR A7 AE B T e Sk R R e (B
x4, 2013; JEfEF 45, 2016; Helman, 2018;
Zeng%, 2020; Caparros—Santiago%, 2021), {H4t
o A5 400 A 32 J N v s 3 T B 3 SRR B T
oo WSS AR AR BT Ik 25 S K W A W T 285 SRS
56 IE Hp 0 0 i DG i 45 3 A4S S B (] U A 9 TR AR
Voo 33X 34N S ] B e DR o ST A T ) A 2
B (35 5 AL e i E o S St
i) . WG AR AR BT A R A I B SR H: 5 el v 0
Wi 22 ROBE SRR A PEHr L 52 M) X 49 40 € 328 ke
W 235 SR A R SR

3 i A Bl Ao i S M O] S B ]t

3.1 ERFRFHEFNESTHEE

BT 5A T B &) TR, NDVIFIEVI
L a8 Ay X358 R 4 R R AT e 4 A 0 5 v o FH e Ry
Iz W) iE S P B E  (Zeng 55, 2020; Caparros—
Santiago 5, 2021). #R1M, T OGIE G RA&PE
AR A A IR B TE 8L, 255 2 31 1 HE g
IKRE S KEAS—WMm L . R0, A
Btk . MBS RN . AEZRPERE BOR RN |
e Al . BUETAL B . 7= S AR 5 AR TS 2
R (Zeng %5, 2022), okl S HUHL i ) 1
SR T AR AT R T

Mg B iE 2 W R, £ FRT
i FEL A 255 Ml 2 7 A O R 3 B 0 T R R
i 2 0 o o W 1 EE P R, R R X TR
A K ZE R I RS AR A W . B, Studer 55
(2007) 7EHiHHIBFE 45 R E M, T NDVI Wi
(R 0 A LB 25 5 2 BN AR S 5 R Wl R 5
(2018) TERK HILR AL AR TR, 5
BT HORH R RSO S A, T
ND VI W0 %) 1k A= 4 25 6 s 30 12 i 177 285 o 30 e
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&, XA ATRESE T NDVE AL & RS 3
VRZE o AT UG M R M T 56 A B A 1 e Jek
WA SZ e, A SCAR i ML ) s Bl (B
P IR A ENVIDGTE ) A AULAS [F] 3 1y 26 B AR fE 5 |
AR RCEE (K3), MR F B, —f
BARY Y R IEARVBAL Sy . R - R (F
FEBITE T . S AU S5 Y ) (B] ND VI JF
LA 1), XN A NDVIE &4 0 - Tt
(K3 (a) )o BIETHAL (F2 N H3) rolEr
NDVI_EJF, K8 sl s . 2, 7efl
P B B, —Fh LA RIS R AR AL . G
T — T — HIE-HET (B3 (b) ), 5LEm
NDVI %4 {5 22 £k % S 209 e W I i 2% Zhang
(2015) A1) FH 30 o i 2 S5 o o 4% e 0 K R ) B
R, ESE T MERE A B S B g
Bzt

2 A M T SO NDVI RS2, S50 2 A ¢
Yyt 23 A8 Ak 1 S I A7 AR RO e M . il
21 HH 20 LU 5 7 e St A 0 0 A (1) 728 Ak A E A A
KEggie G %, 2019) ., Yu%: (2010) LU
F Piao 5 (2011) 5T 1982 4F—2006 4F: NDVI B
Fe B0 B0 T 5 34 3% B 8 s A B AR 2R ) A A
2000 4F- AR 22 o & 4R A& H,  1hifE 2000 4F 2 J5 &
MR SR, Zhang%F (2013) MURFRLERE
W] 1982 4F—2011 4F 7 Jill o5 I A 5 7 = ) ik S £+
SLPETT R, [FEEHE t NDVI B BT ) S 3
2000 4 2 J5 5 8 e JEAE B s AR B
Z Ji, Shen 5% (2013) ¥ A 5 #5 1 Zhang %
(2013) FRIFTE I AT S R Al AR R 2= RS 0] 2 S
PAREO T RIS TS & 3 2000 4 —
2011 7 5% iy Ji o FEAE R B 1A KA B
A

N T3 A% G A B BT Bl 2 A e 4 ek s
AT AN L, W0 X0 A Bl A el & 1T i
T T Z R B e da £, DU B v Al Bl A A 1
K5 BN, GonsamoZs (2012a) 4454 T NDVIFI
NDII (Normalized Difference Infrared Index) [ 1
B R T YEFEEPL (Phenology Index) , | 7E
55 SR 5 0 A e ok I 45 SR B2 . Jin A
Eklundh (2014) TGt &5 e, FHLEM
LA B, $ i T —FE Y T8 8 PPT (Plant
Phenology Index) , J:HBMSAR - b s /D> 25 X 48 8 )
o W 45 SR By . AR PPIES AT I F3RORME
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sk @R E RS, HEXNFEHHERSE
7 i WG R i 26 B2 B bR A e s D00 BE R A
XA R 2 I, Wang 58 (2017) FEF41
Hb I LLAMFIRLI LT A K R T A — AL ZE(E Y e 4
20 NDPI (Normalized Difference Phenology Index) ,

HA RO T RS XA SRR EEEFRE
Py foe We I 45 SR 0 B B R R AR AR R G,

Yang % (2019) FIH&G . ZLCHIIT 2041 Be
T — 1k 2= {H & % 5 %L NDGI (Normalized

(a) MR T 1L NDVIAS AR A
(a) Simulation schematic of NDVI changes during vegetation

greenness rising

Difference Greenness Index), % T & A5
AR . KB WIS BE o AH LUAR SE R A B AL
R R Y W) e 5 O b R 1 TR 0 ML BUAH B )
WS IRE E (Cao %, 2020; Gan %, 2020). %
M, X SE R B e 48 B B0 R Han (n, 4y
FEHLERTS 5o AR DL i) kit RS
PERCZE o BN, PLX R i A4 7 0 e s 00 8 T AN
JE, NDPUARXETH BR T Ab AR I 5200

(b) AR B B AR ND VAU B ]
(b) Simulation schematic of NDVI changes during vegetation

greenness falling

K13 REHOR T AR B R ND VAR AR 1A

Fig. 3 Simulation schematic of NDVI changes during vegetation greenness rising and falling

B XoF 45 32 TR 5 AW O A 0 40 B ) B X L AT
FERWT, DA Y5t ZO0E A W) M 3P 555 A 928
R W e A ek — D AR (AR A
2023) . fEIL PRIk 4R HL X R X e A B, B
T B A W) v 2 R R e A NDGT A AT /1 55
BAE s TR HRAEEAR R (B 45 BT FERE
7500 m 43 B F § MODIS MOD09A1, = # ¥
“QC7 SUHFARIE) o ANFEHL RS AR TS R 1 3
BRI BOEBE AL, B 495 S 4T A i
SR Rl P e N N DR ST L e ) N
SRR, HE—2B RN T A BRI R N R 0 1 TR
WM M . PRI, e A A8 A I 20 B A2
b2 TF 5 {7 2 X A ) e 2 J W N P 5 e 2 o
AR A S 0 7 S e e ) B O B ) R

3.2 MMRIERIRENT R E R B

P Ao 4 s 412 FRUE: i 28 AR 95 1ok 2 JR5 3000 ) A%
O AR THEGNT MK ZE . TFEMEE R
FEH HARB e F 3 IR o M I = AR A 1
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SRR P e SCRERAE Y% . SOS FIEOS J&
Wil A W W Ak E 5T v B H TR e b, HERATE
T RO BN SZ A M 2 S v R BN 2R A I ]
FRT, ) iz P Bte bR O ik 2 A0 5 1
(AR AFIEEE  (Caparros—Santiago %5, 2021)

V] (L 325 6, 4% 4] 7 0 AN Bl A A, I BV 1Y
PEIMTE—ERE RN TR R 55 B E
RSB T 5 B 30 i 3 i [ B [
SEMH, LU BR B A a1y B 8 L et
Poo G40, B TR X B2 S5 B s,
Lloyd (1990) LA NDVI [ [ {4 0.099 Wi 47 i .
TR SR R R e, [ E B E AR R
0 [ AR Bl A s DU b JF N GE ) (Tan 55, 20115
Zeng %, 2020) . 2075 {38 o 18 s B 1
R R E oy b B i, White 55 (1997) LA
L5 8 B0 R R R A 509 Sy 150 1 4R B A b
T 2 2 A A S BE 01 B T AR, AN TR
S5 B B {E A [F (Richardson 4%, 2010,
2012; Wu%E, 2013; Klosterman 25, 2014; Kross
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4%, 2014; XieZF, 2019)., shASBEEL —ER
BE Lo T 1 BEAAE A, HRH T E X
B BV R A U (Tan %5, 2011) .

(a) WEREFHMAE DR BT 38R 01 (91.22°E, 59.82°N)

(a) Example of seasonal dynamics in the vegetation indices in

evergreen needleleaf forest (91.22°E, 59.82°N)

T35k, B BETE A By 52 B B0 i R 52
Wi, BEYE B UF, R AR R A (Y I TR B 32 2
R A RO AR LA R )

(b)  Fi RS AR 20319 8l 7R 0] (115.16°E, 53.35°N)
(b) Example of seasonal dynamics in the vegetation indices in
savanna (115.16°E, 53.35°N)

Bl 4 dbFeRmn s AR B =1 s S

Fig. 4 Example of seasonal dynamics in the vegetation indices in mid-high latitudes of the Northern Hemisphere

i1 2 AR I 2 AR A B A5 i HUL 6 it e S O oG
FYRRAE s SCREBE 5, AL A& 3G il e i ity 32 A8
bR BG4 # B 8055 . BN, Zhang 55
(2003) fifi FH il 2R AR AL R g SCPIEFE #5 5 Gonsamo
& (2013) LISLA 2 25 B S 850e LT AN A
Yoo il o 4R R AIE 72 T DA 6 B 1 A7 A — 22 1)
(R R, LI 0y i i A EL AR R X I if P A s A
A S BRI, 2R AR A vk o R B A A
MR LR B m, HIP A BRI IR & 45 405 i
AP et B M A AP e A, S B SE BRI H] v i
FEARSRBCRAXT AL (de Beurs Al Henebry, 2010;
Zeng 5, 2020).

i 2% B 0 A 2 R I 7R ik 25 L AR B T
P e e, FLRl e A B 0 i v B ol DG B (Y SOS
EOS #5hr 241 A1 5t — H W 0y 2 o AT 4 fi
R EBIMESERAEEN R ER (B S5;
NDVI 2 Al B Hth 2k, 30% ANDVIZ IR L
NDVI Z= 45 PR 1 (1) 30% 4 BI{E $E BSOS, fie KAk
HAH DI — B SR A S P2 BSOS, Hi s At
2 i AR SRR A AR ELSOS) , XA K
B ET Ferk, OB B 5T 1 RE el e 1
Y Aa bR bt WO A St — o Bl R A B e
W 2 SCIY i R 22— 2 T2 A8 FH ) ND VI A5 i
BOTE DX o3 QI RN B A B B A B 0 B, e Ak,
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Py Ao i b $12 U7 V5 A6 M T ) A AR R B (3 T 1
PR ZSE W) PR SR, W
I, PR AR i (SORAE IR E ) ThR R
LA A e % M I P 1 A DR A A [ REL

K5 AR sSE bR O 2R SOS X LR &
Fig. 5 Comparison of SOSs obtained from different methods

3.3 E ML P E R TR 53

Py W 0 235 SRS TR 6 A Fi 2 A e ) g 1 S
IR AR R e — A3y, R R R — 2,
FIRT, e Bl 0y o e JR A R 32 38 MR A7 1) 2 2 [
AL S 25 WA b 55 08 IR A 45 s ] 7 D JE ) 3L
S ER B LI FRRE VC FC A1) i 1 4 DG T5C 4 T

T2 S A0k s D00 45 2R 8 TR A Y 1 OC B )
JE R S o 5 4 T 27 W) A 22 1) 4 RUE DL ) A
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(Peng 5%, 2017). e T mAHE W EIES, &
R S U R SO0 0 i 9 A 5 2 1 B AR Ak,
3 I A OWRUEE UL JRy b AR S R G R TE CO, AR
ko Bl 3 I S5 (footprint) MAJLH K %]
JUA AR (B TH B B . XU A I 25 i
ZHNE), SILAEZETEWNFEE (W MODIS,
SPOT VGT) (W% (8] 43 HFRAH Y (Xiao 55, 2009;
Chu %, 2021; Kong %%, 2022). {HEMSFEMN
e, B UL A L v — RN TR IS T
TEJEFR, e B R X 8 (Migliavacea 55
2011; 3K Z %, 2012; Chu%, 2021; Kong %,
2022),  HHAZ ] X ) 52 e HL AT B S ) e s
A SR DRI, B A R T AR AR T I 1 Rk
Yyt 5 38 P HEAT LU S R AR I R 22, X
— (A EULE A R 22 B0 55 v ok 2206 o P i A LR
NS ] 55 P ML 2 v 8 S O 1 B8 %8 DA O, K
FORMFE L A Z LT F K (Migliavacea
2011, Browningg‘} , 2017; Burke Rundquist,
2021) o P AHBLAR I A 0 10 2 R e 1 J
X “af” REgME B, T R G R HR A i 2
SR I A Y LR AR B, B0 TE I
REE FAFTER R 225 o X — ) BIAE e 8 A 5T Ty
ol 2 DX I R A AR A K 2 S 5 R ) b X A 2
W DRIL, 7R 6 TF S 0 1 v T T R e 2
B — L Jmy M A A S N TR gl o, DA R
JE VG e 3 A1 50

T B A R 22 4 ] ) A 48 o 1) DG i () T
S T8 S A W 00 4 SR G E v ) S — S B R L, R
[7i] = BE A LA Bsf e 500 JT R AE 19 A e 22 1 A Ak
FROEAEAEZE S, BN, 767 b A FR AR, 128 ek
T8 (EVIRILATSE) AR XEHE 205 SR 315 P o)
&, MR EE SO AR A s
A (Wuf, 2016). 1MHA R FET SR H
M, S TR] T Bk ) A 48 b AE AE B B 2% 5
(K 6; 51H XieZ (2022)), H T A4
HILAR 1) b 1T 25 40 2 388 JR ) A 0 B0k 1) 32
TERHR R o H TR = % il 2 A w22 A AR 22 i)
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X 7R ] (Xie 45 ,2022)
Fig. 6 Example of smoothed time series of the EVI, GCC, and
GPP and phenometrics derived from these time
series (Xie et al., 2022)
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Key issues of remote sensing—based vegetation phenology monitoring

XIE Zhiying',ZHU Wenquan’,FU Yongshuo'

1.College of Water Sciences, Beijing Normal University, Beijing 100875, China,
2.State Key Laboratory of Remote Sensing Science, Faculty of Geographical Science, Beijing Normal University,
Beijing 100875, China

Abstract: Vegetation phenology is one of the most sensitive biological indicators of terrestrial ecosystem responses to global climate
change and plays a crucial role in terrestrial ecological processes and functions. Changes in vegetation phenology have been strongly linked
to climate change patterns and various ecological processes within terrestrial ecosystems, and may significantly impact land-atmosphere
exchanges of carbon, water, and energy fluxes, and interactions between different species. Therefore, accurate monitoring of vegetation
phenology is essential for simulating terrestrial ecological processes and understanding how terrestrial ecosystems respond to climate
change. To date, various observation and monitoring methods for vegetation phenology have been developed, including ground-based
observations (such as manual observation, phenocam observation / monitoring, and carbon flux-based monitoring) and remote sensing-based
monitoring. Benefiting from the reliability of ground-based phenology observations and the spatial coverage and rapid repeatability of
remotely sensed monitoring, a regional and global-scale vegetation phenology monitoring framework has been established, with satellite
remote sensing as the primary method and ground observations for validation. A general technical workflow for remote sensing-based
vegetation phenology monitoring has been formed, including remote sensing data acquisition, time series data construction (e.g., calculation
of vegetation parameters such as various vegetation indices, leaf area index, fraction of absorbed photosynthetically active radiation, and
gross primary production, etc.), time series data reconstruction (e.g., filtering, smoothing, and fitting), phenological metrics (phenometrics,
e.g., start, peak, end, and length of the growing season) extraction, and phenometrics validation. However, each processing step in this
workflow introduces uncertainty into the monitored phenometrics. This study focuses on three key aspects of remote sensing-based
phenology monitoring: (1) remote sensing time series data (especially vegetation indices), (2) phenometrics extraction, and (3) phenometrics
validation. Additionally, it discusses the effects of complex land surface backgrounds (e.g., snow, soil, and dry vegetation) on remote sensing
time series data, the differences between various phenometrics extraction methods (i.e., threshold-based vs. derivative-based methods), and
the matching issues between remote sensing phenometrics and reference phenometrics during validation (e. g., scale matching and
phenometrics matching). Finally, two essential directions are proposed to address these key issues: (1) developing new remote sensing
monitoring methods for vegetation phenology to counter background interference, such as constructing new remote sensing indices resistant
to complex land surface backgrounds from the perspective of remote sensing mechanisms, and (2) establishing a comprehensive observation
network that integrates ground-based multi-sensor coordinated observations and “space-air-ground” multi-scale integrated observations.
Addressing these key issues will enhance the reliability of remote sensing phenology data, expand their applications, and deepen the
understanding of land-atmosphere interactions.

Keywords: remote sensing, vegetation phenology, remote sensing time-series data, vegetation index, validation, scale effect
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