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W2 A= W AT BILAAR A B 38 7 A 2% AR 1T TR 1
1 B AR A (Xiao %5, 2009; Schwartz, 2013) .
TR P 2 AR Bl A A K AL S5, 2
AT 4 BR A A A8 Ak 7 1) B L2 4R 7R (Walther
45 2002; Cleland %%, 2007; Richardson%E, 2013;
Piao 5, 2019), HTy it E & RGEXT M &R
4 RR g 2 %% (Richardson 28, 2013), JL°F
%m%%*ﬁﬁ%%ﬁﬁﬁﬁ(%mgﬂmmh
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Primary Productivity) (Pastorello %%, 2020). HAf,
FLUXNET2015 (https://fluxnet. fluxdata. org/data/
fluxnet2015-dataset/[2023-03-27] ) W £ T 4 ¥k
212438 I UL BdE . OF X BT TSR
BB ALFE, T NEE FI GPP I P8048, 58 & JF
JiE T R A Bl A Y R T SE (Gu 5, 2009;
Richardson %5, 2009, 2010; Gonsamo %, 2013;
Wu Fl Chen, 2013; #&h&MXIR 2z, 2013; Xie
2 2019; Yang*ﬂ Noormets, 2021; XieZ§, 2022).
BT NEE FBCR W) o vl e O il i
(Carbon Flux Phenology) (Gonsamo %%, 2012b; Wu
4F, 2012; Zhu#§, 2013), 2T GPPARHUKIHY
FE SR “HHOGA Y (Vegetation Photosynthetic
Phenology) (GuZt, 2009). HAi, Yang F Noormets
(2021) BT FLUXNET2015 408 5 28 BT 4 v
TR Wi B dls

R T AEAIL B T TG b B A ek )2 Rl 3
RN E R, Baldocchi % (2005)
WTE i i 3% b2 3 ) A Pl (Richardson 5%
2007), X HEHOEE BT /N RO A S0 . )
e FR AL 2 3 2 AT WL 9 fige i S ) fie 1 A 22
(Browning %, 2017), HBEE AT HEAEAN AR B 1 BE -
R, WA AR R R 5 R . Wi
FABIL LABUARHEE R (14 7 200 b SRAT B A 7 3 2
10 3 R 5 5 B4 Ak BT 3 A AR IBCRE B8 SR A A BOE =
LR AR R SR AR R, BN, MRAELL
(R). & (G). W (B) BB BYHAIXS % B 5 4
GCC (Green Chromatic Coordinate; GCC=G/(R+G+
B)) MIa%f 288 ExG (Excess Green; ExG=2G-
(R+B) ) £ (RichardsonZ£, 2007; Sonnentag ey
2012) . H #i, PhenoCam Dataset v 2.0 i 4} 45
(https : //daac.ornl. gov/cgi—bin/dsviewer.pl? ds_id=1674
[2023-03-27]) 424t T 2000 4-—2018 4 FE 43 1
T SR A3 A b DA [m] A= 25 R 58 393 Al /Ui
Yy fge ARBLULIN i) e A M s br s . A L1 14T
XoF A AH AL UL I 5 4R T R 1) 0 A i IBCAR 1 A
“Phenopix” (Filippa%%, 2016).

L P 0 M R R 2 A A A 4 0 U0 A 40 ) ok S
HEE T, R AR EEX K BHDESE
FI SR BRI 25 A 9 i SR B0 17 O R it B T K 2L 2R
5 N S O R AR Y W e i (2588 45
2005; JAME A, 2023). HAET, CRRE TRZAHE
Yoy e i) . SR, A2 FR T 0T AR 0 o i) 197 < A

AR AL AT FRANIR W A A5 B 0] A 301 1 A6 4
L MRS BEAT R (oK 45, 2020) . g4h, A
R HE AR BHDIG A5 IR 7 U e G 22 5 RO
ZS [a)e ett, BRA T A DR RORE A BT o

T 2 SRR X R 4 BRORUE W T i R AV 1
B A RT-Be o BT TR R SR IR A B e —
fic e SOUL RS RO AR BIE 2 W M, 3l PR R Bt 2 )
£ LSP  (Land Surface Phenology ), i1 JE& XL f)
b R A B 2 A 2 A1k (de Beurs 1 Henebry,
2004; Reed %, 2009; Schwartz, 2013; Helman,
2018) o ili & Wy M e 5 B T 22 B AR IBCAY AR 1 S 4
W A (i an, 3 — 4k 25 {8 A Bl 45 20 NDVI
(Normalized Difference Vegetation Index) [ 7% 77 4
AR AR B B b5 o A [R] T A GE LI A 1T 28
JEI | JFAE RS R g, kTR A ) i
I — A 3 Y 2 SO RUBE A B Y AR K ZE R AR
SOS (Start of Growing Season) . %5 # ] EOS (End
of Growing Season) M HH [ GSL (Length of Growing
Season) (Caparros—Santiago %%, 2021). HTFI, #f
FEH O HE TR BN e B A7 T BT A XU 4
BRARERATB B o (BB 55, 2022).
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Fig. 1 Common methods of vegetation phenology monitoring/

prediction
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phenology monitoring

BET TR BB O T B A Y NDVI ALY
SR B FE XL EVI (Enhanced Vegetation Index) S5 AH #%
R AT A B I TR R B LAT (Leaf Area Index) Al
A A R S EE 2% FPAR  (Fraction of absorbed
Photosynthetically Active Radiation) 55 & 1iE T A # 45
. AR AEACSE DT R FE AL, X SE A AR
SR Z I T Rl SR AR M (Zeng 55
2020; Caparros—Santiago %, 2021) . 5 ZHERE M
S, AN FE RS EOT R AR R R AT 22 5
HARW Y A8 bR AP R W Wy B SCRAS J5 22 531
L o W 00 %o & JE 4 BCIE R U (Berra A
Gaulton, 2021), AS[m] i 2% 50000 (%) 48 B P 15 A7

R 2Z S (WhiteZ#, 2014; Karkauskaite 25,
2017; EE A, 2017; 228 5%, 2018; Yang 5%,
2019; XieZ§, 2022; #MFIHT 4%, 2023). Kowalski
ZE (2020) T Sentinel-2 Fil Landsat B FF 2085 2
T PIRE A I RO L O i CEEARRE 2R A
logistic) LA K W i d5 i ) %) 4 4 45 20 (NDVI A
EVD) W0 g bk SOS BT 1, 45 R I 18 AR 4L
TEPE LI B0HiE pR B0 S R e T L B R
REC (B2 AW SOE S H0 1Al st £ 2
Il 4 AL DY A A o 0 Y SRR R, DA S A
FTT F PR B = PR sh AR ALY RE O B R
L 5 0 e o JE ) R R

N R A A (URAILGAE) B
Je T BRIEA (o PR ) 0 18 2 e Bl 19
15 YL JE R HAEAT I a4 (8 . HET, O T I P 2
B R T L, He TN UG J7 kSRR )
fo 46 b Z [ fF 7 — € 22 5+ (de Beurs il Henebry,
2010; Atkinson %%, 2012; Lara il Gandini, 2016;
Li%F, 2020). £ WPEELG Ik A 14 A it
B (CERUGE 45, 2022), 72U BF5E b i R st i
FERVG D7l M — 3, 7RG 7 R e i A
MGEA B R AT N T A 2R R, I s
UL R TR Ak Il 2 Bl e A R R 2 A RE R
BN

Wy i 45 s B IR ol 3 A ) e e J8 s O 114 G
FRPAY, H AR A Y A R ()
an, . AR & R A ) ok
JELSOS . EOS Il GSLAFYfidabr . Rl AH# 15
TR I K e 2 A, ATHIAR T Il AR B ) A I
45— 4% € L (de Beurs fil Henebry, 2010). A~
[ WEFE BT SCHY e 8 b, L& CAFAEAS o E Ay
Dl o o, 8 v R £ AR ARk T SR
TEPRAAEA T X 5, AN [R] B E BT 2 S 9y 1 4
B T RAE (4 W) A B B[R REAFTEAS T 22 57 . WMt d
P B IBOAN A o X 3 R i 6 0 e 2o J38 s ) 14 A% .0
AT, TE R 8 e B A ) e RH AL 5 ) o
ZHRE PR RO,

AT 200 L AT S50 YA A e o J s T K
R o I R e g SR M %) SC B R R, LM
o 6 2 R i T RN Y e B — IR, X
T A )T B OCE R (Jrense 4, 2021
FESE A, 2021), REREGE IR BE PN A2
BN Yt bR O RS2, A [RDULIN T B 3R K
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Yy H8 R 9 AS BT 55 22 S ARUBE 22 S R 2 52 0 )
i $i5 b e RS B2 . A R 22 B30HH 1 W sk 128 SR )
48 S LSV R I R T b TEDUL I 1) 2 5 W g T e
He 37 B W i AR i 2 5 R0 RLE S50 1) 5 ) 7 TR A
TVT .

A TR T3 AT A B3 A ) A R s i Y
AT HR 235 ) Bl AR ok 1 SR DS B (A%
HAF, 2013; JEEST A, 20165 LidE, 2021).
A 25 2538 SCE AR £ BE 43 B 1 A Bl ) e 2
SRR I A BAR | A A B[] A e Ak eyl (KL
fEre 4%, 2013; J0fEAF 4%, 2016; Helman, 2018;
Zeng%, 2020; Caparros—Santiago%, 2021), {H%t
XA A A e R A Y00 b b 3 S X6 e JER AR A T
o Wt bn 48 MOy 1k 22 S K 0 A A 0 235 2ROk 2
6 E v Y ) A DL TC 55 3 1 S B ) AT A A TR AR
T o 33X 3 I I R 4 R e SR T M ) ) ) M
AR e (CFF S T 303 o T A
f56) . WSS AR BT RAE B AS 57 % SO H 55 b T Wl
Wy foe 22 ROBE DCTRVE R VPANY 52 1l X Al g ) o 1o Je
I 25 SR TR AT

3 i A Bl o e S ) S B ]

31 ERMFHERHERTHE®R

T AR S B &) T3k, NDVIFIEVI
L a8 Ay X8 R 4 R R AT B 4 A A 5 v I FH e Ry
7z W 38 N P B S (Zeng %, 20205 Caparros—
Santiago %5, 2021). SR, FETF 1R G R L PE
AR A A ARS8, A% 23] 1 sk
IKEF S KEAS—WMILM , K800 H
BRI . B BRSO | AR e AR RN
fean Al . BTN EE . 7R R AR S AR T 2 N
R (Zeng %, 2022), i S BUH b Y18
R A P AN R

e B iE 2 R, £ FRT
AR Bl 25 b 75 505 BV i 8 By T SR R R
i 22 9y e vpe o WO ) FE R IR R, LR X T B
A K R R IR 5 FO A M . B, Studer 45
(2007) fE&m CAUBFIE A R LW, T NDVI I
PR AR B 0 10 TR 5 25 5 2 BNV (R ] 5 Wl TR 55
(2018) FEA LR LAA R MRAG A ST 0, 5
BT HMFE RS RIOCIRMEE LA L, BT
ND VI W5 0 % i B A= K 2 8 s 100 442 1 1 45 o 300 i

Jo . AR AT e T NDVI P& AR S i Y
W, N T IE RS MR R M AR Bl 4 1o 18 R
W A5, A SCAR % B0 Ml ) v O R (B
PR A ENVIDGIE ) BEAUAS [a] b 4 28 B A2 £k 5|
AP B (K3), MBGRTFH B, —F
B () RIS Ry . B — AR (TR
Bl TS . R Bl 45 iR M ) [E] ND VT I
ARk thAs k), HXE R 9 NDVIE 2532 4 19 E T
(E3 (a) )o BUETHAL (F2 K1) FisliEn
NDVI_ETFb, 2B iamiRss ., 0, 7
BB B, — Rl LR B R AR .
Y — T — L IESHE (K3 (b)), 5HEm
NDVI #§ {8 25 b ¥ 5 809 6 W5 3% 2% o Zhang
(2015) 1) FH 3 b T 2 /050 o D90 4% g 40 vk R B 1) B
B, ESE T R SRR B AR S BN R
QY

827 AT ST NDVI 52, 5 30kl 2 At
Wit 25 A8 A R W A ZE B RN B e M il
21 28 ke 75 s TR s 4 1 72 Ak A AR 5K
KE4is CFMETE 25, 2019). YuZ§ (2010) LA
K Piao %% (2011) #E T 1982 4£—2006 4E NDVI i
J7 504 16 BIF 5% 389 3% W o DR Bk R 2 A A
2000 4F DAHT 5 0 AR FE S, 7R 2000 4F Z f5 &2
HeiRFash, SR, Zhang 4§ (2013) MUBFITLE R K
] 1982 4F—2011 4F ¥ jill = I 4 1% 7 2= ) ik &2 7
SEPERT RS, [FHHE H NDVIBOE B ) S 5
2000 4 22 Ji5 T 9 e SRR B A 2 0 M S AR A
Z Ji, Shen % (2013) M4 W 5% 48 i Zhang %
(2013) FYBIFGE I 1% R AR A B3 S S
PR BT TESIBR LS TS & BE 2000 4 —
2011 5 9 = J5 o FE M R B A Rk B
A

kT 5 M A% G A e B e 2 M 4 A
AR, AR5 3 AR Bl o W & 1135
T LR B S R, LAY R A 4 e
K, W0, GonsamoZy (2012a) 454 T NDVIAFI
NDIT (Normalized Difference Infrared Index) 11
o, B T WEFEECPL (Phenology Index) , & 7E
2583 BRI 5 S o W 5 SR B S . Jin A
Eklundh (2014) 5T EH 7, FIHZEH
UTLLANIE B, R T —AE P R 2O PPT (Plant
Phenology Index) , JH:HE % 1R & i vk 1> =5 X6 4 9 47
fBE W I 45 R SR . SR PPIERE BT TR AT
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s @R EZ S, HEXNFEHHEMRSE
T i WAL BR i 26 B2 B bR A o s D B A
XA R I, Wang 55 (2017) FEF41
Hb IR LLAMIRL LT b R R T A — AR =AW g 4
# NDPI (Normalized Difference Phenology Index) ,
HABO T Rl T 0 75 AR S RGO OR R T
Yoo Ve g5 g my . BRI AE S R,
Yang % (2019) FHLE . LGN L0 5 Bekly
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Fig. 3 Simulation schematic of NDVI changes during vegetation greenness rising and falling
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2023) . FEACAPER R R L X X A B, R
R A ) v R S 4 ) NDGTAE A 301 55
B s TR EARAETEAR R (B 45 BT %R
500 m 43 B¥ # % MODIS MOD09A1, =5 R &
“QC” CHARIE) o AIHIHLF T SEAR Ik T 5 | 1 3
AR ECBE AL, FEE A SR T %
T B A AE RO M o T L3R 35 S A I 28
SEPE, dE— 2N T AR R PN A B 4 0k 12 Uk
W e L PRI, A el A A A AR R PR R 2
b 22 S B X R Bl A A SR A D £ 5 i) i
AL At J ) 5 B e ) B D ) R

3.2 MIERIEFRREUT A E R B

WA 45 b i BUE: i 2 AP B ok e SR A 00 ) A%
B AR TEGNT MR ZF . T LRSS RS
AEH HARB Py e 0, 2 S ok M 0 75 ZEAR 0

SRR P 22 SCRERAE Y% . SOSFIEOS J&
Bl F AR IR T 5 b e W TR e e A, FLRAE
T RO NS A 2 S v BT 2R A I 1]
BT, & Z s bR B O ¥ 3 AL G
{EE AN Z4RIEEE  (Caparros—Santiago %, 2021),

Vo (L 5 B, 45 [ 1 AN B A A . (B Y
S e —E R BJE T T P R R A5 BN &
SRR T o ] 18 (3 5 15 R S Y
SEME, DLRE RS ECE 2 BUE 1 H 1 E Y s
Bro AN, HTXERE Dl 2 55 B4,
Lloyd (1990) LANDVI[E E B {E A 0.099 i I 47 1% .
I TRl 3R A5 B 2 S B, [ AR R
70 [ A B A s U v OO AR IE ] (Tan 55, 20115
Zeng %5, 2020) . 275 B (L Ao 8 SR A 2 R
IR A oy LB . BN, White % (1997) LU
5 48 BT PR IR IR A 50% k180 1 4 B A s
1T B 2 B 1Y e R IE A TR AR, AN [FF
{8 A W B {E A [F] (Richardson 4%, 2010,
2012; Wu%, 2013; Klosterman 25, 2014; Kross
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4%, 2014; XieZF, 2019)., shASBEELE —ER
BE Ao T E BEAAE AN, (R H AT E X
B BV A R 5 U (Tan %5, 2011) .
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Fig. 4 Example of seasonal dynamics in the vegetation indices in mid-high latitudes of the Northern Hemisphere
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[, AR SRR W) e i B EL A ARG B 14 A 9 2
A S BRI, 2R v X B e B U
it 2 AR EOR 8w, HIF A RERIE 4 25 400 & i
ARRETT B M ZRRRIE A, 5 BO7E S B 1oy v 4 M
FEFRHEBCR AT 3K (de Beurs #1 Henebry, 2010;
Zeng %5, 2020),
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Fig. 5 Comparison of SOSs obtained from different methods
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(Peng 5%, 2017). e T mAHE WIS, , &
JERTE S5 O R SO0 oy A 0 e 2 15 B AR fk, i
30 B E O RS R Ry AR S R G REVR CO, R
ko il 3 A S5 (footprint) MUJLTH K %]
JUA BARAE (B T B B KOs A T 25 i
ZHE), SILEEDEMWNFES (41 MODIS,
SPOT VGT) (W% (8143 HRAH Y (Xiao 55, 2009;
Chu %, 2021; Kong %%, 2022). {HEMSFEMN
e, B UL Y S L v — RO TR S T
TEMJEFR, e B KA X 8 (Migliavacea 45
2011; s E 2, 2012; Chu%%, 2021; Konggﬁf s
2022), H Az ) ARG ) 52 ) HL AT B 5 04 s
ARG, PG, B A S TR R OT Y 1R IR
Yyt 55 38 AT BRSO AR IR 22, X
— [W) BELTE IR K 22 BT 55 v 2 o AR L
D R 5 R ML 2 v B B O Iy B DA 5%, R
FORMTEE LA Z LT F K (Migliavacea
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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'
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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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