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Fig. 1 Major vegetation types and environmental characteristics in temperate regions of China
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Fig. 2 Schematic diagram of key vegetation phenological metrics and Asymmetries (NDVI represents the Normalized Difference

Vegetation Index; DOY represents the Day of Year; PEAK represents the peak of the growing season; SOS represents the start of the
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Fig. 3 Spatial distribution of multi—year average vegetation phenological parameters in temperate regions of China from 1982 to 2022

(SOS, EOS, and LOS represent the start, end, and length of the growing season, respectively. The histograms illustrate the statistical

distributions of the three phenological parameters)

A SC R Sen #4556 B 58 X1 SOS. EOS Al
LOS #4118 BT Z A a5 53 . [Al B iz F Mann-—
kendall #3537 Ty b PEAL L B 50, S5 5R ILET 4,
ATIL (1) SOSZEfhia® (K14 (a) ) MW EM
SR, W IR PN oA 2 S I
fF 5% X 319% Ay X 3k SOS 5 B b 2 2 1y #4 #,
22.11% By DX 3l 52 B 00 2 SR A e, 46.89% 1 IX 3
JCH AR R ARAE . ARSI U1 R K
VLR U JR R B0 Sk A R SR T (-0.5—
—2d/a), JXWFR T B R0 Y B E UK S VR .
ARACT B b L B b R DX R R R X
BSOS HEIR i ka #4 . EHAFE BN, ZHIE .
SR BOKEZRIHZ R, VRIS TR
o D2 T o Y M | e D R R A — T YT 5 U b
W22 SRR, R R 1) P AL b X SOS 72 4k #

AR FTE WA R . SOS ARk R L TE-1—1
(E4 (b), ¥{H-0.063 d/a), HALEERAPEEEHIXY)
AT S —2. (2) EOS#a# (K4 (¢) )
5 SOS BB Z 197 [a) B AME, SR DIHER 3,
W58 X 20.9% 1Y [X 585 EOS & R #a %, 10.39%
R X S IR AT ALY, 68.71% By IX ek e W i 28 4k,
FRIE. fdb . ARIb B + s iR i B 3% (+0.5—
1 d/a), JREB#EE+2 d/a, X S5HKEIRE FIH LR
WG Z % UG, MR, ZRIGUER DIm HLIX | &
TR X B EOS #2 /i %4, EOS R b 4R h 7E
-1—1d/a (K4 (d) ), ¥{EH0.096 d/a, (3) LOS
i (E4 (e) ) SEPEARIARK W . L
IR PR I K A B (+0.5—2 d/a), T
P e R 2% . ARG IR P S A R R b R 4
MG, WX 25.41% B X3k LOS 2 30 4E K8 3



2090 National Remote Sensing Bulletin

#EREF® 2026,30(7)

20.43% 1 DX I BRGR At B, R AR S BLAE R #A
LOS # (k&b T-0.5—0.5 (K4 () ), E4HW5
i (B{E+0.037 d/a), 10 a K EEARIEK 250.37 d,

VENI e st) nl BEfe VR A K

AL, R I AR AL X “SOSHERT+EOS HER ™

EIVEF S8 LOS BE Rk 1—5 d/10 a, 22 B3 1 g ds
M =i e 11

1= A
2

LB/ (d/a)

50°N } e
= 1510063 I4
8 2
=10
o 0
& 3 I—2
A 100°E 120° %T20 24 ¢
SOSAEfLEH/(d/a)
(a) SOSZZE AL H =S 6] 73 A1 (b) SOS L EaH ekt geit
(a) Spatial distribution of SOS trend (b) Statistical histogram of SOS trend
50°N AR ) £ At /(da)
4
B
0
I -2
0 80°E 100°E 120°E 0‘4 2 0 2 4 =4
EOS 4k %4/(d/a)
(¢) EOSZE b a#has i) 73 A1 (d) EOS s g e g it
(¢) Spatial distribution of EOS trend (d) Statistical histogram of EOS trend
50°N SR 15 AN/ (d/a)
S 4
F10 Hfti= I )
® 0.096
B s ¢
. : |-
B0NE -4

120°E

100°E

(e) LOSAZfbkaFh 2 ) o A
(e) Spatial distribution of LOS trend

0~4 20 2 4
LOSAZ Akt #4/(d/a)

(1) LOS &AL gon it geit
(f) Statistical histogram of LOS trend

#HES:GS#(2026)0777 5

4

1982 4F—2022 4F-H [# i i 4t DX AR D) e S B AR 3 PR (SOS F7m AR K FETT iR H BT EOS s AR R ZR 45 H M

Fig. 4 Trends of vegetation phenological parameters in temperate regions of China from 1982 to 2022 (SOS, EOS, and LOS

represent the start, end, and length of the growing season, respectively. The regions with black dots indicate statistical significance

(P<0.05) ; the histograms illustrate the distributions of the variation trends of the three phenological parameters )

W TR RN YIRS EE, £hERE
AEYMRAF RS AL R £ 1R, S5 LIK 5. AT LA vk
SHUFEPRAE N SR, e (1) AR5 IX A S0S
(5 (a) ) RILEFHRATEE, SOS M4 HiTH
F]0.077 dla, 1E41ERHIN BIHERTA 3 d.
(HARERMR, 19984 ML FHIKE (DOY=126.3),
Al RESIZAE RO R e i S R BUN B 2 W R
B Ko SOS HIHRE AT A F G Ib 2 BRIG AT iy DX 38 X000
PN FEBYRATIN G —8, FEHRN TR

EI=N=R

5 FRERURM B ERN. (2) EOS (EIS (b))
RIS LEIREEH, FEIILEIR 0.06 d, AL
WS N AT B SEIR 2 2.4 A, EOS BY4E BRI 3h M
R, nIRERZ A N AR AR (o' TR
i) SRR FEREEE (3) LOS (K5 (c) )
SR MR B, LOS LL0.101 d/a Y 3 2R 1
o, TERFSEIIN BT R 4.1 d, X—aRSd0
PR A b DS 3k L 2 9 A K B R R B
— 5



RUTHE BRI Tk« w3t DA B AN X AR R AR B0 A2 A P i 1 2091

135 y=284-0.0766x R=0.16
5132
2129
“126
123 ; : : v ‘ ‘ Y ¥ y
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
4y
(a) ERKFIH
(a) SOS
297 y=170+0.0601x R*=0.12
5 294 AR
L 291 A
2 LN Eng VAR B
2881 T V %] \/

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
FA

(b) K Fgh
(b) EOS

168 y=-429+0.101x R>=0.14

< 164 A e T
% 160 A, AR . AW
& 156 — gy

152

TV

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
F10

(¢) ERFBKE
(¢) LOS
o HEMIH — P — &b
5 1982 4F:—2022 4F: H [l i 1 X AR 9 o S 0T B
AL IE B

Fig. 5 Interannual variation of vegetation phenological

parameters in the temperate regions of China from 1982 to 2022

4.1.2 AEEBEBYIFFFE

F & 6 ] LS [ R B 28 AL (1) 424 ND VI h 2k 45
TEAFAE B 225 . Hoh R b NDVIIE I B /N F
HAbRE Y, ARE A (a0 4R H X /N 22 K5
Pl AFAERUGERAE . T R A X 7 2 B
PRSI (K7) 45538580 K~
[ A e 2 T A A K R DGR e A b - 2 R 3
5o WA RFEFGRER (X4 A)K),
SRR (A 10 AP NAD, T8 R K R 2
(LOSHIME A 181 d); MHEZT, W&k mtMAER
Z R R WS 0 T8 R AR, X5 R SR RO R
EEA TG A Y AR — 3 TR A K 2
e (153d), S WRFEAAHE Y0 FE98 S A i) B sk i)
N o 7% AR SOS #H sf bk ik IR, T EOS A
MHERT, SFELOSHEME E 160 d 247 ; AR ITFH Y
o R A 3 O B AR AR AR SR . A T L
SOS (¥J{E J 126 d) BH & B F % o e ok Ak, i

EOS (¥M{EH 7290 d) F-FHMAT . NPEA
XIFREAE B, T R I W R B ROR
SEFRPEREAE (VPAL 18 0.2752), & T 4h 5
mEAR (0.1413) Mk KFHEBE (0.0892), FHHVE N
ERnt AR AR I B K TR E ., XS
5 Ve W bR e S R T i 30 S IR A R Ak R
SR OCHESR 7, MITERE WM HLEE R R E (0
WG ) 22 00 ek B R D v L 4 e 555 44
TR ) A AL B VPAL 1 3 s T At AT
B FOHE L CHERREAEAR R SRR R DL RO B A
B VPAL 345 £ 25% Hu [X VPAL <0, FIH T2
XX 4 P 2 K BRI R B R E WL . 751
R AEARRMS o AEBA P AR FRYE (VPAL)
7~ T A S (R B R A IO 2 o o A e R R 1Y
VPATL 4 & (¥I{E 43514 0.0035 F10.0033) , Jiz Bk
Al 2 G 5 AR TE 5V AR B M SR R TR R
Ae1. BARIMIE , fedb PR & /N2 f R OK R AR
TER MR 2R, FORER (BFK) i
T ?E A NDVI A, 177 3780 5 5 X0 R Rk 2R 7K 4
PO L (RXUER ) {2 EAE e PR A o ) B Rk a5 A
A TQR (Interquartile Range, MU i) KN
0.0025, ULHAARFEIRIEY) BB 7 1K1 22 5
B BRI AR VPAL BB AR N 0.0014, %
W HOR 7 0 5 I AR 7= J1 K (NDVIEME) 22
RN, BRI
4.2 FIETWHEE

CRNESR USSR i o B T AR Aty N OB ES 3
HABERIEWR A FEE 2. NEKLE, THE
TR Bl DX A AR 2 A0 2 T S ) b e 25
(1 (e) )o LL10STE AL, I e nl 43 W
KIXI . PRI DAAR A 24 S B 25 B ) A
BT E, o LS e TR R AL . e
105°E LAV, AEBSARAY AN 5 2, S
FH AR B 1] 5 G Se RIS T 0y a3 . X R RRBR 1)
SRR, SR X A A O A, R
e S A BT B I OC R o ARREOK R 4 A
R AR RS, —.
SHMIE RS 2 R B . AR B TR X 2 2 XY
Wi, AR, PG A DX b $ e v BH P R
AR



2092

National Remote Sensing Bulletin

#ERCFIR 2026,30(7)

NDVI

0.2
Y S P S il .. 03 I PR
0 100 200 300 400 0 100 200 300 400 200 300 400 0 100 200 300 400
DOY DOY DOY DOY
(a) B (b) HEA () ARHEHIBE (d) Fnt A

(a) Grassland (b) Shrubland

(¢) Cropland (d) Deciduous broadleaf forest

° JEUENDVIHE

3 NDVILL4 25
s} ‘
“ A T N A KFIFHSOS
05t :
-. 1 R, | eeeeme KL HREOS
04 L L ! 03 C L ! 01 ) 3 ) . - - - - - - B RKFTIEEPOS
Y0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
DOY DOY DOY
(e) HEREF AR (f) & &k Ak (g) TEMEFIHE

(e) Evergreen needleleaf forest

(f) Evergreen broadleaf forest

(g) Deciduous needleleaf forest

6 il i DX 3= Z AR A ND VIS Ak 2 K OGS 615 i

Fig. 6 NDVI variation curves and key phenological points of major vegetation types in temperate regions of China

172
T 130 Y
L edd+++9
. B g
o BPoded @
259 Y
v 1% ", L
8 15 ‘ A : "‘:»,
: 1 6V@ed 1 O
0.6
E':I 0.3 i
Bia 2 ARSE
- ,
2l b pptoed
?éﬁ;\@ ?&@Z\ &{gﬁg@ g@% ’%ﬁb
[EE TN
VL7 SR K T ARRA R 1 2 ) 43 A

(SOS F/R L K F T4 H 15 EOS Fn A K FATHH U5
LOS F/n A K Z K 5 VPATL o M A i AR KRR
5EL VPATV Fs H B0 7 I AR FRTEEO
Fig. 7 Temporal distribution of phenological parameters for
major vegetation types in temperate regions of China (SOS,
EOS, and LOS represent the start, end, and length of the
growing season, respectively. VPAI represents the Vegetation
Phenology Asymmetry Index of Length, and VPAI, represents
the Vegetation Phenology Asymmetry Index of Productivity )

Xof v ] I A M DX 1982 4F—2022 4 A T 5 B K
ALFASIAT 0T, GEFRFRI] . WS X AET 25 4048
AT BE MR R . AR L,
86.52% X I B FHE S (K8 (a) ), JLHAE
B S L i IR R AR b o L X TR
W3, AR THE RS A E] 0.03 CAELLE, AN
DB 2l 0 0.05 C/AF, AR R A e IRl 2 IX.
BRI R ARIR . SRy, AR AR
HE (E8 (b)) HE— RS TR S B 2E T
RS MHIRZT, B2 8] 50 10 AR 1k 3
AR R XI5 (8 (¢) ), 49.19% X Bk
S FTHER, 50.07% XETE B ASLEHE
PEHR T2 T R XU PE . 50 B N S AR
SRR BRI, ARG IR AE 3—6 mm,
AL IX EE Tt 10 mm, WZEMIAL A L. BrE
VG0 A6 b DX I 3 Bk 8 R s B B R OK A B
e (E8 (d) ) Won, WFFEH N AR K &
AWM, HAKREHEE LT, gk, P
[T ML XA 3 25 40 4F A AR 22 B SR T
B, R O 2 B s ) S T L BRI Bh
BRI ARALRRAE , RIS AT G i E fE SoRag 3
I CTHR+FRE” AR,



RUTHE BRI Tk« w3t DA B AN X AR R AR B0 A2 A P i 1 2093

80°F 100°E 120°E

A FAH/(°C/a) — —
-0.078 0 0.03 0.06 047

(a) S 1) A2l 3

(a) Spatial trend of temperature

50°N

30°N

80°F 100°E 120°E
A/ (mm/a) - -
6 0 3 6 30

(o) BEAR =z M ZE ML 3

(¢) Spatial trend of precipitation

e 88.7+0.0491x  R2=0.79

0 10
<
e
r 9
DO N H DI BN H
PE NN PTLELID]II P
FF S

G
(b) AR PR it
(b) Interannual trend of temperature
907 y=-9.17x10+4.92x R*=0.36,
850 1 [\r
é 750
6507
550 VA
450
S 5 N H O
FFI IS
Ay
(4) BKAF IR f 38

(d) Interannual trend of precipitation

Q O N M
O QP Qv

S GS 71 (2026)0777 5
8 1982 4F—2022 4F- iy M X S IR R /K AR AL i 35 (2 S T FEAZ e e 1 o i 3B PEAG 56 (P<0.05) , FT 2R IR ZR R S IR AR K 11
AEFRASAR )

Fig. 8 Trends of temperature and precipitation in temperate regions of China from 1982 to 2022(Pixels with dots denote statistical

significance (P<0.05). The line charts illustrate the interannual variations in temperature and precipitation )

43 FANRIEHETEESH

43.1 Z[EEEFH

VPALH THiR Mg A KB (CERFESEE
%) ARPMES BRI 2SS, 2RO r R
KAGBHATIH—1k, IR TR ERKFENEY)
MR AR AL R . DRSS SRR (1) VPAL
For 2B M XE2ES (B9 (a) ). AR
S BT A LS L AR D S Vi b X
(MR . ILZR . JL95) VPALFEEEKAML (<0),
W v IS B e TR AR s AR b b X B
KARER . ZR 0 LIEE M X | e S 2 5 DX )
PREL = B VPAL (. (>0), FW & MK KT
REW . WS X N 72.9% 1 X 38 VPAL A K
1E, RIS Ko K ERK TRENKE.
ZRACFR (42°N—48°N) FIT 144 A &8 VPAL 48
X B A T 0.2, K WA K 2R ] 43 E AH X 2
7. WFITIX 84.2% ) VPAL 4 X {1 <0.4, 1M 25 A Xt
FRUEX IR (50.4) U5 15.8%, FWIFR E R4
BRGEARENY PR B, (2) VPAIL

125 B St R AR 3 (K9 (b)), BRIW|
/DS ML X VPAL<O4h (IR 5 3 NDVI S K
THEEWINDVIME, &H2.9%), 4% RS
HiX VPAL>0 GRF M NDVIEE/N T 7% NDVI
PIE, HH97.1%). AFFEIX 38.5% (1) VPAL<0.0002,
RS E R AR ) 2 BBV, AR
IR B AR AE R TTEEIX. (VPAL>0.006,
fi b 13.6%) oA fE Il R o )b R AR A B b
X, JR ATz XRAEY — P, 7. 8 Ay
FEAKA KIS, NDVUERTF, ¥R THGR
Wi A= 1225 . (3) CAL,, /M2 “F
EdUR . AREvaH” P RIE (B9 (¢) ). &
WA YT A pg Ml X (AP PE A4 R R . TR A PE D)
ARACHICARER (EBEZepIL) CAL,, fENIE,
25.5%, izl X 1 7 ISP 1 ORI TR
WIPEARE . 2EA IR L2 &
JEAEER . ARAF I IR) CAL,, <0, (5 74.5%,
S Wi X SR B R F ISR T R VR I RR .
(4) CAL, B {EIX (>0.355) 76 BE VG 2 e
Hl A AR AL R EILE SN B (K9 (d) ),



2094

National Remote Sensing Bulletin

#ERCFIR 2026,30(7)

U132 s DXL A 2 i 300 I I TP A v Tk 7 DT
M, TR PE LA IR R R LR
JEF SR X CAT,,, <0, XoF 12 X IslA 3% 75 39
REK B T . BORE, BRI IX

—\,‘\/,/

30°N %‘M
80°

VPAL ™ —0.79—020 == 0.01—0.20

Lo —0.19—0 0.21—0.40

(a) AR FRERXIFRIGEL
(a) VPAL,

= (0.41—0.84

80°F 100°E
= -0.06—0
0.01—0.02

(o) TIAXIFRIERL
(c¢) CAL,,

120°E
= (0.02—0.60

s (b 63.8% ) AR BRI ST AR v T AR 55
W, XSG REFEX TR AT &, FRRRAD
B, HARKRINZH

50°N
“"\; e
o
30N g0oR 100°E 120°F
VPAL, = —0.039—0 == 0.0021—0.004 == 0.0061—0.0300
0.0001—0.002 = 0.0041—0.006
(b) A== I AR Rt £
(b) VPAL,

30°N B e
80°E 100°E 120°E
CAL,,, ™ -0.85—0.28 = 0.01—0.16 m (0.36—0.93
-0.27—0 0.17—0.35
(d) BEIKAXTFRAEEL
(d) CAL,

B GS 71 (2026)0777 5
B9 1982 4E—2022 4F Hp [ iy Hh X AR XAk s B2 AR 5 (8 2 18] o0 A JE (R PRI AR e 45 AL H)

Fig. 9

Spatial distribution of multi—year average asymmetry index in temperate regions of China from 1982 to 2022 (The pie charts

represent the area proportion of each classification )

ARG HE S ST

SRR A SRR R S R IE
AN B 38 A8 R AR B FOVE AR SRS BL ], A SO
() R0 25 6] WG A 2 R G290 A 1 1982 HE—2022 4
] I A b XA ) A 55 AR AN R R 1 7 Ak
SHBUBCE L Siw =k 107 T B S 1T B IR v B
W5 g AE RS | AR ™ ) B A R i g
T A AN X R e AR AR, 3 17 48 s SR DX ) ok
X A A AR Ak i U ME N 25 S, S5 SR LA 10,
AfL. (1) VPAL (E10 (a) ) Hon 7VH#A K
FriR IS R K 2 R B, s
534 BE, KNSR . KX 3 45
JRPGHR B R g S (X)), RUTEX
A X3 o Vs T AR T TR A T e e, JR
TR, mERPHX  KITH R X L

4.3.2

ARG B AR BN L £r o 2, S YA Y
A B R T AR R AR A B R . (2) VPALL
(10 (b) ) W TRE M 5% B NDVI ¥ {E 2
SR AR B, A Y B T R Y e
B o AU BRI L 25 T R b DX K TR R )
P (EEXE), FRULERE W NDVISE A X =%
W4/, BB AR KR B ES , BZRAH X
R, X AE—E R EAREL AR A GE R
FEM T AE A DX 38 AR A X A 5 Bk TR
A7 KRR B4/ (3) CAL,,, (K110 (c) )
SR T AR WA I - 3 SO 2 = 1y A2 AR
B, R R B AN X AR Y R &
b4 35 1 LA R o X IR e 30 i 25 B0 0F 1) i #A
(£068), RUIZIX B0 7 20 R T v a1k 5 1)
TR R, T AR A 200 4 p A R s S Ay
[ a1 N | A e i s N R R 19 L L



RUTHE BRI Tk« w3t DA B AN X AR R AR B0 A2 A P i 1

2095

Bt GEE), SR E SRR T
EIWEBAET R, ATRE S F U PR M T ¢
XA XIS S R, FEACURTHR A2, g
WahPeid A FRA . (4) CAL,, (E10 (d) )
s TR Y SR HIFoK RN ZREY. &
b FURER | AR AL BRI I X R A 1] 284k
KU (BREFWM) FEKEMIEER THS; m

TEH A ARHR . R/NDEZEWE LKA L D
B B T S, SR T R K 2 e e
WK RGN . BR L, BRAEMA
A A S TR] AR AN R R £ I A ) DX 25 5%, AT
REX A BEAEAN R Z 1 A LR R 227 AR T SRR AT
R S T 3 T 01T B ok T M 7 I 5

30°N

120°E

80°E 100°E
HEHA/(107/a) B -32—4 W -3—0 1—4

(a) AR FRKEANSFRIEEL
(a) VPAL,

m5—44

N N

N g0k 100°E 12006
#34/(105/a) M -45—5 W —-4—0 1—5 m6—50
(b) HE= TN FRIGEL
(b) VPAL,

30°N =

80°E 100°E

34/(10%/a) M -30—10 =1 -9—0

(¢) KIRAKTFRFEEL
(c) CAIMW

1—10 = 11—30

0N e
H/(107/2) B -43—6 W -5—0 1—6 m7—52
(d) BEARAXTFRIEEL
(d) CAIL,,

FHIE 'S GSH(2026)0777 %

& 10

1982 4E—2022 4 r [ A5 s D<A X R B0 Al i 3 P (CRUUITTE (GOt Rl i 25 P 46 (P<0.05))
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significance (P<0.05))

T AT TR 5T DX B P 32 A AN KBRS B 3
B, AT 41 A FRIEEO A% (B 11).
GEREH]. (1) hEEM X VPAL £ ¥R Er b
F#a# (E11 (a) ), 4EHHERKAEHR 0.0018, A5
W B39 0.074, VPAL 14K 35 W 4% o 3R 75 1
i, FIEWIEER, BRI Z A 22 SR
Ko (2) VPAL ZHEERTREE (BI11 (b) ),
AR 498/ -0.0000365, FH4 T 41 4F ] BT R REL
0.0015. VPAIL, & [ W 5 9% 11 53R 75 8 Z 18] 1)
AR EREGBE RN (3) A X FRFE 5
(CAL,,,) ZINGES A IE [0 2k H iz dkai 1o
(EI11 (¢) ), HAEBHEK 0.00037, YT 414F
] N2 0.015, HgHEKERZEFEH%/ .

CAL,, HBARAR IR B R 0.077 (-0.093—-0.016) ,
FWIRLE Z=5 40 BOAS R AEAE W AR BRI Bl . (4) P
IKATTFRAGEL (CAT,,,) 22 BLAHE 1 1 ) 38 K ke 34
(EI11 (d) ), HHFRK K B2 R B
Ko 7E 1999 4F 1 B —A~ 5% A 0.2539, J5 A2 7E
1999 4E AL H X BUR AR ™ 5 T 2, HEPER
T IR AU TERK G, R0 AL, AE H
BRMRE R BT (KM 1), Bfli44E0 CAL,,
E AR B TE . 25 BTk, 1982 4F—2022 4 1[5
T b DA B 7 AR R B L A o O T A AN
PR P48 B0as 1] 40 A A fE 00 B[] 9 725 o 34 17 7
FES XN AR 2 a7 B KRR AR
I A K 25 43 e AR Ak 1 3R [ 8K 2



2096 National Remote Sensing Bulletin i & 54k 2026, 30(7)

y=-3.47+0.0018x R=0.31

005 LTt
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

A
(a) 1L RFRKJERXFRiEEL
(a) VPAL,
O e
-0.02
£ -0.04 |
=

© -0.06 |

-0.08

y=-0.797+0.00037x

R*=0.07

'1?980 19|85 19I90 19195 2(;00 20|05 20l10 2()‘15 20120 20I25
Fr
(¢) SURAXIFRIEEL
(¢) CAILL,,
® (EIfH

TR

0.005 [
0.004
< 0.003 |
>
0.002 |
1=0.0764-3.65x107x  R*=0.46
0.001 1 1 1 1 1 1 1 1 J
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
A
(b) A== JI AR F a5k
(b) VPAL,
0.40
3=-3.62+0.00185x R>=0.08
030f
020}
Z 010}
®)
0.00 f
-0.10}

.20 1 1 Il L L L 1 L J
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025
FR

(d) BEARASX FRTa 5L
(d) CAL,,
—_— g

FEl 11 1982 4F—2022 4 4 FiAS X FR$E BUAFEBRAE AL Il

Fig. 11 Interannual variation of four asymmetry indices from 1982 to 2022

4.4 HEHRWIEXT SR E FHIE A2

4.4.1 HEXMESH

BE T4 A H X 1982 4E—2022 4F Hly 2 Fi 9k
SRR, it E TR TS
WIFERHE (VPAL) FIAE = J37KF (VPAL) B4
Y B I AN KT RRAEE, 5 W B A P97 2
(CAL,,) FLEFEKE (CAL,,) WS Fris 5k
Z ] (3514 T Spearman A OC R AL (K 12) . BFFE4S
XY (1) CAL,, 5 VPAL 76 0F 5% X {5 [l )
78.04% X B B FE IEAE (K12 (a) ), KRR
T 5 5 V5 I 22 S R, AR A o A
AKIFRPERESE . AEARI TR . U114 <6
WAL b X —F A AR E . (2) CAL,, S
VPAL 7E 7 [ R 90.62% X 358, 5 30 v 45 51| 5 1F A
X% (K12 (¢), R{H0.5—1.0), KHBFKMERTY 5
I oI 25 S S 2 AP AE R P, (3) CAL,,,
55 VPAL ZERFFE DX 3 B P R 40 b XN A AE Sk 25 A

et (F12 (b)), BFEXIE AU 17.47%), 17
5 35 FH G 1 b DX W A AR Y X
FEBETE N 52k 38 B X | 1 2R 9T 1 A8 A IX A7 AE
PEREX, HOEMFERENMIK, (4) CAlL,,
55 VPAL 7EWF 5T X 10 L Y 35.7% Hiu X A7 7E 5 35 1 172
X (12 (d) ), fede PR RICFEE . BE
PO NS 2 A A X, A XORAE 76 3 AH G
P o 3 B I K A A A A B Y R K s IR 7 1
BF, 3R A NDVI A B = 4G 3 55 09 NDVI Y
fHo (5) CAlL,, 5 CAL,, Z A JHS 43 X 2 3 A
% (12 (e) ), ULWIMCAT, HK Chl s FaK
Mm TR B, CAL, aHZ K (CAL,,
R AE R T 0), RIS SR AR 22 545/ .
(6) VPAL 5 VPAL7EILZA . Idbm il . AR LT
o X R E A (B2 () ), Uiz
DX B A D) A B ) B TR T, VPAL K,
VPAL A/, BIAS 8915 3% 75 101 A9 A8 8% NDVI (A
SR/



R THERRE A Tk« vl S DA P AN S PR B X A A A g i i 2097

50°N

300N oy, 1 i

80°E 100°E
(a) CAL,, 5 VPAI AOGHE

and VPAI

(a) Correlation between CAL

Temp

50°N

30°N -

(¢) CAL, 15 VPAL HISEHE
(c) Correlation between CAI,  and VPAIL

50°N

80°E 100°E 12006

(e) CAIMP‘% CAI
(e) Correlation between CAI

A
and CAT,

Prep

Temp

R R
-1

50°N |

N goox 100°E ;

(b) CAILL,, 5 VPAI Gt
(b) Correlation between CAL, and VPAI,

Temp

50°N
o Y‘y\‘A & SGE S
30°N 80°E 100°E 120°E
(d) CAL,, 5 VPAI KI5

(d) Correlation between CAI,_ and VPAI,

Prep

50°N

E &
80°E 100°E 120°E

(f) VPAL 5 VPAT A A%
(f) Correlation between VPAI, and VPAI,

0 1

30°N

HES : 6S51(2026)0777 5
K12 A FRPEAE Bz 18] B AR D3 A5 P (VP AT R R A (IR XS FRAE H VAL R R A 77 T3 A X ik
BHL CAL,, R URA M FRIEEG CAL, RN AR FRIEE. MBI CR R E i 2 25 PG 46 (P<0.05) )
Fig. 12 Spatial distribution of correlations among four asymmetry indices (VPAI, stands for Vegetation Phenology Asymmetry Index

of Length; VPAI, stands for Vegetation Phenology Asymmetry Index of Productivity ; CAl,, stands for Climate Asymmetry Index of

Temperature; and CAI,  stands for Climate Asymmetry Index of Precipitation. Pixels with black dots denote
statistical significance (P<0.05))

i i 1A 1982 4F—2022 4F 41 4F 4 MW g A X
PRI B (A, SR )5 X A5 A Mk A% 22 18] gk £7
Spearman FHCYESMT, 53] 4 SAXSFRIEELZ (B AY
MHCRE 55REW: (1) VPAL 5 CAL,,. CAL,,
SAHAMEZE B IER G (VPAL 5 CAL, Z [AAH
KM, R=0.91; CAIL,, 5 VPAL LI} CAL, 2
] A 5 28 55043 3 0.47 F10.62) o 24 B 7K A 7] 3R
HI (CAL,<0) W, F&ELERESE, 20
PR R | S AR IR B B s W SR B K i
R (CAL, >0), WG, Z=/K 50425 SER 7%
Mo, FER ETEW . WL, AR AR R
(CAL,,<0), FFFREF P, Hilkml R, SoS
PEHT; AR S (CAL,>0), WIEL
MR AR . EOSHEG o M AE K ZEAT K VPAT,

5 CALIEMI 56 H2 SR MoK W R . R
B K E 25 B, AR O R
MR, B IREAGER, WEE ST,
(2) VPAL 5 CAL,, . CAL,, . VPAL X3 &%~
] 5 Sy B AH 5 (CFH G R 505 51 -0.58 . —0.39,
-0.64), MiRFHARKSIRER S (CAI0) B, iR
FHWK RN, CAL,,. CAIL, . VPAL3/HE%<0
HE NS, S5 VPALE ETHES. MK TS
e, B IKOAS X AR 2 B 3 3 AR B e A K K
JEARKEFR I B 2 T R AR R )
B R A A 7= e A W R Y, (AR R T
REIK s AT FRYE B N FRAETERR & 5 A0 L 29 26
R, R L KRN AR [R5 54 T S 0h
AR



2098 National Remote Sensing Bulletin i & 54k 2026, 30(7)

442 HEIEEMHSH

Shy i A S A PR A ) i 2 M 2 S
L RN S D G s R s VTR o O = 95 A A O
TR TR AR AS X R T AR A A i R 1 B iR KT
IIATES SRR, 5 R K AN BRI X AR R
FIRIAE KA B AR X R R i R B B 5
TERRPUREHE, 10 7R 0 45 Rdh X, SJRXT VPAL
B AR T B T 20%, HiAvds KA o X AR
10% (113 (a) ), MiAEZRISIETRT LA g 28 K 73 X 3
DL ATFE AR IR SF X, BEZK G VPAT, A ARXS B 2L
PERRE Y 50% (K13 (¢) ). SIRXF VPAL Y
SNV X 38 P9 A 2R <10% (113 (b)),
Rk X VPAL A2 B L AR 2 5, Bepg bR L K AR
AU B4 i X i 20% b, H Ay X 45 <10%
(E13 (d) D)o SFAKBRERE, EEARTHK
PEAR TR 20.6% 7254k, FEAKAS KRR STRkRAE T 2

50°N

NS R 100°E C120°E

(a) CAL,, Xt VPAL AyARXS 5 21
(a) Relative importance of CAL,to VPAI

50°N

80°E
(¢) CAL, XF VPAL (A%t d 2
(¢) Relative importance of CAL,  to VPAIL

b ti ) B

0 10

41.4%, SAEHF LR R85 62.0%, ™
Rt 7K 257 o O R 0 M R R M i S SR s RIAE T . 7
R A = S I, IR AN KB o ST R 5.19% 1Y
Ak, MR AR XS FRIE TTHR AL 12.9%, —F I
VB ) SR IR 3l 7 i e 1 R 18.0%, Hor
R K BTk o5 A S . T S B AR AR X R AG
) 5 2 IR K s AR, AR 1]
FELEARRT IS, IR SN ML . AR, FEACARXS
FRUESHE A KK E (41.4%) AiAr=T) (12.9%)
(1) DT R 7K 724738 B0 B I 1 i A5 DA L, BRIE T
RV FERX KD EESRET N EEEH, [E
R A RKZERKEN TR (62.0%) BE&HT
XA R BTk (18.0%), 7R K 4x 4424
5 2 R 4 v ) SRR AR N, 3 — e R B 2
DR XA ) 7 A5 A6 A8 A 11 43 S AL ) L B R R

50°N

 100°E 120°E

(b) CALL,, *F VPAT, iyARXS 5 22
(b) Relative importance of CAL, to VPAL

50°N
oo
o ‘kr\'/u s pm s o
S 80°E E
(d) CAL, T VPAL, (%} f 2
(d) Relative importance of CAIL, to VPAL
I

30 40 50 100

W ES . GS H1(2026)0777 5

13 CAIL

remp AL, X VPATL (VPAL, (4 HE X T B2 25 18] 434 18] (VP AT, F R AB B 1 A= K IR BRIE S VPAT oAt b

L IR FRAGEL; CAL,,, Fn URA M PRIE L CAL, R K A FRIEE0
Fig. 13 Spatial distribution of the relative importance of CAL, and CAL,  to VPAL and VPAL, (VPAI stands for Vegetation
Phenology Asymmetry Index of Length; VPAI, stands for Vegetation Phenology Asymmetry Index of Productivity ; CAL,,, stands

for Climate Asymmetry Index of Temperature ; and CAL,  stands for Climate Asymmetry Index of Precipitation )

45 SOM A EERSH

SEI6 vh B R 155 7 Kohonen £ 47 SOM
PR BE AT 20, M VPATL, VPAIL, SOS,
EOS. LOSHLS A SHIHATLE SOM 732 . Firf 4
R(E14) Bon, BIR A& R AR S S8
IR SOM 43 2RI 30T 16 573 2K Re ik, X

KBMER IG5 4, Horr SOS M VPAT % o
FG; 7.8, 11, 12, 15 542K K5 19
K1, Hr EOSFIVPAL 30t 5 £ %, %K1k
R 20 30 45 RERI3; 1. 5. 6 52X
NEERFESF A5, ZBEHREOS 5 FE S5 9. 10,
13, 145532 W R K JF 92 2, Hrp EOS F11



R THERRE A Tk« vl S DA P AN S PR B X A A A g i i 2099

LOS i £ RIMWBAELER a1, AFEsZEH
& FEFEHMIESEAAER RN ES, RIEK
P P A R E R 4 s B A Y 28000 25 57 . K SOM 432
S5 R IEAT K-means BRI Z )5, 144 E 19 #9043
Sy SEPEAD (K 15), 2880 1 3 A P T R R
X, ZeA2 FEAE PR ILE X . ILRE
DL e PG PN 52 0l e L (X, Y S R R fE R Ik —
T LR b X, WIS DX L DY s ) R T B
I MODIS A 4 55 4 X0 58 28 43 B 19 25 2B 4743 X
it (K 16), 2553 W Sk I ORI ST i b
JEEIN, 7S (5 LT 50%; JE0HEF AR K
I AR, AR I N 287 3 LB AT 60% 5 HHb
JEREIP2ETY 15 et 50% . 6] B8P 1 45 1
RENS — R EE LR VR TR . FARAR . F b,
R F LR 0 40 o A g 28 TR ) B A 2, AR B
R DX I TR AR [ R ME 2R AL, S I
BRI AE D, PSR & .

m VPAIL, O SOS O LOS

O VPAL O EOS

Bl 14 RIS RUAYRRAE [ B 44 (& R 16413 Rl A R )
ZRYNZRAE Y 16 D RHN Y AL, A5 R AR A B T AR
W TSl AR T CRXTFRIETE S VPAL AT VPAL , DL R A%
L2 S0S (EOS \LOS) E %17 s H YA AU AR
[l RN, 9 R A APRLBR AR T3 1612005 e itk

— B IAIE A 5K LA 14 R 15 89 1—528) Y

EAEISUR )

Fig. 14 Topological map of characteristic vectors for clustering
nodes (The 16 circles represent the 16 topological nodes generated
by network training. The sector area within each node reflects
the relative weight or feature vector magnitude of different input
variables (asymmetric phenological indices VPAI, and VPAI,, as
well as traditional phenological parameters SOS, EOS, and
LOS) in that node. The thick black lines between nodes indicate
the topological boundaries where these 16 sub—nodes are further
clustered into 5 main categories (corresponding to categories
1—>5 in Fig. 14 and Fig. 15))

50°N

30°N L R Moo 1 21 S .;% s,
80°N 100°N 120°N
By} 1 =m2 mm3 4 ®m5

WS GS it (2026)0777 %5
15 SRISFAAS [ 34 (5 FRAEBUARER 118 14 P19 161
o3 R — LI R S AR
Fig. 15 Spatial distribution of clustering types (The 5 types
represent the 5 main categories into which the 16 sub—nodes

from Fig. 14 are further clustered )

HHh

L P
HAREFIHAR
AR

Vi ] -
F bR
A

R et

0 ZIS 5I0 7‘5 1(I)O
[EAY== A0
# W B s s
16 AFEHE R b R R B AR & L (5 R AR
FTE 1489 16 D51 R VAR 5 AR
Fig. 16  Area percentage of clustering types within different
vegetation types (The 5 types represent the 5 main categories

into which the 16 sub—nodes from Fig. 14 are further clustered )

5 W w

51 EHVEHNENEERIKHER

i ] I A b DX A ) A A Ak B I Y e s
SRR, (1) SOS BRI AT, H2s R 5wk
AR . AU IR L VR T U A s DX i
K, T R ARV TR R D 43 X
EIGER R XA 5 R T K ISR A X
R sh B RS, RITE B 32 5 00 AR UK 5 2
B 25 UK Sl SOS R, 1 VEHR T T R FE X 32 K 4y
PR B 2 B i sl ), R ARXAR S . (2) EOS
AR IER S, RICEIR S+ SR EOS
IR, SRR KN R FEHEIR ARG s T Zs e —
e DL 3 4 X B R EOS $R FT R, I fiEszok
JAI R 5 5 WK 45 sedL VR AT . SOS & 1i 5
EOS #E 3R Ht [7] 5 8 4 [E K& 4 Hb X LOS ZE K



2100 National Remote Sensing Bulletin  # 254k 2026, 30(7)

Zhang%§ (2022) PP ENRATHLIX 1982 4-—20144F
B EOS IR, MR AL PR (2016) A Rdbf
BRCHS oA 1 1) A 2 i B W S R AT, B E A
WL R —2

YIHEAKTFRME (VPAL) BYAEPRAS ALRFAE B 5 ;
(1) VPAL LL0.0018/a 3 5 5 3 T}, B #E
RS IR I ] A3 22 S R, TR
RV H R e X R 2 PP AR K R IO X
FRUER BT 25 WA, W RE 5B AR M BEHR T . K
Z 7V 25 S RS R A IX 3 S A AR AL 2 DDA 6
(2) VPAIL, LA-0.0000365/a i3 5 T B, J AR #%
PRI ZET 22 545/ VPAL, R B 4 v A i
Pk X RACF R X, FEEWRIE (ndedhs
INFERIEK) FE R RO 2k v v
NDVIME, HIS9ET5 255

A G 48 7 B K 255 43 TE A2 0 1 B R
PERIRZLOBRBIA T MK R 751 (CAT,, >0),
A FEGEM: o BT IR R G P ] (NG HLIX ) 5 #
MK TR E W (CATL,,<0), WL R & &
HAE KR I (CAnsg & ) o SR C VR T
K HERE Y Y e AR v B XU TN 6 . B AR R
T HERT I o AR AL BUE AL, KRR AR B
WMENREZES . IRAXFRYE (CAL,,,) X
VPAL (4 1F [0 VE FH 2RIl Bl 1y, 3R 75 1 B 7+
oI SR TR, T R Vi 0 e R A R R
P NIIEAPN ==

AN [R]85 2 78 X A A AN X R A 18 ) 7 A7 7
FOr S, AR R TR B T e TR G K RT3 i
0 2 S A O SRS« Vi R AR B B VPAT F
ISR R P, Bk R T 4 A S AT
AEZ b UEAT 352 40 IStk AKHIR AR A FE 4%, 33K
EIEWEER . ERTEH, W oM TR
TN RE K BRI VE T R SR i bk 2 B A7 T 2
Sy FEREVE W H SR S A7 0 SR A 4 RN Rk 2R T
SLXCEE MR o R I AR B A 4 A R A 2 K 43
AR N rd D S DO R T E SR 7 STYNA /PN
AR BRAFERKGRRELRTE , MAZEREK
e 2 AR B AL B, AT RBIE B AR ZERT A S
K7 R, BRI R R VPAL N B A Ch TRV
ik FEWEFT0E [ ARK BRI, A& /NAE IR T HINDVI
WG, ERERKY (7—9H) EMEEINDVI
KRV, R P AR e AR O I R TR T

52 AHEMSH

ARSI S T PR AR 5 2
]2 DI C &R, AR A TP T AR R B K R
B sg ), BRI NG B (R S
2023) . e (Adole %, 2019) . M (Qiu %,
2013) AR A PR 2 TR RE XA g 4 oA 2R
WA, A T B SRR R AR AR R R AR
A BIF 5 1) A B M R TR DU B, O IR R B R
a0 sh IR Z LRI AR Py e Al ep, KA BT
IO 4 TR b, UL B M A A R R AL . AE
PERC AR, SRR RIS ND VI B P 5485
Tk P ES ORI, MRS R m R K
(FIERE, 2018), AR AAE I KAl 4 Py i s I 7™
BF, SFXPARTE b 55 28, d ST iR — A B
i e R R ST IJehEE A5 Y
15 S HR AR ICR AL 58 17 45 pR 5o Bel & ND VI
&, IE A BREERREIY S, EEIk
BRrb R 26 B AR ) R AE AR I, BT IATT
N AR e s i, B a7
SRR B T T, AR SCR U GIMMS NDVI 3G
B A, FERRUE | K B 51 1 A
Py i $E ORI 5 b A5 B R L (E B 4R 2 ()
SYHERA 8 km, FRAMEIC R Z R IR IR A
Bot, UL T 2 A S IO s 2 50 5 2 R Y
A B AR A A S By T XA — 8 R
M o R B A Z ROk TR
22 e b T SR AT — 2L A B, AR kG
R R AL A B

6 45 it

2R SCHFH 1982 4F—2022 4= GIMMS NDVI 3G [¥)
NDVIZHESE , R HDUBGE 5 17 35 pR B0 15 AN 8 2 1
HIE LA A K I 2T I e =4k, mad iy
A B ) i AN X BT B0 5 R A KT FR I8, AR
KERKE, £, ] BRI 4N g E b T
o [ I A b DA [R) A B R I S R I B 25 R
I X FLI 23 AR A RRAE K A AR Ak 8 i 07 AL ) 144 7
Torbr. FELEBWT .

(1) BB AR K 3 R d 28 B < H 23 [] 49 57 B
o 2 XA AS B AKX B, R AT A k2

PR 75 4 1l A0V 4R B AR RRAE , (HAE AR
TR IEMIX, 32K o M R, FC Rz B



RUTHE BRI Tk« w3t DA B AN X AR R AR B0 A2 A P i 1 2101

R TR B R REFE X

(2) PR F Ay (] 0 BC -5 287 S B
b R SR SR VAR 7 i S S SN DR &2
U, SRR AR S AR, KRBT
IR T 3R 77 39 O TR XS B i, i
X AN B AR T 2E BRI E B 4 /N

(3) Rk 2= A5 73 BC 2 B Bl ) i AN B 1 1)
BN T K2 SRR R T AR BR B I 4
PR 25 T, ELAS [R) AR DA A A o 5
AR B WA ) AR 2 S LR, S AR HE VA
SRR R MESRGRERE RN TR
M

2 2% 31k (References)

Adole T, Dash J, Rodriguez-Galiano V and Atkinson P M. 2019. Photo-
period controls vegetation phenology across Africa. Communica-
tions Biology, 2(1): 391 [DOI: 10.1038/542003-019-0636-7]

Cong N and Shen M G. 2016. Variation of satellite-based spring vege-
tation phenology and the relationship with climate in the Northern
Hemisphere over 1982 to 2009. Chinese Journal of Applied Ecolo-
gy, 27(9): 2737-2746 (MM, LB AR . 2016. 1982—2009 4F 3 T
TR A b2 R v e XA B AR TR A sl A O A
B2 &R A 2 L, 27(9): 2737-2746) [DOI: 10.13287/j.
1001-9332.201609.028]

Cong N, Shen M G and Piao S L. 2017. Spatial variations in responses
of vegetation autumn phenology to climate change on the Tibetan
Plateau. Journal of Plant Ecology, 10(5): 744-752 [DOI: 10.1093/
jpe/rtw084]

Cong N, Wang T, Nan H J, Ma Y C, Wang X H, Myneni R B and Piao
S L. 2013. Changes in satellite-derived spring vegetation green-up
date and its linkage to climate in China from 1982 to 2010: a mul-
timethod analysis. Global Change Biology, 19(3): 881-891 [DOI:
10.1111/gcb.12077]

Elmore A J, Guinn S M, Minsley B J and Richardson A D. 2012. Land-
scape controls on the timing of spring, autumn, and growing sea-
son length in mid-atlantic forests. Global Change Biology, 18(2):
656-674 [DOL: 10.1111/1.1365-2486.2011.02521.x]

FuY S, Zhang J, Wu Z F and Chen S Z. 2022. Vegetation phenology
response to climate change in China. Journal of Beijing Normal
University (Natural Science), 58(3): 424-433 ({7, 5K &, Ik
K, BRE R 2022 E R B e T 0k S e SR . A R R
SF2E AR (A RBL2E IR), 58(3): 424-433) [DOI: 10.12202/5.0476-
0301.2022170]

Kohonen T. 1990. The self-organizing map. Proceedings of the IEEE,
78(9): 1464-1480 [DOL: 10.1109/5.58325]

LiZ Z, WuY P, Wang R H, Liu B, Qian Z H and Li C. 2023. Assess-
ment of climatic impact on vegetation spring phenology in north-

ern China. Atmosphere, 14(1): 117 [DOI: 10.3390/atmos14010117]

Liu Q, Fu Y H, Zeng Z Z, Huang M T, Li X R and Piao S L. 2016.
Temperature, precipitation, and insolation effects on autumn vege-
tation phenology in temperate China. Global Change Biology, 22
(2): 644-655 [DOI: 10.1111/gcb.13081]

Ma X F, Chen S Y, Deng J, Feng Q S and Huang X D. 2016. Vegeta-
tion phenology dynamics and its response to climate change on
the Tibetan Plateau. Acta Prataculturae Sinica, 25(1): 13-21 (Zh 1%
55, BRI, XBGE, i Bk, SRR . 2016, 75 58 IS B % s
I K JEXE A AL AR W B . Rk 274z, 25(1): 13-21) [DOL: 10.
11686/cyxb2015089]

Masson-Delmotte V, Zhai P, Pirani A, Connors S L, Péan C, Berger S,
Caud N, Chen Y, Goldfarb L, Gomis M I, Huang M, Leitzell K,
Lonnoy E, Matthews J B R, Maycock T K, Waterfield T, Yelek¢i
O, Yu R and Zhou B. 2021. Climate Change 2021: The Physical
Science Basis. Working Group I Contribution to the 6th Assess-
ment Report of the Intergovernmental Panel on Climate Change.
Cambridge: Cambridge University Press

Pinzon J E, Pak E W, Tucker C J, Bhatt U S, Frost G V and Macander
M J. 2023. Global vegetation greenness (NDVI) from AVHRR
GIMMS-3G+, 1981-2022[EB/OL]. https://www. earthdata. nasa.
gov/data/catalog/ornl-cloud-global-veg-greenness-gimms-3g-2187-1
[DOTI: 10.3334/ORNLDAAC/2187]

Qiu B W, Zhong M, Tang Z H and Chen C C. 2013. Spatiotemporal
variability of vegetation phenology with reference to altitude and
climate in the subtropical mountain and hill region, China. Chi-
nese Science Bulletin, 58(23): 2883-2892 [DOIL: 10.1007/s11434-
013-5847-6]

Ren C, Zhang L J and Fu B. 2023. Unraveling effect of snow cover on
spring vegetation phenology across different vegetation types in
northeast China. Remote Sensing, 15(19): 4783 [DOI: 10.3390/
rs15194783]

Ren Q, He CY, Huang Q X and Zhou Y Y. 2018. Urbanization impacts
on vegetation phenology in China. Remote Sensing, 10(12): 1905
[DOLI: 10.3390/rs10121905]

Tan X Y, Jia Y W, Niu C W, Yang D W, Lu W and Hao C F. 2023. Re-
sponse of water-use efficiency to phenology in the natural forest
and grassland of the Loess Plateau in China. Science China Earth
Sciences, 66(9): 2081-2096 (R348, BIMISC, A F, K3, Bl
3C, AR 2023, o B w5 SRR SRR BRI K 43 R IR
p g R e E R HER R, 53(9): 2110-2126) [DOL:
10.1007/s11430-022-1124-0]

Wan X R, Cheng C Y, Bai D F and Zhang Z B. 2023. Ecological im-
pacts of climate change and adaption strategies. Bulletin of Chinese
Academy of Sciences, 38(3): 518-527 (J3 ¢ 4n, FEHE, 1R,
SRS . 2023, UGS LAY A AR RIS R . T ERLABEBE T,
38(3): 518-527) [DOLI: 10.16418/.issn.1000-3045.20220815002]

Wang M Y, Luo Y, Zhang Z Y, Xie Q Y, Wu X D and Ma X L. 2022.
Recent advances in remote sensing of vegetation phenology: re-
trieval algorithm and validation strategy. National Remote Sens-
ing Bulletin, 26(3): 431-455 (L fi{%k, &' %, 5K1EFH, 75 =, %=
ANE, ESEIE L 2022, B S BRI R IS B YR STt
J& . IR, 26(3): 431-455) [DOL: 10.11834/jrs.20211601]



2102 National Remote Sensing Bulletin  # 254k 2026, 30(7)

Wang X Y, Zhou Y K, Wen R H, Zhou C H, Xu L L and Xi X. 2020.
Mapping spatiotemporal changes in vegetation growth peak and
the response to climate and spring phenology over northeast Chi-
na. Remote Sensing, 12(23): 3977 [DOI: 10.3390/rs12233977]

Wang Y F, Shen Y J, Sun F B and Chen Y N. 2014. Evaluating the veg-
etation growing season changes in the arid region of northwestern
China. Theoretical and Applied Climatology, 118(3): 569-579
[DOI: 10.1007/s00704-013-1078-7]

Xie Z A, Zhang C, Feng S Y, Zhang F C, Cai H J, Tang M and Kong J
Y. 2023. Reviews of methods for vegetation phenology monitor-
ing from remote sensing data. Remote Sensing Technology and
Application, 38(1): 1-14 (M7 &, K, 25T, KE G, 2078,
AL, FLLLH . 2023, R R E RS N AT S R . B IR
L, 38(1): 1-14) [DOL: 10.11873/j.issn.1004-0323.2023.1.0001]

Yu HY, Luedeling E and Xu J C. 2010. Winter and spring warming re-
sult in delayed spring phenology on the Tibetan Plateau. Proceed-
ings of the National Academy of Sciences of the United States of
America, 107(51): 22151-22156 [DOI: 10.1073/pnas.1012490107]

Yuan H H, Yan J B, Zhang J L, Wang Z, Xu W G and Zhang H N.
2023. Influences of climate change and human activities on vege-
tation phenology of Shanghai. Acta Ecologica Sinica, 43(21):
8803-8815 (R, VK F, Halse, BB, IRMAT, H .
2023. b AU FI ST ST AR 5 A 22
%, 43(21): 8803-8815) [DOIL: 10.20103/j.5txb.202209192675]

Zeng Z Q, WuW X, Ge Q S, Li Z L, Wang X Y, Zhou Y, Zhang Z T,
Li Y M, Huang H, Liu G X and Pefiuelas J. 2021. Legacy effects
of spring phenology on vegetation growth under preseason meteo-

rological drought in the Northern Hemisphere. Agricultural and

Forest Meteorology, 310: 108630 [DOI: 10.1016/j. agrformet.
2021.108630]

Zhang J, Hao F H, Wu Z F, Li M W, Zhang X and Fu Y S. 2023. Re-
sponse of vegetation phenology to extreme climate and its mecha-
nism. Acta Geographica Sinica, 78(9): 2241-2255 (5K f#, I35 1€,
FIRTK, ZEWTR, SKBE, FHACHT . 2023, A B0 XA A 18 K
B . HbBE2A, 78(9): 2241-2255) [DOI: 10.11821/d1xb202309008]

Zhang R R, QiJ Y, Leng S and Wang Q F. 2022. Long-term vegetation
phenology changes and responses to preseason temperature and
precipitation in northern China. Remote Sensing, 14(6): 1396
[DOL: 10.3390/rs14061396]

Zheng W R, Liu Y Q, Yang X G and Fan W Y. 2022. Spatiotemporal
variations of forest vegetation phenology and its response to cli-
mate change in northeast China. Remote Sensing, 14(12): 2909
[DOLI: 10.3390/rs14122909]

Zhou Y K. 2018. Comparative study of vegetation phenology extrac-
tion methods based on digital images. Progress in Geography,
37(8): 1031-1044 (J& ERL. 2018, FE T K0S IR F oA Bl e 112 B
Z 7 EE Y . BB # R, 37(8): 1031-1044) [DOI: 10.
18306/d1kxjz.2018.08.003]

Zhou Y K. 2019. Asymmetric behavior of vegetation seasonal growth
and the climatic cause: evidence from long-term NDVI dataset in
northeast China. Remote Sensing, 11(18): 2107 [DOI: 10.3390/
rs11182107]

Zu J X and Yang J. 2016. Temporal variation of vegetation phenology
in northeastern China. Acta Ecologica Sinica, 36(7): 2015-2023
AER, Bl . 2016, ARILHB XA B M i e 84k . A 3824,
36(7): 2015-2023) [DOL: 10.5846/stxb201409231884]

Asymmetric characteristics of vegetation phenology and their responses to
climate change in temperate regions of China
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Abstract: Vegetation phenology serves as a critical indicator for assessing the ecological impacts of climate change. While most previous
studies have concentrated on the interannual variations of specific phenological events, the intraseasonal asymmetry within the growing
season remains poorly understood. This study aims to fill this knowledge gap by quantifying the asymmetry between the green-up phase and
the senescence phase from the dual perspectives of temporal duration and productivity levels, represented by mean NDVI. Focusing on the
temperate regions of China, this research seeks to reveal the spatial - temporal patterns of phenological asymmetry and clarify the
underlying climatic regulation mechanisms driven by temperature and precipitation imbalances. By examining these dynamics over 41
years, this study provides a nuanced understanding of how ecosystems reorganize their seasonal cycles in response to global warming. For
this assessment, long-term GIMMS NDVI 3G+ data covering the period from 1982 to 2022 and NOAA climate records were utilized. This
study constructed two primary indices: the vegetation phenology asymmetry index (VPAI), which includes length-based asymmetry (VPAI,)
and NDVI-based asymmetry (VPAL), and the Climate Asymmetry Index (CAI), accounting for temperature (CAly,,,) and precipitation
(CAL,,). The growing season dynamics were analyzed north of 30° N to detect trends in the start of growing season (SOS), end of growing
season (EOS), and length of growing season (LOS). Furthermore, a self-organizing map (SOM) classification was implemented to examine

the spatial consistency between phenological parameter distributions and vegetation types, evaluating the potential of these metrics for large-scale
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vegetation mapping and identifying the distinct signatures of croplands in comparison with natural ecosystems. The results indicated a
significant advancement in the SOS at a rate of —0.077 d/a, a slight delay in the EOS by +0.06 d/a, and a general extension in the LOS by
+0.101 d/a across the study area. These shifts led to a persistent increase in VPAI, and a decreasing trend in VPAI,. Spatially, 72.9% of the
temperate regions of China exhibited longer senescence periods than green-up phases (VPAI >0), and 97.1% showed higher productivity
during the senescence period (VPAI,>0). Notably, croplands exhibited significantly higher VPAI, and lower VPAI, than surrounding regions

due to a secondary NDVI peak during senescence. Climate driver analysis identified precipitation asymmetry (CAl,,,) as the dominant

Prep
control on growing season length asymmetry, with a correlation of R=0.91, explaining 41.4% of its variance. Temperature asymmetry
(CAly,,,) showed a secondary influence on length asymmetry (R=0.47) but lacked a significant impact on NDVI-based asymmetry (R=-0.39),
which was negatively regulated by precipitation. This study provides a comprehensive quantitative characterization of vegetation asymmetry
in duration and productivity dimensions over a large spatial scale. With precipitation asymmetry identified as the primary regulator of
phenological imbalances in the temperate regions of China, the findings extend the conceptual framework of phenological research beyond
simple event-based shifts. The strong spatial consistency revealed by SOM classification underscores the effectiveness of phenological
metrics for vegetation type mapping. These insights offer valuable guidance for ecological modeling, carbon cycle estimation, and the
development of climate-adaptive ecosystem strategies, including crop management and water regulation. This research emphasizes that
understanding intraseasonal dynamics is essential for accurately predicting ecosystem responses to an increasingly asymmetric climate and
provides a scientific basis for seasonal resource allocation in environmental management.
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