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Abstract Global warming has led to the intensification of the water cycle and the frequent occurrence of
flash drought, which in turn has an important impact on the terrestrial ecosystem. However, the research on
the response and recovery of vegetation to flash drought in Northeast China is relatively limited. This paper
uses soil moisture which from ERA5-Land reanalysis data to select flash drought events and identify the
summer flash drought in Northeast China from 2000 to 2022, and the spatial distribution characteristics
during onset and recovery stages are analyzed. On this basis, the characteristics of different vegetation
types response and recovery to flash drought are analyzed by combining with the MODIS Leaf Area Index
(LALI), and the spatial pattern of dominant factors is further discussed by using random forest model and
partial correlation analysis. The results show that there are significant differences in response and recovery
of different vegetation types to flash drought in Northeast China. Specifically, forest has the longest
response time (28 days) but the shortest recovery time (12 days), while grasslands has the shortest response
time (10 days) but the longest recovery time (30 days). In addition, the decrease and recovery rate of forests
are both faster (0.99/pentads and 1.02/pentads), while that of grasslands are slower (0.28/pentads and
0.41/pentads). The results of dominant factors suggest that soil moisture and Vapor Pressure Deficit (VPD)
are the main factors affecting the response time of vegetation, the onset rate of flash drought and
temperature play a major role in the decrease rate, the recovery time of vegetation is mainly impacted by
soil moisture and precipitation, and the recovery rate is primarily influenced by soil moisture and VPD.
Moreover, temperature and VPD determined the decrease and recovery rate of more than 50% of forests,
respectively, and are higher than that of grasslands and croplands, while soil moisture dominates the
response and recovery time of more than 73% of forests, grasslands and croplands. This paper results can
provide some reference for the possible effects of flash drought on different ecosystems, and deepen the
understanding of ecosystem response and recovery after flash drought.
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F R mcE W R BRI BR R EZ —, MEBME R ERREN SR TR R
(Edwards et al., 2019; Wang et al., 2021; Guo et al., 2023), i 2B SUEALRE, L2 R MK
RBRFMR, KERWIFRST 7T A ERAE LRI (Blauhut et al., 2016; 5K 345, 2017;
B BEAE, 2018). AT, IEAESRA BT AT B AR RS R EAE, — R A s AR HL
TR T2 %, RIS (Flash Drought, FD) FFU652 3 1) 12 5E (Otkin et al., 2016; 3% 5%, 2020;
O and Park, 2023). HFFUKIL, —RAILIE KK BRFFIERRREE N AL, WSEE 2012 445,
B2 P e s K5 (Otkin et al., 2016). 2013 FFIREKITH FIFEE (Yuan et al., 2015).
2017/2018 K F| AR HFIRE (Nguyen et al., 2019) DL 2022 4E3% E KT A KRS (Liang et al.,
2023), BJitipk T EORHIAGHRE, X ARSI R 1 BCR PR o i 2 JLH4E R 3R A
Bl R SOR Y B BT, ARSI E RN, AR P T RIS, Il RE N Bk
BT 5 N TRAEES, KRR EXNMIEES RGIE M G T (Christian et al., 2021;
Christian et al., 2023; Yuan et al., 2023). Kb, | 3R FHRHE KB RIR PR LR REMFW, SHkb
BREH R B ARG R ) € AR SR N RS E, A B T ik 0 s A SR A e nT P2 K
J& (Zengetal., 2023).

TN Rt E S RGN BB AR 7, 32 m U B2 LW E. (Heino et al., 2023; ik
FHIARFTF, 2023; FKERSE, 2023). AR, KRERIWFFURT 7RO TR RN 28 E45
(2023) I F5 Eonf v [ AL 7 M AR O R T R AR s xiig s (2023) WEFU4R R
o XA R S AR R IEAR, B EPAERFEE. NECH5F; Maetal. (2024) AIARILIE
P R E AT RAEABR TN ] (2000-2020 4F) % -5 RO 2 512458 (2024) WFFEK
P E AT+ B2 R X B 2 N SRIE AR AR A B 3L R MR, AN R X 3 3 R AN ]
SR, A AESR R E PR R AN TG N, HE BRI (Wang et al., 2016; RS, 2024).
A, 2SR BB BKEZ MR RIS, Wang etal. (2016) W 7 R IR IE 216 79%-86%
i DX AR o il AR S R G P AR SRR . BEAh, ADERIBAE (20230 BAS T IR AR AEY A
KRB BIAFENLE] XA AEY =B 5m; Zhang et al. (20200 W Ft4E H A 4 X IR AL = 7)
(Gross Primary Productivity, GPP) FIITHI#RFE % (Leaf Area Index, LAID X B [1)3F- 35 i |87 i [H] £
919 K; Hu et al. (2024) AT SR 0 LIS TR AE T A R R R e b, R AR
JRAACH .

ARAG XA D v 1] S A R oA XA S T RE X, HE M 7 7 28 2 N U AR AL UK



CL A TS EE M AE 70 e M 78 [X sk (X R AR %%, 2018; Gou et al., 2022; B¥PE4%E, 2024). AR ILA L
M IXGR IR SR, KA HL PIRG (5K #14%, 2018; Christian et al., 2021), Sunetal. (2024) it
TR ARIL X H IR R R AR 2 . SRT, R OG T SR SR S 1 9 2 SR A T HAh X 35
(Jiang et al., 2024; Zhu et al., 2024; ZE&F4R%E, 2024), AR ALK B> . Kk, A0k%db
i DXV FE XIS, B RE AR X R A 2o, B2 RS T R VR ST B B, AR X 4 THT 7 £ JEE AR
FERFERHERE . hAh, LAL RAEATIRMEWAE KR B EESE, LTI E
EHEAS T SCE N, B U SR S AR, IFH LAL TE S - 0 R AR X AR B 1
e RS (FAFA%E, 2021; O and Park, 2023), (A, A0 Jation R bl X 2 BRI R A4
OB, FREEIN () SERRAE, DAWDOVBR RN TRUE MG R (M5 B 3. [, FIH LAL SRR B
(784K, HFFE 2000-2022 4 Hh [E AR b bt X B 2R 572 AN [ A A 10 ) 2 PR S ARRAEE - AR S M AL A e o
RS M TR 3, AT S 4 () R A B X AR O S ), 5y ol s A S AR SRS SR I S 5 4K 4R
2 FRERZE
2.1 TRXEHER

HRACH X R P EARGE 7, R E 2 — RS B, =02 — R SR B R IE
B, RbiZh X 2R A E AR & B = X (Wan et al., 2022; Xuan et al., 2023). ZRAbH[X )4
LN 152 75 km?, METEEA T 38 N-55N. 113E-135F, Hi#A s RHE, L=MmKL, W
HCPIE R Z5R (Sun et al., 2024) . ZRAGHLIX (6 R R KRG PEZR VUM, R ZR 1) DB .
Wi STRIX (Zhouetal., 20200, BT HAAIREE R AF B0 70 5 3, AR ALHOIX (R b 7 6 Y
FE, HARRREES AT RIS HRAGT ANl Kl T4 T N 5k,
A 4 A T AR P R (B 1a).
2.2 BURTIR R AL TR

HIF 9 5% FH AR o s K U5 T 25 [ B 25 fii K & (National Aeronautics and Space Administration,
NASA) &t MOD15A2H 7, KRS &HIARTEE (LAD. SeaA BUES NIt (FPAR)
AR i S S R B AR UE R 22, ASERFTOLE ] LA s, Fs )5 905 500 m, i 1a] 43 3%
HN 8 K, H ORI HCE G SR A GO B HEAT I AT S . T SR R SRR T
NASA $24Lf¥) MCD12Q1 /™ fl Hr IR A Dh RE S AY , 1% b A MODIS Terra Al Aqua St #is AT
Bore BhAh, HIEBIHE TN T B AN [ AR A 2R 0t B S A 0 B2 2 5, AR SR AL AR Th B
R T7 R 25 SUHIE R R AT & 9F,  BRKE R SR bR, F SRR bR VA AT AR
i AR TR, AR BRI IR A IR, BRI, B, R =P R,



RS REIR AR TR . AR FEK. AR Bl R KRR, o e
FE EHGEE ., R R SR SRR T RO R S iRk 0 (European Centre for Medium-Range
Weather Forecasts, ECMWF) $&t ¥ -5 47 %5kt ERAB-Land (Hersbach et al., 2020), & FH 7% (1] 73 # %
9013019 HAEHE, CL1 ERAS-Land X8 4275 H [ 138 F 1k 2O 2 Bl ffy JEE A5 B B0IE (o 28 B 5%,
2018; Zeng etal., 2021). HEAb, PGl B ORI AR ARG . AR MR, £ ERE L
RE S B ZS UK 784K, DRIt S P 9 P V8 #A 2 AR IR BOR RH L R sl . AR B AR
HHERIFT CNO5.L A LI B R}, A B2 18 H E U85 Brht 2400 RANE X & bR H
THEA R 2% DR BIOE AN 1 BEASUEE 7592573 A 8 )5 28 IS 3 22 18] 73 830 0.250.25 1 HAE s CREEM
w1 A7, 2013). ERAS-Land H ) 3R #E LA 4 2 (0-7 cm. 7-28 cm. 28-100 cm., 100-289 cm),
1T AT =2 (HI 0-100 cm) X B /KR 5 25 Ho A i B3R AR A0 o FERURR, I HL = Al RSk 23
M Bk TE, PRk PRET = B TR T /5 229 (Osman et al., 2021; Zeng et al., 2023). }4h,
HMIFKIRE % (Vapor Pressure Defict, VPD) {E M) 4= B2 () B B4R AR, S TE A% AR A0 10 21 252 g K]
% ainetal., 2022), AWFFEHFIH CNO5.1 SRt TR AN ML T VPD, THEIHENT

17.27xT,
VPD = 0.61078 x eTa+2373 x (1 — RH) (1)

HAT NS, RHNAIHEE.

W T SR G — RS (B A HER A 0.2530.25 % (5 KD “FIEHE, W T [E N
2000-2022 FFKZ (6-8 ), HIEFFEMEE 31 REH 49 %, 3L 19 .
2.3 MRAZE
2.3.1 REIRANF5E

AT NIRRT, L3RR H A 80y 40% 0 ATy R e BB, R R Tz e
SRACES, RIEIFAAAR - T LR LB T 2000, IR ANTRORAS, SRR S %
Ko, K52 m (Otkin et al., 2018; Osman et al., 2021) ., %&F 43835 B 7 /3o B sk o
NHFFEENTE], Yuanetal. (2019) $i&tiREREWIFARALIR T A0 7715, A AEL 1 BRI R e i S it
&, I8 2 T BEAE RIS (Mukherjee et al., 2022; Qing et al., 2022). FElitt, 5T & S0k i
ZE R RAAEINETY LR, FHARYE Gringorten A2 & X4 A 70 (Gringorten, 1963) ¥ {F
34 IR R A AR, B A R B A O R AT RN . SRR R A BT
TR LT =AM (D H T HHER T 28N 40%LL 1R FEZE 209% AR, HAFE R s
HRT SRR, FRoRABRBREME: (2) JHBIREE I GEE A AKEE 20%LL Fi,



PRAEIRFEEA, S BON IR BRI B (3) LR ¥ 2 L EUE B TF U6 G AT AT (8 AS B e T 40%,
H— R R S N 5D RFAE 4 1% (20 K.

IR W 1b frR, Hrh ODep NPRT K R BAFEET ], ASMop Ak JEE I B 115 -+ 4
WP T R BB, ) ORep (RJEMEZR, PAf7: %/ME) & XN ASMop 5 ODep 2 Lt [FIEE, XHEE
EARE BT %, RDep MK R B BURF LI 18], ASMro AR & I B T 14 -+ 39038 15 71 /s $2e 1k,
It RRep (WRE R, B4 %/M%) N ASMro 5 RDrp 2 tho BEAL, B AEBRIGHT 72 B ) 3 5
KA L IRE
2.3.2 MR 5% S M AN 1RER

ISR LAL 58 BT AN R 26 A, SRR X B 0 o7 5 Wk 5 AR [RJARRAE DAL ER 7 3R
EAHEY AN (Yang et al., 2023; O and Park, 2024). LAl 7 € XN :

LAI ; — p;(LAI)
a;(LAI)

(2)

LAI anomaly; ; =

Hof, LAL AOREEFSEN LAVE, (LA Mo (LADZRHTFOIE A LA E 585 R fE A
bRAEZE

ARSI R GRS HEL A PRS2 80 0 DA AEL A 0 ) S o B 5 P B B, 7 SR PR REL AR 7 P ] R 32 4k
AR AR R RN o A AL TR SEB B, e RN (8] 5 SO PR TS LA T U0 B A7 5 (R ek ]
Wi 7 P )b, ot R R BR AU (Liu et al., 2019; Yang et al., 2023). AE#E FREEE (Bafr. /i)

Li—L,
tl

(3)

decrease rate =

Horp, LR E IR LA SR8 A8, LARoRL 2 5 ML) LAl R SO Al toNL,

SLZ AR . tAh, gt TIRE R BUN, KER AR ERE R A5 LAI WK 57 HE
PR FIHIE O S AE A R BE , R I A, Ron A5 RGENIR T R Z X RE 1% (Yang et al.,
2023), K HER (L M) SN

L.—L
recovery rate = % (4)
2

Hrr, LRRLZ G IS —A LAV IEREE, 6 L 502 (BRI .

2.3.3 BEHLARMIREY



BT LUMERFE (Yao et al., 2022; Sungmin et al., 2024), 4 T fif 52 M R 4 i S AN VK &2 4RFAIE PR AT i TR
=, AUTRIE AR AR R (1) BRERHME, GIERE R RAKE M B RS [A]
AR (2) ARERFANE, R MRS b By £ HEB . . K. VPD. ZRHUK
RS . NPT ARRERARE, WOMEHS LA R R NEEAT RS, B B AR 2 B B
IR EEZR 8 SO B B 7 SRR, DUk S5 I G 2B 2 AR A o e e i 7 5 0 52 1 T g
AP

BEHLARA (Random Forest, RF) EJNy—MhZR& s MBENL T M BIR INL 8827 21 070k, iz
etss, VERERSE (Breiman, 2001). BRI, AHT TR FHBENLARMK BR800 v E Al
B A8 RN DR AR B (A RO ) B, 0 4% 25 B A A 0 IS R W B e o LA B £
Bagging FLVAREAT IR, i1 A4t 5] AR 7 AR SR, 1cdi Python BEAILZR M 1 1) feature_importances
JENER R AE ARG B A AT R, BRI O BB TN AL RE Y TTEREE K (Elith et
al., 2008; Zhu et al., 2015). {EAMF7LH, fFH k-fold %2 IGE vk (k=10) SRIIZRATPALBEHLARA
A, DLAE— @ R B 00 G, B TS 2 .

2.3.4 RHEXSHR

BF 5 5 B AL ARV i VRS R 530) £ 2 S R 3 EAT AR G 3BT, R v A0 SRR HE 1)
FRIFAI R AR o DA 5 70 BT 2 A 72 1 FLAth AR B B 52 T Wt 7T PN AL B 22 T AH SR B G ot 5 7%
TR T LB RE Y, AT SE R0 b PP AL 5 A5 GE A8 B 2 ) ) L R RAR BE o AR S rhon TR 2
=, BATE T H 5 A R R0 R AE 2 T Al ¢ R E, [RIRHHBRBE B E 17X 7 (80 i oAb A
RIS BEAL, fwAH < R By 1B B AR 32712 3 S PR 3 5 M A P 7 i P SRS AIE 52 1A S BB 5k
M TZAIE 5% K R AR T A R 8k S (L et al., 2022; Yao et al., 2023). A o< R AL 4t
HBCR, oA (Lietal, 2022), BRIHFRATHS i AH < ZR BN e KR 2R 8 SN A
P ERVR Z B BORFE R 5 2, TERAS 3B 3R A 22 (kg =) o
3 LRt
3.1 REARSREM AT

&l 1c 278 T 2000-2022 FEARALHL X B ZRIR R AR ASIR,  RILIR AR (¥ 0 X IR FPPE R 7
DR, fEIXLEMX, BRPERAREOL 8 WBEEEZ . AN AR RAHE, KR E
X BRBESARBSKENE, MIMEE] 2000-2022 FZRICHX R R R B BARrE /. &
JH A WKIZ Y Beasr SL I [A) A S 2 (1) 23 (8] 0 A (] 2a-2d) B AN [FIRE B 28 00 18 1) B3 R AR ALE. (&
2e-2h). LU 2a M 2¢ FTLAREL, BRI Rl Bt 2:mS Ta) EE P S B



TERR R R B, A2 DX R o3 b DX R JE iy BRI TR 7E 18 R LA 1, Frp BRI o b b X 5
LRI ER (P 2a). WPRFEHEATT S, 70X R p iR R R e B A X AR, (HRH 43 Ml
XHIRF R 0y 10%/ME a4 (B 20D BUAh, FRbR. SHh, A FH A oG DIl i) 3 3 O S B B RR 485
W] R 2, $90E 20 KA (K 20), 1Ak e X I 3R 52 R R R g AR T AR ], O
10.18%/f (&1 2f).

TEFR PR B, 2 B X 3R P R SR B BORREIN 1AV R,  JU LRI e DX b 8 e S, 20 e
10 REA (Bl 20). WHREERM S, Wb e8RS 8de (24 9%/Mx), s BrER s
WA BAR, % 21%M5E AL (B 2d). BEAh, FRME 5 X B8 R ST BORF R ()35 14 K, B
AR 700008 9 KA 10 K, SR ARAK X I8 39830 1 AT A 5 2 5 (I T 2R 7K-F (&
29), TS 5 X IIR IR AR, A 16.10%/M% (K] 2h).
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Fig.1 (a) Land use and cover over Northeast China, (b) illustration of the definition of flash drought. The
blue solid line represents pentads mean soil moisture (SM) percentile for a grid point (134, 53<N) of a
flash drought in 2022, where ODgp is the duration of the onset stage, ASMop is SM percentile change of



the onset stage, and RDrp is the duration of the recovery stage, ASMrp is SM percentile change of the
recovery stage, (c) spatial pattern of summer flash drought frequency (unit: times in total) over Northeast
China from 2000 to 2022.
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Fig.2 Spatial patterns of summer flash drought characteristics (i.e., (2) drought duration of the onset stage
(unit: days), (b) drought onset rate (unit: %/pentads), (c) drought duration of the recovery stage (unit: days),
and (d) drought onset rate (unit: %/pentads) in Northeast China from 2000 to 2022, and (e-h) the boxplots
corresponding to flash drought characteristics of forest, grassland and cropland. (a, b, e, f) for flash drought
onset stage characteristics, where (c, d, g, h) for recovery stage.

3.2 fE A R 51 B B RO FHE

N T IRFCIR TSR I, KR e SR B SRR B, e i LA S 6 6 e AN IR 2 A
M A B REAR A B R BORFAE CRIMA RIS ) 5 R R, B 3 pros) SRER BURFHE (RITRE RS
R, WK 4 R,

FERELA A LR B, ) AKCEN, W LR ) 5 7 Bt 2 0 2 () AR 2 5 5 A S 20 DX el 7 A B AR A
(¥ 3a-3b 518 1a). K 3a o AR TR PRI RN F], KA X 2R A R e b, /Y%
22U K W S =PSRRI A X, 220 26 TR BL b, AP DX 5 5 % 1 S e X P e S TR
JUFAEE 14 Ko Kl 3b IR B A 5 0 R 8] (125 [8) 43 A0 JL-FAH R, H sk o X 3 e A
AR T B AR T o H T LB BORFAE I 2 (RS SR R A A AR R ABL, BRI iE— 2B A [
WRALHAT 0T, RIVEARM, T R E A (& 3¢c-3d), AR TR 1 ma i (] i G35 28 KD,
RS AR G 0.99M5), T B A RIS A) e, SPIERR SR AE 10 RN LAL R8RS, H.
TR AN, P 0.28MF . WHFTSE RRH, LA 52 BIRE AR, AR LA
KT FLEREAE SRR 321, X AT RE i T AR SR AR, DRI RE RS 4k S A R 2 38K DAZERE B &
4K (Broedel etal., 2017; Lu etal., 2024) , HARMM F i BOR CRABURE KA Z, fedid
IS ALTT P B ZZ /K 43 2k, DT SE A0 3R A X e 2R (] (Ndinemets, 2001; Brodribb et al.,
2003) o BEAh, TR ESE R MANIE, A [ 2 AR R A L N [ 3 o 4 2 K S UK 1T 32 B R
(Baldocchi et al., 2008; Lu et al., 2025) . #AT, R HH TR REZBIANERRTH, HXTERE ) m
LN TR T P R S, 230 17 R M 0.52/1% .

10



(a) (c)

55°N
40 I
30
B | . |
%20 l
z |
% " m
- £
115°E  120°E 125°E  130°E  I35°E |
dENT T 0
10 14 18 22 2 30 P T K
WL ] ()
(d)
15
® o ==
: |
% 05 [ e
115°E 120°E_125°E  130°E  I35°E 1
0.0
02 04 06 08 10 12 T 53 T

FRE#ER (/15)
B 32000-2022 F 2 &+ B A b KA K F-49 (a) vhabiE] (£42: RX). (b) FHzE (#45:
ME) a9 =R & (¢, d) Ak, Ex, REvh g YT R AFIE0 8% B
Fig.3 Spatial patterns of (a) response time (unit: days) and (b) decline rate (unit: /pentads) of vegetation to
summer flash drought in Northeast China from 2000 to 2022, and (c, d) the boxplots corresponding to
response stage characteristics of forest, grassland and cropland.
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Fig 4 Spatial patterns of (a) recovery time (unit: days) and (b) recovery rate (unit: /pentads) of vegetation to
summer flash drought in Northeast China from 2000 to 2022, and (c, d) the boxplots corresponding to
recovery stage characteristics of forest, grassland and cropland.
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Fig.5 The relative importance (unit: %) of explanatory factors on (a) response time and (b) decline rate of
vegetation to flash drought. SMes, Tempres, VPDres, Precres, NetRadres, ETres, ORrp, ODgp denoted soil
moisture, temperature, vapor pressure deficit, precipitation, net radiation, evapotranspiration, flash drought
onset rate and duration of onset stage, respectively. The suffix res denoted the response period of
vegetation.
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Fig.6 The relative importance (unit: %) of explanatory factors on (a) recovery time and (b) recovery rate of
vegetation to flash drought. SMres, Tempres, VPDres, Precres, NetRadres, ETres, RRrp, RDep denoted soil
moisture, temperature, vapor pressure deficit, precipitation, net radiation, evapotranspiration, flash drought
recovery rate and duration of recovery stage, respectively. The suffix rec denoted the recovery period of
vegetation.
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Fig.7 Spatial patterns of dominant factors of vegetation (a) response time and (b) decline rate, and the
percentages of different dominate factors of forest, grassland and cropland (c, d). SM, VPD, OR and Temp
presented soil moisture, vapor pressure deficit, flash drought onset rate and temperature, respectively. “+”
or “-” denoted a positive or negative partial correlation relationship between the response time/decline rate
and the dominant factor, indicating that the response time/decline rate changed in the same or opposite
direction as the changes in the dominant factor. The pie chart indicated the percentages of different
dominant factors in the study area.
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Fig.8 Spatial patterns of dominant factors of vegetation (a) recovery time and (b) recovery rate, and the
percentages of different dominate factors of forest, grassland and cropland (c, d). SM, Prec and VPD
presented soil moisture, precipitation and vapor pressure deficit, respectively. “+” or “-” denoted a positive
or negative partial correlation relationship between the recovery time/recovery rate and the dominant factor,
indicating that the recovery time/recovery rate changed in the same or opposite direction as the changes in
the dominant factor. The pie chart indicated the percentages of different dominant factors in the study area.
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