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53— P P4l S5 9 FE A R B A R 1 T v
BT Z TR A AR BRI, VRS U A A B
REAT B (A Ai & T A — A, Copula BEE N
— i i RIS PSR AS R 1) 5 AR B I S A IR, fiE
{308 3k 30 2% e AT RNVRE DG P 85 W T 8 SR ) 2 22 4R T 5
fi, WRRIELHE, $ 2R TR ARRP. T 240
REUFN KA RV K STk 259 Hr . Chatrabgoun
2104 VR SK ] Copula B& B0 ) % el 76 4R 34T T MR T
i, 3T O TR VAR 1) AN ™ B FE TR 2 MR A R ST
G AT, IRIT 1AL T B ke 2 X 4 2 el 76 R IR0 2 (1)
KBS R, 2B Copula B80T A AR 7R 14 22 4E4FAIE
A B BE A AT BB T B SR1T0, ¥ Copula B8 %58 H]
T3 B R R ARFIE AT RO 5T B RIS 4R .

AW ABR P S R =X 7 AN G
1971—2018 “E S L5 A%, KA Copula i
Kok B 74 S SRR XA R ok EHHTHERVRAY, W ARH
FREFE: 1D BRI R R A SRS
R 5 A1 3 P e /IN(EL P 468 063 A 23 T S 2 i 16 7 125 ) s
FISRPE ) 2 MEHEAS R, 2) 6 2 ANRRAFAS & () B s B i
GO AT IS, AT AR 3) T 6
Copula BB, #7 2 MHEA R L JCREA A 5 5
BT RLA LRGSR 4) AT v 5B A AR =0 A e I3,
T 56 [ 176 7 R 7= X 2% 3 o5 P B R VR K 25 X E 47 1
fli o ASHIFFE &5 FAG A v i RBE b o I 7 S SR 1 R U
R 5E [ AR 3 B 7 A A B R AR A

1 MR E

1.1 HREEBRSHEIEFRIEF

BRPESER P XA T3 L Eh X, 2R a3ERE
KA GIE M= X 22— o ARIESNRGF i S i 2 5,
FEBRVE SR = X R N R X B RERX . E
JEPE B R X A PR X (1) o AR A
1971—2018 “EPE TS Z 0k AR H AR (T 22
ok T b EAR R R L E RS M
(http://cdc.cma.gov.cn/) o A AR A | 7 XS &>k
RUEATRC A, MH R A 7 0 R o e B R 2R F sl o, I
o B AR AT AL . B 2R BT T X A P ) A 22 T
FEX. I KR, A, S, AKFsLRE%S 7 4
B ARETEEE S (B o BT BRI SE A A5
TEAE AN S8R, BT DAAR ST FH 1R 39 S48 31470 e 4040
B [ T 4T S PO T R A X B 7 4 3 SR AR S AT
RIS (0
1.2 WRBE
1.2.1 ZFREE & FH25)

I e o SO S G R IR R R AR bR, S5 A RIG R
IR, R IE RAEHA N AN R AR B IR & 5 S A K
REFAEANFERREW: HREEEIKT—4 Cr, HI™
HIGE TR, TOAEZEEGEIL 80%, 1™ 30%Lh F; H
AR -2 £-4 CH, B EREREG, hOfE 2%
KIE 60%ZE 80%, XFF=HE. fhJii. GRS L

HRAGREEAE 0 22 CH, HIBREMFAE R, e
HRIE 30%E 60%, X5, ff. iR A B
Wl hAh, AHOSSCHR S H T S SRR R B I L
2 LN AR T N 04 -2 —4 CHERER
TEAE 3T P8 AS TR ) 390 52 1 AW SR 5 xS 20T e
HEARSIE D AT 0. —2. —4 CHE B PESE R A
FARNVAREE ) 3 AN ERASPTNIRA 0 -2, -4 C
VE R B 76 3 SRR [R) S A R S5 I A4 A . TR, A
WFFEH H B SR T 0 1E 9 R AE S S0 76 VR A1
I S 5, A WA R A v A R T A /M 1) 4 %
B A i 39 1) PO R A R e P o S SR AR VR AN 5 IG IR
SRIEA I, SRR MRS A A O, i oK ol 4t
I TR 32 v R, R e R R VR R A R SR
SE SN FE R T

A1 BREER®RERXSAARSEESH
Fig.1 Sub-regions of apple-producing areas in Shaanxi province
and distribution of weather stations
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B, B SC EE E MR R I R X 2 AMRFIEAS B il 2%
SIATEREL, (AR R EA T R AR . AT RS
2 ISR =46 o TIN5 7 PN /21 o o TN (17 RN 4
WA NEUER AN 7 PR SR B IX 2
FAEAR BN LR H. [/ R IEF M “fidistrplus” 4, FIH
WRANIRIEAG VA SEL, X MRR R i AR X 2 MEF
IEZ BB G AT E, HEI
Kolmogorov-Smirnov (K-S) &3 B A 1) FRAR fE101 4% 7y
R REL 3 i H IAHOC REOREET 2 MR RRHIE
AR ARG B, B4 R BB AE AR DG 48 - (Pearson
product-moment correlation coefficient) « 5 /RS FLAHK R
4 p (Spearman’s rank correlation coefficient) . H1HE/RFkAH
K EH r (Kendall rank correlation coefficient)
DLt AL SRt A0, B9l B8 H AR R R
IR AR R SHAT BT ARG AR R I B B O B EOR . BE
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AT RKHIR (B 2) o 75X B 7R R 7 ) 10 5 20 AT R Bk
TRVE R, X PR 2R B A 2 T B AR AN E
B S /DTS2 b, HEMT S04 R . 2% i 2 i 2082
ST 5 I 2 O S SR AL ER TV, AR T A
PRI AR R DOINE N - [-0.5, 05113 S BENL /> M Ae &, AT
1 B WAL R 17 18 S A A AR B S T A2 50 A o Ik
4, Michele ZPRIER, XREAEN NI S A RS A 22
M FIE GBS R .

1.2.3 MEWE K A F0p5E 4% E ey Copula BRA4
A 4

Copula PR R H THIEL & AR ) 2 AN B 1)
WA 0 A bR B AR Sklar 12 FECY, ¥ u=P(X<x) Al v=P(Y<y)
A3 N N HREE A B RR R DT X RN Y B I0 253 A R
HEA A AAREoh HX,Y) (8 (1) ) .

H(X,Y)= P(X<x, Y<y)=Clu(X), W(1)] (1

A x. y ARHEAZEIUE, CA Copula BBEL u. v Al
G AT R AL

WERANZENLG MR E, ZE—F
Copula PREGEE AR BRI REL. ASCEH T 6 M H
H) 4k Copula Bk &7 i sk %L (3 1) , 4% Archimedean
Copula P& % ) Gumbel Copula, Frank Copula, Clayton
Copula L J% Joe Copula, FAIE Copula pFi 5 & & WL
Normal Copula #1 T Copula'®**2!, Hdr, Z¥ftiitiyik
FBRRALIRIE EAT i 1, L6 D0 B A A Bk FH AR A5 8
HEN) (Akaike Information Criterion, AIC; =X, (2) ) FI I
{5 S UEN (Bayesian Information Criterion, BIC; X
(3) ), BLARE B & AIC {H A1 D45 B & BIC {6
IME IS B BIAS 0 Fr i

B2 LRSS o A BT AIC=2In(L)+2k (2)
Fig.2 Fitting of the marginal distribution of late frost duration at BIC==2In(L)+In(n) -k (3)
the Liquan station [k RZHRECE: LR n B ECR .
F= 1 KRB FTRAM 6 # 4 Copula HH
Table 1  Six types of two-dimensional Copula functions involved in this study
Copula % I A R A R A KEZHL
Copula function Distribution function Cy(u,v) Generator function @y(?) Association parameters 6 €
Gumbel exp (-{(=In u)"*+(~Inv)"°T’) (~Inz)” 0,11
Frank —lln {1 + W} —111* (—o0, 0)\{0}
4 e’ -1 e’ -1
Clayton (w?+v? —l)iw -1 (0, ]
Joe [ + (1=v) ~(-u) (1) ~n[1-(1-1)'| [1,)
#'(u) po'(v) 1 X - 20xy + yZ _
Normal [ 27[@@([{ 2i-¢] }dxdy [-1,1]
~(6,+2))2
sopEe 1 [ oogayey? 0 €[-1,1]
T dxd
L" J-”“ ZnMLH— 9:(1"912) } g 8.0, )

Ee xo y WFMERRRUE, u. v LG AEEL 0 RKSEL R A

Notes: x, y are characteristic variable values; u, v are the marginal distribution functions; 6 denotes to the association parameters; ¢ is the generator function argument.

1.2.4 3 Fohdsk mot Foik E o955 4 S NLHA T

HILHANE K ST AT A KU (0 — A bR,
IHZ T AR EF R AEMBR, WAL SO
AU o B FR VA — POt SE SR A KA L Ik R R
FH, R EIES AR R AT, AT TR
PR R A R R AE AR 2 TSR R, X MR Uk S
HIRAETEAT N, A BT B 39 5 7= X 0 f b o7 A0 Ge 7 R
RE, RN, BEIRSRT AAR R, Frige
EEHH (N @ ) EEERE BB
URITRI BRI TR], SR 1T BT B R R FE I A s, S
HpA B BN REA — s AR R

A AR R 7 I R R RN R A AR S5 S, BiTbA
TEMERR R AR 3B v RO S5 e S U S R P
AR KT 2RISR G M s, BREEI
# (Joint return period; 3 (5) ) ARZAFHIEREHH—
AMRFAEAR 8K T 26 58 BB ML — IR 8807 4 1 1) B e
fa], TIFILEII (Co-occurrence return period; = (6) )
R ZARAEAL B rh AR —ANRRAEAS B3 K 145 7€ BME H 3
—IRHY “H AR TR R T .
feg BT AR s B A T A 0N
1

ILZI—F(x) F.(x)=P[X <x] 4
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i F) AR x (I Z A s, AR y [FHE,
YA E AR E IR TS A 2 AR
1 1

MLH=P@9”Uy>ny_mX<LY<n -
:l—C[Fx(xl)’ F (v)]
waﬂzmxzxyzﬂ
1_wafxﬁiHX<nY<y) o
B 1_a(x)—FY(y)+IC[FV(x), E(y)]
2 ZER55H

2.1 BRAEEREFFXGREFEGHIHES
AT FEF B 76 48 3 5L 2 7 X AN R B
FEHUH 1971 —2018 4 [7)i% X 4535 A8 A K& A w7 1 A

B GG A 2 T IR A R VR R (R 2D, DA RRRIRIG AR %R R
AR ALk H A . 1% XA [R) SR IX 3 05 % A6 W 7R
URIR AR R 22 5, Jorp A T 2E e FITE AL Va3 R X 11
4 ol R A MRR R R, R 266 IR, HIEARIR I
73 B 0 5 P AP AR A AR s R I 2 3 R O G S gl R
AEMFERIL 89 W, AVKAHNTE A, HIIN AR R A
AN TEBRPUSER =X S Gub i, 2 22l AN ™ 5 W 7R R
FUE B FE R R A IR B %, T L RS 2 i i P S50 th e
K5 ) Gk (1A R R I AR R 1 B K AR A R

S W0 G 125 7 S PR A b ) 30— 25 43 B 66 7 O D
R B3, af EAR EBREAE SEIR  X MAR R A
ikt 254+ 3 H31 HE 4 A 16 H. PR
i (K 3a) R RAMBEHERIRED . i E. GRmE
fi%; EILTEERX (E 3d MK 3e) AGERRIX (F 3f
P 3g) Bk R AEE RIS Z . I B .
B P S S PR X Sl AR 1980 EMFERIRZ KRR 17
W 162013 FERAEMFRHRIL 12 K, NiL 10 SEHEFE R K
A R E R 2 AR

£2 BAABERTESX 19712018 FBREFEHST

Table 2 Statistics of late frost events in the main apple producing areas of Shaanxi province in 1971-2018

W R R B W 7 VR T W 7 VR iR
Ul 5 ZE i Late frost frequency Late frost duration/d Late frost severity/'C
Station Longitude/(°) Latitude/(°) ez o JH J<¥ il SEYAE i RE S SA B ISONER
Light Medium High Sum Mean Max Mean Max
#L2R Liquan 108.48 345 23 6 0 29 1.24 2 121 37
F17K Baishui 109.85 35.18 21 9 0 30 147 4 141 39
41| Tongchuan 109.07 35.08 18 10 2 30 1.37 3 1.67 4.6
A& Xunyi 108.3 35.17 18 44 6 68 1.65 5 175 7.7
KK Changwu 107.8 352 12 53 5 68 1.44 4 1.42 59
#% )1l Luochuan 109.42 35.77 9 32 4 45 1.56 4 1.58 53
JEZ Yan’an 109.45 36.58 24 49 14 85 1.65 4 2.06 6.8

A3 BEBERTR IARLNGWE LA H

Fig.3 Distributions of late frost durations at the seven weather stations in the main apple producing areas of Shaanxi province
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2.2 BRFEVRARTFNSEE NS5 R B AILE
AR RS A 188 NS oA A
IR FIPE A, BT (Logistic) 20~ XHEUIE
A 7 FOER AT, X B G 3 S X M RS R D
IS T () 30 2 5 AT R BUEAT G, 15 200 FE R D IR
o 5 30 2% 43 A 1) K-S A 56 &5 S DL R AR B 2 (R B AH O &R
(R 3 o A ERSTER SRR (BEME
K 0=0.05) , I 2R E &l R R AR R DI 3 % AT R

B BRS04t o O6F T 1 76 1R 9 B2 X — R IR AR B 4
Gop i, Sui R IENA—, Ko AlRus . HKuEq A
f) B3y Logistic 73047, il 115k & )11k FHAE 22 3y Fa 4L
P T ST WS TR TIPS G T Rl S K i
Pearson. Spearman Al Kendall 1X 3 MHC R EI KT 0.4
H#smat 7 8K 0=0.05 FEF WAL, WiH&
B WERR VR D I R iR B B — S AR SR, AT T
Copula B&EUE LR & 70 A BRI BOEAT HE— 250 H .

*3 BTENENHA K-S KIGMT 2 EMHEXRE

Table 3 K-S test of univariate marginal distribution and correlation coefficient between variables

5 76 14 T It Al R 5 Ko Ul S48 A R
prp=s Late frost duration/d Late frost severity/'C Critical check Correlation coefficient
Station ih%4 -S WIS G ks S gt value
Marg?riﬁlﬁﬁution IIE—S feilstizsitii Margmjﬂeiﬁi?;j?bution E—g Z\Is?istirsltli (0=0.05) Pearson Spearman Kendall
4L3% Liquan WPEERS 0.112 SUEIEE T 0.126 0.240 0.437%* 0.512%* 0.410%
H7K Baishui HHEERS 0.107 AT 0.116 0.240 0.572% 0.483%* 0.408%*
#1)1] Tongchuan S EA 0.081 R 0.066 0.203 0.643%* 0.641%* 0.526%*
A B Xunyi HHEIERS 0.103 AT 0.104 0.240 0.562%* 0.613%* 0.501%*
K Changwu SPEERS 0.065 fin gy 0.080 0.165 0.582%* 0.572%* 0.456%*
% 1l Luochuan FHHOEAS 0.074 EiFE 0.083 0.148 0.643%* 0.623%* 0.501%*
#EZ Yan’an FHHOEAS 0.075 EiFE 0.099 0.165 0.608%** 0.521%* 0.433%*

e RRIEE T REMKT o= 0.05 FEFEMRL, Rl TR EEKT a=0.01 FRFERL .
Notes: * is statistically significance level of o= 0.05; ** is statistically extreme significant level of a= 0.01.

2.3 ET Copula R IEBEAREHEE DR BAEL

AT 5T F T HOE 1 W6 VR D7 B AR 58 ()30 5% 43 A1 BB
H, LT WRAR R I RIS 2 [A][) 6 A Copula 4347 B
e, R KAUSRIZ XS H AR R A S HGHAT T AkTh. 4,
THE AR AIC, BICAH (X (2) A1l (3) ), *F
Copula 73 A BREI S AT (B 4) o HHE AIC

1 BIC #EMFIKi AT %1, Normal Copula pR %5 AL 5% 36 A1
) B I AR R AR LS SR Bl Clayton Copula B8
HOGE 1 7K St R ) 1|k 1R R SR LA RO B s RIS
)13k W 5 2R S 30 A s LR 72 Frank Copula PRET; X 4E
22 3l A st W A VR A U LS B =1 1 72 Joe Copula

B4 FRTRGE DI AR EL 6 Fr Copula A 2 A AT
Fig4 Goodness-of-fit test of the six Copula distribution functions for the duration and severity of late frost risks in the apple producing
areas of Shaanxi province
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2.4 BRFEVRARTFNSEE B EBEER

B — 0 AT AW 5T P S R IR VR R A AR B R R
HAMEESAT T (B 5D, B0 B 7R R 5 P AN T I
HORHT, HBCE RAMER WA K. BTN S, &k
RUPTAE X 3R A R D IG5 B R D3 I v o 5 K DT
R 5 B 11 6 R 7R A PR MR 2R K, T () B 3 A2 A B A
15 5 5 IR B A R SR IR A MR N . Bk, FEAL R
ui (B 5a) , WpEVRREMRT 3 C. AR R IR 7E 0.5
22 d I, A BRUE 2 B e AiE A B 1 38 K T 0 T
K fEEAKS (B 5b) , MFREG®RE ST 3 °C. MiH
R DI T 3 d i, JLICA SR 2R 4 K i B AR 27

FEAR ek (& 5¢) , MEAR IR 9 B2 AL 4°C o 6 AR IR g
I 7E 0.5 28 3.d I, IS R R B Ry AL A2 & 938 K
MRS K R E (B 5d) . BHEREEZ A BT
2°C. WRAR VRIS AN 4 d I, SRS R AR
AEAZ & (KT R G O AR (B Se) R R
SREDEIE 1 °CL MAR R DI 2 d I, RS R
IR @Y RARLE; %) (B 50, BRI
A 2 °CL BRRRGRO AN 3 d i, G R
HRH R AL B P R T G I O R 2t (& 5g)
W R o I 1 °C L MR R IR 2 d i, KBRS
KRR K] B A%,

B5 BREFERSRTAARIEWA K AR B S E A
Fig.5 Joint probability distributions of duration and severity of late frost events at the seven weather stations in the
apple producing areas of Shaanxi province

2.5 BRFEARARAEENEIEA

DL 28 B (1) T8 2O0) B 7R R A I G & E AT
fizz (B 6) o AR MR RE VR PR IMRRAE AR & {1 2 ELAHAS B2
FTES AL A B EOU, v R ILBE & M 7R VR
TEAR EAWIE R, WAENBAS BRI K. R
PS5 BB 2 1 LT B E B, AN [ e [F) e 7R VR
PR ECE BIHAAE —E £ R, &l SO AL R sl A
B 5y KA R B D I AR R A (B 6a) , A
I R 13l 352 A 57 e A e i P B T I ) 6 R 17 A
(K 6b F 6¢) o XFFHAthuh i, #HFEHRMEEILT 8 CH
HMEFRER I IAE] 8 d B, fEA B HBCE EIEAZ N
150 a (& 6d) , TERKESILBA EIHAZ) N 280 a (K 6e) ,
PR A BN 1502 (K 6f) , 7E 422k HEk
HHEIWIZI N 50a (Bl 6g) » XULBMETA &R, KRub
Oy, HE 223 5 25 5 52 ) vy 5ot o e T P R R VR A4 )
JH, DR A I S 2k AT LR AEA R X
WA IR R R AR, RERE RS TR T A% .

WA EED (X 4) ) ML RA D

LA RE, RS AR R E LN 3. 5. 10,
20, 50, 100 a i, 5k fBp RS R D S RS BE S, FF 5
BAEEIM (X 5 ) MAEMERE (X 6) ) WM
B (R 4) o 455 R DUIBA 5 B YR [ 30 2 B0 340 240 ot 5 e
FRRFFE R B 3G KGR, X 5% EALR (K 6) Ain
BB A EE LA AR AL A — B, 7E m AR o U () S5 1
FAET, FIIEIHM IR S TG ER N, X
Tt B % X 3 % R AR 1) B0 AL R
HIVARTAR TR “ B FHERG KA. R, AR5
M EIAR WA — N ES, B, M E
SO0 A R B, S 2 Sy o 7 114 ) AL 2 L B 49 i B S K
B, XU E 2k B B 52 B g L v e A O
HE M. S uh ) AR E I S AN [ EL
HIVA R G FE R NGT, AR mERH AN TG
B I AN [ I B I 2 1), PRt ] DL s v SRS EE
SO ) 3 EE AL R A T AR B U E ], BT A4S 3
AN [F) 66 7 R SRR A% R BT AR (1) 66 7 R S 1R R 2R R A 8
R 24 PR B B A /N A T RV TR A B v
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B6 ME\FERZK TAAARENEKNNFIREIRE TINMFAEL
Fig.6 Contour plot for joint return period of duration and severity of late frost events at the seven weather stations in the apple producing
areas of Shaanxi province

R4 BRAEER=X 7 MEREREFRARNMEENATEE
DUEAFNER & 7 fh I
Table 4 Univariate return period and joint distribution return
period of duration and severity of late frost events at the seven
weather stations in the apple producing areas of Shaanxi province

gk

EHU MO WERRRSRIE RS EHU R I E I

EHU MRV WA RO BACAEUN FEE LN

Sifti‘n Re_turn Late _frost Late frost Joint_return Co—occurr‘ence
period/a duration/d  severity/’C  period/a  return period/a
3 1.38 1.50 2.15 4.94
5 1.61 1.88 3.35 9.89
FLiR 10 1.90 2.32 6.25 24.94
Liquan 20 2.17 2.73 11.92 62.20
50 2.53 3.25 28.46 205.70
100 2.81 3.64 55.49 505.14
3 1.58 1.78 2.07 5.46
5 1.97 2.23 3.08 13.23
Ak 10 248 2.76 5.59 47.09
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50 3.74 3.86 25.60 1 060.24
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A )11 10 221 3.19 5.65 43.25
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50 3.12 443 25.67 955.93
100 3.52 4.94 50.67 3760.80
3 1.76 1.97 2.16 4.92
5 2.24 2.76 3.35 9.83
e 10 2.90 3.81 6.27 24.74
Xunyi 20 3.58 4.84 11.94 61.53
50 455 6.19 28.51 202.86
100 5.33 7.20 55.59 496.98
3 1.54 1.56 2.11 5.22
5 1.90 2.28 3.42 9.31
Kt 10 2.38 3.27 6.75 19.28
Changwu 20 2.86 4.25 13.45 38.98
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100 4.06 6.54 67.15 195.73
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3 1.70 1.73 2.21 4.68
5 2.12 2.54 3.34 9.95
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100 5.05 9.46 71.66 165.42
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Analysis of the characteristics of apple later frost risks in Shaanxi
Province based on Copula functions
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Yangling 712100, China)

Abstract: Late frost is one of the most destructive meteorological disasters in the Loess Plateau of China. A great threat can be
posed to the sustainable production of apples, leading to great economic losses in the apple industry. Thus, it is a high demand
to explore the occurrence of late frost events for the prevention of apple late frost disasters in the decision-making of the local
apple industry. In this study, the late frost return periods were investigated on the duration and severity of late frost events
using the Coupla functions. The reliability of the model was then verified to analyze the characteristics of apple late frost. The
study area was taken as the apple-producing areas of Shaanxi Province in western China. The meteorological datasets were
collected from the seven weather stations from 1971-2018. The daily minimum temperature (7,,;,) of 0°C was taken as the
critical temperature for the occurrence of apple late frost events, in order to extract the two characteristic variables of duration
and severity of late frost events. These characteristic variables of late frost events were first fitted by seven common
distribution functions, respectively. Kolmogorov Smirnov (K-S) test was then carried out to verify the model. The joint
distributions of late frost characteristic variables were constructed to evaluate the goodness-of-fit using six Copula functions.
The occurrence probability and return period of late frost events were analyzed with the optimized Copula functions. The
results showed that the severity of late frost risks generally increased from the southeast to northwest in the study area from
1971 to 2018. The optimal marginal distribution of late frost duration was in the log-normal distribution, while there was a
great difference in the optimal marginal distributions of late frost severity. A significant positive correlation was found
between the duration variables and the severity of late frost at each station. The joint cumulative probability increased
significantly, as the severity and duration of late frost increased, but the increasing trend was much slower than before. A much
more significant increase was observed in the co-occurrence return period under the same increase of univariate value,
compared with the joint. The univariate return period was always between the joint and co-occurrence return period. Once the
univariate return period was small enough, the optimal range of the actual univariate return period can be estimated, according
to the joint and the co-occurrence return period. In general, a low probability was found in the late frost events with long
duration and high severity at the weather stations in apple-producing areas in Shaanxi Province of China. However, the stations
in the Yan’an area were more susceptible to the late frost events with high severity or long duration, as well as the late frost
events with both high severity and long duration. Thus, more attention can be paid to late frost risks in the Yan’an area. This
finding can provide a theoretical base to deal with the late frost disaster in apple production.
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