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Abstract

This study aims to improve the accuracy of wind energy resource assessment and proposes a joint
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probability modeling method for wind speed and air density based on a hybrid distribution and
Gaussian Copula. The study uses daily-scale meteorological data from the Mohe Wind Farm in Qing-
hai Province, China, from 2021 to 2024. Air density is first calculated using the ideal gas law. Subse-
quently, the marginal distributions of wind speed and air density are fitted using various single dis-
tributions (Weibull, lognormal, Gamma) and mixed distributions (two-component, three-compo-
nent), and evaluated using log-likelihood, AIC, BIC, RMSE, and R? indicators. Based on the determi-
nation of the optimal marginal distribution (three-component lognormal distribution), a Gaussian
Copula model is constructed to characterize the negative correlation dependence between wind
speed and air density. Finally, wind power density is estimated based on this joint model, and its
interannual and monthly variation characteristics are analyzed. The study finds that the average
wind power density of this wind farm is 50.55 W-m-2, and that spring wind energy resources are
significantly superior to those in summer and winter.
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KA RN EE R ] A REUR, FERT ) RE @A Xk ” B bt g B 2R
URE T2 YR PEAL A& R T R R (B EAY, HEE RE S R B Ik hE . MLAER . F R EAGH &
BATHALI & ELE . 4 W R EE FA A R R EREE R KM EE Xk —, EEXHEH A
A MY ) JE R B IERRE . BRI, DU XL ot ROTT R KOs 5 8 U IR G 2 AT 5, A B0
FR) A FH 3 o

Liang %55 NJEZ L Copula Xf XU# 5 75 0% FE WA EE F HEAT 50 RO I A, DARRAICNT 5 e 28k
FHOR LSRG BRI 5038 B2 R ARG R TG A AL A TG S 1] Wang S5E7E 1570 HE 2R W ifg AL RE DT
ittt 5]\ Copula 7772 PAZ ) XA & (A GEVHRFAE, AT B XU U PPAili 76 23 (R RS 4B A 5 AN e MRk
J7 T e F1[2] Wang 25 i G KU AR 22 73 A1 U5 18] JAE HI TR & Weibull 2578 & 70 A7 A6 0% 5E AE 0 7 S pUg
KIEFARTERS, TS o — ARV X 5 A X A A 22 3] F ¥ 2 5548 Ak T oot iR & i
B R A E T, IR T RWE R R E A, R UNR-S B A A0 B e KO 43 A1 T 48 77 T
BA THEMHME[4]. Zhang 55T Copula BR%IGE VA o AIE 5 U8 BRI BR G A A, IR HA T
RS RS /A AU AH SGVEA AT A A i L 700 R BB 6 PRI ) i R 22 54 (5] Sahin 2842 HK Copula
SR FE S 2] R SRR S5 6 FH T AL 37 R 0 0 MR SR VP A7, AT A28 220 1 3% 6 RS 45 ) ) ) B 2 T A 7Y
TE P 5 9 AT 45 G FH HE[6]. SRZE L5580 Copula 4347 20BN A A F RUH H s TIAH R @2 4%, 55
Copula JE HE 75 Z1 1) A% 5 A R 25 46) 5 7 K002 T AN o 18 D7 T ) m] AR 7]

Yang SFEAE G 1T A BT IR PEAL B HE - RE IR G XUR B IR GG EANESE, DU SR I
G AR R RRIE R AR B O OC R I ZI L RE /7, M 9 K FE B VPAS 5 AN 8 M 20 B R 43 BERS 40 B R 2R A8 )
Huang 55K H Copula HEZEXS KU 5 KA B ICE 70 A #EAT E AL, DA ) 77 [ AH 5 RUREI: I iR 25 1 XUEE T K
575 VAL, AT HE i KURE PEAN X XU R 25 74 3R I8 BE 71[9]. Wang 542 Hi%E T “Empirical Bernstein
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Copula (EBC)” HJEEA 73 A7 i A58 Lt LASRAE 52 2% K37 T KU 450 B R AR R MR OC 2R, AN FE AN R i
SRR P RIS LA I RIEVE[10]. Liang Z86FxF K 5 253 5 B AE S8 HRRE 5 M) ELAR# B 1)
FhA ) R, 3 R F B 22 2% B2 R 4 (JPDF) E SO0 9 35 R AT 48— ZIE , M3 RUBEIR VT Al vt 23 <0
W PERENLVERIRAERE [ 11]. Han S5TH ) [ XUARE 77 IPEPPAY, RAIES 4L Copula BEAUNH R A &
(I G MR 2 S M AT 221, AT 3 R A 2R 6T 52 o IR 37 R R AR 5 S S M FRTIE FBC e /0 12]. Wang 552 T
K. AR AR E R, R T —MFIHE RIE S ST 040 VRS EETE A0 574 [13]. Jung 5 Schindler
MREE DAl 1 BE RGE T8 T 25 U8 BEAR A R A B2, s tHAE B IRVl 5 Re Ak S b B U 18
IR AT IR A R B S R SR 14]. Li-N 2535 Copula A 40 A 20 M 5 a5t K 5
JA ] 5 JRVRFAE A F AT MR B, Sy XSO 5 TR B R R B G v IR B 44 1 mT e R TR [15]

Copula BB REENE 10 S 04T 5 WA 0 e 8, & A T XU 5 28 0% BEX P 2 43 A JE AN RD
FRGEMBE R TR E. F, SHMREG SRR 2, 8GR R 7 TH 3 A R
HARH . T, A SCRARS 0 5 Gaussian Copula Fl4E & BT, 0 75548 5 B e B G M 3L F1 2
TLA NI GRS % T R A MR @, R UL A E A BRI R, e REAH R
RE TEIRARRAIE o
2. BI|EFHE
2.1. BIERIRETALE

Wt 5E B0 SRR T 75 1 48 g m B B VR N SE I B 5L 5 KLY 2021~2024 4 H REESSWMNE 5%, 3
1440 6464, A& HB, HPFR0E. HFRERENF S 4 DB Hor, Kl B4 mys,
RN IRBECE), 3mSR R4 hPa, W BHEH T2 B

2R AR F AR SRS TR
_p
R,T
i p EEEE, AL kg/m®s p vt 5K, AN Pas R, TR UM S, H287.05 kg KT
T RARRTE, BAN Ko BT RIGEENERE F, & IEE

5
t==—(F-32
(F-32)

P

PRI R S TR
T=t+273.15
A E I L, DRI R E L.
W = %p\ﬁ
R W RNRINREE, B W-m™? ;v IRE, A N ms™ .

T B UL IR, ARSI R B I T H P RGE S I, DR Fr 1 45 SR e i HORFEF
BT HRBE RV 2 R 3 X TN 2% 5 X = Ik 7 G IE b, 12 A0 3 AT B8 X SI2 s JRU T 28 2 g 7 A —
E A -

22. SR HER

DI HERFR A IR R AN 2 S A G G RRAIE, A SCERX Weibully XPEOEZ A Gamma 7347 3 2§10 A
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B, RO ML R =R A AT . TR A R
f(x)=20.f (x6)

i=1

M
Kb o, NI DM EIPE, WLo >0H Yo =1; 6 NNNSH:; M URETENE.
i=1

2.3. Copula BEE 1R 1REY

TR L L5345, KA Copula bR EHIR K 5 75 % B R AK A 4574 . R4 Sklar € B,
P& AT AT R N

F(v.p)=C(F (v).F, (p))
Xt F, (v) R E, (o) 73S 2 LA S A 8. C () 9 Copula 3. ASCHE miM4 2 Gaussian
Copula 8!, HE N
C(u,w) = (I)pc [(I)’1 (u),(l)’1 (W):|

Xf o () MhrHEIES 2 AEREG ©, (1) AHKRSECN p, (9 = HEbRHE IE A& 20 A7 R L

2.4. RBFNIEHR
AT ALL A (LogL) . ARty fi5 BUENI(ALC), WM (2 EUBE(BIC), H977 IR 2 (RMSE) K e R
(R*)VEM T PERE . Horp
AIC =2k - 2InL
BIC = klnn - 2InL

RMSE = /1i( 7)

2 :1_Zi;1(y,- —?)2
2oa(vi-7)
—MME, AIC. BIC Al RMSE i/, MEALEAR; R EREL 1, BHELA R LT .

3. &R
3.1. RS IFE
1T RGE . IR R RS S P R M G g

Table 1. Descriptive statistics of wind speed, temperature, and air density

% 1. R, RESESBEMAMGER

A FEAYC WE wEE mME PAMC mORE W e /&

R v/(m-s7") 1440 33958  1.8664 0500  3.1000  13.6000  1.3280  2.6064
IR FI(F) 1440 27.6225 309955  —49.700  33.0500 764000 —0.3444  —1.1271
AL plkg-m” 1440 12418 0.0883  LIISI 12206 14953  0.6225  —0.7918
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e 1 AraL, A X IGREA Y KGRI N 3.3958 mes™!, ARdEZEN 1.8664 m-s™!, i3 B XGHE B 44
WENBON R . R R Y 1.3280, WA 2.6064, B HAMA0 BA BB A i MUE RAFE, BIRER>
FEARGE A AE AR KGR X 8], ARAT A7 TE 2D B RO KU AR o 3 15 B T SRASCSR: F 87 B R 20 AT ik KUk, e
A7 70 I WL R AT

TREREARIIE N 27.6225 °F, H/IME N—49.7000 °F, & KAE A 76.4000 °F, UiMAREAT 36 T B K HI4E
WIRFEARVE ], BAHEETHRE . S EHMEN 1.2418 kgm™, FrifEZEN 0.0883 kgm=, FHik
BH0E BN T XGHE, BRI 0.6225, R N—0.7918, B4 35 A BARNT SR, (BAfELE R
Fifh,  EEER AR T RS S A

G RE, WA 2% BRI R IS A ARAFAE, JCIH KGR A fw AR RIS BN W . R,
FE Ja B B A e b B R AUE A 0 A . Gamma 20 A7 DL R 22 40 IR & /0 AR AL, DA s & ks
JZ.
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Figure 1. Wind speed time series
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Figure 2. Scatter plot of wind speed and air density
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K1 gt T S E XA Y RGN AR R . AT AR Y, XGEAE AN [F) R4 1A [A) H 47 2 (7]
AR RSN, REZHREAE AL P RRGE X 8], (EAERR 7 I Beth 25 Hh I B B 0 (Y KO e . B
by U B I B I BER LB S PE RN BOERC ARG AE . AN TR 0 A, XU I BBl o 28— ] e {E
SEAAL, TS S2 BIZE T SR RS R X BRI B R, R P ] 5 2 sy
g A 20 XGE AT I) 5 B AR B O ARG G R AR REAT I

K 2 R T IROE 5 2 UE L B B AR L. FTRLE B, FEA RURAR R ) N 7 R 20 A
%, BIBEERGEE R, ZUEEA @S . 5% 2 RIS 2 GRS E e — B RE R
EHEWIE, (ERUIFRZIRE LA, TR A XGE X AR — sk . XU S
TREE LB IR ABIFAR RN R R, MR A —ERELB I AE LY E. Rl fEd
KM Copula 57345 7 ik TG B2 1 (B sl S AR s S A B

3.2. XS
GRS A DR VEAS B0 45 SR L2 2

Table 2. Test results of the correlation between wind speed and air density

2. MERSZESEEBXMREER

izt il pE
Pearson 2% 24 —0.3681 1.96x107
Spearman A R %¢ -0.4039 1.25x107
Kendall #H¢ 2 % -0.2673 3.25%x107

B2 2 IO, JRGH 0% P 2 AR E IO B B I A G OC R o Pearson AHOC RECH-0.3681, BLEHH
AEELMEE N F R SRS A IS; Spearman AH¢ RHCH—-0.4039, Kendall 1% 52 £09-0.2673, 1iHH
IXFRARAR GO RIERRIRGE M L FIREAELE, FHF AR DB FE ARG . = RAH R IR 1) p (3N T
0.01, KUIZHAHKLKRES I EEEERE.

X5 R, ESAREIEEAS, KIETm S R A A R PR HIER T RES &
X ZEAT ARk IR BB AR Rt R SR AL RIE A 0. BT RO 5 2 A% B e A 2R %5 5 A U ]
B, HRGE LA =7 T A8OK, BRI BV AR DG FR FE A R, X P 0% 22 475 P RESKT IR T 6 2% BE A1

S SRR o
RIE, i S TEAN RETRT SFRE AN 2 8 RERL AR ELARST, T SR FH BB 5 M 2 A 2R ik — 200 2 1 i 2
B A -

3.3. RiBia& S asER
3 et T INEAN A AT A S AR

Table 3. Fitting results of different wind speed distribution models
F 3. NBENE S HIREELE

ER BT BSRuN TR LogL AIC BIC RMSE R?
A Weibull —-2790.401 5584.802 5595.346 0.0255 0.9213
A XEHOEZS —-2738.431 5480.862 5491.407 0.0228 0.9370

DOI: 10.12677/5a.2026.154098 379 Gt 58


https://doi.org/10.12677/sa.2026.154098

Ji, EHEALE

B Gamma —2739.143 5482.286 5492.831 0.0191 0.9558
KA 5y RO HOERS -2727.860 5465.720 5492.082 0.0183 0.9596
=#H5r WS EIERS —-2719.479 5454.958 5497.137 0.0172 0.9642
=4y =414 Gamma —2718.042 5452.083 5494262 0.0153 0.9715

te 3 A, FEBME AR, Weibull 4247 ] AIC A1 BIC BH 5 i T X $UE 2 A1 Gamma 7045, 69
LT BB X R 3 SRR AR PR 32 7 PR AR G 5 22 o B0 IE 25 4341 Rl Gamma 73 A5 AL ORI B, Horp
Gamma 4} i ) RMSE A% R* B, ULHHTE o A HESL R HO6 2856 49 A (1) 1E T B8 /) 5 5

05 NIRE A5, B A ROR W B o XU 23 o B5E A AR AR e B 4 A AR, ATC AT BIC
B B, RMSE #E—, U XGEFEARA L S0 o0 A S8 R I Geit- g5 0 . =l iR &
SERAR T R A, SRR Z0h R AT R, RO 447 AT REAEAE 2 P AN [ S GRAS I & hn 52 o

444 AIC. BIC. RMSE 1 R* Al A1, =Xt HUESBIAA =4 4> Gamma HAI R L. HMN
BN E RT3k A FE 5 58, — 20 50 S B E A B B8 0 B ff 4l ik IR 20 A R AR AL 5 T2 A% 4% AIC
RARE, W =445 Gamma BB B ARG J1. Bk, KOEFEARIFAE S HES R — Weibull 7
A%, 2 20 5 AT A A 1% K FL 37 S PR A

B3 A T ROE AR AT S = H BRI E 4R . nTUEH, S HUES A AR
BT ERBE 2060 BT B S AR A s, E RN E . A RIS DL R B S A [X e 48 2 B A LA R
Fo SROMERMLL, BB REFEAR 2, FIEAERB MR E IR . MR-
F, ANFEEADIEAF RGE X B REER, Horp—AN 5 2R R GE X TR, 55— A4 5 X 2= i B
PG TTRREOR, Tl 21 23 Dok v KU R HA B IEAE R o 10 W 56 XU HL 3 U e AR HA ) S AR VR 5 A
FHIE, 220 3 80 T R S W 0SB0 0 A o

0.30 ZWEHE

— REE

— ASHBESSHE
— 51

— 532

— @53

0 2 4 6 8 10 12 14
XU (m/s)

Figure 3. Optimal wind speed marginal distribution fitting chart (Three-Component Lognormal)
Bl 3. RERMLGNHUEE(ZENTHIEDS)
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34. BEEBELGAHIUEER
F AT ERBEARILG A E 4R,

Table 4. Fitting results of different air density distribution models
F 4. =REEAESHEEBESLER

TR HARAERY LogL AIC BIC RMSE R?
L%l Weibull 1337.063 —2670.126 —2659.581 1.6644 0.1012
L% il SRR 1476.060 —-2948.119 —-2937.574 1.4584 0.3099
Aoy A Gamma 1468.916 —-2933.832 —-2923.287 1.4768 0.2923
PR T HIE A5 -Gamma 1665.847 —-3321.695 —3295.333 0.8917 0.7420
=MW ZHARIES 1711.077 -3406.154 -3363.974 0.6101 0.8792
=5y =204 Gamma — — — — —

B2 4 AT, SR B R A AR A R, X EUEZS /A AR T Weibull I Gamma 734, Iy 5 i 1 %
HAAEFI AR AIC, BIC. 1B 25 0% B AR AR B KR I B i/, AR Geit- o A AT) AN I & R FH 18T 5 1)
F— Weibull BEAYHEIR .

WUEH oy AR B A A RO R AT W R s, JRHLAE AIC, BIC #1 R Fabs RIRTHECR, UHIZS
BEREA PO BEAEAE — R 4 IR S BT I 22 5 o =44y S BE SR AL — D BEK T AIC A BIC,
[F] A 2 98/ RMSE, 30K R* 3 FH 2 0.8792, it FHZAR A RS 5 76 2 b 220 1) 25 /<, 5 55 AR AR o X sl T 2
0 DX I 2R AT

RRKRE , 2555 B o3 A BAMGRGE FSRE B A 1R 5 (1 )& R AFAE , (EAT) B B 2 i AR XS R AR & 1
SR BUES BB SRS Fabn AR, R eT DUE A 5 4L Copula & EEBE H B 14 25 50 A5 o
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— HEE
. — CEANBES RS
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Figure 4. Air density optimal edge distribution fitting chart (Three-Component Log-Normal)
E 4. 2SBERMLSIHUSE(ZEHDTHIEDS)
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K4 g TR E LA S = A ORI A 45 R . LR, IR U A
A LA E L R X ] R PIIR AR R A B A RCR . R AR BOR A SIR AR, H
H A FEA I (] BB XS IR, TR A — B WaS A0 E R R . = H X BUESERLEL 2N 88
s AT DA SE AN B0 2 ) 2T AR A R SN AR . S e R K 2R, RV
FEARMTE BN T KO, e th A 5 /BT R B, JFERR & b T RLE 8.

3.5. Copula BX&EBIELR

FLT-7 2 th Kendall A5 2% r = —0.2673 , Gaussian Copula #5¢ Z ¥ 11K
p. =sin (ﬂj ~—0.4076
2
HE—2515 %] Gaussian Copula AR 45 5 ILZ 5,

Table 5. Gaussian Copula model fitting results
%% 5. Gaussian Copula fREIU A LER

Copula %4 S ZHUG T LogL AIC BIC

Gaussian Copula 1 p. =-0.4076 133 —264 —259

HH7¢ 5 Al %1, Gaussian Copula XJ BE5 X HEI7 R -5 2505 B 2 R] (AR 485 4 BB B A& RE T -
HAHRSH L N-0.4076, 5HTIAR Pearson. Spearman 1 Kendall #H 3% 225505 S R i A SREFIEAH — 2L, il
IS B AR B A A s (R R AR B T AR B I A R K R o

1.04 .
>
.’\//ﬂ, )
N
084 —
— 0.6 A
o
uo: \ '1'00
]
0.4
0.2 _—
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Figure 5. Gaussian Copula contour plot
[& 5. Gaussian Copula B [E
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Gaussian Copula I sifE TR MRIE . ZH0b . BUEITHERE, SRR IRAKECR. M TA
SCHET A A BN E TR AR R, (HILUH G R RS &R, IR Copula
JIVE RN L ST A U o8 A B A AR B IR RS A

RS RRW], NIRRT, 35 0 WO 5 22U B 2 TR DO SR, AT RE (R A Bl
AR AL & HBLEBEER Wi S e e 28 R B IR VAN 25 2

K 5 JE7R T Gaussian Copula TEMER 2 [0] (PSR R 0 fii . AT LAE HH, SHEZEBARWA b - 4RI
TEA, R R 5 2R B 2 A AE B ] 2 B SR SRR 2R o i BT 5 TR R AR 5 R B W 48
R, #—PRAIE T Gaussian Copula X PIAZ R IR & 454 K Z1 2 5 2L . WBER MR, KBl
it P X 3 B A o S R P R U SR BT, T A e U — g 2 R TR A R ) DX R B
RULIAE S S KA I A SEBREA B KGR AT AT I AN PR B A e 2 U B, T SE ) - MBI 2 U
(A IR HY B
3.6. AhRBEMHELER

BTN EMNEREA, HHEAR RIS X PRI R E N 50.55 W-m 2,

o il T ERENIDREEL R

Table 6. Results of annual average wind speed, air density, and wind power density

Fo. FETHNRE, ZREESNNREFLER

A P RGE/ (mes) T (kg m ™) PRI EE (W -m ) FEAHL
2021 3.3986 12419 48.6799 362
2022 3.4163 12425 51.1226 362
2023 3.5030 12437 60.7655 365
2024 3.2601 12391 41.2068 351

7 6 AT, SLA K EITE 2021~2024 ERIFF RGESAB A K, BYERFTE 3.26~3.50 ms ' 8
BRI, U B AEBR R AR B R« S EMETE 1.2391~1.2437 kg-m > Z 1], ERRENEER N, *
SRS SUEYE SLEA 2L, (EXEE P2 A A . 5 XGRS AL, PR
Ty 28 B (AR B AR AL BN X2 0 2023 4F DN L=, N 60.7655 Wem™2, B i T HA A4y s 2024 4F
BAK, N 41.2068 W-m 2, X FhZ S ULEH, RIERGEIEAUATIRAK, BT RIRERE 5 RGE =K
M, PIa ARG Z MR HBUEHEER . BARTE, 56 X HIAE R E KEE5IE T4
WREHATAR R, ERRBEsh B MARAE, PR AE XEE SR TN i 0 B4 A 2 EHER T Gt 4y
BT, A BRI B — 4 4 1R AT F 7

7 7 AL, A RNEG S SEEEEN S ERTHRN. | ARN12 ASSEE R, 25k
1.3812 kg-m> Al 1.3594 kg-m™, 1fj 7 A &A%, N 1.1345 kg'm>. X 582 AL A — 2,

AR A T B, EB R A F 2 A B .

Table 7. Monthly scale wind power density results
#7. BRERINEREZEELER

Hir PR B (kgrm) PRI A /(W -m ™)
1/ 1.3812 11.8031
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i3k
2 H 1.3443 19.1872
3H 1.2668 81.8716
4 H 1.2188 139.6607
5H 1.1807 106.3360
6 H 1.1491 31.6180
7H 1.1345 22.6971
8 H 1.1545 29.0557
9 H 1.1864 56.1713
10 A 1.2357 54.9396
11 A 1.3029 31.9932
12 A 1.3594 20.5527

RN ) A REB AN GEREE R . BIRATESE LR, (HRIFE I RILE
AR MR, 3~5 ARIhZREEH SR, Hrh 4 HE3I2FHEKE 139.6607 Wm™2, X XI)
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Figure 6. Monthly average wind power density variation chart
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