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TR (V). FHAEIEHLIX 6 MRS A 2001-2010 £E193% H A BH s 48 S IS, 4%
TREEA S HTHA(L00). AFEZFET . AREKRA 3 FEIL, X 5 MU AR AT X L 5 43
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I-V ] MAPE “F3#4{E, 766 HIRR, KUCH 11.23%. 12.03%. 9.52%. 9.32%. 9.94%, #H
i ) NRMSE “F-HME RN 14.92%. 15.92% . 12.75%- 12.44% - 13.13% . 54845 L 355 “Uf,
HAp A IV iRz )N Jo H BRI, MAPE ~FIE KRN 49.25%. 47.92%. 49.71%. 46.03%.
45.51%, HFHMf NRMSE “FEIMEMK N 61.92%. 62.09%. 61.89%. 58.02%. 55.70%, #¥i4il
SERNARUE o LEAHTRI R, 5 AR a] B AL S AR d b X H KBRS AR S, (BRI
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Validation and Analysis of Five General Daily Solar Radiation

Estimation Models Used in Northern China

MAO Yang-yang', ZHAO Yan-xia?, ZHANG Yi?, HU Zheng-hua!
(1. Collaborative Innovation Center on Forecast Meteorological Disaster Warning and Assessment, Nanjing
University of Information Science& Technology/Yale-NUIST Center on Atmospheric Environment, Nanjing
210044, China; 2.Chinese Academy of Meteorological Sciences, Beijing 100081)

Abstract: Daily solar radiation is a very important parameter in earth science, agriculture science,
and other fields. However, compared with the conventional meteorological observatory, there was
few observatories of the global radiation. Therefore, the estimation of solar radiation had become
a focus. Five representative models, such as Angstrom-Prescott model, Ogelman model, Bahel
model, the comprehensive model of sunshine duration and diurnal temperature range, and Liu’s
model (named model | to V), were used to estimate solar radiation in this paper, under the analysis
and comparison previous solar radiation estimation models. Daily observation solar radiation data
(from 2001 to 2010) of six representative stations in Northern China Plain were used to compare
the effect of five models, according to the whole analysis period (about 10 years), different
seasons, and weather conditions. The results showed that: (1) in each representative station,
simulated values of five models had an extremely significant positive correlation between the
measured values (P<<0.01), the correlation coefficient (R) were above 0.93, the mean absolute
percentage error (MAPE) were within 9.68%-17.56%, and the normalized root mean square error
(NRMSE) were within 12.47%-23.12%. The simulation results mostly were "good", individual as
an "acceptable”. Five models and the corresponding coefficient showed high accuracy in

estimating the solar radiation in Northern China. (2) During the whole analysis period, the average



value of MAPE (AMAPE) of five models were 14.28%, 14.93%, 12.78%, 12.27%, and 13.01%,
respectively, corresponding to the average value of NRMSE(ANRMSE) were 18.80%, 19.71%,
17.09%, 16.27%, and 17.24%, respectively, indicating all of the simulation results were "good".
Model IV was the best, following by model 1l and V. (3) In spring, AMAPE of five models
werell.97%, 12.19%, 11.17%, 10.86%, and 11.24%, respectively, corresponding to ANRMSE
werel5.46%, 15.75%, 14.27%, 13.95%, and 14.27%, respectively. In summer, AMAPE of five
models were 14.46%, 15.47%, 13.32%, 12.45%, and 13.36%, corresponding to ANRMSE were
18.89%, 20.21%, 17.21%, 16.22%, and 17.05%, respectively. In autumn, AMAPE of five models
were 14.81%, 15.65%, 12.67%, 12.19%, and 12.20%, corresponding to ANRMSE were 18.94%,
20.00%, 16.66%, 15.94%, and 15.95%, respectively. In winter, AMAPE of five models were
18.08%, 18.56%, 15.19%, 14.99%, and 14.11%, corresponding to ANRMSE were 22.52%,
23.28%, 19.42%, 19.06%, and 18.31%, respectively. In general, most simulation results were
"good", individual was "acceptable", in the four seasons. Model IV showed best in spring, summer,
and autumn, while model V showed best in winter, following by model IV. (4) Under the
condition that sunshine duration existed, AMAPE of five models were 11.23%, 12.03%, 9.52%,
9.32%, and 9.94%, respectively, corresponding to ANRMSE were 14.92%, 15.92%, 12.75%,
12.44%, and 13.13%, respectively. All of the simulation results were "good", model IV showed
best. In contrast, without sunshine duration, AMAPE of five models were 49.25%, 47.92%,
49.71%, 46.03%, and 45.51%, respectively, corresponding to ANRMSE were 61.92%, 62.09%,
61.89%, 58.02%, and 55.70%, respectively. All of the simulation results were "bad". In summary,
five models could be used to estimate the daily solar radiation in Northern China Plain, and model
IV (the comprehensive model of sunshine duration and diurnal temperature range) showed the
highest accuracy.

Key words: Solar radiation estimation; Angstrom-Prescott model; Bahel model; Northern China

Plain
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Y1)y 25: 1. TR M EY, KBASRS A — B 3 & ER A K EN, il 72
FRAFE AR ER OB B 8 B BEKSEEORH4E S g A,
U S FH A R 2 2 Y, b A 22 Angstrom-Prescott #5281 (fajFR A-P

PR, 1 Angstrom 315 K K PH 58 SHE 1924 SE42 012, 1940 4F Prescott Y FT K SC4E
SEXRPHHERT TAEIERS. FErpE, FIA A-P BIELAESEORBRERST BT AL %, G0 1963 4R KRR
S04, 1964 4F 5 H G151, 1080 4 F R LIE, 2010 AEATIEHELT, 2014 4F TR 518, 2006
4 Yang S5O H R A Ogelman A5 84 it SR BH el 5, 501 R o [0 23l s PR S 00 B 8 B3R 4T
AR, RIEBERMT A-P S4E4: 715, Almorox ZERILLEE T 4 FhH IR 4 AR, KL
Bahel #E A1 T A-P A A FT Ogelman 7

BT AREIE 5 TR, IF B EA IR f TS, bl B e S 5 iR AR R A 31—
SE NP, FENT O RE 4 A, AR R A, R 2 AR BUE SR S A
Srb 8 H KBRS 0 EEBOE 7 R B, AUl R R R G R 722 2228, i H T 4y
KRR A L SRS T HL 2 81K Angstrom #5841 Bahel #5574 58 iy (14 122,

2008 XA HFAERIFH HERE 0 BoKERM AR PEoKE. BEHEESR T, @7
TH ERRAITE H RS T B RS FRA, LT A-P RRLRA, 2014 4% 4 B S5 2510 0E
LT IX— WA 2014 AR SRALSE SAREE L T K UK BH 4R S5 S B A 2 S5 e
B [N A20], 2015 AEMTNN SR FHAEZRMERNEvE N T VR HE S . RCHBH %
A5 Geda B0 T B 5 ORBH H B4R S Al SRR RN S AR B T 5 2% S BEREAS
Sy ARE L HT o

FEAR Ak K B4R S O v, RN J i A B KPR SRS, HRTIE B3R A
ik HL Angstrom-Prescott £57 (1). Ogelman #7811 Bahel £ (11D, HIE 20 R A1K
I HEZGARA (V). XA (V) 5 ANESE WG AR M IR, Ja A i i o
P, HRbbR 2, FIAHEIEHIX 6 MUK A 2001-2010 SEEHEHEATIAE LA, LA
FAAEA L X TE RS ORI SR 1) 6 3l Al 550 H K BH A S S Bl Rk 44
1 ZRERE
11 ¥R

T 55 240 ok 1B 4R b 1 DX K BH 4 S 0 JH e R0 B 3O D B 3 5% 4 i B 4 AR 5
(1992-2010 %), LZREFFHuG (1981-2010 4F) FIE By (1990-2010 4F), LASIMEH
Kk (1981-2010 4F). RgRHMY (1990-2010 4F) AI[E4H%, (1981-2010 4F), MiHZEHH
M3, e Uil Bl B KPR RBHGEAR S BORE,  BIF T IX 80 A ol md A s 2
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Fig. 1 The geographical distribution of the selected meteorological stations
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Table 1 Basic information of the stations

B k4 SR 4 HES /T BEORHE
Province Station Longitude Latitude Altitude(m) Data year
T3k Hebei 4R Laoting 11822E 39°26'N 11 1992-2010
tli % Shandong BFH Jinan 117D3E 3703N 170 1981-2010
B £ Juxian 11850E 3535'N 107 1990-2010
AR5 Henan F#BM Zhengzhou 11339E 34943'N 110 1981-2010
FABA Nanyang 112<35'E 33D2'N 129 1990-2010
& 45 Gushi 115940°E 32910'N 43 1981-2010

1.2 XPAH R EHEEEE
P Q FnBIA MR B K PH SRS (MIm2 d), Qo R/mARIHRS (MIm2d1), n KR
HIER £ (h), N RO B IR Bl KT IR 2 (), Tv Ros Higm iR (C), Tm

TR HERICAR (CC), W ERRKAATFEKE (mm), P RRHBEKE (mm), Abs £xK



KRR G BEKERM K 7. 5 AMERI A3 [ R R A
FER 1. A-P BT

Q _aspl )

Q, N

A, #%a=0.161, b=0.614, HfEK FSCHRIE, BEARLERA] 122 /i 5 1961-2010 4FH
HEURT 2505 R PR 4R S s 00k), F s I DA B U9 45 31 4 ] ROBEIE 2274546 1¥) - Angstrom-Prescott
FHL SCERARZREGER T4 E, BRZREUGERN B RzZ280h.

B 1. Ogelman %!

Q

n n
= =a+b—+c(—)?
N (N)

Q, 2

A, F#¥ a=0.1404, b=0.6126, ¢=0.0351, HUfE k[ CHk], T 69 4k 40a A
P %8 5 B ) S it B e 18 2, FZ R B SR H S AR S R SRR iR 2 B

B 111: Bahel Fi%Y

Q% —a+ b(%) + c(%)z +d (%)3
@)
{1, %% a=0.17, b=0.93, c=-1.08, d=0.73, £{E >k H SCHREA, F:T- 48 Ml i 1994-1998
FAZRVEMSRIMAIME, FHZREU T H SR 7E A h iR 2
BRIV HIE 7 AR H R ZE LA A

Q_ _ LY
o, =N ~To)+b() +d

0

4)
R, Z#¥a=0.04, b=0.48, ¢=0.83, d=0.11, HUE >k [ kR,
(EEUAVARS(IEpiiae -y g

A HIEKAT N

Q_ n
Q—O—%+61(N)+az|90N+P) ()

T HIE AN

2=b(J +b, (T, —T,)x(@— Abs)
% (6)

YFRACER H R HORT 0 B, AEHME; T 0 WAL HME, SCHRRPAKRS HIET1£
b X ) R BUE, A SO B2 1992-2000 4F. 2 EFIEFPH 1990-2000 4 LA A 5FEg « [El 4R A1

FRN 1981-2000 4F3& H A Z A0 3 A5 0 W #h s ik SPASS #4415 31, 20=0.221, a;=0. 464,



a2=-0.003, bo=0.071, b;=0.015.

RICHRESS Qo R K AT I % N SR FAO HEFE R 7 ik, [l
Q- 24x60
VA

0.082d, (w, sin ¢sin & + cos@cosdsinw,)
()

d =1+ 0.33cos(-2Z. J)
365

®)

5 =0.409sin(2%- 3 ~1.39)
365 9)
w, = arccos(—tan ¢tan o) (10)
N=22y (11)

T

A, @ AMIREE (0 O NKBARIELm A (°); WONHERAE (°); J)vla
HFs d o FHAHXBERS: N ORI 3 (s ToRBIE S (U 3.1416).

KAATFEKE W AR K S w] B KR K 1 Abs AR#E T 2Tt 510

0.0337T, +0.849
W =10 ¢

(12)

_ 0.29(W +10P)
0.5925(W +10P) +[1+14.15(W +10P)]>** (13)

R, Ta MR (C)s POYHBOKE (mm). To il B/ QR T S LI
e, B

gxlg—
E

T,= e°
k-lg

B (14)

A, e NHTFHIKRIE (hPa), Eo v OCH HIMIAIKISE, HAE N 6.1078hPa, g. k
REE, HAH N 243.92 1 7.69.

1.3 BAMRITFNTGE

KHMFERB R, FHLNRZE (MAPE), Y RI%Z (RMSE) FlIH—4LI 7 iR 2
(NRMSE)HEAT A

100

TZ'Oi -S|
i=1l

1 n

S

n+

MAPE = (15)



i(oi - Si )2
RMSE = \/"1—
n (16)

RMSE <100

NRMSE = 1o
=30 (17)
)

X, SiAREIUE, O NSHME, n WFEAKL.

R 1) S MAS UM 5 S A 2 TR — B0, B @B 1 SRS @A MAPE it
TAEAME 5 S IR TR PR 22 HABDB/ IS R AT s RMSE FI NRMSE J Bt T B R
HAE B/, RBIUBOER B . NRMSE <10%F RO JEH 17, 10%~20% K 7“4 7,
20%~30% & “HI A7, >30%E s NG B,

2 BRE55H
2.1 SR SRk = B K PH B4R ST IR IER

FH 5 A8 43 iIASALL 6 N3t £ 20012010 4F3% H K BH G AR ST, 35 Sl E EA T3 He o #T
ZRNR 2 s, BRI, 5 AMERIFE SARZ N, UL IZ H B SR S 5 12 S
)2 B B 3 R IE A SR R (P<<0.01), HHIGRE(R)ILE 0.93 LUE, HI7HIRZ(RMSE)
YI/NT 2.82MIm2dt, SFE4E %t iR 2 (MAPE)STE 9.68%~17.56%, JH—4b ¥ iR iR 2%
(NRMSE)TE 12.47%~23.12%, AR KZ R “4F 7, Ml “nf L4z, Ui 5 MY
JCAHL I RO IE A A AR AU IX H KBS SRS E—25 0 Hral W, B85S 1-V ¥ MAPE {5
Bl VA 11.01%~17.35%. 11.79%~17.56%. 10.12%~15.68%- 9.68%~15.20%7#1 10.35%~
14.91%, HH3 () NRMSE ¥ 14.36%~22.43%. 15.43%~23.12%. 13.10%~20.34%. 12.47%~
19.91%7#1 13.29%~19.80%. "W, AL s EIRZES —E %R, AR BV b &
BAEATE 5 s B LA BT, (HASCRA T 1 — &8 777 1-V ) MAPE “T3{EAK IR
N 14.28%. 14.93%. 12.78%. 12.27%#1 13.01%, RMSE KX 2.40. 2.52, 2.17. 2.08 Al
221 MIm2dt, NRMSE K7 h 18.80%. 19.71%. 17.09%. 16.27%F1 17.24%. MEGA 3 p4
K%, MAPE. RMSE F1 NRMSE BUKHIE AR | A0 1, BRI GGH 5 A0, /35
V. ZR LA ERTRAEH, BRI AT 0 RRZEROR, BRIV fiRZE R, ESEA AV
FIZEAR /N

R 2 BAEREREY SR RS THHMEE

Table 2 Statistical characteristics values of the daily solar radiation calculated by five models in each



station

N TN IH— 7T R s
HXRH H I i . s
¥ A it (R) Root mean square ] Data year
Station Model Correlative Mean absolute error Normalized root
error(MAPE,%) mean square
coefficient (RMSE,MJ m2 d1)
error(NRMSE, %)

RE | 0.95 11.01 2.10 15.17

Laoting 1 0.95 12.37 2.29 16.55
Il 0.96 10.86 2.01 14.52 2001-2010

v 0.96 10.60 194 14.06

\Y 0.96 11.34 2.04 14.84

tiaee) [ 0.94 14.99 2.46 19.19

Jinan 1 0.94 15.39 2.55 19.82
Il 0.94 12.33 2.10 "16.35 2001-2010

v 0.94 12.22 2.09 16.21

\Y 0.95 14.44 242 18.79

ER | 0.96 11.09 194 14.36

Juxian 1 0.95 11.79 2.08 15.43
Il 0.96 10.12 1.77 13.10 2001-2010

v 0.96 9.68 1.68 12.47

\Y 0.97 10.35 1.79 13.29

FBIH | 0.94 14.59 2.55 19.80

Zhengzhou 1l 0.94 15.06 2.62 20.33
Il 0.95 1341 2.27 17.58 2001-2010

v 0.95 12.32 211 16.34

\Y 0.96 13.47 2.25 17.45

P FH [ 0.93 16.67 2.62 21.81

Nanyang 1l 0.93 17.38 2.78 23.12
Il 0.93 14.28 2.39 19.89 2001-2010

v 0.94 13.61 2.24 18.65

\Y 0.95 13.54 2.32 19.26

[ [ 0.93 17.35 2.74 2243

Gushi 1 0.93 17.56 2.81 23.00
Il 0.93 15.68 2.49 20.34 2001-2010

v 0.93 15.20 244 19.91

\Y% 0.94 1491 242 19.80

VE: R 1=V 43504 Angstrom-Prescott #7 . Ogelman #&%!, Bahel #7,
B XA RS TR
Note: | is Angstrom-Prescott model, Il is Ogelman model, Il is Bahel model, IV is the comprehensive model of

sunshine duration and diurnal temperature range, V is Liu’s model. The same as below.
2.2 FEIFHRFM S BKRAZESHELIER
8 3] H K PH VAR SHE AN R 2275 BB AN, XF 2001-2010 432 H K FH S SRS E #5122

HEE 2 R AR H B SR G



T BRI REATX LT, S5 2 F13% 3 Fon. A 2 iTRUE H, 5 AMRALLE E B A
IR SIS RAR N, GRR RS MGk, AR B A X2 . &0k CRFESERRAM)
FEAZT LR R 1 R RO, BN IV VX BhEEETTE, A MAPE
1 NRMSE K, S5 uhifEF RSO BT ROIRL | F IV, HZENEAL IV, RN
BONFIIV, ZZFNER IV Grmdulis. B B SRR BRI AR 2 08 N1 1V,
V. Ve BB VL IVL IV T RS & ZRE R 1V BERHEG 70 i sy
V. IVL VL Vs BRSSP BERL VR L V. V. Ve MR 3 ATUE], S, BF
R IV AR ZE /I EATERAY VAR F/, BB IV IRZ . M 6 A i f)°F35 MAPE
I NRMSE KF, 5 MEMBRINFERRD, H. KFEFT, £FHK, HEIFEZKEH

ROR B, AFR7E.
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Fig. 2 Simulated error of five models during different seasons in each station
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Table 3 The average value of simulated error during each season

ZE77 Season BT Average Average NRMSE (%) YRR
Model MAPE(%)

Data year

HE (3. 4.5 | 11.97 15.46

Spring(Mar.,Apr., May) 1 12.19 15.75
11 11.17 14.27 2001-2010

v 10.86 13.95

V 11.24 14.27

57 (6. 7. 8 ) | 14.46 18.89

Summer(Jun.,Jul., Aug.) 1 15.47 20.21
11 13.32 17.21 2001-2010

v 12.45 16.22

V 13.36 17.05

K (9. 10, 11 ) | 14.81 18.94

Autumn(Sep.,Oct.,Nov.) I 15.65 20.00
11 12.67 16.66 2001-2010

v 12.19 15.94

V 12.20 15.95

X7 (12, 1. 2 D | 18.08 2252

Winter (Dec., Jan.,Feb.) I 18.56 23.28
11 15.19 19.42 2001-2010

v 14.99 19.06

V 1411 18.31

2.3 FRIRAEZH TR ET 2 AAR RS AIEIHR

S H K BA AR RIS 4% G 0 H R 2 A EAT O L 20 W 4 R P 3 o, I
ATLVEH, A IR, 5 /MEAK MAPE /8T 15%, NRMSE 7£ 18%2 N, M4
N AL 1SV I MAPE SPIAMEK KA 11.23%. 12.03%- 9.52%. 9.32%7#1 9.94%, RMSE
WUCH 2.27. 243, 1.95, 1.90 Al 2.01MJI m2 dt, NRMSE &K N 14.92%. 15.92%. 12.75%-.
12.44%F1 13.13%, A WAELAY IV iR Z /N, TR, W MAPE SKE, FREdBHLRI
RIS R ZE BN, HRIONER IV B B 4F: AN RMSE. NRMSE K&, Grdfl
(B 45 i R DAY N1 R ZE /D, Rl s AL IV R i/ BRI, Sk ALV
B ROR et -

TEHBH T, BA1-V [ MAPE #°KT 35%, RMSE KT 2.10MJm2 dt (H¥K
PRAR Y 4.7MI m2 d1), NRMSE 375 55%LL b, RN “Abr”. B -V ) MAPE

WMEAR VA 49.25%. 47.92%. 49.71%. 46.03%F1 45.51%, RMSE EAK KA 2.86. 2.87.
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Fig. 3 Simulated error of five models under sunshine duration and without conditions
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