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A multi-model integrated forecast correction process and scheme are constructed for 2 m
temperature forecasts at Xi'an Station based on the 2021-2024 European Centre for
Medium-Range Weather Forecasts (ECMWF) model forecasts and the 2 m temperature
observations from Xi’an Station. The data from 1 September 2021 to 31 December 2023 is used
as the training set for factor screening, parameter tuning, and model ensemble, while the data from
1 January to 30 April 2024 are taken as the test set to assess the forecast performance of numerical
models and models trained under different schemes. Through subjective experience screening and
time-lag correlation analysis, seven model prediction physical variables closely related to
temperature changes, as well as different lead-time high-altitude key zone variables and other
characteristic factors get optimized. XGBoost, LightGBM and CatBoost are used for single model
bias correction, and finally model fusion optimization is achieved through Stacking ensemble. The
results show that ECMWF model exhibits a systematic cold bias in temperature forecasts at Xi'an
Station, with the error being significantly greater at night than during the day and the cold bias
intensifying during cooling and precipitation processes. After Bayesian optimization and
parameter tuning, all the three machine learning models are able to effectively correct mode bias
with root mean square errors (RMSE) reduced by 0.039°C, 0.030°C, and 0.027°C, respectively.
Subsequent feature factor optimization further improves the single-model forecast accuracy by
approximately 0.25pi. The Stacking ensemble surpasses the traditional weighted ensemble. After
ensemble, the RMSE of temperature forecasts is reduced by 0.034°C, and the forecast accuracy
within 2°C is improved by 3.1%. During the significant cooling and precipitation process, the
forecast RMSE has a maximum reduction of 0.491°C compared to that by the single-factor
model.

Key words: meteorological support, temperature forecast, machine learning, ensemble correction

5 8

bEE +E > 25 R A TG ERR I TR, RIR T 28 7p 0 4b S5 B . EPRa i 1A E 3§
HEFERIGS) BILH R FAMUTISR S (EBH%, 2021; FFEIR%, 2022; BF T, 2025),
XKLL RTE A S IR R A, L RARERILIR, B RAREE S R BTSSR
SRS AT PR AR P AN RD R B ROy (L, 2021). PH2IAFSRIRTP 1 2021 4561
MW 4Eizsh2y, 2023 4 5 H A - Ao TG 2 55 Rk 1) B RV 2 (G465, 2023), IXULHE
KIS EAMASE S 2, SR REESR B mmR, 25 KIRTT SRRk EoRHkiR . [
I, RN T RS E R TIRE ARG TSR, AE KIS GRSk 4040 &0
Ttk ™ i S A E YRR K .

T2 5 B K RS A0 A0 RO B2 R3S B R AR B [ 2 0 B 2L — D7 TN TV 3 S
LR ALt A AT EEIZ 3 EAMNEZ, I R SRR 2 B 5 W B IR 45 4T (4 5% 2,
2:2022; TAESCEE, 2023; GK754E, 2024); 5 IR E AR R A ERE, RIFES N
TEBNIE R E KR . AR, BT YMES AT e YRS RS T R R BRI KSR
TS 2 R R, BV R i R R REME R, R A A PR, IR TR 55
B A0 DAL ) 2 7 A B SR A 22 (2R W W45, 20245 PR2AI04SE, 2025), 45hl 2R KX, B
H RO B, A IR TR e 2 — M R OB G KA, 2019; RIKESE, 2022).
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B, Jbat4 By, ECMWE, o [ES G R X IEUE R Tk (CMA-MESO) I Tiifik £
SRS X AL L DRI S X 38 A7 E W R R i 22, TR S ¥ vy 4°C DAL (R 485,
2022) o DA, R AR B TR 6 A i 22 VT TR A R A BT IR IRBE TR K, ik
IR SRS TR 1T 1E 7V AR T T e A

MOS 75 i%(model output statistics, Glahn and Lowry, 1972)7E #5208 & ik fw 21] I
BRI N, HEE MG R R G RETE, AR 2 ocddtk mE
BB EH,. AR, fELME MOS J7iEdkl Bkt — B R R T s FAE R, SR EH,
SR B R A 25— RN M Gt e AR 51 (B FT45, 2010; Cui et al, 2012; 525 H45, 2016;
BT 4, 2019). b3k J7 v 4 i i 2 ST RO G (A ) FH 2 A Tt B (A Uil e PRl
JE. . REEERY) A E B R, X RIAEBUE k& RET g 1E, & THE
— S I [A) AT ()5 B A R AR T R 7 SR AR SR 1 55, BES AT RO IEA A Fidie
RGN 2 . I REEHE THREBORRIE R, WML BEVIARMR SN 2 S TIEAE RS
BRI ZE T I AAE T RORER, AT IERUREL MOS St S Sttt TTiEA — EMHACRE &
&, 2024). XU (2024)F) FHBENLARMENELT IE ECMWF 550 72h IWIRFETIHR, R H S
48 MOS 1T 1= 770 PR ™ it g 47 %58 EE 70 A L, BEATLAR APAOGT e v i 58 AT st S50 R
B i . XGBoost(extreme gradient boosting). LightGBM(light gradient boosting machine)#/l
CatBoost(categorical boosting){ Jy iy 2 I FEFR T #5221 Sk, AT 24557 ) 34
HHAN RS A, WA ARG 2 5957 2 4%, R E R A SRR, DIREREE
(KT KS £ (Chen and Guestrin, 2016; Cuietal, 2021; #3%%, 2021). AEE R WMZEITEH,
XGBoost A Lt [ 52 A5 K B BN IE AT, 32 i Pk v AN AR 2 1% LightGBM i
BT B RS, AT DU AR S I SR FE A TORS B ;- CatBoost 7] LA H 24 B S RHIE
U3/ B THAL B ) 52 2 1 o 4 S I 55 (2023) 0 4 B2 57 44 Ll P oK RS 10m XU Tl R
XGBoost Bt L4, AR XESFH R IAKE, 0 a7 i) XGBoost #i7Y,
FEAIX AR AL 5 I J5 T2 i) L-XGBoost % Ji7 4 U Tl i 1% 22 fe K AT 2> 73.28% . H
LightGBM HEZE 5 T+ I BEAS A4 T 0T IR R b, R R S R0 rh ik P T ot 2 W e e
(HYLL0%, 2018). EIIINE(2022) K BLFE T CatBoost 4KV A i B K AH 25 T AR 7Y Xt 7
T\ ORI B 7 AN TR RCR .

AHEC T SRRy, 2 ORI BN AT DR SR O TR AL S, HAS S BRI 1 RE
B FBURA S R BIEARED) . S ERERSAR T EGFES %, BEES Rk,
BP #Z MG A %, 2006; b K45, 2015). MBALGER I, HLEs2%>] Stacking
BRSPS HE B A2, AT 45 RAE TR R U 2R — SR AR, FoEL 2 2
SO G AR Z R G, B TR AR T A T B R 24, 1R AR Y o Y
(Wolpert, 1992; FRMI%E, 2021). & TE%5(2022)%: T Stacking A EE T 1E & TR 20T
BB R SIAT IR Y, R IAZ T VAR S AR B X 4 A2 1 XU 0 22 3% Tl O Bl e W .

DR v B R B ORI T R B A AR A TR IR 25 B8 77, K] XGBoost. LightGBM. CatBoost
55 3 FhEL SR T B LAS 2 I B0, S5 TSI kR, R R IS A 5 3 2 4 A [R] Foi
R v 2 DXCAERR AR R A S D 22 R T SR B A 2m iR S AR T IEAR Y, F R T AL )
Stacking HE T iRl SRR B TRAR A 3, IRRALE 7 21 TP VEAE RITTIa PR R Z2 1T IE 77
T AR I AIROR D9l 55 B R 2%

1 HIREHE

SEBUEE P 2R X T Hr It CUAR TIRRPE 220k ) i 2m JREEWIM B}, %k
P 2 HORIE B R IR B Y B vl il o AU (] ECMWF 5 2t i A s 2 T4
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A3 RS N 0.125940.1250.2520.25 S I 8] 40 #EF A 3ho A ST TR AR R I 8] A 00:00
(HFF, T E). T ECMWEF s SR EN [A]3 5 A AR ) 18], et a7 — H ECMWF12:00
R 12~36h TR~ A 12h 75824 H 00:00 #2471 0~24h Tk, SCHIE A TRk
VLR HH 2m IR

X T ECMWF TR, 24 5] — E 4 i 2 [R]— FUR B2 2R Tk A 250 2R 08 3 sl 4 4
55— I B fE NI RN, TR D2 R s ], 75 DU sl ik 2 DAAH 21 P ) 88
PEAEEAE o 5 — SR AR I Tl B S 000 254 2 — Sl U] 530 B A AR o

FH T AR P 55 (AR DR 2k B TR [RISR A TR L &, fAE B EN 2 R, Bl
TEVI AR FT, 75 BT A TR A b AT AR A A B, (5 T [R) B 2 ol AN R R AE (B AT B
B, DA TR ST S50 B AR BE o A SAE FHEE AR e AL B AR A8 B AT AR e, W LR 313
H8 0, FriEZEN L VEHA -

Zi = Ak 1)

K@) H, z AP S EHE, x NEIEEE, A FAME, o bRz

ASCAFH 2021 49 A 1 HZ 2023 4F 12 H 31 HEWRIE AU, HTHEEIZ, 5
BRICBFEA ISR BNZGHFEAR 66172 4Ho 1T 1—4 ANAZFEWAHEZENISIENE, B2 50E8)
A ELR P 2 AR o B BRI AR ZY, ES AR O R B AT R T AR P T A 22 %
Ko Bk, EH 2024 £ 1 H 1 HAE 4 A 30 HEERE/EANREE, FH TR TR GEMmHR A& o7
fili, MAFEA 7533 2. AR S A Kz AR 77, a8t A8 XS IE 77 A1 10 IR 2R iR 25 B
NS EAE R RS H(E A5, 2021).

2 ECMWF R R R4

TEPEANAS R TR T IR Y 14 e 2 B, B Se K36 ECMWIF A5 00T 178 22 3l it 5 P T4 24 g
A3 AT A IR T ()R A SR B A B SR R A AR RO B TR R I, A 9 2R B DAV 1) 2
fihi
2.1 WA *E

PR 77508 T EUE A CPPAL AT IR PPl . RSP 4E %015 22 (MAE) . 35 iR %
(RMSE). 2°C LA idh #ERfi 2 (AUC) Rl 5 R AU (RAZFEFR(BIIR T, 2019; FEIEMSE, 2019;
EICAREE,  2022)% B R HAR TR R T VPl . P40 R 25 (MAE) 2 TR 5 5 00 18 s 22
L XHE 1 738, ¥ 75 MR 25 (RMSE) 2 K 36458 20 5 SE L A B BOREE o 2°C LA P TR A Aff 3%
(AUC) 51 HEEE (iR Z 40 HME /N T 2°C RO, Rk 5 9o SR HEmi i . e
FZHRAE R AR AT LU R R AS B (175 22 (5 b, SR EEE 1, AT

2.2 BT

MG 22332 3h iR B Sl ECMWF IR IR (0 80 101 U 40 AT B et FeJs 3 mp DL (T 1),
o 2L AR R R 1 5 Sl AR R — 3, R? 9 0.903, RMSE At MAE 43 il 4 2.558°C .
2.055°C. LA ERMEXAE 2 NXIE, B 10~20°C. -2~8°C, #EiX 2 /NX [a] P TR S
flko HE—20 %]t ECMWF A5 3% oy 280 Tt 5 Sl i 22 () 2), R A I P Tk 1
FEAFAE R /AMRA R ) H AR ACARFE . 3h IR R0 I Tl R I fe i, RMSE AT AUC 43l
1.370°C. 0.860(/¥IH%). 18h K A4 A FiHif 22 f K, RMSE i& 3.206°C, AUC 1y 0.355([&]
2d).
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Fig.1 Scatter regression of temperature observations at Xi’ an Station and forecasts by ECMWF from
1January to 30 April 2024
L. 2 (D) 18h
—— OHS —— OB . . ’(
20 e ‘,f 200 -« e N ‘l‘ [
15 .c”!"’f 15 T RiC ;J"M"ﬁf'
P ¢ \“-.ﬂ‘w
@210 il 20 I ‘L” s
Mo H Ll " y"\‘. Py
’ "t f‘t N f&:" Nk A
0 of ML S an T s
et T e
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41‘024()1 0300 2024020400 2024022500 2024032300 2024041 200 7"(2024““]—1 8] 2024020418 20124022518 2024032318 2024041218
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Fig.2 Time series of temperature observations at Xi'an Station and forecasts by ECMWF from 1 January to 30
April 2024

2.3 MEIRIL
#HY 202442 H 15—16 H B%&%i;%%(ﬁﬁ PR 0215 3 F2) A1 3 H 9—11 H FE /KT A2 (8 #x 0309
I FE) 7T ECMWF B Sl 78 S8 R A AR A R I 57— RIS A2 52 500hPa i AR R T
B, 7Heuh HP SRR BEIRIA 5 C L L, JE— UG FE 52 S A AR RS R, G e X
LT B REAKERE, KRS 6 h, THz2uk H PSR HROR IR 5.2C,

M2 S FEPE 2R 3h RS ECMWE T 15 i Aok (B 3), A5 0tiiR E Feie
FEAERCR I TR w22 . 0215 AR, BRI BOB IR R R B B B A W2 . R 1E
WA ZE SERR S, 2 H 15 H 18:00 iff B il 4% S i fw IS 8.5°C (K 3a). Zid ¥ ECMWEF Fiifl
RMSE i% 3.693°C, AUC ¥}y 0.333. 7E 0309 &, ECMWF Fiifi %% 0215 i FE4
PN, ABAT R R ZE, W2 i Kk 6.5°C (& 3b), A2 ECMWEF ik RMSE #1 AUC
43978 3.102°C . 0.407.
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Fig.3 Time series of temperature observations at Xi'an Station and forecasts by ECMWF during (a) 15— 16
February and (b) 9—11 March 2024

M B 3rRT W, RE ECMWE R FR AR B S5 70 2ob Seil A 3 — 5, EAR
AP R Z 8 R R o R A B R AR, AR B TR AN RER 3t Jse o B iR
FERIRENE, AR Z R E

3 BEIZR

TEVP ECMWE Rkt L, 240F] F XGBoost(fE#x XGB). LightGBM(fii#k LGB)
FI CatBoost(fii Rk CAT) =ML #8 5 > FIE BRI EAT T 1E, DASE & 78 22 K i O s
FETIRAIR . XGB s —FhEE A SJ PRI BT, T 16 S SR A B2 T AR 65 g 34 i A Y
(M85, 2021), o255 AR BB ER RO BC— A58 2 K48, [l AR RR R T > B
UOERMER 2, FRERRZE I IR FE T 1) VI SRBi R . LGB & 2k 11 B H2 TH R S AE
ZOPE H OB . AL XGB 5925, LGB A IR R WA AR, M. SCkF
FAT T S S S (Ke et al, 2017). 5248 A 25T B 5 B o B A RUR T A g BiHE 7
WIS, REA R B G . CAT HLR T B R S RN AS 2% STHESE , 2B
O3k 2 A AT T 7E 2 2] (B i A B SERFAE, 1T AN 2 75 B8 TR B B, AN TR BT B 20
T T A 2 e oA BU T R EHR%E, 2022). A S BN FHIX 3 FhbLds s ST S NS5
AR RIERFAE R 5 77 T AT R AL 25
3.1 BEEAN

8 S HORL RS 5 ST AL SR B B 4y o B I A S 4, vT LRGSR Az AL Re
BEREREER. W BSOS AR R BV R TR R g 5
%55 (Nguyen, 2019; XA, 2022). DU p A e+ G A B R SR Al o8 2 0 S A Y
REZ AR R, A nlRefe MR M S HOHAT 5, BPEE RN, EH T &Mk
MEHESEORE, HAeshSHRERnG, SRR TR B IR s A AR (Li et al, 2017). 2
T ECMWF R B R — R R, 40 A 3 P N7 &, B BV S5
AT Ji5 25 520 TR 1 e B SO R

Kl425t 7202441 H 1 HZ 4 H 30 H 3R 7758 Z B A1 J5 544 (1) Pl S8R L -
B A TR e — e BiE, RMSE B 2°CULN . it DItk 4, 3 fh
TR AR 2 A] 3k — 2B PR AK, RMSE 43 71 i 1.956°C . 1.949°C . 1.937°C [4 % 1.917°C .1.919°C .
1.910°C, # ECMWEF i KP4 0.648°C .

AN TR T B 285 1) St s SR vl LT B), 3 Fol o v S B AN S %o 1 Tl T R 22 5
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ECMWF #0H R EMK. DL XGB BB NHI(Kl 5a), kS %s7E 0. 12, 15, 18, 21,
24h I 2R Z B E K, RMSE /N Zik 22.8%~46.6%, X 5 LGB Il CAT A2 515 5
FEtELE B—8. BAh, 3FOEESHNETE 3. 6. 9h BRI IR Z 1% ECMWF #2X
e X —BLR AT B R T AR BUTE A e B BT I PR3 2 M Dk e o X IOkt A K3
RIZWIE M B, WR AR, RHIAR Qs i A SRR (s X)) B w5 i AR 2 My
TE(CRINS, 20205 FAEMESF, 2022). H— R B2 Fh 81 AR B 1 B 0] 1X 85 72
PIRAUEE R, HHAS R — N E RS R, FEAREIIR S X LR I S HEE
ML#S 2 IR AE DL 7S AP i e 57 AR 2R MR B A2 1) N TR SR AL A, R BB R
A IE. Fik, BB AR ENEERER L —, AERERIER 7RGt
— G R RE 2 IR T S AT AT

2.50

2 25 e RS mm 2R ECHR 5 EAS 1R BIRNSEE

PZ,UO 1956 g1y 1.949 4 g1g 1.937 1 910

iy
9175
2

=
;ﬂgtso
B

1o
900

0.75

0. 642 0. 630 0. 648

0.50

KGB

LGB CAT
TR YE

K4 20244111 HZE4H 30 H 3 FBRY 82 i i Ttk i9°F £ RMSE
Fig.4 The average RMSE of the temperature forecasts by three models before and after hyperparameter tuning
from January 1 to April 30 2024

L@ ®

- e e kS 2ifs - mm KRS =k

IS
=

FTIRIRERNSE, C
BN e
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EZ 0
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0 3 [] 9 Hglh 15 18 21 24
5 2024411 H—4 H 30 H (a)XGB, (b)LGB, (c)CAT #i#11H 21 j5 S ECMWF A [F Fidi i %R

it -1 #2 RMSE
Fig.5 The average RMSE of the temperature forecasts by (a)XGB, (b)LGB, and (c)CAT models before and after
hyperparameter tuning and ECMWEF with different forecastlead times from January 1 to April 30 2024

3.2 HLiEFFHERETF
TENLER 2 ST B E BB OL T, Wl URFAE R 0 s B 2 2 0 E 2, R
Y 5 (1R AR BT 7 R A A 25 B A b sl 2 500 11 P9 PE A, (E B O ARRAIE R 7 T R Y SRARFAE T
4%\ B 7525 ) [ (Chandrashekar and Sahin, 2014). #tiREHRIT IEHAN S, R
AR 1 23 X 3UARAE R, e 4290t 5 A TR B 288 bl 7 ) o B2 [X Al PR, S M A 2
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TER FERG AU PR A AR B S it (IR B g ™= S b, 1B 7R 256 % R R R ER
WS IR S PR 745 E . 500hPa 7 345 15 5 17 (K R 45 S5 5 e ¥4 B~ L 1
B R, X AR S EUh BRI, A X R TR S EUh i . 850nPa LLIE M
BRI E KRS8, 2 s 2 AR S FE R s R B . Rk, Akt T 2
AT ARG o IRIG 1 B 2m U5 B TR I T A J (B 2 7 2 vl A AP — 4 AE R, B EA LR
T ARG 2 N2 TR ¥ U735, AR 32 WS 56 IR AE RS 1 AR SR At 3 T B SRR R AE IR T
5 — I A AP I 1 A B 2 P ol s 217, B B 22 K & 10m Zifa KA.
10m Z:[a) X« 850hPa i /& . 700hPa /& ; 5 — 2 Ayidasd i i AH OG0 BT i e 43 21 A 04
[ AR A 2850 S X P X494, i 500hPa iz 24 = B A1 850hPa EL i

N AH DG 23T R J8 I T Bl S S A [R] IR A T 37 (R A O, 18 G I Vi 3 A 56
(=<<0.001) 1) X I AE R O X3k, B2 X3 )~ S5MEAE R FIGRAFAE Rl 1= AP %236 00:00
ECH T Oh Tidk A, K6 45t T 2021 49 H 1 HA 2023 4F 12 H 31 H % 00:00 I 5K
L5 ECMWEF A5 3K [R] I 2% (1) 500hPa A7 35 = BE S AR G AT, RIIAE N 583y i — Bkt Ak
B ARACAFLE 2 NEFHR X o AN FEIRS R 2 AN @A % X AT X 3P J5 F-5 00:00 J6LE
SEWLF AT ARG AT, RIS ECMW 83X 3% IR A0 ¢ R 505K, 43 illik 21 0.915.,0.892,
WK B 71 A%k Oh Tiifi 500hPa A7 35 e o D5 - (1 GBI 2. DASSHHE, 76223k 00:00
FEC R ) LAt o 2[RI R 5, R — AN B SR A T IR A D T, e 23R 7 22l o
K 24h P AN [ TR A 285011 e 2 DX 3 R 7 (RIS ) o

25°N- - 1) : 0 0.005 0.001
W o ol nbE 1208 1 L 2

e AR HERET 0=0.01. ¢=0.005 Al 0=0.001 & FHEK TR H X5,
K6 202149 A 1 HZ% 2023 4F 12 A 31 H %y} 00:00 i/ 554t 5 ECMWF BT — H 12:00 4R A
[ TR i 2% 500hPa for 5 i fEE 37 I AH 6 R 4L
Fig.6 Correlation between temperature observation at 00:00 UTC of  Xi'an Station and the 500hPa
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