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Abstract Based on monthly precipitation data from CRU TS v4.0 (Climatic Research Unit Timeseries version 4.0),
output of the CMIP5 (Coupled Model Intercomparison Project Phase 5) historical experiments and RCP4.5
(Representative Concentration Pathway 4.5) scenario from 24 models, a variety of simple and multiple regression
methods were designed to bias-correct projected precipitation for China. These included simple regression (SR), simple
regression with log-transformed rainfall (SR-Log), simple regression with year-to-year rainfall increment as predictand
(SR-Increment), simple regression with year-to-year log-transformed rainfall increment as predictand (SR-Log-
Increment), multiple regression (MR), multiple regression with log-transformed rainfall (MR-Log), multiple regression
with year-to-year rainfall increment as predictand (MR-Increment), multiple regression with year-to-year log-transformed
rainfall increment as predictand (MR-Log-Increment), and simple removal of climate drift (RCD). Bias-corrected results
for projected precipitation over mainland China for 2006-2015 showed that univariate regression correction methods
were generally better than multi-variate methods and simple RCD. SR-Log performed best, with rate of precipitation
anomaly having the same sign with observation (AR) and precipitation anomaly percentage correlation coefficient
(APCC) were the highest, reaching 69% and 0.5, respectively. On the other hand, SR-log-Increment obtained the highest
correlation coefficient of precipitation anomaly (ACC) among the different methods. The distributions of precipitation
anomaly with the same sign with respect to observation, using different bias-correction methods, showed that the SR-Log
performed better in the north than in the south. To the contrary, SR-Increment and SR-Log-Increment performed better in
the south than in the north. As a result, the AR, ACC and APCC of the SR-Log or MR-Log were lower than those of the
SR-Log-Increment and MR-Log-Increment over southern China (east of 95°E and south of 35°N), while the opposite was
true for northern and western China. Therefore, the best regression correction method for model precipitation was
regional-dependent, possibly reflecting the differences in statistical properties of precipitation in different regions. Using
synthesis of regional regression models, i.e., using SR-Increment in the southern region and SR-Log for the rest of China,
the AR of projected precipitation for 2006-2015 improved to 72% while ACC and APCC declined slightly, as the
increment regression method increased the variance of the projected precipitation. Projected precipitation for 2016-2045
was bias-corrected by the synthesis of regional regressions method. The results showed that, compared with the average
of 1976-2005, the precipitation anomaly pattern for the next 30 years would display a “dry in the north and south, wet
in the middle” pattern. Precipitation would decrease by 10%-20% in the middle and lower Yangtze River, middle and
west of the regions south of the Yangtze River, the northeastern part of southwestern China, and the coastal regions of
southern China and Hainan; precipitation would increase by 10%-40% in the Huai River basin, three rivers source
regions, and Taiwan. Minimal changes, or slightly less precipitation was projected over the eastern part of northwestern
China, northern China, and most of northeastern China. According to the variance of precipitation anomaly percentage,
the spread (uncertainty) of the model group was smaller in the east and larger in the west. It indicated that the projected
less precipitation areas were more uncertain such as in the central northwestern, and western Qinghai-Tibet Plateau. In
addition, the northern part of the Hetao area, the southern part of northern China, and the eastern part of the south of the
Yangtze River corresponded to the “obscured areas,” where the precipitation anomaly in the projections and

observations showed opposite signs for the verification period 2006-2015. As such, the projected precipitation over these
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regions may not be of value. Consequently, alternative methods need to be developed in the future for further

improvement.

Keywords CMIP5 model, China precipitation projection, Bias-correction method, Regression equation, Drought and

flood pattern for the next 30 years
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Table 1 Parameters of the 24 CMIP5 models

Ly i LRV GIIAEE oLk ) RUEL [ i PALTRE R AR S
ACCESS1-0 CSIRO-BOM, i K F3IF. 192x145 INMCM4 INM, 1k % 180x120
ACCESS1-3 CSIRO-BOM, LA FIF: 192x145 IPSL-CM5A-LR IPSL, 7% [H 96x96
BCC-CSM1-1 BCC, 1 128%64 IPSL-CM5A-MR IPSL, 7% H 144x143
BCC-CSM1-1-m BCC, [ 320%160 IPSL-CM5B-LR IPSL, ¥ 96x96
CanESM2 CCCMA, &K 128%64 MIROCS5 MIROC, H A 256x128
CCSM4 NCAR, 3£ [ 288x192 MIROC-ESM MIROC, H 4 128x64
CNRM-CM5 CNRM-CERFACS, 7: % 256x128 MIROC-ESM-CHEM MIROC, H 4 128x64
CSIRO-Mk3-6-0 CSIRO-QCCCE , A Fil1 192x96 MPI-ESM-LR MPI-M, £ & 192x96
GISS-E2-H NASA GISS, & 144x90 MPI-ESM-MR MPI-M, &[5 192x96
GISS-E2-H-CC NASA GISS, £[H 144x90 MRI-CGCM3 MRI, H 4 320%160
GISS-E2-R NASA GISS, 3 [H 144x90 NorESM1-M NCC, #ibgk 144x96
GISS-E2-R-CC NASA GISS, 3 H 144x90 NorESM1-ME NCC, #bjEk 144x96
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Table 2 Bias-correction methods for model-projected precipitation

WTIEJT 544K VT IE VRSS2 TR i
FeBR AR Simple removal of climate drift (RCD) SRR N 1956 ~2005 4F £ E S
KI5 W% K (CRU TS v4.0) i 2
ST A CILE| Simple regression (SR) TR F 7 2 A U AP 1 Bk
— JoXHE Simple regression with log-transformed rainfall (SR-Log) TR R T R R K
— TG R A [l ) Simple regression with year-to-year rainfall increment (SR-Increment) TR K| 74 B /K 4F ot &2
— IO EERR B m)S Simple regression with year-to-year log-transformed rainfall increment — T [Al 1 4 X £ b4 7K 4 b i
as predictand (SR-Log-Increment)
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% AR bR B A1 Multiple regression with year-to-year rainfall increment as predictand iR K7 Ay — 5 20 Hi 14K 48 Bt &

ESTWOEVERly: ATV E|

(MR-Increment)

Multiple regression with year-to-year log-transformed rainfall incre-
ment as predictand (MR-Log-Increment)
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Fig. 1 (a) The percentage bias of projected precipitation of the ensemble mean of 24 CMIP5 models as compared to observation (CRU TS v4.0) for
2006-2015 under RCP4.5 scenario and (b) standard deviation of projected precipitation percentage anomalies of the 24 CMIPS5 models for 2006~
2015 (with respect to the average of 1976-2005)
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Fig. 2 Taylor diagram for observed average annual precipitation (CRU TS v4.0) and outputs from 24 CMIPS models over mainland China under

RCP4.5 scenario for 2006-2015; the standard deviation is scaled by that of the observed precipitation
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Fig. 3 Distribution of grid points having the same sign of simulated precipitation anomaly over mainland China under RCP4.5 scenario with respect

to observations during 2006-2015 (marked with blue “+”; with respect to the average of 1976-2005, the same below): (a) Ensemble mean of 24

CMIP5 models; (b) bias-corrected precipitation by removing the model’s climate drift (RCD). Blanks indicate grid points having opposite sign
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Fig. 4 Distributions of grid points having the same sign of precipitation anomaly over mainland China with respect to observations during 2006—

2015 for precipitation bias-corrected by (a) simple regression (SR); (b) multiple regression (MR); (c) simple regression with year-to-year rainfall

increment (SR-Increment); (d) multiple regression with year-to-year rainfall increment as predictand (MR-Increment) under RCP4.5 scenario
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Fig. 5 Distributions of grid points having the same sign precipitation anomaly over mainland China with respect to the observation during 2006—
2015 for precipitation bias-corrected by (a) simple regression with log-transformed rainfall (SR-Log), (b) multiple regression with log-transformed
rainfall (MR-Log), (c) simple regression with year-to-year log-transformed rainfall increment as predictand (SR-Log-Increment), and (d) multiple

regression with year-to-year log-transformed rainfall increment as predictand (MR-Log-Increment) under RCP4.5 scenario
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Fig. 6 (a) Anomaly rate with the same sign (AR), (b) anomaly correlation coefficient (ACC), and (c) anomaly percentage coefficient (APCC)
between observations and precipitation projection from the ensemble mean of 24 CMIPS models, bias-corrected by different regression methods in

China for 2006-2015 under RCP4.5 scenario

%, JEZH P APCCHY/NT 0o X TR ECREGPEAL B 0.01. T, ST IE T ERIERRF ACC
X IR RS SN 1108, — AL REGE 01 (I 5 APCCHEFHIA—BUMIEE] T A #E .
FHE#EL0.082) BIM NG R B2, HAF APCC I 5 AR HE 7 JLF — 3, Ui B



S EE K B WA 24 %

778 Climatic and Environmental Research

Vol. 24

APCC 1% 2 bt ACC 55 2 LI [ 7K F0 /P 4k 37 vF
gt it. Fit, w7 LURYE APCC I F— o 4L
(5] )5 B — TC 2R 1 (AR AE S AR R AR 2 /K TA 93T
. SR, I8 I A T 9 B 7K B S [R] 5 4% 22 AR
ORI, EWA LT ER S T I KX i
1) AR, X R 7 B GRS s T 2 4 [l H BR
X EZE Gy R VA I 07 A s KRR P [R5 2, X
fle e 7 AT 4 ACC Gevt v 22 43 [l A3 v 1% B
(2 (B A Bl $ =19 9% . M, APCC 45t
— TG 2R M BN BB VAR 3 v T R IR 2 Ay [ AV
FRPRRAC T, Rl vh g i B KT
NTFEET, FEEANNTTERE & . Xz FR,
WEJERA X, 75 EAEAE R K A 1T R
FEH LA

5 {TIEAZEMXIEME

B —FhENHAT VAR IR 5, mT DIk %
DX 3l e VT T3 0] 12 X 3 2 P AR Sl AT 3T 1E
S JURh— TG AT IE V0 I F) 4 7K BT [ 5 4%
oA (EAFE S, EKRERT KRSy k3 8k, 28
— Ui 95°E LAVE R [ PE S, R T s R 2 L X
BT R, PR 2 2P R s 5 o
95°E PAZR 35°N DAJbHBIX, B3 7T EdbREt.
A ZRAC S, IR RURFE R ELR T, s K
T ETRE R ZENFNP KAr ah LHAHEAER; 28
ZHUZ95°E LLAR . 35°N DL HiIX, KRR+ E
P 7 X, LR K 32 B2 R B 4 FE R B s
PR FEEEPIERE FRET, SR KT &
P K, T 7 R K 2R 22 AR BN, BLR
SRERE KA E

X I = AN Xk 4y i e vE LR AR T IE T
AR. ACCHIAPCC (7)) , Z5HEW, WX
(Kl 7a-7¢) BTG S HAT IE 5V Rt S 80y
i 5B 6 ML, EI AR 1 APCC ¢ i F B & — o %F
Bl — ot HH, 1 ACC i & & — It &
3 IENEF— O B ZE 43 A1 923X U B P SR 7K 3
Hh 7 i e 5 AR R R ) K TR B A e 5 2R R K AR
ARG RFAE R A [ PG R kb X B ALt 2
HRSEHMEAE, “HENSGIHBTEAR. B
Talibzn, X 10 MPFEKTUE K AR #EEIE T 50%, %
FSAEHE, BEXRKAPCCHEHEZER, 60%iH
T 0.05 5 E R R E MK (IS APCC=0.10,

FEARKCAN 353 A% 150D, KT IZAEE M2 2 U4
e SN 1SR T30 > A AT S EIE I ESTWO Rl
Zor AL, AT ARIEH) 0.05 15 FE I B2 K
S, T A — o e R A AT — o 28 P [ U VE
APCC =15 0.63 A10.47, 83T 0.01 15 K F.
JE T Tb 71 90% J7 ) ACC tHARERL T 0.05 15 5
R SG, (HRZEA SR E I G X B K Bk B2
P 5 AT B K AR AL G TR

¥ 95°E LAZR. 35°N LA (7)) FLLdb (dk
J5) BEK TS T IE 25 SR LL AT LA H B K P 51 G i
PR mMicES . M TdermE (Bl7d-70, AR,
ACC 1 APCC HELE 11T P A7 1) #B A& — 76 %5 £ [=5] J3 F0
—IGERMERIA, FH T I 3 AR AR K U 0%
0.66 f10.55, Ja# 12 72%, 0.66 #10.52, {H—JC
22 47 |8l JA 1 — 0 0) Hi 2 43 18] JH9% 1) ACC # AL/
B AE T IR B K I gt R = R A K. SR
M, B 7g-7i %o, X1 R 7 X Sk U 22 43 B A3
B, PEIK AL 45 B AR, ACC T APCC HEZE R
PR ASE (1 73 93 A& — o 0t #5022 43 (3] A R — ot 22 43 [B] U5
%, BERILJE 102 2 e B ZE 4y RN E RN £ 6 2 4y [
9%, AR ket 2z, H— o 5a )3 A
— JCE I 0] V9 i ACC AT APCC 22 fifli« X 78
St R A K B A AN FE g, [ERAA
&) () [V 7 ¥ I BAAT 1E

6 XiBAFITIEE

BRG] IR S5 R Xk PER B, BARLE
H ] K i i Bl PN SRAS ARG B AR T IR R AN 77
—[EAT7, AT LA H X B AT I AT 4
Hro ARSI 7K, Bk AT e . iR 3E AT
BT g %, — M ma s AR
(95°E LAAR, 35°NLARG) H—JcZ 4 [/ — oh 4L
ZE BIAAT IRV, HoaR 5 F — e =347 OE
HETIES R R (B 8a), whE Kk Aty i
[F] 5 4 M AT, ARIE R 72%, TRl
HAT A —FiT IE 7 7. R0, AT I ACC
(0.3) & T — 028 43 [\l A A1 — S0 % 0 22 4 [\ ) vk
(K 6b), LLEAPCC (0.41) KT — okt %= A
A— oG PER A9 (Bl6c). JR K e 76/ 7 iUl %
o3 Bl B KR HEZE AR, 3 BACC L APCC A&
No HUERTEL BEKTUE TR E S 2N e, 3T
CEE VL, Hor AR TTDUE B B BN IR AR .



6 1 %% CMIPS B KT TEVE K AR 30 4 r [E] [ K Tty
No. 6 YANG Yang et al. CMIP5 Model Precipitation Bias-correction Methods and Projected China Precipitation for ... 779

EZAHESME I (a)
Ew S (ENE
EZE5E I
EdtzakdElE
— X ESE )3
— X )3
—RxESEN
—JTEkEmE )3
HMSIER®
BRESFY

(=)

20% 40% 60% 80% -02 0

ZaESE YA (d)
ZITAEE 3
ZRESENA
ZL&EmE 3
—LHHES[E I
— TR Y3
—JtESE I
—JTEkEmE )3
MBRSIRE
BAKAF 1

(=)

ZRAHESE I (2
EWSE(ENE!
ErxESEY
Eis4LdEE|
— X ESE I
—JeXFE[E )3
—TESE
— TR 3
HBRSIEER
BAEETH

(=)

20%  40%  60%
KRB 5

-02 -0.1

20%  40%  60% -0.1 0.1

(b) ] (©)

04 06 08 -0.1 0.7

&

0.3 0.5 0.7 -0.1 0.7

(h) (i)

01 02 03 04 -02 0.4 0.6
FEZKBE P M1 R EL (ACC)

r%kﬂﬁilzﬁé}ma%%& (APCC)

K7 2006~20154EHE (a—c) PHEE (95°E LAPE). (d-F) Jb#B (95°E LLZ, 35°N UL . (g-1) FEHB (95°E LAZE, 35°NLARE) CMIP5 Fk
R kAT IEJG SN BIREP [R5 238 (L2801 BEKEEPAER R B (o)) MBKEEF B /- 2K R CHAD
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35°N), and (g—i) southern China (west of 95°E and south of 35°N) for 20062015 under RCP4.5 scenario
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Fig. 8 (a) Distribution of grid points having the same sign precipitation anomaly over mainland China with respect to the observation (marked with

blue “+”; blank indicates grid points having opposite sign), and (b) projection of precipitation anomaly of the ensemble mean of 24 CMIP5 models,

bias-corrected by synthesis of regional regression methods for 2006-2015 with respect to the 1976-2005 average under RCP4.5 scenario
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Fig. 9 (a) Bias-corrected projection of precipitation anomaly percentage by synthesis of regional regression methods and (b) standard deviation of
projected precipitation percentage anomalies of 24 CMIP5 model projections over China for 2016-2045 under RCP4.5 scenario (as compared to
1976-2005 average)
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