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Abstract

In the context of global warming, clarifying the impact of human activities on the evolution of re-
gional extreme temperatures is crucial for climate risk assessment. Focusing on South China, this
study conducts a spatio-temporal characteristic analysis and detection and attribution for four core
extreme temperature indices (TXx, TXn, TNx, TNn), based on high-resolution ERA5-Land observa-
tional data and a Multi-Model Ensemble (MME) of 14 CMIP6 global climate models from 1961 to 2014.
Addressing the ill-conditioned covariance matrix problem caused by the number of spatial grid points
exceeding the time sample size at the regional scale, this study introduces an L2 norm-based shrink-
age estimation to construct a Regularized Optimal Fingerprinting (ROF) and Estimating Equations
(EE) model. The results indicate that extreme temperatures in South China have undergone signifi-
cant changes since 1990, exhibiting a “trend-noise mismatch” phenomenon spatially. In the attrib-
ution analysis, human-induced signals were successfully detected in the extreme maximum tempera-
ture (TXx) and daytime extreme minimum temperature (TXn), with the model-simulated response
magnitudes highly matching the actual observations. Meanwhile, human activities have significantly
driven the rise of the nighttime extreme maximum temperature (TNx), but the CMIP6 models exhibit
a distinct overestimation bias, which may stem from the models’ inadequate simulation of the local
anthropogenic aerosol cooling effect. Conversely, the extreme minimum temperature (TNn) failed to
pass the statistical signal detection due to the profound influence of internal climate variability. This
study not only confirms the dominant role of human activities on extreme temperatures in South
China but also highlights the core value of investigating physical forcings in regional climate attrib-
ution.
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Figure 1. Time series of regional average anomalies of four core extreme temperature indices in South China from 1961 to
2014
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Spatial Heterogeneity of TXx in South China
Based on ERA5-Land & CMIP6 MME (1961-2014)

(a) Observation Trend

N
o
o

S

Latitude
N
N
(%]

N
o
o

VA~
S

0.6
0.4

0.2

105 110 115
Longitude

(c) Standardized Trend

120

25.0

Latitude
N
N
(5,1

Ly

<

20.04

Ratio

0.4
0.3
0.2

0.1

105 110 115
Longitude

120

Trend (°C 10yr™") 25.01

Latitude
N
N
(%,

N
o
o

25.0

Latitude
n
N
(4,1

20.04

(b) Natural Noise (STD)

C

110 115 120

Longitude

(d) Signal-to-Noise Ratio (SNR)
SNR

0.175
0.150
0.125
0.100

0.075

105

110 115 120
Longitude

Figure 2. Spatial evolution and signal-to-noise ratio distribution of extreme maximum temperatures (TXx) in South China

from 1961 to 2014

2.1961~2014 SR X Rim R =R(TXX) N EEEEZ S5ERLE 9%

DOI: 10.12677/5a.2026.155110

103

Giit 5 i


https://doi.org/10.12677/sa.2026.155110

Pl 2 2 B Aol P PR AR EL A v B 7 () S B 1 o ISR B SR ) 2 i 35 (1] 2(a)) ok, I 2% 54 4F
()Tt I 5 o A 35 Y X I P AR A g TG A 0 P i X B 2 5 Sty AR ABR il 3wl ik 0.6°C/10 4
Phbo AHEEZ TR, ASHR L2 R et X (R 4 0] THIL AP 22 ISR A LRI R RE T, PU il i 52
KRR T T, ShZ PR ERRVE R “Rfmgrt” 1EH.

(L2600 T 38 2 g BRI DX IO AR N SEE 35 5 Sl b A X 151 2(b) 9 B SR AR FARHEZE(STD) B »
HI T8 Z e T H 2 R Isl, PUEl A R R R S8 B B T SRS AL TR, B AR Eh i
RIFRE RS AN IEGE G S KSR S 5

MR HE S (5] 2(0) 5RE A RRin S LU (SNR, 1] 2(d)i, BURHFORET RENAE. &
M b DX (1] 2(dl) R ZL Gy ) e FE AR b T A g 2R A (N R = AT A L 0 P e ) DA B i (I i P
IR IR LB B AR L THIRE R AN LV B, (H TR T, B R RN,
AN E TR IR X8 BEAh, R DR T AT R R T A B R 2 NN si i it — B K 1
2 XS TRFR SR (E R LE

4.2. SERBHNZRENRE

NPl SO TE A 7 220 o 75 AR T IS (e K, AR SOR A AR 2% — Bk
5 RCT X HAHATRIS, A58 0 JF R (Ho) BEE A, B VARRL BT Al v 1) B 88 A 3B AU AR 28 5 22 15 S ol
W SRR 450 ALL {55 &2 A RNA R ZE 7 ZE ST & —8Un.

o A E 1 DX DU AN W o Ui BE FR A BE ISR Z2 R0 30 45 v A, Al il TXX Al e (G
TNn. 7 [AIHK o i TNx A AR IR TXn B RCT #6546 P {84 %4 0.330. 0.253. 0.877 A1 0.691.
FAG O Fa b i) P AE S KT 0.05 BB MBI, RUITE 95% M BAS/KF N, ToildE4s “BRl i 4
SRR ZEA B0 BEBR R RI64E BAESE T CMIP6 AR A BN AE 2 ka3 E AR 3 1 Mo <R
(VAR JH St e b X gk A 18 73 256 PR ASCADUNR B2 A 5 S oWl s FE W o AR i) RCT 25 R AHERR 1A
R GE S G B AL B SRR 7 ZE RS, UE BH ST A A R IR I B AR BB T 2 e FE T REI

4.3. HhimmBE RN S5Y3E

T E WA AR AR 80E Al T T R EE TR A AN A a5 5 ALL FEAE R Hb X DY i iis FE R
b gE TN 1 B J e 0% BEAS X 8], HT7E 1961~2014 £ (] [ AR50 (K BTG SN 5 K L &) R R
FE&ss i ggmiaiL 0, AlEI ALL {5 5 ] IH BN NSRS S (N il 2= S8 S IR HETR) (g2, AH G
SR 3R

TEE 31, x =0 ML EBLARREIMRE, = 41 90%E(EXE NRAT 0, MERHARKIESNES
BRIkl x = 1 st AR IT R ERITACL, #BEXEAE 1, 012 B AgAR YA 1) e 52 0
£ 5 SEBR S R — B IRPER IR A A, VUSRS S =P SRR -

HAE N iR TXx 5 HEMRmICGE TXn R EIFEWREEE S TXx B4R 1 b Em
0.742, 90% & (5IX[H]}[0.437, 1.047]); TXn KifhifE kv 0.852, E {5 X [A’4[0.210, 1.493]. XM MabriIE
BEIXIA R IR R E R T AL, RUNKE L RHERMX 0BT TR H “AHERLAT 1
FEJFEE . FR, WEPEGEXESES TREREL, KUY CMIP6 2RI il i 1 ISt 5t b
R R iy AR T N A 5 A R L SE 7 T

X T R AR vl TNX, A ZRIEENE 5 [FIRER o psill, e 4a 78 A1 B Aty 0.430, B S X H IR
(0.264) KT 0. {HIZFEFRIVEAS X 8] FFR(0.596) 2 & /N T 1. IX—HLREMW, RENKEINEHRERGHX
HIR AN B iR S K, H CMIP6 BRI FR bR EAFAE St 22, RIS ASE4DL 1 43 1) 20 iz okt e phe

DOI: 10.12677/sa.2026.155110 104 gt 5N A


https://doi.org/10.12677/sa.2026.155110

TSEBRI o XA 22 A T REIR T CMIP6 AxBRAEY 2 [A] ) A R0R 0 H 1 b X B2 2% ) SR b A O T
SRIE B2 2 RS FRALIDAS 2 BETTA5 17 i vt R B 1) I PO 23]

Detection and Attribution Results in South China (1961-2014)
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Figure 3. Optimal fingerprinting method for detecting and attributing extreme temperature indices in South China
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