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Abstract The IPCC indicates that warming should include three types of shifted mean,
increased variability, and changed symmetry. However, at present, the main concern
of warming is still shifted mean, which affects the overall understanding of surface
warming. In this study, based on daily temperature data from 590 meteorological
stations during 1961—2018, we quantified indicators of shifted mean, increased
variability, and changed symmetry using mean temperature, temperature variance, and
high-temperature date, respectively. Then we revealed the spatial pattern of trends in
mean temperature, temperature variance, and high-temperature date across China. It
was found that, although the mean temperature exhibited a significant increasing
trend over the whole study period, the trend was reversed around 1986, with a
decreasing trend before 1986 and a significant warming trend after 1986. During 1961

—2018, the number of stations with an advance in the high-temperature date (63.6%)
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was greater than that with a delay (36.4%). In addition, the temperature variance
showed a significant decreasing trend from 1961 to 1986, but a notable increasing
trend from 1986 to 2018. Overall, variation in mean temperature, temperature
variance, and high-temperature date had large spatially heterogeneity. From 1961 to
1986, the stations with delayed high-temperature date, decreasing mean temperature,
and decreasing temperature variance were the most numerous, accounting for 23.9%
of the total, and mainly distributed in the subtropical region; while during 1986 to
2018, the stations showing a delayed high-temperature date as well as increases in
mean temperature and temperature variance were the most numerous, accounting for
41.5% of observed stations, with a more scattered spatial distribution. The regional
variability in the trend changes of different temperature indicators reflects the
heterogeneity of global change sensitivity in different regions. Therefore, studies that
simultaneously focus on the changes of mean temperature, high-temperature date, and
temperature variance can better reflect the characteristics of climate change and help
predict the future climate change risk, which is of great significance to develop
mitigation and adaptation policy frameworks for climate change in China.

Keywords: surface temperature, piecewise regression, trends, regional differences,

China
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http://data.cma.cn/

137
138
139
140

141

142

143
144
145
146
147
148

149

150

151

152
153
154
155
156
157
158

2.2 W ITE
2.2.1 BB

N TSI AAER CPEIREE . mil ] TR 7 2D A — AR E s,
i /s —VEHEAT B RN 0, FIREERF RS . THEAT:

v=a+bt+ ¢ (1

XD 1, yNERESR, C8ED, aNbANEARRE (a N8R, b)), €

K 8] 2 2 B s AR A vl BE BB Br Butk, EEAE @S eI sl v 1 e
Pt LR PR AR A B R e I =, BATTR A T 20 Belml A4 (Toms and Lesperance,
2003). AR B SR 8] 7 51 BdlE A 55 T A R I L, AR AT 23
BEATEANEN G, AEINS SR T 5 e/ N B 3T iR AT D 00 BUAUL 5 B S DA

ARV 2 A R R 2 M (Wang et al., 2011; Xu et al., 2017).

{ﬁ{]‘l_ﬁlt‘i‘g, t=a

ﬁ{l+ﬁ1f+ﬁ2(f—a)+g’ t>a (2)

() F, yAFETERE, tFED, aNRERIRNFEIT A, Bov BB, NI

BAE, MR, BB B, 7 AN R E IRER, BT /AT 2R

HIARAG . Oy 1 S e (] H v B i /b, BATTe B 4 A 1] 1970—2010
Fo
2.2.2 TRIENH]
AR A T B A A S A W R R A K 5 T R A R AR A AN o) A
(Zhao and Wu, 2016) . 551, # LLESE 5 HR AL I 5t — B{E R RAEAFK
N KWk 2 B T g AL, 2015) . NRAEIR BEXT BRI AL, AT 7T
TR N ] AR BRAR AR . AEARHIE T, AR A R A E ONIESE 5 HIREZ I E



159
160
161
162
163
164
165

166

167

168
169
170
171
172
173
174
175
176
177
178
179
180
181

Ry B AR, 1T el BT B4 SO R A IR TR R 35— R[] ek, R 1%
% H Qulian days) #5777%, Kepii i aHAuouEE 1 0 1 HsEhs H#, B4E
FPHI 2 H % (Fanetal., 2015).
223 BREITE

AR IR 7 72 AR MR RAER LA A B 238 (R IRILAE, 2010). DT
ZERRR RN R RE AR AR, iR RE 5 22 N U £ PR BEAR RN o B
T

o EJN:1(Tj_T:'2
- N

52 (3)

X B i, SENH IR, T TR R ] RIEE, T TAKI

ERPPEERE, T NS i ERE RS
2.2.4 BEWRLK

T ) B MR G R A Mann-Kendall ¥, 120572412 B T W A< qs A0
A S5 A i R 9 AR A 34 0 .25 M (Kendall, 1990; Mann, 1945), iXFfidE2
B I6 7 105 e s B ) S 805 05 S T T AR IE S oA BB, BN EAN R REA
MR, WAZDERHEER T (Sneyers, 1990).
225 HFESMBEXR

BT 5 5 (2010) A AU XK, B TR A [ R 43S 8 AN X (]
2; R D. MERE (20100 SEPEBFAR CHE BRI FtEZR R E
R X R = 2R ba R &, R EREAUREAT T ERIX R, SRR E RN 12
AN BT o 785 R T v S ML DX 3 i B AN i X 3 A ik JEE Y e B A5 F A
A, BEAT A OT. T 8 AR, AL T 1961—2018 4 [H 1
JE i T TR R P 5 72 B DX AR A RFAE



182 3R 1 19612018 HFr1[E %6 [X P )k s 4L
183  Table 1 Number of stations within various climatic regions of China over the period

184  1961—2018

s AKX 3 AR
1 FEH 2
I Hh A 169
n BE 151 109
1% A6 ity 56
\Y rh I HAGHT 112
Vi R 56
Vil o 15
VIl e S X 71
China A 590

185
186 3 &R
187 3.1 ERERBNET I =6 246

10



188
189

190
191
192
193
194
195
196
197
198
199
200

1111111111

FEREE (C/yrd
o —0.011 ~0 10909, &
0~ 0.020 gEkkT Bef

0.020 —0.040 © p<o0s VI

o 0.040 ~0.130 0 500 1000km
- . —

PR A AR ER S R (R,
WS 65(2019)1838

75°E HPE 105°F 120°E, 135°E.

(b) 19612018

30N

R (days/yr) v.® WEHZ (C?/yr)
o —0.531 ~ —0.150 ST o o —0.975 ~ —0.100
—0.150 ~ 0 BEFMERE S ’ o =000~ 0
0 ~ 0,150 op<oos VI 0~ 0.100
s 0.150 ~ 0.737 ] 500 1000 Kkm s 0.100 ~ 1.035 0 500 1,000 km . .

TR 1 5 AR B A PR R S R (B0, TN R B R A P R R (AR,

.
HE . 65(2019) 1838 mows| S, 6S(2019) 1838

3 1961—2018 FrETFIIRE (2), milital (b FRETT % (o) B
)72 8] 3 A
Fig. 3 Spatial distribution of trends of mean temperature (a), high-temperature date (b)

and temperature variance (c) in China during 1960—2018

3 0 1961—2018 i E ViR (K] 3a), mimbtiE] (& 3b) AR
Z (B 3c) Bfuilass iz aAil, 1961—2018 4, 8 MMM A8 2L T
THRES, HiREHE 5 F) 98.8%, Horh 554 Al s (93.9%) i 0.05 3%
PERESS o (HURVE ISR IR ., ANTR] X I Tt s B A7 A W) S 22 e o U — ]
—E DAL B X 2 T R AR X, TR e R X 2 v T R A FE R DUR X . A
1961—2018 4= H [ ey il i 1 P9 A8 A R 38 o0 A BEUR B, FESEANBF ST, vl b )
HH ISR Al S (63.6%) 2 T~ I 5 10k R g (36.4%). A b, iy

11



201
202
203
204
205
206
207
208

209
210

211
212
213
214
215
216

) HH ILASE A 2 5 (>0.150 days/yr) (13l 5 S5 B3 A 7E VO H X PG AN 11 X 2R
H, TR R AT (<-0.150 days/yr) IS A FEEAEHLE VIF VI BIX
N T R FE AR A RN I L, AN TR0 b T IR T ZE AR A %A . 1961
—2018 4, 91%ufi ki IR JE T 72 BRI H g NS, Horh 50%i@d 0.05 &Mk
B o RUERIE J7 22 N I 2, (H 23 1) A7 22 S o BRIk i 34 (<-0.100°C
2yr) [ 2 T EARAE N IV HXRD 1V 3 X 4R 85

3.2 PR AN K

13

———— =0.010°C/yr (R?=0.082, P=0.16)
0.030 °C/yr (R?=0.473, P<0.01)

12.5 -

12 -

VR E (°C)H
i

10.5
10 L 1 Il 1 Il
1960 1970 1980 1990 2000 2010 2020
b

K 4 [ P3P AR O B R . 204, AN Z KR 1961
—1986 4F. 1986—2018 41 1961—2018 4F W[l I L& AU A

Fig. 4 Interannual variations of mean temperature in China. The red and blue solid
lines represent linear fits during the period 1961—1986 and 1986—2018 of mean
temperature trend, respectively. The dash line indicates linear fits during the period of

1961—2018.

12



217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240

ST LR VERN AR R AN ) B2 VR Rl A AL, AT 70 A 1 1961—2018 o [
P X R ERAEPR A E S (B 4. EXERE E, PR A
HILAE 1986 4. RUETEREANFFUN, AF PR E O R s intasy, &9t
=127 0.023°C (R?=0.575, P<0.01), {HfE 1986 4FHl 5 A-7E M AN FAH K 1A A
3. 1961—1986 4, ~“VIJIRZARGEH AR, BIHE/NES: T 1986—
2018 4F, HJRRIMHERRIH K, 4~ 0.030Clyr (R?=0.473, P<0.01), ik

b, 1961—1986 = A—ANHHFTA I BE, 1986—2018 44— ANFH X B I B o

3.3 N[E] B AR B AR A R i 22 (R A R

T RE— 25 o [ R AR S Y A S R, AT LU T 1961—
1986 41 1986—2018 4F-F¥4Jid B , e il sf [1) R By 22 e 345 oo 2 AR AR IE ([
5; 3 2). 1961—1986 4, IELJE LIRS £UH 326 A, o5 FIE ik s
55.3% (/& 5a), 1fi 1986—2018 4, 95.6%:f s (1) T 4435 & L e ss, o H.
78.0%;i@ 1t 0.05 W2 ALK (& 5b). 1961—1986 4, “T-HJIRE 2 I K ka3
ki B AE ATV X, 1986—2018 4, “V-HiR AR AL B ) 25 A1 = 5
1961—2018 =172 (A% JRARAL, Ak 77 Hb DX RT3 76K e Jir b X 448 3R e 5 K1 7 g
X o PN IS 311 2R AR A B 34 FR I 2 22 S P — 2 IO 1 A I ) A A7 A
B, & 5c A 5d 42 1961—1986 4 1986—2018 4 i i I i i 34 Ar
PRI 2S A 43 A B . 1961—1986 4, 52.0%3k 5 i i 1] S BUHEIR ik dh, X 97
ANl pilid 0.05 RE MRS, I HACKIHEE S (50.15 dayslyr) EE A AiTE
X IV IX, BAR V BIX AR . 1986-—2018 4, i i F) H B i 34
[R5 R R A 54.1%, o 71 Ak ER 0.05 BAEVER K. MRS
FEAS A, R R AR AN B S . S Ak, FRATT AT 1 AN R = AR

PP SRS (K] 5e; & 5f). 1961—1986 4F, H[E KAk (71.7%) &

13



241
242
243
244
245
246
247
248
249
250
251

U5 7= RPN, Hid 83 M (14.1%) 3Ei 0.05 B TR, MR E T
75 2 DU A () 5 R B AR AE VI HLDXCRT V HB X R . AL R, 1986—
2018 4F, 8L.7%uk s IR E 7 22 I ISy, JIF H 212 P ubA (35.9%) i
0.05 & A IS 2 (A] b, R 7 25 S IR/ B )ik o 3 A R A 7 e S b

X, MK (>0.100°CHyr) Rk S E B AR 11 H1X .

2 1961—1986 A1 1986—2018 4 =iy i), ~PEJIERSE, MR ZEAFAZL
B es, Hrh, <RRBAHRUENBEY, > FoREKiEs

Table 2 Percentage of different trends in mean temperature, high-temperature date,
and temperature variance during 1961—1986 and 1986—2018, the ‘<’ represents a no

change or decreasing trend, and ‘>’ represents an increasing trend

1961—1986 4 1986—2018 4F:
Ei=xan (T
uh s CEAED i AEE (A
MT<0 326 (55.3%) 26 (4.4%)
TR (VD
MT>0 264 (44.7%) 564 (95.6%)
HT<0 283 (48.0%) 271 (45.9%)
R E (HD
HT>0 307 (52.0%) 319 (54.1%)
VT<0 423 (71.7%) 108 (18.3%)
BEZ (WD
VT>0 167 (28.3%) 482 (81.7%)

14



252
253

254
255
256
257
258

75°F 9PE 105°E. 120°E, 135°E. TS°E 9 105°E. 120°E, 135°E.

5 (a) 1961~1986 = (b) 1986~2018

30°N
30°N

FERE (C/yr) FEREE (C/yr)
° —0.082~0 X e e e || e —0.041~0 >
0~ 0.020 BEAT Rog” v il L, 0~ 0.020 BEHAT g
0.020 ~0.040 © P<oos VI 0.020 ~ 0.040 O P<0.05
© 0.040 ~0.083 9S00 1000km ® 0.040 ~0213 Q500 1.000km

RRERE AR MRS R G0, PR 1 AR G A b PR AR 5 s (R0,
HES: 65(2019)1838 WHE 5. 65(2019) 1838

75°E 7S°E

b (c) 1961~1986 . (d) 1986~2018

9FE NE

30°N

30°N

R E (days/yr)
° —1.300 ~ —0.150 (
—0.150 ~ 0 BFHAF T

0~ 0.150 O P<0.05 Vil
® 0.150~1.500 90500 1,000km

R E B AR ER S R e,
H S 6S(2019)1838

EhRRY ] (days/yr)

° —1.000 ~ —0.150 3
—0.150 ~0  BFHAT Sy
0~ 0.150 o p<oos VI

® 0.150 ~ 1.200 ‘u’goﬂkm

JRBR E [ A VAR R (R0,
HES: 65(2019)1838

I5°F.

" (e) 1961~1986
g

75

. (f) 1986~2018
A

9°F. 9°E

30°N
30°N

REHZE (C2/yr)
o —0.534 ~ —0.100
o —0100~0  SFEHAT S

0~ 0.100 0 P<0.05
° 0.100 ~ 2.197 0 500 l.l!(b(lkm

REEKE B AR R R (R,

WEHZE (C*/yr)
* —2.289 ~ —0.100
¢ —0.100 ~ 0 BE K

0~ 0.100 O P<0.05
® 0.100 ~ 1.666 Q500  1.000km

IR B AV AR P AR S R (B0, e

WS 65(2019)1838 vl g, 6S(2019)1838

5 1961—1986 FFEE (a), mimbtlal (¢) MEE T ZE (e), I 1986—

2018 PR E (b), mimbfiE] (d) FREET 2 (F) k&3 23 ] A5

Fig. 5 Spatial distribution of trends of mean temperature (a), high-temperature date (c)
and temperature variance (e) in China during 1961—2018; and spatial distribution of
trends of mean temperature (b), high-temperature date (d) and temperature variance (f)

in China during 1986—2018

15



259
260

261
262
263
264
265
266
267
268
269
270
271
272
2173
274
275
2176

7°E W 105°E 120°E, 135°E.

I5°F

~ (a) 1961~1986

2

PN

. 1nre
: (Ll v
0 500 1000k i 0 500 1,000k S ’ T
" VII / P VII 4 >VII L
ot oo
. i | EYte
7

RS AR RS R G, e | ks e m e S s R,
W HES: 65(2019) 1838 ; - [ﬂiﬁ HHEE: 65(2019)1838 ; o il

TR B (HT) , CPEREBES D BEFEBES (V)

* HT<0, MT<0, VT<0 HT=0, MT>0, VT<0 HT>0, MT=<0, VT<0 ¢ HT>0, MT>0, VT<0

HT<0, MT<0, VT=0 HT<0, MT=0, VT=0 HT=0, MT=<0, VT=0
Kl 6 1961—1986 “FAll 1986—2018 i 8] PR . WE T =i

MAFRIAEE, H, <RRBAAZRMEREES, > Rosin&s

¢ HT=0, MT>0, VT=0

Fig. 6 Different combinations of high-temperature date, mean temperature, and
temperature variance trends during 1961—1986 and 1986—2018, the ‘<’ represents a

no change or decreasing trend, and “>’ represents an increasing trend

WAk, T A BT AN R ST R I P AR A R o, FRATTRIH PR, &
RS [ R B2 7 22 4 B AR AR B S R /)N, 6 1961—1986 4R Al 1986—2018 4F (1) %
U HEAT 2K (B 6; F 3). 1961—1986 4F, A AIHEIR, “FRIEE T
B, JEET 2 RIS SRR, 3 1404, o5 B B 23.9%, BN
LIV X, BAR VX AR HUoR iR i R T, PR b, R
77 72T B Rt SO iR N (AR, PSSR B T, IR T 2 R AL ol
S R 17.5% 1 16.8%. Hor, iR AIEERT, PR ETF, R E
2 1) 3t A S B A AE AL X R T e SR X o S 4k, i IRV BRE A, SRR
B, MR BT ZE Rl AR T A, FEETAE VX R A VI X
151961—1986 = ANF], fE 1986—2018 M), iy (4R, PR Bt
T ZE 3G Kl i B e %, o5 B Ak s BT 41.5%, S IR, HOK,
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36.1%, FEAMALE . VA VI HEX

# 3 1961—1986 fEAl1 1986—2018 FE i8], “FREE, R T Z AR

BHAERAUP G Y], Hr, <RRBARUBENEES, > RoRigings

Table 3 Percentage of different trend combination types of high-temperature date,

mean temperature, and temperature variance during 1961—1986 and 1986—2018, the

‘<’ represents a no change or decreasing trend, and “>’ represents an increasing trend

[EE2EST 1961—1986 4 1986—2018 4F
kL] CHTD, PRI (MT), 5L 2 (VT) s CHAHD s (HAHD
HT<0, MT<0, VT<0 80 (13.6%) 2 (0.3%)
HT<0, MT<0, VT>0 72 (12.2%) 19 (3.2%)
HT<0, MT>0, VT<0 103 (17.5%) 37 (6.3%)
HT <0, MT>0, VT>0 28 (4.7%) 213 (36.1%)
HT>0, MT<0, VT<0 141 (23.9%) 0 (0%)
HT>0, MT<0, VT>0 33 (5.6%) 5 (0.8%)
HT>0, MT>0, VT<0 99 (16.8%) 69 (11.7%)
HT>0, MT>0, VT>0 34 (5.8%) 245 (41.5%)

4 T

AT, P FEEE, SRR, MR Z e T S E RS . Xt
PR AR AR R R = AR AL AN R 5 T, JR4E & X ESR, 8T 1961
—2018 & H [ 4l 5 35 AR A B B 2SR A

BTN, R R IR 1) ETHES, A ETHEBEARRSRX 2
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(A7 AE 22 St o ZR U —JHETR] DLAG OB X, R 75 780 v Jir i DX Tl R P52 KT 1 7 L IX
i B THEN B AR ES RGBS AT R G A2 BRI R AR ™ FH R [
SRR E SRR E BCE AL, Zhu and Fan (2021) 5T T 1951—2010 4EH1 [E S
W TS SARAR G F AR I E AR, RIS SR DG 1 1 88 9 S5 B0 K 4
e 53751, BT B Rl RAL, R B-F 353 7 1961—1986 4F- il 1986—2018
EARNEAAAAE R ZE M. 1986 FHTH R PR AFGES, JFH A1
FEXT P BB 1T 1986 “F 2 Ja N WA S (AR R 3, aX — I BOR o i o X — 4
RAEE %L e AR B EE. #P4E (2012) BT 1960—2011 =i i [X
SRR EE R, 1993 AR RIS, AT AT ARRR A, M5 ATt
. EAMEE (20100 A 7> BURIA T E - 17 1961—2014 48 i [H 1
ALY, RIMAFAE B A A, P ERFATHREITIA T 1984 4. BT TR
sl S T BOk R 22 e, TR AT R BRI [RAN[E], fHE A BAE 20 i
20 80, 90 fEMEA. Bk, XK T ET 60 fEE A G E A I BALA 1
20 42 80 AR G S bri iR 2, fEaE 7 IREIL 20 AR A PUHE I .
55 RIS , A5 A — A AR AR B B N — AN B [ I Bt sl 1 [ 22 400
R AREIRRIERE, W, AL AR SRR IR AL (RAHAE, 2016).

i 25 BT K 22 S v UL 5 R A i v R AR I H B AR A, b SR
L A K254 (Ding and Ke, 2015; Zhu et al., 2017). Ding and Ke (2015) &I
1960—2013 4, [ ry fi AR A AR O PA A0 530 B2 #8 S L B S O B g 3. Rk
Hh K LR 2 AR R RS, R HLRRSE AR S5 BE K (Zhu et al., 2017).
SR, AT SR, i ST Rt ) B R A B, 5 T e 2 B ) v ] A
[ 399 FR)SABR AR ALE 3 1T 3 o 52 M R A P % 1T 2 M AL 2 G (L et al., 2019 1961
—2018 4F, A [E K A (63.6%) [ il N ) H BRAR AT, W AR AT R #1Y

vl EAERLE VIR VI X, 17 200 S A 0wk 25 B E VOB X 7
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o IX—73 #4515 Zhao et al. (2021) i sl AE TR 45 R IR AR — 2.
R, R I, SRR A AR R R, TN K o (R
R, TIEES BRI T B, FTRE AR K (Zhao et al., 2021; FREKEESE,
2017). WAk, AR A IR OB AT, A AT REON T EEEE RK RS
1A A KR B (Liu et al., 2021) . 3o 2 (R 70 & BB [ 47 58 22 Hh Bk
TEZFEIEHIIEE (Parketal., 2019).

i B 7 2 T LARAE L BE (K1 s M AN AR 26 . 9 2 WIS (2007) 43 #T 1951—2002
R E S RIRTTE, KIS ERR AR, 4, 7%
B Bbdh, I 2w TR IR T IR 5B E T m A B, 295
FEVE Y BE I 1A) % 4228 4k (Kutta and Hubbart, 2018; Mulder et al., 2017) . Kutta and
Hubbart (2018)  X-b3% AR V& AR ORI 70 R 30, Tl A AR I AL FEE 77 22 1) e
AR, FEBNLE AL T AP HRRES « A TR P IR 7 28 R FRAE A IR B 13,
KIL 1961—2018 4, HhEEE T 2 BRI B R BB, BORIINE S B
FEEALE N IV DR IV DX ZRFR . 355 7 22 PR /N BH A 1A TP P
BT, x5 i E & Z R IR EERCR, B 2R EAHIRAEBUNA C (Qianet al,
2011). ] 35 1 A ZR AR £ 0D A A ORIV R (IR AR B8 AT A b 7E R
PIRE TR, F R = o0 B = B BUE M (Wang et al., 2020) . 55—
T, ANENE, R AT 2 B B S 2 . 1961—1986 4, KZ Al s
TR T ZEHR NI/, T 1986—2018 4, K% Bk s J7 2 1k
rath . MR TR SR, R T 2 RN T B2 51 R BB 2 AR i

(Zhuetal., 2017). t4h, Qiand Wang (2012) %} EE 734 7 1960—1989 4E A1 1990
—2009 “F i [E A ZEME PR AR MBS, KI, 1990 LAY, HFTY
SRS S, LT PRRE IS, 11990 £ )5, HIE&ZHM

BRI S A% . Qian and Zhang (2019)  HF5T K FI 1998—
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