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The North China Plain is turning warmer and dryer
JU Yufeng, GAO Yanchen, ZHANG Ge, HE Hailong”

College of Natural Resources and Environment, Northwest Agriculture and Forestry University, Yangling 712100, China

Abstract; Precipitation (P), air temperature (T'), soil water content (SWC) and soil temperature ( ST) are important
factors affecting agroecosystems, and accurately depicting their spatio-temporal characteristics is the basis for recognizing
and understanding the hydrothermal interactions, and for developing strategies for regional agricultural sustainable
development. However, these related works are considerably constrained by the sparse and short-duration in-situ
observations. In order to characterize the spatiotemporal changes of these factors and their interrelationships, the temporal
changing trends, mutability characteristics, and spatial patterns of P, T, SWC and ST were mapped and analyzed using
Sen's slope, Mann-Kendall test based on ERA5-Land reanalysis data in the North China Plain during 1953 and 2022. The
relationships among these factors were then explored by using the Spearman’s correlation coefficient. The results show that .
(1) the annual total precipitation has fluctuated between 509.80 and 1393.05 mm over the past 70 years, with a change rate
of =38.31 mm/10 a and abrupt change year around 1988 in the North China Plain, while the fastest decrease rate of

precipitation was observed in summer; (2) The mean annual temperature fluctuated between 12.11 and 15.35°C , with a
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change rate of 0.27°C/10 a, the year of abrupt change was around 1996, while the fastest warming rate occurred in winter;
(3) The distribution of P and T was characterized by higher in the south and lower in the north, with a faster rate of
decrease in P and slower rate of T in the southwest of the North China Plain, while the opposite trend was found in the
northwest. SWC showed a decreasing trend; (4) The SWC of 100—289 cm layer showed the largest rate of change and
gradually increased with time, and the seasonal variations of SWC in the four soil layers were different; (5) ST showed an
increasing trend and the warming rate became faster with time, and the 0—7 ¢m layer had the fastest rate of warming. Soil
warming was the largest in spring and the smallest in autumn; (6) The magnitude of the SWC decrease increased with
depth, the magnitude of the ST elevation decreased with depth. The effects of soil depth on SWC and ST were opposite, and
the turning point of SWC was nearly 20 years earlier than that of ST. The spatial distribution of ST and SWC was higher in
the south and lower in the north, and the variability was larger in the northwest and smaller in the southeast. P and SWC, T
and ST were positively correlated, while SWC and T, P and ST were negatively correlated. The correlation of SWC with T
and P, and ST with T and P decreased with soil depths. The North China Plain shows a dryer and warmer climate and the
agriculture is vulnerable to future climate change. The study can improve our understandings of the hydrothermal change
process in the North China Plain and provide a scientific basis for policy decisions on the sustainable agricultural

development within this region.

Key Words: spatiotemporal variation; precipitation; temperature; soil water content; soil temperature; climate change;
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Fig.1 Location of North China Plain
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Table 1 Meteorological stations

G F FFAf ] SEFOT ] 5% (F) 27 (N) K

Station_ID Station Begin_date End_date Latitude Longitude Elevation/m
53898 LA 1951-01-01 2024-02-01 36.05° 114.4° 64
54511 dtat 1951-01-01 2024-02-01 39.933¢ 116.283° 55
58102 2 1953-01-01 2024-02-01 33.883° 115.767° 42
58040 B 1957-01-01 2024-02-01 34.85° 119.133° 10
54906 TR 1953-03-01 1994-12-01 35.25° 115.433° 51
54725 HR 1951-01-01 2024-02-01 37.5° 117.533° 12
54823 ] 1951-01-01 2023-01-01 36.6° 117.05° 169
54539 PR 1957-01-01 2024-02-01 39.433° 118.9° 12
53698 AR 1955-01-01 2024-02-01 38.033° 114.417° 81
54527 K 1954-01-01 2024-02-01 39.1° 117.167° 5
54843 i3] 1951-01-01 2024-02-01 36.767° 119.183° 22
58027 N 1956-09-01 2024-02-01 34.283° 117.15° 42
54916 ZEM 1951-01-01 2024-02-01 35.567° 116.85° 53
57083 HBIH 1951-01-01 2024-02-01 34.717° 113.65° 111

1.3 ERAS5-Land

ERAS-Land P34 H 25 4E (http : // cds. climate. copernicus.eu/ ) , /& H ECMWF > FH i i A% 58 Cy45r1, LA
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HFRA AR 2R WGS- 84 8 18 1E #4244 A Gk B AR 2tk sh A R R, ERAS-Land 25 [ /3 BFH IR 5] 0.1°x
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F2 MIREBEMRER
Table 2 Detailed information of the study data

HR EiE] ERAS-Land % Bt ZE[) G R HLfir
Factor Abbreviation ERAS-Land band Spatial resolution Unit
JLREK = Total precipitation P total_precipitation_sum 0.1°x0.1° m
S Temperature T temperature_2m 0.1°x0.1° C
0—7 2K E
. om LEEAR SWCI volumetric_soil_water_layer_1 0.1°x0.1° m®/m?
Soil water content of 0—7 c¢m layer
7—28 ¢ =EKE
. om R E KL SWC2 volumetric_soil_water_layer_2 0.1°x0.1° m/m?
Soil water content of 7—28 c¢m layer
28—100 em - JZ2 %7K i
SWC3 lumetric_soil_water_l 3 0.1°x0.1° 3/m?
Soil water content of 28—100 cm layer volumetrie_sotl_water_fayer— m/m
100—289 cm /2 F/KH
SWC4 lumetric_soil_water_lz 4 0.1°x0.1° 3/m?
Soil water content of 100—289 cm layer votumetrie_sotl_water_fayer m*/m
0—7 ¢ T:’El [
. om /=R ST1 soil_temperature_level _1 0.1°x0.1° C
Soil temperature of 0—7 c¢m layer
7—28 = 5
. om L/ ST2 soil_temperature_level _2 0.1°x0.1° C
Soil temperature of 7—28 c¢m layer
28—100 ¢ S
. om £/ ST3 soil_temperature_level _3 0.1°x0.1° C
Soil temperature of 28—100 cm layer
100—289 ¢ =i
om LR ST4 soil_temperature_level _4 0.1°x0.1° C

Soil temperature of 100—289 cm layer

(3)Sen FhHK
i Sen RERHRAL SR FE/K - IFEIRLE R 445 5K BHAE 1953—2022 4R [A] 728 fk#a 3 .

X] _X . .
B = median b i,j € [1953,2022] (1)

2 median R B X KA BRI SCRE ;i R j WA Sk BIbR SCEFBOIEIE | EL i<j; B W AR HOREER B K
TONF)0, 5 THCF W) ¥, gl T3 2 AR LAHE LLAE , % Sen AHRIEF I — (LA,
(4)Mann-Kendall R 56
{i F Mann-Kendall (M-K) JES 50K 30 25 2 4 LR 2848 B[R]0 15 2, XH AR AL B 70 47 (4 Bst ] 73 51 X
BORHIE BT 5, -

~ k ~ L,x; >« j=1,2,-1
éh_;rl’l_ 0,else .
Ao s, B | FBUE R T jARBUE A B0 B Y k=1 B s, =0, BUERTRFFAST , Sttt UF, 8 R
Uszw’kzl’Z,... ,n (3)
JVar(s,)
R, UF FRUETE S M B RN R 5 X 0E X, X, , - X RS R S, UF, =0;E(s, ), Var(s,)
& R skB"Ji’%{Eﬂéﬂi’%ﬁﬁ,éXl,Xz,---,XJ‘EE@JHEE*EIEJ GBS, Al i A 4 A S B
n(n—-1)
B(s) =" @
~n(n-1)(2n+5)
Var(s,) = - (5)

T NI (6] Py )30 PP AR i 00 751 UB, 25 UF R T (VNT) 0 B2 B TH (R ) a3, 2 aed il 5 8 {5 K P2
(a=0.01, EfF/AKPL N 2.58) R LI alF BB 3R ik 54 A0 i BB D Hh B 52 14 s ] X 3
A UF F UF W 25 2 7 lm F 2k 22 18] BAE R, DU s 0] 17 1) 220 S 58 A8 T IR I 18], BIF5E L 9 A8 I 1] Ay B 22 1)
FE RV ) 25 [0S SR IR AT AR A RHIE 4T
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Fig.2 The monthly data evaluation of constancy between site observations and ERA5-Land reanalysis in the North China Plain

2.2 ARJUFRREK RIRI A AR R R
1953 4E Z 2022 4E ], 4L AR RS K S TE 509.80—1393.05 mm Z A1 2h (& 3) , B 2 ik 3l B Rk

SEFRE K &R 823.16 mm , fi i B BRAE 1954 4F , S AIC (A H BLTE 2019 4F, FE/K A8 % K -38.31 mm/10a, iX
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1957 4F[A]Ra K S AN 2 L FHEa 3 1958—2010 4R [a] /K B A B 2 F % 78 2011—2022 4F [l K 5 B 2
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Fig.3 Annual and seasonal changes of precipitation and air temperature in the North China Plain from 1953 to 2022
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4 1953—2022 FH 84 F R F Kk EF £ SR Mann-Kendall 15
Fig.4 Mann-Kendall test of annual precipitation and annual air temperature in the North China Plain during 1953 and 2022
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B (K 4) 153, 78 1953—1957 4F AR 2 A 3% FREEH, 1958—1997 4E <R & A B 3% B I E#H 1
1998—2022 4F[H] S i & B EH 7E 1996 2RI i KA 578

M 1998 AR5 AL TR K 4 A AE L (] 5) R I DX 3 I L I 2 B b DX R /K 22 | e 20 32 b DX o
IKACHYHFAE 1998 4ERT, HAL - JF AR KRR K B A7 T 624.76—1309.73 mm 22 [8] , /K 5 FEAS B 25 B T 75 1M s
B 1988 4R IX ARSI K B TE 501.50 —1211.47 mm (A1 3, FR/K B (51X (1000—1200 mm/a) fi T4
JEF B R HS , R X (400—600 mm/a) i FAEJLF- PG ILER  BR PG R 0 A4 Ja) i 1 X e 7 ek /N i R pe, 4L
S DA A3 bl X 8 K /N R AR — S (B 6)
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Fig.5 Spatial distribution of precipitation and temperature before and after abrupt change
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Fig.7 Changes of soil water content and soil temperature in North China Plain from 1953 to 2022

Hr (&l 8) A, ST1—ST4 HYZEAL I ] 4351 % A= 7E 19961995 1993 1993 4F | 4522 1 3 Mt He o AR i e i, +
JE R EE Kot 7K L (14 5 ) S B S P A, L8 7K i 2 AR e ] B 28 728 B ) K3 20,

LT JE PO 25 K B Y28 ] 43 A 3 W £ 1953—2022 4EAE L B & 1+ 2 S K R 2S840 A F R st
R A ARAE (B 9) o IXFPRAAEAE T 52 15 /K 23 (B AR AR B0 s A AN [R) , 32 B2 e AR 28 A8 i AE AL 36 1
JREKEIHITE 0.2—0.3 m®/m® Z ] 2y, 1AL AR 2 P9 AL R P )2 S K A S AR R AR E 2k T
SWC3 EAERAR (1977 4F) i, /K EAE 0.2—0.3 m*/m’ Z [0 284k, Z J5 1% 2 P LB & /K i F 2 0.2—0.1
m’/m’ Z [0, SWC4 IS /K K AERAR (1978 48) 1, AL & /K S AE 0.2—0.4 m*/m’ Z 8], Z J5 %2 L&
KIEAE 0.1—0.3 m*/m’ Z [A], A\ 1953—2022 4EAELF-JiL SWC1—SWC4 (1 Sen 443845 1] 45 k. 43 7 15 50 ( 1&]
10) A UE b =2 5 7K A8 P AU DX Sl R A oA W b | L I o 7 ol 2 W 2 v DX 3% A8 1)
R T T A SWCA i/ )N B2 PG A ) 25 R 5 1] 328 2578 /I8 11T Sen RPRASHT A 4%,

25 2R BE B 7S (] 4347 s (1E19) £ 1953—20224F AU - Ji 25 - )23 41 34 1 B 2 ) 43 A1 35 B 245 B 34 125 1

http ; //www.ecologica.cn



7640 A EF ¥ M 4 &
UF  —r—r—-- UB —r—-—-- 0.01
EokE W
Sr 10 1
g
&
1K
+H
=]
Q
~
d
id
) %
z il
| H
= 8
=
: i
o ™~
]
g
=
o
-~
I} il
:
g ;
g o
= (=1
= T
o0
N
-10 -5
5r 10
gl
S
Ik
H
g
o
2
o
d
=
-10 . . . ) - . . . .
1960 1980 2000 2020 1960 1980 2000 2020
44y Year
8 1953—2022 44k F R &£ T EE/KEF LR E Mann-Kendall #38
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F3 1953—2022 £ TR KEFEENRE
Table 3 Soil water content and soil temperature tendency rates of four soil layers during 1953—2022
] Time SWCl R? swe2 R? SWC3 R? SWc4 R?
# Spring y=-0.0008x+0.2803  -0.505 "  y=-0.0009x+0.2799 -0.539 ** y=-0.0001x+0.2869 -0.659 **  y=-0.0013x+0.3293 -0.797 **
K Summer y=-0.0006x+0.3217 -0.483 " y=-0.0007x+0.3169 -0.495"* y=-0.0011x+0.3014 -0.633 " y=-0.0014x+0.3277 -0.811""
K Autumn y=-0.0006x+0.3025 -0.377** y=-0.0007x+0.3068 -0.404** y=-0.0009x+0.3213 -0.494"" y=-0.0015x+0.3419 -0.805 "
2 Winter y=-0.0007x+0.3024 -0.394"* y=-0.0007x+0.3017 -0.419** y=-0.0008x+0.2999 -0.513** y=-0.0014x+0.3357 -0.798 **
4F Year y=-0.0007x+0.3018 -0.626 ** y=-0.0007x+0.2994 -0.614** y=-0.001x+0.3023  -0.692** y=-0.0014x+0.3351 -0.837 "
ST1 R? ST2 R? ST3 R? ST4 R?
% Spring y=0.0427x+13.563 0.715 %" y=0.0424x+12.648 0.740 **  y=0.0406x+10.255 0.769 **  y=0.0361x+7.3044 0.747 "
K Summer y=0.0232x+25.836 0.520**  y=0.0239x+25.029 0.563 %" y=0.0246x+22.45 0.642*"  y=0.0204x+16.825 0.648 "
# Autumn y=0.0177x+15.417 0.493**  y=0.0174x+16.133 0.508**  y=0.0173x+18.071 0.522"*  y=0.0164x+20.401 0.571**
2 Winter y=0.0213x+1.1774 0.530**  y=0.0211x+1.9313 0.546 " y=0.0208x+4.6247 0.559 " y=0.0278x+10.684 0.633 "
F Year y=0.0262x+13.969 0.737**  y=0.0262x+13.908 0.745*"  y=0.0259x+13.816 0.750 **  y=0.0253x+13.766 0.764 "

#:P<0.05; =% P<0.01

http ; //www.ecologica.cn



17 4] PEEM A AP SRR ) L7 7641

19744 i 197448 )5 19964F i 19964F 5
%ﬂé N
e A
_H
5
T
19754 i 19754 )5 19954F i 19954F 5
=
53
it
_H
5 05 18
9

5 JE/°C

1977458 197748 J5 1993458 19934 J5

& |
19784ERT 19784EJ5 19934E 8T 19934 J5

& Soomf
]

9 TESKENIEEREAERTHNEHNZELSH

Fig.9 Spatial distribution of soil water content and soil temperature before and after abrupt change
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Fig.10 Spatial distribution of soil water content and soil temperature Sen’s slope in North China Plain from 1953 to 2022
F4 MK, RiR, TEKRTERE Z EH) Spearman X R H#
Table 4 Spearman correlation coefficient of precipitation, air temperature, soil water content and soil temperature
F Factor P T SWC1 SWC2 Swe3 SWC4 ST1 ST2 ST3 ST4

P 1
T -0.58"" 1
SWC1 0.88 " -0.7"" 1
SWC2 0.88 " -0.7"" 0.98 " 1
SWC3 0.79 " -0.72"" 0.91*" 0.93 " 1
SWC4 0.46 " -0.66"" 0.63"" 0.67 " 0.78"" 1
ST1 -0.64"" 0.99 " -0.76 " -0.77*" -0.78"" -0.67"" 1
ST2 -0.64"" 0.99"" -0.76 " -0.77*" -0.78"" -0.68"" 0.99 ** 1
ST3 -0.59 " 0.97*" -0.75"" -0.75*" -0.77"" -0.69"" 0.98 ** 0.99 " 1
ST4 -0.51"" 091" =0.7 s -0.71"" -0.77"" -0.71"" 0.92** 0.93"" 0.97*" 1

# . P<0.05; ** ,P<0.01

3 Tt

A RS AT, 1953—2022 AEAEALSF-JRAR FE /K B R B 3, B 2R Bk s /D dOR e, K 2R
ZAL D B AR AR BT AR T e, SRR R R AR 0 S A R AE I 5T S A
AR R A ERAER BSR4 R — 3, RIRM I R A 0.27°C/10a, bR 222 5T 45 L 0.04°C /10a, 31X
Al RE S ST AT Bt SRS B A R A 56, AFSE 4 R U2 LL 1953—2022 4F ) ERAS-Land % H YT b3 2 m
Bs LRI B, 1P 22 22 R 1960—2013 AF (G20 5 B S5IRE 4T 204 o 39 5 /K i/ i
T R B T 4 TR 3 (R 2 Y IS M, 1948—2010 4EAEJLHBIX BEZ: 10—100 em 39350 B (/N He
HoAh 4 )2 (0—10 em ,100—200 cm) 5k i, H I R AT B2 A 55 8 FHl ERAS-Land $088 055 56 A 44
A3 DX AL TR 12 A58 F GLDAS [RIAE BB v B A b 1l X 2 A7 888, X U B 3 K RS,
TR AZ XA B | IR B LA K [a] (Y 52

R AR 39 K R B =2 ) A7 AR R 2% 0 LR T, K S 1 T & i S A AR AL B B 24 1 Zuo
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