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Fig. 1 Geographical location of Beijing-Tianjin-Hebei
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Fig. 2 Groundwater equivalent height retrieved by GRACE

K X K%K B e 877 -



F194& £ 58 BAE G AFFE(FIEID 2021 £ 10 A

[, B 2003—2019 AFAKBEIR A P 4R R
JEE | 7K 9 U B ko ) TR M Y s A AR
TTHGUE K 3 A4 1 R K B 5 s A7 R B4 {4k
PR BdE R L 2003 4F 4 X T /K PR 24 155. 45
f¢m®, 2019 4E3E DR 117. 94 42 m®, AFfE 25 Hy
—24.13% 3% 54 3 F GRACE & GRACE-FO
ST B T K S5 RROK A8 A i AR B[R] 34 5
FNFE 20032019 AF [H) 5 FHERL b DX M T 7K Aiff i

(2)IEF Sen Slope Fll Mann-Kendall #J#h T 7K
fitt i 23 (A2 fk a4, T Sen Slope Fl Mann-Ken-
dall B34 2003—2019 4 5% HEL b [X b R 7K ZE 3L
KEAsfbas (& 3), = (2) . () F1(4) Bk T
BAMEY BAPR AR F M U H, i B 5K
F0.05 K B, 15l p<< 0, U WA 75 H
[—15,—3.7], |U|>1. 96, )\ i o 1 I 5] 21 {1, 32
T4t T 7K 55 0K = T B OB ] . 7E 2003—
2019 LA HUA B X M T 7K 80K B FFLk TR,
Hor: DAVE S 7RG RN o b X R 7K R R A
B U AESR AR — 15 ZR AU A I B b [X
TKEEROK RN B /N XL U (AR
—5. 563 LB BB 2 g A P b 4 A fh i A
POP SUNRRZE DS I (SRR 1% Rl N N N £
TS 8 b DX HC M T /KRB B s )Rz TR
B M RAIG  H Jy b AKRE IR A X DN

3 Sent+M-K it FKEETHERETESH
Fig. 3 Spatial distribution of the changing trend
of Sen+M-K groundwater storage
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Fig. 4 Box diagram of seasonal and monthly changes of groundwater storage

SR R 5 2003—2019 4[] R 7K 2 Fe e )
FFfE 500 mm A4y B RTREIZR 200 mm, 5 24
BIRE AR AR Y, B K B e KO 2012 4R (1) 721 mm,
/A 2014 AE 423 mm, B EH AE 5T B BN .
L X R OK AR TC R H . BEAh, 20032019
AR HEE L IX N DB 2, AR N B9 236. 7
THEME] 11 307. 4 75 N WAL B AE A B -
Fho Horp A6 T A R Ak F il 79. 07 % & Tt #
86. 6% s dt 4 1 33.51% 13 57. 62% ; K
WAL E 73. 45% FFFF) 83. 48% .

25 b A R TR AR N B0 R R A R A
NG R R 25 A8 T Bk 45 AR R AR e A
KAGTEOLT o b X T K it AT i sl R R,
B S XA PR 280 X el S 7K 580K 8 A
IR T ARG E R ARG S Re e —20

UL N KSEHUK R PR RS HRZ —,
R

=A

4 GRACE } GRACE-FO [ b 7K i t2 B4

S GLDAS ¥4 i T 2003—2019 4F 5t 3L 1 X
T KA i AR A S 4 R S K B A R e T
AL REAR I 2 BT KGR . 456
I FECHE N 1 O 8 AR S5 A Al Bl B
FFER B 28 4387 5 32000 b R 7K A7 s 243 3 A 43 A
LI 458

(DFEZS [AE AL b mUHESEI X T /K S R80K =
AL ALY R —51. 77 mm/a, H bt AR fb A
I, 2978 —38. 15 mm/a; KT A2 b % 5 i . 29K
—62. 85 mm/a; {48 A8 A R 5 DI fb i 32 AH
M, 28 —52. 42 mm/a,

(2)EET Sen+M-K 34 5t o PUHE . P4 R &8
TR L DX b T 7K S AROK = R B R AR W L AR
N R N 3 N e N A e i G D P
A =R EPO P SUN AR 7S i

() FEMFRIARLE I M F /K S ROK s AR B —
FE WA H M N K EROK R 2 T
HAth 3 25, ARfL ALY —75. 99 mm/a; &AL
AR/, 29y —37. 24 mm/a; FRKN AL AL R

K X K%K B e 879 -



F19% £ 50 EALHEG AABHCFHO

2021 48 10 A

KEARR] 43508 —52. 34 mm/a fl—48. 21 mm/a.

() TFERZ R B 28 o B R /K SF 0K & A8 4k
R | AR A A M P ) T R AR A A A 56
X 22 GRS B0 g —0. 65) #b R /K 2530k i 28 4k
55 B b I A U] S TE R DG 06 R (FH E R EICH 0. 68, 5k
FER 0. 004) , G5 G REK BRI 13 N Ry B2 X 3
T DX M T K S ROK R AR sE AR R T B AR

2 3Lk (References) ;

[1] RODELL M, VELICOGNA I, FAMIGLIETTI J. Satel-
lite-based estimates of groundwater depletion in India
[J]. Nature, 2009, 460, 999-1002. DOI: 10. 1038/na-
ture08238.

[2] HSUY J,FU Y,ROLAND B,et. al. Assessing season-
al and interannual water storage variations in Taiwan
using geodetic and hydrological data[]]. Earth and
Planetary Science Letters, 2020, 550116532, DOI.; 10.
1016/j. epsl. 2020. 116532

[3] GAOF,WANG H X,LIU C M. Long-term assessment
of groundwater resources carrying capacity using
GRACE data and Budyko model[ ] ]. Journal of Hy-
drology, 2020, 588: 125042, ISSN 0022-1694. DOI: 10.
1016/j. jhydrol. 2020. 125042.

(4] WA, XEE THMH, %, 5T GRACE TEFUEN
rh [ bR K i R R LT . b BRRL A R L 2020, 35
(6):643-656. (TU M Z,LIU Z F,HE C Y,et. al. Re-
search progress of groundwater storage changes moni-
toring in China based on GRACE satellite data[ J ]. Ad-
vances in Earth Science,2020,35(6) :643-656. (in Chi-
nese)) DOI;10. 11867/j. issn. 1001-8166. 2020. 049.

[5] MICHAEL J,MABBIE E,ROSS C,et. al. The contri-
bution of citizen science in managing and monitoring
groundwater systems impacted by coal seam gas pro-
duction:an example from the Surat basin in Australia’s
Great Artesian basin[ ] ]. Hydrogeology Journal, 2020,
28(1) :439-459. DOI: 10. 1007/s10040-019-02050-8.

(6] AR Wz . B, VTR S T /KA 6 25 ) A 4k
EF AL AR 4 CH AR B2 RRD - 2014,
35(2):89-98. (REN Y Q,PAN Y,GONG H L. Haihe
basin groundwater reserves space trend analysis [J].
Journal of Capital Normal University (Natural Science
Edition) ,2014, 35(2) : 89-98. (in Chinese)) DOI. 10.
19789/j. 1004-9398. 2014. 02. 018.

(7] BaAGHRELITHR « HHIA . 28 HH. 3T K B M5
PERLT]. ARk T A4, 2004 (1) : 184-188. (ABDUW-
ASIT G,QIN Q M. Overview on methods and theories of

remote sensing monitoring and exploration of groundwater

+ 880 « KX KFE R

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[J]. Transactions of the Chinese Society of Agricultural
Engineering, 2004 (1) ; 184-188. (in Chinese)) DOI: 10.
3321/j. issn;1002-6819. 2004, 01. 044.
RODELL M, FAMIGLIETTI J S. The potential for
satellite-based monitoring of groundwater storage
changes using GRACE: The high plains aquifer, central
US[J]. Journal of Hydrology, 2002, 263 (1/4): 245-
256. DOI: 10. 1016/S0022-1694(02)00060-4.
B ERKE BIMS5F. 5T GRACE /%3 W 29907
AL ot R KA i 8 A [T L s R A 4
2017,60(5) :1630-1642. (FENG W, WANG C Q,MU
D P, et. al. Spatial groundwater storage variations in
the north China plain from GRACE with spatial cinst-
araints[ J ]. Chinese Journal of Geophysics, 2017,60(5)
1630-1642. (in Chinese))DOI. 10. 6038/cjg20170502.
NIGATU Z M. ,FAN D M, YOU W. Hydroclimatic ex-
tremes evaluation using GRACE/GRACE-FO and
multidecadal climatic variables over the Nile River
basin[ J ]. Remote Sensing, 2021,13(4):651. DOI: 10.
3390/RS13040651.
HENRY C M., ALLEN D M, HUANG J. Groundwater
storage variability and annual recharge using well-hydro-
graph and GRACE satellite datal J ]. Hydrogeology Jour-
nal,2011,19(4):741-755. DOI: 10. 1007/s10040-011-
0724-3.
SANAZ M. Assessment of water storage change sus-
ing GRACE and GLDAS[]J]. Water Resources Man-
agement, 2020,34(2) :685-697. DOI; 10. 1007/s11269-
019-02468-5.
RODELL M,CHEN J,KATO H,et al. Estimating ground-
waterstorage changes in the Mississippi River basin
(USA) using GRACE []J]. Hydrogeology Journal,
2007, 15 (1) 159-166. DOI. 10. 1007/s10040-006-
0103-7.
VISSA N K, ANANDH P C,BEHERA M M, et. al.
ENSO-induced groundwater changes in India derived
from GRACE and GLDAS[ J . Journal of Earth System
Science,2019,128:115. DOI: 10. 1007/s12040-019-1148-z.
NATTHACHET T,MICHAL S. The assessment of
hydrologic- and flood-induced land deformation in da-
ta-sparse regions using GRACE/GRACE-FO data as-
similation[ J |. Remote Sensing, 2021, 13; 235. DOI;
10. 3390/RS13020235.
BEA R M. A GRACE I 7% 5 0y 37 [ i 2
WK A AR LT ], M 2224 4], 2012, 41 (5) : 676-
681. (LUO Z C,LI Q.ZHONG B. Water storage vari-
ations in Heihe River basin recovered from GRACE
temporal gravity field[ J]. Journal of Surveying and
Mapping.2012, 41 (5): 676-681. (in Chinse)) DOI.



ANFFH. % T GCRACEWNTZREMTABELMHZELAER

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

CNKI:SUN:CHXB. 0. 2012-05-011.

WIME A, R1E, 55 I GRACE 2B H &
R K AR R T I 42 S 4, 2018 (1) £ 133-
137. (XIE X W, XU C J,GONG Z,et. al. Groundwater
storage changes in Shan-Gan-Jin Plateau derived from
GRACE []]. Bulletin of Surveying and Mapping, 2018
(1):133-137. (in Chinese)) DOI; 10. 13474 /5. cnki.
11-2246. 2018. 0026.

FENG W,ZHONG M, LEMOINE ] M, et al. Evalua-
tion of groundwater depletion in north China using
the gravity and climate experiment
(GRACE) data and ground-based measurements| J .
Water Resources Research,2013,49(4):2110-2118.
HUANG Z,PAN Y, GONG H, et al. Subregional-scale

groundwater depletion detected by GRACE for both

recovery

shallow and deep aquifers in north China plain[ J]. Ge-
ophysical Research Letters,2015,42(6):1791-1799.
GONG H,PAN Y,ZHENG L, et al. Long-term ground-
water storage changes and land subsidence develop-
ment in the north China plain (1971-2015) [J].
Hydrogeology Journal,2018,26(5) :1417-1427.
ZHAO Q,ZHANG B, YAO Y B, et al. Geodetic and
hydrological measurements reveal the recent accelera-
tion of groundwater depletion in north China plain
[J]. Journal of Hydrology,2019(575) :1065-1072.
SCANLON B R,LONGUEVERGNE L,TLONG D. Ground
referencing GRACE satellite estimates of groundwa-
ter storage changes in the California Central Valley,
USA[J]. Water Resources Research, 2015, 48 (4):
4520. DOI:10. 1029/2011WR011312.

AGARWAL V,KUMAR A,GOMES R L,et al. Mo-
nitoring of ground movement and groundwater chan-
ges in London using InSAR and GRACE[]J]. Applied
Sciences, 2020,10(23) : 8599 (Advances in Ground De-
formation Monitoring). DOI; 10. 3390/appl10238599.
RODELL M,CHEN J L,KATO H,et. al. Estimating
groundwater storage changes in the Mississippi River
basin (USA) using GRACE[J]. Hydrogeology Jour-
nal, 2007,15(1) : 159-166. DOI: 10. 1007/s10040-006-
0103-7.

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

GIL S,BRIDGET R. S, RODELL M. Comparison of
seasonal terrestrial water storage variations from
GRACE with groundwater-level measurements from
the High Plains Aquifer (USA)[]]. John Wiley &. Sons,
Ltd, 2007,34(14) : 1-5. DOI; 10. 1029/2007GIL.030139.
YEH ] F,SWENSON S C,FASMIGLIETTI J S, et al.
Remote sensing of groundwater storage changes in
illinois using the gravity recovery and climate experi-
ment (GRACE)[]]. Water Resources Research, 2006,
42(12),W12203. DOI: 10. 1029/2006 WR005374.

P4, 1z F— 10, %, GRACE T $id 76 1 1 3
Sl T KA IR i il S e L LT 1L K FDK R
PR, 2013(2):42-46. (RAN Q, PAN Y, WANG Y
R.et. al. Estimation of annual groundwater exploita-
tion in Haihe River basin by use of GRACE satellite
data[ J]. Advances in Science and Technology of Wa-
ter Resources, 2013(2):42-46. DOI: 10. 3880/j. issn.
10067647, 2013. 02. 009.

SHUANG Y,WANG Q,SUN W. Basin mass dynam-
ic changes in China from GRACE based on a multibasin
inversion method[ J . Journal of Geophysical Research
Solid Earth,2016,121(5) . 3782-3803. DOI: 10. 1002/
2015JB012608.

SEN P K. Estimates of the regression coefficient based
on Kendall's tau[J]. Journal of the American Statisti-
cal Association,1968,63,1379-1389.

GOCIC M, TRAJKOVIC S. Analysis of changes in
meteorological variables using Mann-Kendall and Sen’s
slope estimator statistical tests in Serbia[ J ]. Global
and Planetary Change, 2013, 100; 172-182. DOI; 10.
1016/j. gloplacha. 2012. 10. 014.

MANN H B. Nonparametric tests against trend[ ] ].
Econometrica, 1945,13(3) ; 245-259.

KENDALL M G. Rank correlation methods[ J]. British
Journal of Psychology,1990,25(1) :86-91.

WANG Y F,XU Y P, TABARI H, et. al. Innovative
trend analysis of annual and seasonal rainfall in the
Yangtze River Delta, eastern China[ J]. Atmospheric
Research, 2020, 231: 104673. DOI. 10. 1016/j. at-
mosres. 2019. 104673.

Spatiotemporal evolution pattern of groundwater storage changes in Beijing-Tianjin-Hebei region
based on GRACE
LIU Fangfang' , HUANG Yaohuan®®, YAO Huarong', HAN Jiafu? ,REN Hongyan®
(1. School o f Earth Sciences and Resources Chang'an University s Xi'an 710054 ,China; 2. Institute o f Geographic

Sciences and Natural Resources Research ,Chinese Academy of Sciences , Beijing100101,China;3. Chinese Academy of
Sciences University s Beijing100049 , China ;4. School of Land Engineering ,Chang’an University , Xi'an 710054 ,China)

Abstract: Groundwater is significant for an important political, economic and cultural center (Beijing-Tianjin-Hebei) in China.

Therefore, scientifically analyzing the spatiotemporal pattern of groundwater storage is fundamental research in the Beijing-

Tianjin-Hebei region. However, there are some shortcomings in previous research, such as the limited locations of groundwater
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wells and the representation of in-situ data in a single geological condition. In the 21st century, the emerging GRACE satellite
data, which is subject to little geological conditions,is applied in measuring water storage spatial continuity.

Herein, the GRACE-based terrestrial water storage anomalies and global land data assimilation system(GLDAS) are used
to retrieve the groundwater storage in the Beijing-Tianjin-Hebei region,and Sen's slope and Mann-Kendall time series test are
applied to analyze the spatiotemporal variations of groundwater.

It is foand that the changing rate of groundwater is about —51. 77 mm/a equivalent height of water in the Beijing-Tianjin-
Hebei region from 2003 to 2019. Zonal statistics analysis with provincial administrative units showed that the depletion of
groundwater in Beijing city has a minimum rate of —38. 15 mm/a. Tianjin city has a maximum rate of —62. 85 mm/a,and in
Hebei Province, the rate of change is equivalent to the regional average rate of change with about —52. 42 mm/a. The annual av-
erage groundwater storage of the National Bureau of Statistics was used to evaluate the GRACE-based retrieval result. It is also
find that the groundwater storage has decreased about 375 million cubic meters from 2003 to 2019 in the entire region. Further-
more, the depletion of groundwater is significant in the western, southwestern,and central regions, but the depletion of ground-
water is slight. In addition, the change of groundwater storage has some seasonal trend based on time-series analysis, the reduc-
tion of groundwater storage in summer is more than that in other seasons,with a mean rate of —75. 99 mm/a, while the rate is
the smallest in winter with about —37. 24 mm/a equivalent height of water. The rate of change is similar in spring and autumn
with a value of about —52. 34 mm/a and —48. 21 mm/a equivalent height of the water, respectively. According to the analysis
of the change of groundwater storage in the same month of each year,it is found that the change value of groundwater storage
fluctuated within a relatively stable range in the 12 months of the years,and the change value was generally low in June and Ju-
ly. The minimum in August, while December, January,and February are generally higher than that in other months,and the fluc-
tuation range of the change is also smaller than that in other months. There are six months (March, April, May, September, Oc-
tober, November) when the distribution range and fluctuation range of the changes in groundwater storage are similar. When
analyzing the impact factors, the groundwater storage is negatively correlated with the area changes of forest land, construction
land, and agricultural land, with the highest correlation coefficient of —0. 65. While groundwater storage and grassland shrubs
are positively correlated (correlation coefficient is 0. 68, significant 0. 004). Based on the analysis combining with precipitation
data, it is found that anthropogenic factor has a greater impact on the groundwater storage than natural meteorological factor.

The results are roughly the same as the statistical data of the Water Resources Bulletin, which both show that groundwater
storage has decreased. Combining groundwater retrieval results with land use data, population data, precipitation data,and other
auxiliary data, the spatiotemporal analysis methods are applied to analyze the spatiotemporal evolution pattern of groundwater,
and it is concluded that the changing rate of groundwater storage of Beijing-Tianjin-Hebei is about —51. 77 mm/a equivalent
height of water, and the lowest rate of change about — 38.15 mm/a in Beijing city and the highest rate of change about
—62. 85 mm/a in Tianjin city. The rate of change in Hebei Province is about —52. 42 mm/a, which is equivalent to that of
regional average change. Based on the Sen's slope and Mann-Kendall analysis, groundwater storage has a significant, negative
trend in the western, southwestern,and central regions, and the minimum trend of depletion is present in the northeast. Time-se-
ries analysis showed that the changes in groundwater storage are seasonal and the impact factor analysis shown that the changes
in groundwater storage in Beijing-Tianjin-Hebei are negatively correlated with area changes of forest land, construction land,and
agricultural land, with the highest correlation coefficient value of —0. 65. While the groundwater storage and grassland shrubs
are positively correlated (the correlation coefficient is 0. 68, the significance is 0. 004). Based on the analysis combining with
precipitation data,it is found that anthropogenic factor has a significant impact on the groundwater storage of Beijing-Tianjin-
Hebei than natural meteorological factor. The research has a significance for protecting water safety and the ecological environ-
ment of the Beijing-Tianjin-Hebei region.

Key words: GRACE; groundwater ; GLDAS; spatiotemporal pattern; Beijing-Tianjin-Hebei
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