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Abstract: Objectives Regional height reference frame is usually maintained
by geodetic leveling network, however, leveling observation is characterized by
heavy workload, high cost and low efficiency, which makes the height reference
frame quite difficult to maintain, especially in the area of land subsidence. We
present a method to dynamically maintain the regional height reference frame
based on the combination of GNSS reference station and surface mass loading
data aiming to reduce the workload and cost and improve the timeliness.
Methods In this method, GNSS reference stations are selected as the core
nodes of the regional height reference frame, GNSS observations and surface
mass loading data (land water storage, sea level height and atmospheric
pressure) are used to determine the normal height changes and then update
the normal heights at these core stations. The normal height change is
composed of change in geodetic height and height anomaly. The GNSS
reference stations are taken as the core nodes of height control network,
geodetic height changes of these stations are obtained by GNSS coordinate
time series analysis using least squares method. Height anomaly changes at
these stations are computed using the remove-restore method and local
Green's function integration based on surface mass loading data. Results The
method is validated using GNSS observations over 8 years at 5 reference
stations, surface mass loading data and multi-session geodetic leveling data in
the subsidence area of Beijing. The numerical results demonstrate that the
accuracy of the normal height changes determined from the combination of
GNSS data and surface mass loading data is better than 11 mm, with most
stations achieving accuracy better than 5 mm. The maximum extrapolation
error for one month of normal height changes is 13 mm. Conclusions By
applying the height anomaly change corrections that derived from the surface
mass loading data using the remove-compute-restore technique and the
Green's function integral method, the accuracy of normal height changes can
be significantly improved. By selecting the GNSS reference stations with long-
term continuous observations and good data quality as the core stations, the
dynamic maintenance of regional height reference frame can be realized.

Key words: GNSS reference station; height reference frame; land subsidence;
surface mass loading
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Tab. 1 Time period of GNSS reference station data and its leveling measurement

GNSS Fruk GNSS H3 b 8] Bt FK IR B 8]
X1 2012, 2016-2021 4, £ 7 #i/K
2012.01.01-2021.06.30 e
NLSH S
CHPN 2016-2021 4F, 3t 6 MK S I
CHAO 2016.01.01-2021.06.30
DSQI 2017-2021 4, 4L 5 HAZK#ES I
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Fig. 2 Analysis and reconstruction results of geodetic height time series at GNSS reference stations
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53 KB KA B I JEC R 70 RN RS B0 B 4 DA R I PR S5 280K v e P 8
BERT = A A S ROK B AR SR R, SRECEES A A Tz 8 i (E R
B A AR (A ERFN X IR S SUK R AR A M) o« RN (5 XA
AEER G AR X HEAT BRI AT JE FF A3 21 360 B IR F iy AR AL ER 1 R BUEIAL, AR
X (5) BATERBLE S TFEAR RS S S EERUKE, LN (6) HHTERE
LTS R AR AR L SR GNSS FEui % i Atk . KRB —K
21k, MRS E 1 82 1 S5 80K, 1S RIFR R i A8 L, 125 & %
HEBAR A (9 Fxk 100 HEFEUEE R A EFE T A2k (B 2k
0 3°) , PR HAE S5 mRE R E A, o IR K = SRR A
KAE ST AR N ) R 57 8 AR A o 4 = b B fur A0k 5| /S 1) v R S i AR A SR A
BR324 i A7 e 5] AT ) R R S AR A

B 3 A H THFFRIX IR R B GLDAS % 150 i s ok fils Ak 5 i =
FER w224k, B 4 AR EIGEN-6C4 5 J737 8 BT (1) X Ik s A2 5, 5 1 GNSS
FEHEE I E A R A S B 2, B TR K v TR R K A
5 ANFEAESL R ORI E B FE 200 120 2K, &l i) s Fe S o AR AL m PR $E
Kl 5 45 7 B CHPN 3h i) mife 5w A 8] 2 51, BRI B 2012 48 1 H &
2021 £ 6 H. B 5 w50, MRS e 5l &R 5w R0 B E AR
t, —fBE 1 HES HEEREE TGS, f£4 A2 5 Aik2ls/ME; 6 HE
12 HERESw 2 EFHas, 78 11 HE 12 AR3IEKE; T E—lsh, 44
FHE—EER. BERERZAERLE-7T mm~5.5 mm 2 [7], FIERIET K
BT, K 3 PSR mgE RS- 5 S F CHPN s HA —
Mk X T RS Y GNSS SRR IEH m AR e, SINERES AR IE R
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% 2 GNSS EEHHSEFELEMHG T (mm)
Tab. 2 Statistics of height anomaly changes at GNSS reference stations (mm)

GNsSS E#Eni  HAME R/ME FHE EE

XNl 5.2 -6.9 -1.0 3.4
NLSH 5.5 -6.3 -0.5 3.2
CHPN 5.5 -6.5 -0.6 3.3
CHAO 5.3 -6.6 -0.8 3.3

DSQI 5.4 6.4 05 3.2




3 itttk E TSI BN SIERFETWL
Fig. 3 Regional height anomaly changes caused by land water storage variations

4 FA EIGEN-6C4 ENIZERHENXBSERE
Fig. 4 Regional height anomalies based on Earth gravity field model EIGEN-6C4



[E 5 hRRE MRS IHEA GNSS i (EF CHPN) SiERETL
Fig. 5 Height anomaly changes at GNSS reference station (CHPN) caused by surface mass
loading

3.3 GNSS FE v IEHE B2 e 55%E

R 5 9 S /K AU B GINSS S5 v i 110 7K Y UL B 221, ) ) 3 v 3t Kt vy i ]
JF 30 3 AT 45 21 1) 4 1 33 5 TURN | 2 A A0 ) BRI 24, &5 G FIHHK i =
JER I RUR SRR A SRR R m i e AL, R RS (D) THEAR R
DU 220565 B2 R 2 AE 0l 1R 5 =28k o R GNSS ol 200 i e 1 155 =i A8 4k
LKA & IE 5 S AR AT Lhiss, PR NSRRI B R B 45 8, AHEL AT,
BT “XE” Kik%, v LG UESE S IE % = A RS S .

37 AN 5 A GNSS FEAESE I IEH = AR RS FEIRIESE 3, b XL
NLSH 3 [ 1E 7 w4840 LA 2012 45 A FEuERF %), CHPN. CHAO #iLL 2016 45 43k
HERFZ, DSQI 3 LA 2017 G AZEUER Z . KA HSH0E LW

Ah: GNSS Ea i i oK Hh =28 4L

AH: BKE GNSS FTHR R ot 5 67 fur FiH i e 1 1R = A2 4L

AHp: KHEN & IE 5 A1k

Oppy s KHENIEE IEW @A R 22, Y 37K Al o T e 1 s 22 IR
ZEAE R B L

Ah — AH,: GNSS Kb S 2840 5 7K eI & 1E 5 ey A8k 1) 2 575

AH — AH,: BXE GNSS Flth 3R )5 8 67 far B i e 10 1E 3 = A8 A0 S oK il 2=
1B SR 2 57

s J5tE 0 v R e 5 O i 1) T s R AR T

RIXUIHEESTUREEIRIEER (mm)
Tab. 3 Accuracy validation of normal height changes at XIJI station (mm)
mZERAIE Al AH AH, opu, Ah—AH, AH—AH, I
2016-2012 -31.3  -33.1  -44.0 6.5 12.7 109  14.2%

2017-2012 -40.2 -41.8 -53.0 7.3 12.8 11.2 12.5%
2018-2012 -543 -56.9 -67.0 7.2 12.7 10.1 20.5%




2019-2012 -67.6 -69.4 -74.0 7.4 6.4 4.6 28.1%
2020-2012 -84.8 -88.6 -85.0 6.5 0.2 -3.6 /
2021-2012 -79.6 -86.8 -97.0 6.6 17.4 10.2 41.4%
&R 4NLSH Wi EESTHHEERIELER (mm)
Tab. 4 Accuracy validation of normal height changes at NLSH station (mm)
mZENEB Ah AH  AH, osuy, Ah—AH, AH—AH, I
2016-2012  -134.4 -135.4 -138.0 55 3.6 2.6 27.8%
2017-2012 -163.3 -164.8 -162.0 5.7 -1.3 -2.8 /
2018-2012 -174.1 -179.2 -177.0 5.1 2.9 -2.2 24.1%
2019-2012 -161.5 -164.7 -164.0 5.1 2.5 -0.7 2%
2020-2012  -151.0 -151.8 -156.0 5.0 5 4.2 16%
2021-2012  -146.3 -152.8 -153.0 55 6.7 0.2 97%
% 5 CHPN S EESEWEEIIELER (mm)
Tab. 5 Accuracy validation of normal height changes at CHPN station (mm)
AN Ah AH AH,  oay, Ah—AH, AH—AH, I
2017-2016  -17.9 -115 -2.0 4.0 -15.9 9.5 40.3%
2018-2016  -12.8 -8.8 -2.0 3.7 -10.8 -6.8 37%
2019-2016 -54 -4.3 -2.0 3.7 -3.4 -2.3 32.4%
2020-2016 4.5 4.3 -1.0 3.5 55 53 3.6%
2021-2016 -11 -6.4 -4.0 3.5 2.9 -2.4 17.2%
#® 6 CHAO ¥ IEBESZEWHEEIIELER (mm)
Tab. 6 Accuracy validation of normal height changes at CHAO station (mm)
mZEN B Ah AH AH, oau, Ah—AH, AH—AH, I
2017-2016  -31.2 -32.0 -32.0 6.8 0.8 0.0 100%
2018-2016  -66.2 -65.2 -63.0 6.8 -3.2 -2.2 31.3%
2019-2016  -86.7 -87.0 -87.0 6.0 0.3 0.0 100%
2020-2016 -111.6 -110.8 -104.0 6.0 -7.6 -6.8 10.5%
2021-2016 -1104 -111.7 -114.0 6.6 3.6 2.3 36.1%
R TDSQIHEESEUREERIEER (mm)
Tab. 7 Accuracy validation of normal height changes at DSQI station (mm)
mENEE Ak AH AH, oy, Ah—AH, AH —AH, I
2018-2017 -59.4  -59.9 -61.0 5.3 1.6 11 31.3%
2019-2017 -102.2 -101.6 -100.0 5.3 -2.2 -1.6 27.3%
2020-2017 -120.4 -120.8 -130.0 5.0 9.6 9.2 4.2%
2021-2017 -1345 -140.7 -146.0 5.1 11.5 5.3 53.9%




H13% 3-7 A %1, XIJI. NLSH. CHPN. CHAO #1 DSQI iX 5 /> GNSS ik,
Z4F GNSS 5 HER i 0 A B0 DCA 1 2 1 IR 35 v AR A0 S K HE DI & 1B = AR AL
GEEL ZEB/NT 11 mm, Hd NLSH. CHPN. CHAO 1 DSQI 3k ) 1F % 548
ARG BE RS 73T 5 mm, NLSH 3 &4 [ 1R 5 5 2240 45 R AT & fe i - 2016+ 2017
AE XL 3 IR 8 m A a5 IR Z g K, 12T 11 mm, 2018, 2021 i H] T
10mm. SRA 5 NEEMER I FE MG Kb EEdE, THE R SRS (BER
=ArEZE,EIMED , 2R B T O HE S ) ECRE B, XIUT. NLSH. CHPN. CHAO
1 DSQI X 5 ANl A B BUR B4 7 -0.99. -0.45. 0.51. -0.47 £1-0.43, XIJI 3k
(FIBS S REOA BT 4 ANk S50 2 R 2045, 8B XUT 351 GNSS Kot &k ah i
Ko B AR 22— 28, X S8 XIIT 3 155 AR b 45 SRS FE RS

B ZEM RS REE, X5 A GNSS FeEuh i K s AR b it 47 fE
FHEAIE G, 26 HEmZESSR A 24 AP 7 IEE S AR e R 5T
FHorb 22 2 TR = AR A 0 K BE SR TR FEAE 10% LA b, 17 A RS B3R - 2
it 20%, X T UER T R R ek VRN G A R AR R AR 4y VA S
PR E AT AR AL 5] R S AR AL IE R FORE B, BRI GNSS v E
S LS5 ) PR R P R AN ASYERE, A b 0 R e AR e

3.4 GNSS FHEvs B S INER B 20T

R T IR 50 T GNSS el 1 = R 2L HE S A 4ERFRE /7, T8 GNSS 2
T, TE 5 S AR AMERE BEP-AR « 20 X 5 A GNSS 3 i i (1 R Hh i3 A8 A0 33547 s
[P H T, 2T i R R B R MRS 240 & 240, 15 B A TH5HAS 2 K Hh = i A
JF5 . AL GNSS ZEEnG SRR AMERCR, 40l 3% 2021 SE /K ARSI 217 1
ANHL 2 AHA 3 ASH I GNSS i, 3T IEH s MERI, LA 2021 4K #EM
DU 220 B T35 e AR AR D SEME AT MRS FEARL A%, TR = AR AL A 25 kS B UL
* 8.

7z 8 GNSS EEMEESTHIMEREE (mm)

Tab. 8 Accuracy of extrapolated normal height changes at GNSS reference stations (mm)

i 4 it 1 A b2 A b1 3 H
X1 -1.7 -7.9 -20.0
NLSH -11.9 -16.8 -22.5
CHPN -3.7 -7.9 -8.1
CHAO -25 -14.9 -17.9
DSQI -13.2 -21.8 -29.3

Ry 8 a4, AMERTE N 1 ANHB, 54 GNSS FEukul 1 15 % w24k 4h
HESHEUAS T BC I E, X1l CHPN. CHAO 34X 354 T 5 mm, DSQI
S AMEIRZEBOR, B2 T -13mm; 2 AMERT R 2 AN H I, 250005 1) 2 1R 2 B
FHWR, B 3 MNHRZEBLL 15 mm; MAMER R 3 AN AR, F 4 AU AR
ZRT 18mm. g5 R R, FIFHKIHES N Z0E 2 B 41 GNSS JE ki %1
P, O FE S IE O AT 1N H N B AR TIO A AT AT



4 G

PEH T LL GNSS JEHER/E A 0 i it X I8 m S B HE AL A T Bl S YERF 1Y)
J5iE, T IENT GNSS JE i B 3 AT I ] 5 51 o AT 45 2000k K = ARk, SR
F Je— K AN 5 B B fr A AR BB BURR 0 T v, R B Hb K B L R R 1R KSR
S5 1 2R 5 B 0 A SCHRE T SR DN 3 1 v R AR T S 3 1 I AR
T XS 0 iy T 5 R AT B A B IE

FIAIEE HTUTBEX 5 A~ GNSS FEvERG I 2 EE LK s, 1A 4Bkt it
A R4k 245, ECCO 4 BRiE T /7. ECMWF 4Bk A B AL 5T M 8 i [X 15,
SEMRAEEHE, #iE T GNSS FEAESE I IEF &2 . FIAHILE X —. =
S5 7K HE S M EHE X I T GNSS Hds 1 1B s A g Rk TS FE R A%, 45 SRR .

(1) 24 GNSS 5 Hh 3 i & 7 faf B8 A 1 10 1B % = A8k, 5KHEN &
EHE R, KA ZM/NT 5 mm, HBARZEEAE 11 mm, HEIKE
TEARGWRZE, XK R ST . 75 GNSS FE ik B A K % 220 4
P B B RIFEGL T, A GNSS Edasfi € 1Y 1% w2 X iZ s i F—
/KR & 1 E S AT BB IE R ATAT I, RESEINIE T GNSS JEEsbHE 1 X
W ERE S AR B S Y Fr

(2) RH# Fe— WK 1N T 5 57 A A% R B8 BN 20 7 V24 5 b 3% o = 97 g AR
1Bl EE R FEHE s T AR R AR AL, X Fh vl K AL B T e R R AR B E S
92.3%2E F I IEH = AR A B RS FE SR IR LIS 10%,  65.4%45 SRS FE HE TR
JETE 20% LA &, ESE T ERE S i AR A0 HE SR 140 L A P R it o 12 0 5 A o

(3) FIF GNSS B [E] P A Hr AT A 25 -, X GNSS & i 1F 5 = 2 fkadk
17 1 H UL R AMERIT TN FTAT I, MRS ALEE 1N H DLERIAME.
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