L p R

GEOMATICS AND INFORMATION SCIENCE OF WUHAN UNIVERSITY

GNSSZE EL A7 8 S 1 X 43 32 S B AR AL IR A
FWHE, B, X

A

AWM, B, X, GNSSTHE B LR S 8 X b 36 BT i A2 AL OB 3 BT[], iRIUIA 224 - 5 BB, 2022, 47(1): 45-54.

LI Xianpao, ZHONG Bo, LIU Tao. Simulation Analysis of Inverting Regional Surface Mass Variations Using GNSS Vertical
Displacement[]J]. Geomatics and Information Science of Wuhan University, 2022, 47(1): 45-54.

FRSCEEHER (FEEA KINERIEN AR EE CE )

Similar articles recommended (Please use Firefox or IE to view the article)

B ETEC S HIFEGNSS TECK M fl & nl 171 /bt

Feasibility of the Data Fusion Between Space—Borne and Ground-Based TEC Products
RIUKFR - A5 BRFERL 2020, 45(4): 557-564  hitps://doi.org/10.13203/j.whugis20180293

fil A InSARFIGNSSHY = 4EI AR Wil A 7 22 3 A T GESISTEM 75 12

IUREF2EA - A5 BRIARR. 2021, 46(10): 1598-1608  hitps:/doi.org/10.13203/j.whugis20210113
GNSS/KVRJZHTI [ 3 A QA AL 72

Adaptive Algebraic Reconstruction Algorithms for GNSS Water Vapor Tomography

RDURFAR - A5 BRFER 2021, 46(9): 1318-1327  hitps://doi.org/10.13203/j.whugis20190387

BN R ZKF- 23 BEAPW VAR I CNSS IR PR T
GNSS Water Vapor Tomography Algorithm Constrained with High Horizontal Resolution PWV Data
IR - A5 BRI 2021, 46(11): 1627-1635  https://doi.org/10.13203/j.whugis20210055

M ABRIE AT v DU T B2 5080 B AR i
Retrieval of GF-4 Satellite Image Data Surface Albedo Based on Angular Bin Algorithm
RIUR2F2FR - A5 B RFERL. 2020, 45(4): 542-549  hitps://doi.org/10.13203/j.whugis20180291


http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20190257
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20190257
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20190257
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20180293
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210113
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20190387
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20210055
http://ch.whu.edu.cn/cn/article/doi/10.13203/j.whugis20180291

HATEE 1M
2022 4 1 H

RV NEE S (- R

Geomatics and Information Science of Wuhan University

Vol.47 No.1
Jan. 2022

XEHS:1671-8860(2022)01-0045-10

B oy Br

ZFhe'

1 BRI 2

wEox B!

Be, W4t 2L, 430079

2 HhEkEs AR B K I 2 T R A SRR = L i 2RI, 430079

H E.HESFENAKRFMEZ R % (global navigation satellite system, GNSS) ¥ & 7 & W 0l A K5 4 2 69
R AR T TARBET AZEARATFE, SRR IR T EREEBREAREERGRERA, 48T —H
Pk 6y B W AR s A 49 RAE R, 3T 6 T 7 LR AR B (generalized cross-validation, GCV)7 ik £ 9% & ik 75 A2
IE A A SR B 6 3 bk Sl i A AL AT T GNSS & A 545 6k B KT Ao ) 3h 30T B A it R 4
Ry Hom, RAY (1)% B 6 B WAk 5 35 A7 48 M A8 b A St 25 5 45 07 4B Ak B A AT ) 3 S R 6
w0 5 (2)GCV F5 i 3T VA K 3 M B % A 3E WAL A, 3 RO 45 R 5 39 77 442 £ (root mean square error, RMSE)
T Tk 0 IR 45 R AT A BT 5 (3)GNSS A AL A o Rk B KB A SE R § RUR 45 R AT OF B A 5E
A B — R AT H 4 oA 355 ML A ) 3k B 45 RAF AR S .

KA A FALS KRB E R T T A F R T & B34 7 ; Tikhonov iE ) 44

HESES P28 ERAREED : A

M 3R o 7R Ak 32 A 4 b K By 2R AR
o KT R AR Rz s SF R Y IR . 28
2 E ORI ) RS 5 S6 S 5 (gravity recovery
and climate experiment, GRACE) 28 & J1 37, IF
S5 K SCRE TR RS TR S5 AT 5% 4 Bk g X 8 7 b
TR AR . SR, GRACE B %5 4y 3 R A
R = 7 A VAL Y €D OIS R B 2 [ R
GRACE F1 4k 1 #% GRACE Follow-on it %] 2
H] A7 7E B K B B 25 1, PRt , 75 22 25 R A R
Ml F Bk DEENHEARYAL. BT
2 M RO I b R o R AR 2 S B 5 R AR P
A7 3K FPOE S BE % 9 4 3k 3 A T AL &R 4 (global
navigation satellite system, GNSS) LA Z K ¢ i &
4 2 HOUL I B, P, AT LUK GNSS #3608 A8
B A S7 M v H AR B i S AR . A GNSS M
I 78 B IR B T DX B M 6 B A Ak 3R R T AR
MREREOT B B R TE A5 BNl BT A AT RS R R
B A5 PR s ML P AR B Gl o N7 A A
LA b 3R T A2 Sy SO0 I0 (8L 5K figk A% 0 5t & 7 fr A8 4K R
SAE T A 25 A GNSS UL 54l 1) X 3 b 5% ot

%5 B 85 :2020-11-05

AR R Y GNSS 2 B 7 8% A L K S i %
Xt b % o A AR Ak B Sk SRR O A | R Y A B
DA A LKL RS KA £, HKP AL R8 F 8 2
WEWMRIIZ S 2% RIEEERMEREEh .
P H AR AL M X, b 3 BT 67 g7 110 2 kAR Ak
2: '3 8 2 BR5E 1 & 4t (global positioning system,,
GPS) 3 o & A UUREFE TS5 Scik [ 5] R GPS
o L B S T R AR 2 N K B A AR
GPS J2 # 45 B 5 GRACE A 88 # — Bk ; Scik
[6,9-10]1F] FH GPS T B {i # 43 5 B 5% T ¢ [H 48
ST A X R e R 2 A A e DX o e K A
A, UL GPS O 45 R 5 GRACE LA K 7K 3¢
R Sz 3 % SR A B0 A A e o STk 11 )R A
GPS % 28 i 8] 77 30 BF 5 17 26 [ 78 5 350 14 B 4t 7K
fitg B ARk, I BRI 2 9% = P R 6 2012 4F Ay e
FLORP GPSIE AT LIME R TR — R R4 .
PLE W58 R BT, GNSS Ay 3R b I 1 5 R 7Y
WETF B, HEZA P AE T 5 kY
B B, F o 2 9 4 (9 GNSS T B 7 B8 1 7] )
B AT LA R 41 X308 b 2 i AR Ak

BB & B : WSO &R (2018 YFC1503503) 5 [ K [ SRRl 25 564 (41974015, 42061134007 ) 5 B A K AR BUE#F 58 (D010103) o
E—EE M Wk, EE A GNSS His 4 21 5 0 FHAF 5% . lixianpao@whu.edu.cn

WIAEE AP, L, B 2082 . bzhong@sgg.whu.edu.cn



46 RO ¥R BB R 2022 %1 71
FIJH GNSS 3 B 37 8% J2 3 X 3k H 2 5 ik 78 e
68 F B 0% 45 R, {5 5510 ) v R R Tik- UZL“MWJBJ%@WM (5)

honov 1FE W £ 77 ¥ 5K fige 9 25 ) @t , I LA BL 38 S
L A A T U A 24 SRR I SR Ll 2k R BRUOE
WA 280 SR, Ll £ 0 ik 1 il R 0 R 49
A B e DL B AR B, I AL G i 38 i 2 R
L PR AN R AR G b Ak B 300 5% R0 o

BEXF LA B R, B S AR SO s T — ekt
{18 T D) 7 3% 307 249 SR B, AT AT Ak o 30 2
ROV 52 5 AR 3 S BUE B A )T AL
K 56 5 ¥ (generalized cross-validation, GCV )
T $5 A0 TE D) b 2 B0k BB b A 3 1 1 5 e s L 1P
T GNSS 2 5 A # 7E A [6] B A 7K P F10 ol 55
K43 A5 1 10 X sz 781X a2 5 f AR b B RS

1 RiEER

AR A B 0 for BEIE b 3 0T i 0 ey AR b 5] A
() Ml BRI A8 T DL AL R s Sy s e AR R
B — AT RN o 19 R A BR
XTRR B 517 R A ) [ Y Bk 3R 0 15 A
JSNGiS T a e
AM = Sh, 0., = 2n(1— cosa )R*h,p.. (1)
Ao, AM AR [ & it i 5 0., = 1000 kg/m® 2y 7K
()95 B 5 b, R A BROK T s R M B 2242 5 S o
] 5 10 AR o b 3R B g S A I B Bl 4
®(0)= iilﬂ,;::?i‘P”(cosﬁ) (2)

n=20

K, GHTHG HEE P, AL EZH A,
HE; 0 S A S5 GNSS sk 2 | B e T,
AR AR i i A

1
I'v=—(1—cosa),n=0

(3)

2
_ P,H(cosa)—P,,+1(cosa)’ﬂ>o

2

% 2L GNSS B 1] 7 51 A7 DLW Hy 3% 5
AR A5 R R K A% LR S BR
SR FH OO DI 3R 5T A AR Ak 8 O RS Y 2 A
R HEAT R . W @ (0)7E MR T ) b 5] A7 #% 1
& MR pRE ] Fom o

S, = “i)h,,l“,,g(g:fl)P,,(cosﬁ) (4)

o,y R A Love 8 g A T 3 s i

X0 58 DX P o A DS T L R o S BT
T B0 GNSS e B AL A] LLR R R

Ffl

KA, U=[wu, ure-~u,]" 3 m A vl 5 5 A7 F% W
D] 15 A0, A Fl @1 | @0 53 1) 678 BIF 5 IX 45 B &8
BE s Am (@', ') R B W i () 5T 6 o S (5) AT
PLFRIR A

U=AX (6)
Ao, A SRS AR R B TR B X =[xy, 200002,
SR AF 5T DX R P A A TR 018 A EK R o R B/
e Ak vty ik ot 3 (6) iE A7 SR A, D) AT DL A5 3 R
1 A5 0K B XA A .

2 IENLFAE

2.1 Tikhonov 1E | {£
T B 9 DX P U 000 =2 ) g A O 1 2
T BOR BOUE PR SRR, G, B GNSS
e B F% ST DX Ml 3R R A AR Ak — A B UK
AR, R Tikhonov J5 i 548 5t [n] B (1) 386 2
fift, FL R T H AR pR A
min{l(AX — U/ || + 21 EXF} (D)

o, X WA RS ROK R A 0 M IEME 240
S U W R bR o 22 5 F R 16 00k 24 SR 0 I
2.2 IE M4k 4B B& By % BX

T DT 4 R B IR R IO I Y 2%
B, DT fofF A5 5 0 A ) A0 A O N AR T EE
W B 5 DX IR S B SR X, O T 25 TR B A T A
22 (8] B 7 1 M G SR Rk 3 B I B T4
MR P . SCRRL9 TR Fan R S AR 4L T $r

LT B L
0 10 1

L=|1 —4 1,L3[2 JL=[1 —2 1]
0 10 1

(8)

ERE W L JF A REAR G 3t Acb 24 300 25 007, 2
i DR S ol L 8 A3 ST AR Ly L, T 3 G A )
BEAT 2200 W I, OF A BE R T 5 10 G A ) s 4 3kt
(1 AT S 9 s 22 ) O AR o O T R B M A )
WG, 2Re FH T D) A 437 35 7 8 66 B L, Ay T TN
L RAE R o A OF 50 X% M B/ — MR R
S UL AT M 1 A 22 18] A 5% A i — A TG 1)
Pl o AR SCHE E SCABHEHE [ B I BE S B DM % &
T 5 DX IO 121 5 s I 5 30 5 4 G0 ) P TS
W a5, 22 1] Ay G ] 32 4, XA XoF T i % IX BT 75 AT



HATEH 1M

2 WM 45 - GNSS 3 F {3 B S IX Il b o S ok 722 £k Y B 403 A7 47

S b R P AT Y AT AR R, DA B e 40 1
PG o 1E WAL 7 3504 P L 2 R
L,=D "LD ""=I—D ""BD '* (9)
Kb, D AR FE R Ly P C R R
1,i=j,Hdeg(v,)7# 0
B 1
Ln, = deg(v,)deg(v;)
0, HAt

i j, Ho 50, M4B

(10)
Mo deg /R BE 5 BE 5 0, Ml v, S BE 5L BE D (1) % £
LR,
2.3 ENHSEHRIEE
H AT, IE W S5y S By 2 F 2 A L4k
%W L GCV 5 ik R 305 A% 22 (root mean
square error, RMSE) fe /N k45 . Hip Ll £k
Pede B Tz 0 —Fh o5 i (0 Lt 4y it 2
S5 R B3 A I e L2 Y 0 I 5 0 0 2 2 it N
F2 WU ¢ ke e I g I TE ) Ak i 2D 7 %8 A AR
AR s RMSE S/ J5 15 02 38 5 B /b i 45 21
5 BT 5 1Y 5k 2 ok e B O 1E ) Ak 2 5, i)
& T BCBUE AL T BAE SR 0T BSAE
SORH, K ek H 2 %5 5 ok 3 ol ik Ui pe GE )
2%
GCV J5 i 3 T Ge it i JEAR, X 52 Br B4
HEAT HE R BB I b (0 55 A LD AR A R 4R
SRUHS R ok 38 S v 0L U K A s — A i L T

110°W  105°W 100°W 95°W 90°W

70°N

65°N

60°N

50°N

(a) G {E

400 -300 —200 —-100 0O

XA EE T — Y5 w, BT w0 W HE—

A B ST AR ST [ RE B Ak 8 i B — A A E

SRS A A THE AU N B SR AR 25 2

JN T CE BB L GCV R B /DI S B R

FoR

Licr— @y

G(A)= " - (1)
[itrace([— Q(A))}

Kb, T B B S W E A% Q)=
A(ATA+FXP) AT, QRN (6) UL i 17
U W5 21 el 1 X (A B R P=L" "L, LW IE
DU Ab 56 1 5 trace (- ) 3R FELFF 1325

3 HEEMSHT

3.1 REFESRHERIE

Shy 56 UF AR SC B2 1 7 1% DA BB A R R
4 BR 095 [F] 1k & 4% (global land data assimilation
system, GLDAS) 7K SCH Y F1 R 381 7% KM PR
BT A6 3 B X 90°W~111°W , 49°N~70°N
14 25 R4K e R0 EE B A% B R AT BN 2 BT o
& 1Ca) S 1545 21 9 b 3R 0T 3 28 Ak 43 A1 (DL 55 4%
KR R 206 B R R BN Y 4 5] 73 i GNSS
W3l () 467 &) , HoAF 5 7E — 350~660 mm 224k, 7]
PV 2 Xl 7K i i 28 A 8 S 5%, AT T
95 R A SR J7 2 0 R AT R AU RSP

oN 110°W  105°W 100°W 95°W 90°W

(b) iR % I i 4t R

S RK i/ mm

100 200 300 400 500 600 700

BT BB A5 DX Ja b 3 T 6 2 Ak
Fig.1 Simulated Surface Mass Variations in the Study Area
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Fig.2 Comparisons of Inversion Results Between Different Constraint Matrices
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Fig.3 Inversion Results Corresponding to the Regularization Parameters Determined by RMSE Curve, GCV
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Fig.4 Comparison of Inversion Results and Residuals Estimated from Different Noises of GNSS Data
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Simulation Analysis of Inverting Regional Surface Mass Variations Using
GNSS Vertical Displacement
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Abstract: Objectives: Continuous and dense global navigation satellite system (GNSS) surface deforma-

tion data provide an effective tool to invert refined regional surface mass variations. However, the factors in-

fluencing the reliability of GNSS inversion results need to be further studied, such as regularization (in-

cluding the construction of regularization matrix and determination of optimal regularization parameter), ob-
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servation noise and distribution of GNSS stations. Methods: First, we proposed an improved regularized
Laplacian constraint matrix and discussed the adaptability of the generalized cross-validation (GCV) method
in selecting the regularization parameter of ill-posed equations for inversion of regional surface mass varia-
tions based on the loading Green’s function theory. Second, we compared the effects of different constraint
matrices and constraint methods on the GNSS inversion results. Third, we further investigated the in-
fluences of different noise levels of GNSS vertical displacement, the number and distribution of GNSS sta-
tions on the inversion results. Results: (1) The regularized Laplacian matrix in this paper can better sup-
press the edge effects than the traditional Laplacian matrix. (2) The GCV method can effectively determine
the optimal regularization parameter, and the inversion results are in good agreement with those solved by
the root mean square error (RMSE) criterion. (3) If there are enough GNSS stations and the observation ac-
curacy 1s high enough in the studied area, the inversion results will be more reliable. Meanwhile, the accura-
cy of inversion results for uniformly distributed stations is comparable to that of randomly distributed sta-
tions when the number of stations is large enough. Conclusions: The improved regularized Laplacian ma-
trix and the GCV method can improve the reliability of GNSS inversion results, which can guide the inver-
sion of surface mass variations using measured GNSS data.

Key words: surface vertical displacement; regional surface mass variations; Green’s function method; simu-

lation analysis; Tikhonov regularization
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