Heterogeneous collaborative monitoring process of groundwater variations and

load deformation field

From the heterogeneous observation variation record time series from CORS station,
gravity tide station and groundwater monitoring station, compute the groundwater variations
and load deformation field full-element grid time series in the five-step to realize the
heterogeneous collaborative monitoring to regional groundwater and time-vary gravity field
according to the remove-restore scheme based on the observed surface load.

The target monitoring area: 98°~101°E, 24°~26.5°N. Observation point distribution: 97.5°
~101.5°E, 23.5°~27.0°N. Monitoring time interval: one week. Starting and ending time:
March 2019 to August 2019. Spatial resolution: 1'x1".
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Heterogeneous collaborative monitoring process of groundwater variations and load deformation field

Step 1: Data preparation and preprocessing of various geodetic and surface load
observations.

(1) CORS network data processing and calculation of the ellipsoidal height weekly
variations time series at 42 CORS stations, and calculation of gravity weekly variation time
series at 7 gravity tide stations.

(2) Various geodetic and surface load observation variation time series are subtracted
from their respective annual averages in advance to unify variation monitoring datum.

(3) Calculation of groundwater equivalent water height (EWH) weekly variation time
series at 11 hydrological monitoring stations.

According to the process of this section, calculate the regional groundwater EWH weekly
variation grid time series in advance only from CORS and gravity tide monitoring data, whose
monitoring time span was not less than two years. Then, interpolate the calculated
groundwater EWH grid into the hydrological monitoring station to calibrate the parameters,



to transform the variation of observed groundwater level (head) into the variation of
groundwater EWH at each hydrological monitoring station.

The process in step 1 is omitted in this example.

Step 2: Calculate and remove the observed load effect and construct the heterogeneous
residual observation variation record time series according to ETideLoad4.5 agreed format.

According to the computation process of section 4.10.1, calculate the observed load
effect weekly variation grid time series on ground ellipsoidal height and gravity.

Call the function [Interpolation of given record time series from grid time series], remove
the observed load effects from the gravity weekly variation time series at gravity tide stations
to generate the residual gravity weekly variation time series, and remove the observed load
effects from the ellipsoidal height weekly variation time series at CORS stations to generate
the residual ellipsoidal height weekly variation time series.

Step 2: Calculate and remove the observed load effect and construct the heterogeneous
residual observation variation record time series according to the agreed format.
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The observed surface loads in this example include surface atmosphere, soil water,
vegetation water, lake and river water, and sea level variation loads.

According to the agreed format in ETideLoad4.5, merge the 11 hydrological station
groundwater EWH weekly variation, 7 tide station residual gravity weekly variation and 42
CORS residual ellipsoidal height weekly variation record time series to generate the
heterogeneous residual observation variation record time series file.

The file header contains the time series length and the sampling epoch time arranged



with time. Record format: ID (the site name / no), longitude, latitude, ..., weight, variation
type, ..., variations arranged in time series length (default value is 9999.0000).

Variation type = 3 represents residual gravity variation (uGal), = 4 represents residual
ellipsoidal height variation (mm), = 6 represents EWH variation (cm).

Construct the heterogeneous residual observation variation record time series
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Step 3: Call the function [Load deformation field approach from heterogeneous
variations using spherical radial basis functions] to design the reasonable setting parameters
for time series SRBF approach.

Call the function [Load deformation field approach from heterogeneous variations using
spherical radial basis functions], input the 1'x1" zero-value grid file zero60s.dat, which is
employed to give the calculation range and the zero value represents the calculation surface
as the ground, estimate the residual EWH variation and 10 kinds of load effect grids from
the heterogeneous residual observation variation record time series file at any epoch time
to design the reasonable setting parameters according to the principle of parameter setting
optimization and cumulative approach effectiveness given below the program interface.



| =

Step 3: Design the reasonable setting parameters for time series SRBF approach.

Load deformation field approach from heterogeneous
variations using spherical radial basis functions

Time-varying gravity field monitoring
variation time series using SRBFs

from heterogeneous 2 Aigorithm of SRBF Approach

B Open the geodetic variation record time series file
Column ordinal number of the first
och time in header
Column ordinal number of the first
variation in record
The column ordinal number of the
variation type in record
The column ordinal number of the
weights in record
The column ordinal number of the
current variations in record
Mean distance between geodetic sites 6.0 km
Parameters of the first SRBF appoach
Select SRBF radial multipole kernel
orderm 0
minimum degree 9
maximum degree 900
burial depth of
Bjerhammar sphere
action distance of SBRF center 200km
Parameters of cumulative SRBF appoach
Select SRBF Poisson wavelet kemel
orderm 0
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Spatial distribution of geodetic sites

@ The geodelic variations here can be one or more of the following five types of variation. (i) Height anomaly variations (mm) from GNSS-leveling monitoring network,

Land water EWH varlations (cm)

Orthometric height variations (mm)

Ground gravity variations (Gal)
2 disturbance gravity variations (uGal) from GNS!

S-

gravity monitoring network or CORS gravity tide stations, (5 ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, ) geodetic height variations (mm) for CORS network or GNSS monitoring

stations.

| network, & normal or

ic height variations (mm) from leveling monitoring network, and @ equivalent water height variations (cm) from

The effectivencss principle of the parameter optimization and cumulative approach. (b The estimated Ioad EWH and load offects. in space 15 continuous and difierentiable, and ) the residual standard deviation of the| |

variations is obviously reduced. and the residual statistical average tends to zero

Step 4: Estimate the residual EWH and 10 kinds of residual load effect weekly variation

grid time series.

Call the function [Time-varying gravity field monitoring from heterogeneous variation
time series using SRBFs], input the 1'x1' zero-value grid file zero60s.dat, and estimate the

residual EWH weekly variation grid time series ewh***.dat and the following 10 kinds of

residual load effect weekly variation grid time series files from the heterogeneous residual

observation variation record time series file with the setting parameters above, while output

residual variation time series files rnt***.txt.
(1SRBFgeoid***.dat is the residual load effect grid file on geoid or height anomaly (mm),
(2)SRBFterrgrav***.dat is the residual load effect grid file on ground gravity (uGal),
(3)SRBFgravdist***.dat is the residual load effect grid file on gravity disturbance (uGal),
(4)SRBFgrndtilt***.dat is the residual load effect vector grid file on ground tilt (SW, to the
south and to the west, mas),
(5)SRBFvertdefl***.dat is the residual load effect vector grid file on vertical deflection

(SW, to the south and to the west, mas),
(6)SRBFhorzdisp***.dat is the residual load effect vector grid file on horizontal

displacement (EN, to the east and to the north, mm),
(7)SRBFelliphgt***.dat is the residual load effect grid file on ground radial displacement

(mm),



(8)SRBForthohgt***.dat is the residual load effect grid file on ground normal or
orthometric height (mm),

(9 SRBFgradient***.dat is the residual load effect grid file on gravity gradient (radial, mE)
and 10SRBFhorzgrad***.dat is the residual load effect vector grid file on horizontal gravity
gradient (NW, to the north and to the west, mE).

. . . o X
Step 4: Estimate the residual EWH and 10 kinds of residual load effect
weekly variation grid time series
Load deformation field approach from heterogeneous T g gravity field from
= Vanations using spherical radial basis functions * yariation time series using SRBFs & Agorthm of SRBF Approach
| @ Open the geodetic variation record time series fle | @ Open the calculation surface height grid file [ Create or select the resuls folder 4.1 Save program process as
Column ordinal number of the first 5 s >> [Function] From various heterogeneous geodetic variation time series, using spherical radial basis function approach method in spectral domain, estimate  ~
epoch time in header | the regional surface load equivalent water height (EWH) and full-element load effect grid time series (usually employed to represent regional time-varying
ol ordiel rambes of e st 7 = 1
variation in record | = eader contains the time serles leng| fime. Record format.
The column ordinal number of the ¢ = . weight, variation type, ..., variations arranged in time series length (default value is 3999 0000)
variation type inrecord — % iation record time series file C:/ETideLoad4.5_win6den/examy imples/Landwdfmonitordemo/heterobst
The column ordinal number of the '57 _' - Look at the file |nlofma!|en in the window below and set the file parameters of the record time series..
weights in record >> Open the surface height grid file C:/ETideLoad4.5_\ dat.
Mean distance between geodetic sites 6.0 km =7] | >> Create or select the results folder C/ETideLoadd.5_
= The program outpuls the land waler EWH grid time seres e ewh™.dat resklualvaiaton tme seres fles it and ul-slement oad effetgrid tme
Eammelercfihe Z'T;R::;:ws:' e series files. . Her is the sampling epoch time which is also saved as the last column attribute
= _radial multipole kemel SRBFgeold"' dal is the load effect grid file on geold or height anomaly (mm), = H |
orderm [0 @ SRBFterrgrav™" dat is the load effect grid file on ground gravity (Gal). using the setting parameters |
R — @ SRBFgravdist™™.dat is the load effect grid file on gravity disturbance (uGal), Just designed
maximum degree 900 2 SRBFgmdtilt™.dat is the load effect vector grid file on ground tilt (SW, to the south and to the| b
B ype of adjustable variations gravity disturbance var jution of normal equaf iangular ~ # Import setting parameters
burial depth of "y 0 = | [ Type of adjustabi tions _ gravity disturba Solution of I equation LU triangular decomp: Import setti met
Bjerhammar sphere L
action distance of SBRF center | 200km 21| | contribution rate x of adjustable variations| 1.00 2| Cumulative SRBF approach times 1 B & Start Computation

Parameters of cumulative SRBF appoach
Select SRBF | radial multipole kemel
orderm 0
minimum degree | 720
maximum degree 1800
a;«m??'n?ﬁéfiﬁﬁ‘ez 5.00am
action distance of SBRF center 60km
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@ The geodetic variations here can be one or more of the following five types of variation. & Height anomaly variations (mm) from GNSS-leveling monitoring network, @) disturbance gravity variations (uGal) from GNSS-gravity
monitoring network or CORS-gravity tide stations, 3 ground gravity variations (uGal) from gravity monitoring network or gravity tide stations, @) geodetic height variations (mm) for CORS network or GNSS monitoring network, 5
normal or orthometric height variations (mm) from leveling monitoring network, and ® equivalent water height variations (cm) from hydrological monitoring stations.

@ The effectiveness principle of the parameter optimization and cumulative approach. (D The estimated load EWH and load effects in space is continuous and differentiable, and
variations is obviously reduced, and the residual statistical average tends to zero.

the residual standard deviation of the




Heterogeneous collaborative monitoring: 42 CORS stations, 7 gravity tide stations and 11 hydrological stations
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Collaborative monitoring results of 1°x1‘ regional groundwater EWH weekly variation grid time series

Where *** is the sampling epoch time from the heterogeneous variation record time
series file header, which is also saved as the last column attribute of the load effect grid file
header.

The residual load EWH variation here does not contain surface observed load variation,
which can be considered as groundwater EWH variation. Therefore ewh***.dat are the
heterogeneous collaborative monitoring results of the groundwater EWH weekly variations,
while the residual load effect weekly variation can be considered as the groundwater load
effect weekly variation.
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1'x1" regional groundwater load effect weekly variation (mm) grid time series on ground orthometric height



Tl

3 En i s ol w5 w s o

2 o » o > o » o
— L —

1'x1’ regional groundwater load effect weekly variation (mE) grid time series on gravity gradient
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Step 5: Calculate and restore the observed surface load effect full-element grid time
series to generate the heterogeneous collaborative monitoring results of land water load
deformation field full-element grid time series.

According to the computation process of section 4.10.1, calculate the full element weekly
variation grid time series of the observed surface load effect. The process is omitted in this
example.

Call the function [Weighted operations on two groups of grid time series], directly add
the full element weekly variation grid time series of the observed surface load effects to the
full element weekly variation grid time series of the residual (groundwater) load effects,
respectively, to generate the regional 1'x1' full-element weekly variation grid time series of
land water load effects, which are the heterogeneous collaborative monitoring results of land
water full-element load deformation field.

Step 5: Calculate and restore the observed surface load effect full-element grid time series to generate the
heterogeneous collaborative monitoring results of land water load deformation field full-element grid time series

Weighted operations on two groups of (vector) grid time series

. Weighted operations on two record _ Construction of record time series _ Weighted operations on two _ Weighted operations on two groups
" time series with same specifications ** from batch discrete point files "™ groups of grid time series " of vector grid time series
| ) Open any grid time series file of the group 1 I >> Program Process ** Operation Prompts 4.} Save program process as
Set the wildcard of the file names C:/ETideLoad4.5_\ fload_nog P0190508]dat ~
Ordinal number of the first wildcard in the file na S Ci/ETideLoad4.5_wi fload_nog " 190515(dat
) - Ci/ETideLoad4.5_1 fload_ 2)
Number of consecutive wildcards in the file name \ - C/ETideLoad4 5 i fload i dat
o A C:/ETideLoad4.5_ i fload. i
[ () Open any grid time series file of the group 2 | ¢ JETideLoad4.5_ i fload_ 190612|dat
Set the wildcard of the file names C:/ETideLoad4.5_) fload_ 190619{dat
Ordinal number of the first wildcard in the file nal 4 S ?fﬁﬂﬂﬁ!“’af‘}i— ::wu-no;mun Wik, ::b %190703 dat
Number of consecutive wildcards in the file name \ 10 = C:/ET|deLoad4.5: uuau: 190710fdat
< Ci/ETideLoad4.5_ it fload_t 190717|dat
Select operation mode Ci/ETideLoad4.5_\ i fload_ 190724|dat
Plus + v C:/ETideLoad4.5_wil i fload_ 190731|dat
C:/ETidelLoad4.5_ fload_nog
Thefirstweight 1.00 = Thesecond weight 1.00 | C:/ETideLoad4.5_) fload_nogro 190814{dat
C:/ETideLoad4.5_ fload_t R0190821|dat

>> Setting parameters have been imported in the program!
** Click the control button [Start computation], or the tool button [Start computation]....
>> Computation start time: 2023-05-18 15:23:19
>> Complete the weighted operations of two groups of grid time series files! There are 26 pairs of grid time series files operated |
>> Computation end time: 5 73 v

F5) Set the results folder 3 Import setting parameters & Start computation
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Collaborative monitoring results of 1°x1’ load effect weekly variation (pGal) grid time series on ground gravity

The main technical features of ETideLoad4.5's algorithm of the heterogeneous
collaborative monitoring to surface load and time-vary gravity field are in following.

(1) The algorithm can effectively solve the problems of high-degree oscillation and poor
convergence of Green's function and spectrum leakage and singularity of Green's integral
in the near area around the calculation point, and then realize the collaborative monitoring
of GNSS, gravity, leveling, ground tilt and groundwater strictly according to solid geophysical
analytical constraints.

(2) There are rigorous analytical relationships between observation equations in the
algorithm, and heterogeneous observation variations are deeply fused according to the

8



standard deviation of cofactor matrix to avoid the load deformation field affected by the
observation errors. The algorithm has high stability and universality, which is suitable for
massive computation of multiple time series collaborative monitoring.

(3) The algorithm has the functions of geophysical signal spatial and spectrum domain
separation and measurement equipment parameter calibration, which can improve the
medium and long-term monitoring ability of gravity tide station, groundwater monitoring
station and ground tilt station, and enhance the level of collaborative monitoring of space,
terrestrial and marine geodesy.
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Collaborative monitoring results of 1'x1" load effect weekly variation (mas) vector grid time series on ground tilt



