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ABSTRACT Geological hazard monitoring plays a pivotal role in preventing geological hazards. The main
challenge faced by many experiments is to quantitatively monitor and analyze geological hazards. This
paper proposes a quantitative monitoring indicator, called the ground surface stability anomaly (GSSA),
for the first time and gives the identification criterion of the GSSA based on three stability factors. The
features of the three stability factors, including geodetic height, ground gravity, and vertical deviation,
reflect the relationship between load-induced changes and geological hazards. To verify the effectiveness and
applicability of the GSSA quantitative monitoring method, a regional GSSA model was constructed based
on the continuously operating reference station (CORS) network data and load impact data in southeastern
Zhejiang, China. The larger the value of the GSSA is, the more likely geological hazards are to occur,
especially when an abnormal dynamic environment (such as heavy rainfall, sea level anomaly, atmospheric
pressure anomaly, or spring tide) is encountered. By comparing the GSSA with the potential trouble points
of geological hazards and 40 geological hazard events that have occurred, the results show that the method
can quantitatively, accurately, and continuously monitor the GSSA in an area covered by the CORS network,
and the method has the ability to capture the precursors to geological hazards.

INDEX TERMS Ground surface stability anomaly, CORS network, load impact, geological hazard moni-
toring, GNSS.

I. INTRODUCTION
Geological hazard monitoring has received considerable crit-
ical attention, and it plays a pivotal role in preventing geolog-
ical hazards. Geological hazards occur frequently in south-
eastern Zhejiang, China, which mainly include debris flows,
landslides, and collapses. Geological hazards threaten the
local living environment, life and property, which is why
geological hazard monitoring has become more significant
in this area [1].

The main task of geological hazard monitoring is to obtain
information on the process of geological hazards in time and
space, including deformation, geophysical and geochemical
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fields, groundwater and predisposing factors [2]–[5]. Much
work has thus far focused on deformation monitoring, which
has become one of the main bases for geological hazard
prevention [6]–[8]. Interferometric synthetic aperture radar
(InSAR), remote-sensing sensors, global navigation satellite
systems (GNSS), geodetic surveying, and terrestrial laser
scanning technologies are all conventional methods of defor-
mation monitoring [9]–[14]. Stress monitoring, earth pulsa-
tion measurements, geochemical methods and geoacoustic
monitoring are commonly used for monitoring geophysical
and geochemical fields [15]–[18]. The common methods of
groundwater monitoring are themeasurement of groundwater
level (or groundwater pressure), pore water pressure and
groundwater quality. Heavy precipitation and engineering
activity, monitored by meteorological means, are the main
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FIGURE 1. The distribution of CORS and weather stations in southeastern
Zhejiang.

predisposing factors of geological hazards [3], [7], [19]–[24].
The predisposing factors including heavy rainfall, sea level
anomaly, atmospheric pressure anomaly, and spring tide, are
called abnormal dynamic environments in this paper.

Despite its long success, geological hazard monitoring
has many problems in practice. InSAR and remote sens-
ing are usually used to monitor slow-moving landslides,
but they are not efficient in monitoring faster and more
catastrophic events. Continuous regional-scale monitoring
has been largely underexplored, and too little work has been
devoted to it [25]–[27]. Continuously operating reference sta-
tion (CORS) ground-fixed observation stations continuously
observe satellite navigation signals for a long period of time
to obtain observation data and transmit the observation data
to the data center in real time or at regular intervals through a
communication facility [3]. Several studies have revealed that
the CORS network can continuously obtain the dynamic posi-
tioning information of fixed stations in the area as a spatial
reference for dynamic monitoring, and provide sufficient data
support for continuous regional-scale monitoring [28]–[30].
However, the key problem of geological disaster monitoring
is the lack of an effective quantitative indicator to monitor
and analyze geological disasters. Quantitativemonitoring and
early warning systems are limited by a large amount of
background information and the complexity of geological
hazards [31]–[39].

This study proposes a new quantitative monitoring method
for ground surface stability anomalies (GSSAs). To real-
ize continuous regional-scale monitoring of geological haz-
ards, the geodetic height, the ground gravity and the vertical
deviation have been introduced as stability factors, which
reflect the relationship between load-induced changes and
geological hazards. The present study was designed to deter-
mine GSSA quantitative indicators based on the relationship
between the load impact of the three stability factors and
geological disasters. It is worth mentioning that this method
refers to regional-scale monitoring and analysis rather than
analysis of on one specific site. It is a ‘top-down’ approach
as defined by Cascini(2008), and contributes a novel insight
to the quantitative monitoring of geological hazards [40].

To verify the validity of the method, a regional GSSA
model was constructed based on the Zhejiang CORS network
data from January 2015 to December 2017 in southeastern
Zhejiang, China. By comparing the GSSA with the potential
danger points of geological hazards and 40 geological hazard
events that have occurred, the reliability of this method can
be tested.

II. METHODS
A. LOAD DEFORMATION THEORY
Changes in the ground environment lead to changes in load
and thus to changes in stability factors [3], [41], [42].The
surface environmental load changes mainly include the load
impact caused by changes in the atmosphere, soil moisture,
sea level and groundwater [42]–[46]. Load change can be
illustrated by equivalent water height (EWH) [41], [42],
[47]–[49]. Based on the load deformation theory, the normal-
ized load spherical harmonic expansion is:

1hv(ϕ, λ) = R
∑L

i=1

∑l

m=0

×
[
1Cq

lm cosmλ+1Sqim sinmλ
]
P̄lm(sinϕ) (1)

where (ϕ, λ) represents the geocentric latitude and longi-
tude of the ground calculation point, while Cq

lm,1S
q
lm is the

normalized load sphere harmonic coefficient with degree l
and order m · P̄l m (∗) . l is the fully normalized associated
Legendre function with degree m and order.

Each load change can be expressed by EWH. The changes
in the position of the ground station or the changes in ground
gravity caused by EWH change can be expressed by the load
Green’s function integral method [3], [41], [42], [47].

1θ (ϕ, λ) = Gρv

∫∫
S

1hw
(
ϕ′, λ′

)
n

G(ψ)dS (2)

where
(
ϕ′, λ′

)
is the ground flow point; G is the gravitational

constant; n is the spatial distance from the flow point to the
calculation point; S is the surface area of the earth; ρw ≈
103 kg · m−3 represents the density of water; G(ψ) is the
general load Green’s function; and ψ is the spherical angular
distance.

Based on the theory of load spherical harmonic coeffi-
cients, the load changes of the surface environment can also
be calculated by the spherical harmonic coefficients.

The changes in geodetic height can be calculated by:

ε(ϕ, λ) = 3
ρx

ρe

GM
γR

∑L

i=2

h′l
2l + 1

·

∑l

m=0

[
1Cq
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]
P̄ln(sinϕ)

(3)

The changes in ground gravity can be calculated by:

gt (ϕ, λ)

= −3
ρw

ρe

GM
R2
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l=2

l + 2 h′l − (l + 1)k′l
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·
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(4)
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FIGURE 2. A schematic diagram of the solutions of the quantitative monitoring indicator GSSA.

The changes in vertical deviation can be calculated by:
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In Eqs. (3)-(5), k ′l is the load Love number; h′l is the radial
load Love number; R ρe ≈ 5.5× 103 kg ·m−3 calculates the
average density of the solid earth;M is the mass of the earth;
R is the average radius of the earth; r illustrates the distance
from the calculation point to the earth’s core, and γ is the
average gravity on the ground.

According to Eq. (2), the changes in nonlinear ground
height at the CORS station can be expressed as:

1r = Gρw

∫∫
S

1hw
(
ϕ′, λ

)
n

G(ψ)′dS+ ε (6)

where G(ψ)r is the radial load Green’s function and ε is the
nonload vertical deformation (vertical tectonic deformation
and vertical deformation of the groundwater balance). The
daily solution of ground height can be calculated using CORS
network data. Due to the abundant rainfall in the study area,

the effect of groundwater balance is not obvious, and vertical
tectonic deformation is very small, so this paper treats it as
random noise [42].

Eq. (6) is used directly to invert the load impact caused by
changes in the regional surface environment (atmosphere, soil
moisture, river, lake, and groundwater changes). However,
due to the complexity of the surface environment, the inver-
sion stability and the accuracy of the results are low. As shown
in Figure2, the load impact of atmospheric pressure, soil
moisture and sea level can be calculated by using Eqs. (3)
to (5). Then, the three load impacts are removed from the
changes in the nonlinear geodetic height of the CORS station
to obtain the changes in the residual load geodetic height
(this step can be called ‘remove’). The inversion results of the
residual load equivalent water height can be solved by using
Eq. (6). The residual load impact can be achieved according
to the load Green’s function integral method. It should be
pointed out that residual load impact is mainly caused by
the influence of groundwater. Finally, we add the three load
impacts and the residual load impact to obtain the total load
impact (this step can be called ‘restore’). The total load is
the surface environmental load mentioned above. The accu-
racy and stability of load influence inversion results based
on CORS network data can be improved by ‘remove’ and
‘restore’ technology [20], [41], [48], [50].

B. QUANTITATIVE SOLUTIONS OF GSSA
Using the above methods, this study obtained the load defor-
mation field model in the study area. The method that quanti-
tatively calculates the GSSA will be further explained below.
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FIGURE 3. The total load impact of three stability factors in southeastern Zhejiang.

The geodetic height, ground gravity and vertical deviation are
all important variables for geological hazard monitoring, and
they are distinctive both in the temporal dimension and all
spatial dimensions in regard to the sensitivity of the GSSA.
The changes in ground gravity are so sensitive in the temporal
dimension that it helps to quickly capture the signal of GSSA.
However, because its functioning range tends to be inversely
proportional to the square of distance, the spatial range of
the changes is hard to recognize. In comparison, geodetic
height is less influenced by distance since it is only inversely
proportional to distance, so it tends to be more sensitive in
regard to the spatial range but less sensitive in the temporal
dimension. Since these two variables are isotropic, vertical
deviation is introduced, which can obtain GSSA informa-
tion in different directions, not to mention its sensitivity to
far-zone effects. In this paper, the three variables are called
stability factors [3], [41], [51].

According to the relationship between the three stability
factors and geological disasters, the quantitative identifica-
tion criteria of GSSAs are proposed, as shown in Table 1.
Criterion 1 in which there are changes in geodetic height
and ground gravity, points to the uplift of the ground; cri-
terion 2 leads to local uneven deformation of the ground.
Criterion 1, concerning the vertical deviation, the results
in the surrounding ground being stretched; criterion 2 cre-
ates an extra tractive force along the slope direction. Mean-
while, criterion 3 mainly considers the impact of slope on

the GSSA. Obviously, any of the above phenomena will
lead to an increase in the risk of geological hazards and
the value of the GSSA according to Eq. (7). Terrain hor-
izontal gradient and slope data were calculated based on
CORS network data. Then, the computational formula of
the GSSA can be developed from the criterion illustrated
below:

GSSAε,g,s = sgn(Aε,g,s)
∣∣Aε,g,s∣∣na Qa

+sgn(Bε,g,s)
∣∣Bε,g,s∣∣nb Qb + sgn(C) |C|nc Qc

Aε,g,s = (aε,g,s − āε,g,s)/σa
Bε,g,s = (bε,g,s − b̄ε,g,s)/σb
Cε,g,s = (c− c̄)/σc

Q∗ =
q∗

qa + qb + qc
(7)

GSSAε,g,s in Eq. (7), respectively represents the GSSA
of geodetic height, ground gravity and vertical deviation;
aε,g,s shows, respectively, the rate of the variation in geodetic
height, ground gravity and vertical deviation, while bε,g,s is
the horizontal gradient of geodetic height and ground gravity
and the vector inner product of rate of change and horizontal
gradient, respectively. c is the value of the slope while āε,g,s,
b̄ε,g,s and c̄ are the averages within certain time series. σa, σb
and σc are the corresponding standard deviations, and na, nb
and nc accordingly represent the exponential parameters; qa,
qb and qc are, respectively, the weight of a, b and c; sgn(∗)
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TABLE 1. The identification criterion of GSSAs.

is the sign function, which is related to the identification
criteria in Table 1. It must be mentioned that GSSAε,g,s is a
dimensionless variable without units.

III. DATA
This study takes the southeastern area of Zhejiang Province
(118.5◦ E-121.5◦E, 27◦N-29◦N) as the study site, and mainly
relies on Zhejiang CORS network data, weather station
measured data and global model observation data of atmo-
spheric pressure, soil water and sea-level anomalies (the
changes in rivers, lakes and reservoirs in this paper have been
omitted).

A. ATMOSPHERIC LOAD
The global atmospheric pressure model was downloaded
from the European Centre for Medium-Range Weather Fore-
casts (ECMWF), and has a monthly resolution of 0.5◦×0.5◦.
As shown in Figure 2, weather station data were down-
loaded from the National Meteorological Information Center
(NMIC), and covers 46 stations along the study area, where
a regional atmospheric pressure model was obtained. The
monthly atmospheric load deformation field changes, with a
resolution of 1′×1′ were solved by using the load deformation
theory and removal and restoration technology in southeast-
ern Zhejiang [41].

B. SOIL MOISTURE LOAD
The Noah ground surface model from the Global Land Data
Assimilation System (GLDAS) mainly includes 0-200 cm of
land surface soil water, plant canopy surface water, and snow
water changes, with a monthly resolution of 0.25◦×0.25◦.
The 360-degree spherical harmonic coefficient was calcu-
lated by Eq. (1) based on the equivalent water height of soil
moisture. The spherical harmonic coefficients were used to
obtain the monthly soil moisture load deformation field with
a resolution of 1′ × 1′ by Eqs. (3) to (5) [46].

C. SEA LEVEL LOAD
The sea level anomaly data were accessed from Archiv-
ing, Validation, and Interpretation of Satellites Oceano-
graphic (AVISO) data and are presented as Maps of Sea
Level Anomaly (MSLA), with a monthly resolution ratio
of 0.25◦×0.25◦. With the elimination of the impact of steric
sea level, the sea level anomaly caused by mass can be
assured [44]. The calculation process of the monthly 1′ × 1′

sea level load deformation field is the same as above [45].

D. RESIDUAL LOAD
The Zhejiang CORS network has been providing centimeter-
scale data in the province since 2008. As shown in Figure 2,
this paper selected the data of 38 CORSs along the south-
eastern coast from January 2015 to December 2017. The
monthly mean value of geodetic height changes was achieved
based on the data of 38 CORSs (the geocentric motion and
polar motion were removed). The load impact of the atmo-
sphere, soil moisture and river and sea level anomalies were
removed, and then the 1′× 1′ inversion results of the residual
load were solved by Eq. (6). It should be pointed out that
residual load impact is mainly caused by the influence of
groundwater [3], [41].

E. TOTAL LOAD
The monthly 1′ × 1′ total load deformation field was calcu-
lated by adding the residual load deformation field and the
load deformation field of the atmosphere, soil moisture and
sea level load [3]. The statistical results are shown in Table 2.

IV. RESULTS AND ANALYSIS
A. THE RESULTS OF THE RELATIVE GSSA
According to Eq. (7), the results of the total load impact
of three stability factors were used to construct the rel-
ative GSSA model by setting the weights of the rate of
change, horizontal gradient and terrain slope, which takes the

208488 VOLUME 8, 2020
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FIGURE 4. The relative GSSA in southeastern Zhejiang.

TABLE 2. Effect of total load on stability factors in southeastern Zhejiang
from 2015 to 2017.

consistency of geological hazardous events and the rela-
tive GSSA as the optimization criterion. After data pro-
cessing by the normalization method, the time series of
the relative GSSA is obtained from January 2015 to
December 2017.

The relative GSSA indicates the changes in the value of the
GSSA from the last month, reflecting the real-time dynamic
and spatial differences in the GSSA. For example, if the
relative GSSA value of the current month is greater than zero,
it means that the stability of the ground has decreased com-
pared with the last month, and the possibility of geological
hazards has increased. As shown in Figure 4, the red part

shows that the value of the relative GSSA is large and the
stability of this location is decreasing.

B. THE RESULTS OF THE GSSA
Using the time series of the relative GSSA, after process-
ing by the accumulation operation and removing the mean,
the GSSA regional model was constructed. The benchmark
of GSSA results is the average of January 2015 to Decem-
ber 2017.Comparedwith the relativeGSSA, theGSSA results
suggest the cumulative effect of the time domain and the
difference in distinctive locations at the same time.

As far as the GSSA is concerned, a large value indicates
that at this time, the stability is low, and a rising value means
a decrease in stability. In detail, (1) within the relative GSSA
(Figure 4), a larger value indicates that the stability of the
ground is decreasing, and when the value starts to increase,
the decrease in stability is intensified. (2) Regarding the
GSSA (Figure 5), a large value indicates that the stability
of the ground is low, and an increasing value means that the
stability is decreasing.

C. MONITORING AND ANALYSIS OF GEOLOGICAL
HAZARDS
To test the practicability and reliability of the GSSA quantita-
tive monitoringmethod, this study compared the difference in
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FIGURE 5. The GSSA in southeastern Zhejiang.

the spatial distribution of the overall GSSA with the potential
geological hazard trouble sites. The data of potential haz-
ardous sites can be obtained from the geological hazard pre-
vention plan of Zhejiang Province. As shown in Figure 6 (the
data of hazardous sites in some districts were not obtained,
so the figure only shows those with valid data), the blue area
with a small value indicates that the ground stability of the
location is good, and it can be considered that the ground
nearby is generally stable. In contrast, the ground stability
is poor in the red area. It is obvious that the potentially
hazardous sites are mainly located in the red area, and their
distribution has a strong consistency with the distribution of
areas with large GSSA values. Therefore, the GSSA quantita-
tive indicators can effectively reflect the difference in ground
stability in a CORS-covered area and provide a significant
reference basis for the discovery of new potential hazardous
sites.

To analyze the relationship among the quantitative moni-
toring indicator GSSA and abnormal dynamics of the envi-
ronment and geological hazards, this study collected data
from news networks and government reports for forty haz-
ardous events that occurred during the time range from Jan-
uary 2015 to December 2017. Figure 7 (a) and (b) show that
on August 21st, 2015, there was a debris flow in Wencheng
County. From June 2015 until the time when the hazard

occurred, the relative GSSA and GSSA values in this place
continued to increase, reflecting a decreasing ground stability
at a gradually accelerated speed. The point in the time series
where the minimum of the relative GSSA and the GSSA
appears is referred to in this paper as the precursor of geo-
logical hazards. It is obvious that the precursor was captured
fifty days ahead of the geological hazard. This hazard was
accompanied by heavy rainfall, and the lowest atmospheric
pressure led to the bulging of the ground and thus the decrease
of its stability in Figure 7 (c). Therefore, heavy rainfall and
low atmospheric pressure are the main predisposing factors
of this geological hazard. On October 10th, 2016, there was a
collapse in Qintian. According to the time series of the rela-
tive GSSA and the GSSA, the precursor occurred ninety days
ahead of the event. When the collapse occurred, in addition
to heavy rainfall and low atmospheric pressure, the sea level
value was regionally at a maximum in Figure 7 (d). Therefore,
the vertical deviation leaned towards the sea and lowered the
stability of the sea side of the mountain. The precursor of the
Taishun debris flow that occurred on August 2nd, 2017, was
captured eighty days ahead of the debris flow. Heavy rainfall
occurred just one day before the hazard, and the sea level
anomaly was at its minimum rather than its maximum. It is
worth noting that when the sea level value was at its mini-
mum, the load caused by the sea level anomaly decreased, and
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FIGURE 6. The overall GSSA and potential hazardous sites in southeastern Zhejiang.

the ground bounced back up, so the stability also diminished.
None of the spring tides were monitored during the three
hazards, but the occurrence of spring tides would lead to the
bulging of the ground and a decrease in gravity, which could
also cause geological hazards. Based on the analysis above,
the precursors to forty geological hazards captured by GSSA
quantitative monitoring methods and abnormal dynamics of
the environment are illustrated in detail in Table 3.

Super Typhoon Soudelor (International Number 1513)
landed on the Zhejiang coast on August 8th, 2015 and influ-
enced the study area to a great extent. Of the forty haz-
ardous events collected, six occurred on August 8th and 9th,
as shown in Table 3. Figure 7 (c) shows that the heaviest
rain occurred in 2015 and a sharp decrease in atmospheric
pressure occurred at the time of the geological hazard. The
heavy rainfall and lowering of the atmospheric pressure
caused by the super typhoon constituted the main predis-
posing factors of the regional geological hazards. Similarly,
the Super Typhoon Megi (International Number 1617) on
December 28th, 2016, resulted in low atmospheric pressure
and the heaviest rain of the year, which caused five of the
geological hazards of the forty hazardous events collected.
Based on the analysis above, the GSSA quantitative monitor-
ing method is demonstrated to be effective in capturing and
obtaining the precursors to geological hazards.

Therefore, in practical applications, a GSSA quantitative
monitoring of geological hazards can be carried out in the
following steps. First, CORS network observations are used

to calculate the effect of regional total load on three stability
factors. Then, we combine the regional total load impact
and the data of the horizontal gradient and terrain slope
and use Eq. (7) to construct the regional model of GSSA
quantitative monitoring. We consider past geological hazards
as prior information. Following the principle that geological
hazards agree with the GSSA model, the best GSSA regional
model can be obtained by gradually adjusting the ratio of
the stability factors. Finally, based on the two features of
GSSA quantitative monitoring (the minimum of the relative
GSSA and the GSSA time series), we constantly trace and
monitor the abnormal dynamics of the environment after the
precursor appears. Thus, regional geological hazards would
be monitored and prevented.

V. DISCUSSION
Normally, the increase in rainfall would correspond with
the decrease in atmospheric pressure. As shown in Table 3,
atmospheric pressure and rainfall are the two major predis-
posing factors concerning geological hazards in the study
area, while tide height tends to be less influential. However,
this conclusion could have been limited by the quality of
observation data since atmospheric pressure and rainfall are
data measured daily by weather stations, while tide height
and sea level change are data measured monthly by global
models, so the resolution ratio and accuracy of the latter two
are not guaranteed. As far as the two features of geological
disaster precursors based on the GSSA above are concerned,
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TABLE 3. The results of geological hazard precursors and abnormal dynamic environments.

when both arise, the GSSA quantitative monitoring method
has a ‘strong’ ability to capture the precursors; when only one
arises, the ability is ‘weak’; if neither appears, the capturing

can be announced as a failure. As shown in Table 4, the GSSA
quantitative monitoring method performs well in regard to
debris flows, with a ‘strong’ evaluation of 91% cases, but not
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FIGURE 7. Illustration of the precursors to geological hazards and abnormal dynamic environments.

TABLE 4. The performance statistics of the approach to capturing
precursors.

very well in capturing collapses. In 75% percent of the 40
geological hazards, the relative GSSA and the GSSA simul-
taneously captured the precursors, and the cases where they
both failed accounted for 5% of the geological hazards. The
causes for geological hazards are complex, and the events in
which capturing of precursors failed might have been caused
by artificial engineering or other nonenvironmental factors.
This concept is beyond the scope of this study. As illus-
trated in Table 4, the precursors to landslides are usually
captured 33 days beforehand, while debris flows and col-
lapses are captured approximately two months beforehand.
The statistical results function as a significant reference to
the application of the method and the analysis of geological
hazards.

It must be noted that the capture of geological hazard
precursors does not achieve prediction, but it could help to
recognize areas that are fragile to hazards and arrange moni-
toring and alerts. In practical applications, we are supposed to
issue alerts at the time when abnormal dynamic environmen-
tal factors are observed, not when there appears to be a pre-
cursor. After the occurrence of geological hazard precursors,
if abnormal environmental dynamics appear, geological haz-
ards are likely to take place. However, without obvious abnor-
mal dynamics, disasters still might occur. Abnormal dynamic
environments are predisposing factors of geological hazards
but are not necessary. In summary, this study demonstrated
the ability of the GSSA quantitative monitoring method to
capture the precursors to geological hazards. The method
also analyzed the relationships among the GSSA, abnormal
dynamics of the environment and geological hazards. There
are also deficiencies: Eq. (7) still needs definite agreement
to resolve the weight; the impact ratio of the three stability
factors on the GSSA requires more experiments and tests.
The calculation of the GSSA is expected to rise in accuracy
and efficiency if the method is to be combined with machine
learning in the next phase of the study. It is obvious that any
single technique is not able to deal with every problem. The
GSSA quantitative monitoring method generates the ability
to capture hazard precursors, and if it is integrated with other
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observing approaches (InSAR, GNSS, level, ground gravity,
etc.), especially with the existing monitoring and alerting sys-
tems, an increase in the early warning ability can be expected.

VI. CONCLUSION
Based on the relationship between the effect of total load on
the three stability factors and geological disasters, this paper
proposes a new quantitative monitoring indicator GSSA
for the first time, and nine quantitative identification crite-
ria(in Table 1) are constructed to calculate the GSSA using
CORS network data. Southeastern Zhejiang is taken as a tar-
get area to test and analyze the practicability and effectiveness
of the GSSA quantitative monitoring method.

The method works well in aspects such as regional-scale
monitoring, continuous monitoring and quantitative monitor-
ing. Through a comparison of the spatial distribution of the
total GSSA with potential hazardous points, this approach is
able to accurately reveal the differences in ground stability.
The focused monitoring of unstable districts provides sig-
nificant references to the discovery of new potential points.
After the monitoring and analysis of forty hazards, the rela-
tion among the quantitative monitoring indicator GSSA,
the abnormal dynamics of environment and geological haz-
ards was expounded, and two super typhoonswere discovered
as the main predisposing factors of many geological hazards
in particular. The results suggest that the GSSA quantitative
monitoring method is capable of capturing precursors of
geological disasters. In practical applications, the method can
effectively identify areas with poor or decreasing ground sta-
bility. Combined with the observation of abnormal dynamics
of the environment, it can accomplish the constant quantita-
tive monitoring and analysis of relative hazards. The method
is presented as a novel insight and approach for quantitative
monitoring of regional geological hazards, and it has both
great significance and reference value to the construction of
an early warning model based on past hazardous events.
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