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ABSTRACT

Micro deformation monitoring system (IBIS-L) using high frequency microwaveas signalfor transmission,
is easily affected by meteorology. How to eliminate the meteorological influence effectively, and
extract useful information from the big data becomes a key to monitor the slope deformation with
high precision by the IBIS-L system. Evaluation of the optimum meteorological correction mode for
Slope Deformation Monitoring to ensure the accuracy of measurement is considered. This objective
was realized by model construction technology, which uses calculation formula of Microwave
Refraction rate, and the radial distance from the target point to the IBIS-L system to estimate the
irreal displacement by meteorological influence. In this paper we examine feasibility and accuracy of
the meteorological correction model via experiment analysis. This experiment takes the Nuozhadu
hydropower station slope monitoring for example. Firstly, the temperature, humidity, air pressure
and other meteorological parameters were measured simultaneously with IBIS-L system monitoring.
Secondly, the measured meteorological parameters were taken into calculation formula of Microwave
Refraction rate. Thirdly, combined with the radial distance from the target point to the IBIS-L system,
the meteorological correction model in using IBIS-L system for slope deformation monitoring was
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established.

1. Introduction

Conventional monitoring techniques, such as inclinometers,
extensometers, GPS or terrain surveys only provides displace-
ment information of a limited number of points in the landslide
zone, but ground-based synthetic aperture radar interferom-
etry technique has proven its ability to monitoring across
displacement, widely used in glacier, volcanoes and other land-
slides monitoring and disaster warning (Fang & Xu, 2012).
In addition, ground-based radar interferometry technique is
not affected by illumination and climate, unlike space-borne
radar under the influence of the carrying platform and satel-
lite parameters without high accuracy (Sabine, Matthias, Carl,
et al,, 2010). Micro deformation monitoring system (IBIS-L)
using stepped frequency microwave as the signal for trans-
mission, susceptible to humidity, temperature, air pressure
and other atmospheric factors. How to eliminate atmospheric
disturbance, becomes the key for the IBIS-L system to achieve
high-precision measurements.

Foreign scholars (Lu & Noferini, 2009) analyzed
the effect of the changes of atmospheric water vapor con-
tent in time and space on ground-based interferometry, put
forward two correction methods by the external auxiliary
data and permanent scattered technique, and successfully
applied to the landslides monitoring of Citrine Valley in Italy.
Iannini & Monti (2011) took the means of statistical anal-
ysis, obtained phase change caused by atmospheric effects
in ground-based radar interferometry, and gave the corre-
sponding compensation. Domestic scholars Zhang, Lu, &
Song (2011) using the corner reflectors as stability control

points, analyzed atmospheric disturbance change in mon-
itoring areas and corrected the disturbance errors, but the
atmospheric variation along propagation path was simple
to be considered as uniform during the observation, only
suitable for short distance observation within 100 meters.
Xu, Zhou, Wang, & Xing (2013) put forward a global envi-
ronmental correction method based on the discrete stable
point, but only suitable for small areas. Hua, Li, Hu, et al.
(2013) studied the influencing factors of correction methods
of determination atmospheric parameters and selection the
stable points, and analyzed their advantages and disadvan-
tages, experiments show that these two methods can effec-
tively correct the environmental impact in short time and
short distance observation.

Each of the previously mentioned ground radar interfer-
ometry meteorological influence calibration methods has its
own unique advantages, but it also has obvious shortcom-
ings: (1) PS technology can solve the issues of space irrele-
vant and time irrelevant, but requires large amounts of data,
the data processing is complex, and it is only suitable for a
small range area with smooth and continuous deformation.
(2) The existing atmospheric model correction method, of
which the atmospheric variation along a propagation path is
simple to be considered as uniform during the observation, is
only suitable for short distance observation within 100 meters.
(3) External auxiliary data for calibration, depending on the
accuracy of external data and interpolation algorithm, and
the auxiliary data with the same resolution of the SAR image
is difficult to obtain.
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Aiming at the existing problems and shortcomings of the
existing technology, this paper provides a Meteorological cor-
rection model for slope deformation monitoring. This model
combines the microwave refractive index change and ground-
based radar interferometry principle, uses experimental anal-
ysis and nonlinear fitting method, and can effectively correct
meteorological influence. The model overcomes the problem
that the atmospheric variation along the propagation path is
simple to be considered as uniform during the observation,
and is suitable for the slope deformation monitoring in the
range of al000 meters. Compared with the previous calibration
model within 100 meters, this model is more practical and
reliable. To further verify the validity of the model, experiments
are carried out in Nuozhadu. Because water vapor distribu-
tion of Nuozhadu hydropower station slope is very complex
and changeable, atmospheric effects in a few hours will pro-
duce centimeter-level additional displacement, which cannot
be ignored. Only by effectively eliminating the meteorolog-
ical influence can we achieve the high precision monitoring
requirements of sub-millimeter.

2. IBIS-L System Monitoring Principle

The micro deformation monitoring system (IBIS-L) uses
synthetic aperture radar, interferometry, and stepped fre-
quency continuous wave and other advanced technology to
obtain high-precision, high-resolution deformation informa-
tion. Among them, the step frequency continuous wave and
synthetic aperture radar technology used to improve range
resolution and azimuth resolution of radar images, and inter-
ferometric techniques were used to extract deformation infor-
mation (Richards, 2001).

(1) Synthetic aperture radar technology

Synthetic aperture radar technology uses phase information of
synthetic aperture radar to extract large-scale, high-precision,
all-weather and three dimensional change information of tar-
get. When the antenna of IBIS-L system is scanning along the
track, which is equivalent to increase antenna aperture, the
angle resolution can be increased to 4.4mrad (Satoshi, Koji,
& Koji, 2011).

(2) Interferometry

Each measurement of the target includes both informa-
tion of the amplitude|I(n)land the phase ¢ . Interferometry
Technology provides the change amount of displacement
through analysis of difference in phase information of the tar-
get reflected wave obtained by the radar system at different
times.d = —A + 47 * (@, — @,), d is the displacement change,
A as radar wavelength, @, — ¢, for radar wave phase differ-
ence (Li, Fielding, Cross, & Muller, 2006 and Linhsia, Daniele,
Giovanni, et al., 2009).

(3) Stepped frequency continuous wave technology
Launching N sets of electromagnetic waves with continuous
frequency at the same time, the pulse duration of each set elec-
tromagnetic wave is T' (Deepika, laeng, & Manabendra, 2015).

It provides high range resolution for the radar. The radar is
able to provide a maximum frequency bandwidth of 3 x 108, the
range resolution of 0.5 m obtained by Ar = C + 2B. According
to the resolution, in the radar monitoring area, every 0.5 m
along the radar sight direction is divided into a monitoring
unit (He, Luo, Huang, et al., 2007 and Zuo, Yan, Wei, Li, &
Y, 2014).

3. Meteorological Correction Model of Slope
Deformation Monitoring

In radar interferometry, the meteorology influence on the elec-
tromagnetic wave propagation is mainly to produce refraction,
which leads to the radar phase delay, and the irreal formation
displacement. So the change of the atmospheric refractive
index n has a significant effect on the interference phase. The
radar wave is a kind of microwave, propagating medium is
troposphere, and the refractive index # is related to the tem-
perature, the pressure and the humidity. The further calculation
process of atmospheric refraction index is as follows:

The formula of saturation vapor pressure on the horizon-
tal plane was recommended by the World Meteorological
Organization (1966).

lge = 10.75947(1 — 1) - 5.028001g 2
+1.50475 X 10 [1 10t .

4.69455(1—1) — 1| +0.78614

+4.2873x 107* [10 0

where g represents the logarithm, g e represents the logarithm
of e, and e is the saturation vapor pressure on the horizontal
plane; T is 273.16 K; T'=273.15 + t, t is the measured temper-
ature (°C), and the scope of t is —49.9- 49.9 °C.

There is a difference between moist air saturation water
vapor pressure, also known as effective saturation vapor pres-
sure, and saturation vapor pressure on the horizontal plane.
According to the World Meteorological Organization (WMO),
moist air saturation vapor pressure was calculated using the
following formula.

¢(1) = f(P)-et)
f(P)=1.0016 + 3.15 - 107°P — 0.074P"" 2)
Where e'(t)represents moist air saturation water vapor pressure,
in unit of hpa; P is the measured air pressure, in unit of hpa; e(#)
is saturation vapor pressure on the horizontal plane calculated
by the formula(1), the unit is hpa;

Microwave refractive index was calculated using Essen-
Froome empirical formula recommended by the international
Union of Geodesy and Geophysics (IUGG, 1963).
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wheren_ - 1indicates that the difference between the refrac-
tive index and one, dimensionless, and €fis the water vapor
pressure, which is calculated according to the moist air satura-
tion vapor pressure computed by preceding formula (2) and air
relative humidity. P, for the partial pressure of CO,, according
to the CO, content in the air, calculate the corresponding car-
bon dioxide partial pressure P,, such as the industry in Yunnan
Province is not developed, the content of CO, in air is about
0.03%, and the corresponding carbon dioxide partial pressure
is P+ 100 * 0.03; P, is partial pressure of dry air, without CO,,
P =P-P,—¢, Pisthe measured pressure.

According to electromagnetic theory, the frequency of radar
wave IBIS-L emitted is f, and the echo phase of target point with
distance of R can be expressed as ¢(f) = (4nf + ¢) [ n(R, t)dy,
where c is the speed of light in vacuum, » for the refraction
rate. The phase delay of the stable point in the scene is related
to refractive index n and the radial distance R. According to
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Table 1. The Refractive Index Change on September 10th, on September 18th, and on September 24t

September 10th September 18th September 24th

time T P H R(*1073) time T P H R(*1073) time T P H R(*1073)
16.110,6 315 9229 03717 0.000 16.152,0 304  925.1 0.667,8 0.000 16.110,6 34 9247 03996 0.000
16.208,4 317 9227 0.365,1 —0.449 16.249,8 304 9251 0.667,8 0.000 16.2084 349 9248 0.369,2 -2.114
16.306,1 31,7 9225 03651 —-0.497 16.347,6  30.5 925 0.661,8 —-0.307 16.306,1 338 9247 0.406,7 0.477
16.403,9 316 9224  0.368,4 —0.321 16.445,3 30.4 925 0.667,8 —0.024 164039  33.1 924.8 0.432,6 2.179
16.501,7 315 9224 03717 -0.121 16.543,1 304 9249 0.667,8 —0.049 16.501,7 32 924.8 0.477,1 4.836
16.599,5 317 9223  0.365,1 —0. 545 16.6409 30.5 9249 0.661,8 —0.331 16.599,5 312 9248 0.512,4 6.785
16.697,3 32 9223 03555 —1.144 16.738,7  30.8 925 0.644,2 -1.154 16.697,3 308 9249 0.531,1 7.789
16.795,0 321 922.1 0.352,3 -1.392 16.836,5 30.9 925 0.638,4 -1.436 16.7950 312 9249 0.512,4 6.810
16.892,8 323 922 0.346,1 -1.814 16.9342 308 925 0.644,2 -1.154 16.892,8 313 925 0.507,8 6.589
16.990,6 327 9219 03340 -2.632 17.0320 305 9251 0.661,8 —-0.283 16.9906 316 925 0.494,4 5.858
17.088,4 332 9219 03196  —-3.620 17.129,8 304 9252  0.667,8 0.024 17.0884 318 9249  0.4856 5.347
17.186,1 335 9218 0.311,2 —4.235 172276  30.1 925.2 0.686,1 0.874 17.186,1 313 9249 0.507,8 6.565
17.283,9 337 9218 03057 —4.628 173253 299 9253  0.698,6 1. 466 172839 312 9249 05124 6.810

the measured meteorological parameters, such as temperature,
humidity and air pressure, calculate the change in atmospheric
refractive index, combined with the radial distance from the
target point to IBIS-L system and the additional displace-
ment by atmospheric effects, establish meteorological cor-
rection model. Because the distance between IBIS-L system
and Nuozhadu hydropower station slope ranges from 500
to1000 m, atmospheric changes on the propagation path during
the observation period cannot be simply regarded as uniform.
The experiments demonstrated Nuozhadu hydropower station
in proximity of atmospheric conditions every 300 meters. In
the range of one kilometer, the increase of the radial distance
accelerates the rate of the additional displacement growth
caused by the atmospheric influence, therefore set 300, 600
and 900 m as the critical value, the deformation in the direc-
tion of the radar line of sight caused by atmospheric effects is

monitored during four oclock to six oclock in the afternoon on
September 10th, September 18th and September 24th, while
obtaining radar data.

4.2. Data Processing
4.2.1. IBIS-L System Radar Monitoring Data Processing

(1) Data calibration and focusing processing

Radar data is one-dimensional signal data, through calibration
and focus processing to get two-dimensional fan images, which
had range resolution of 0.5 m and the azimuth resolution of
4.4 mrad (Liu, 2004).

(2) Interferometric processing
By setting a threshold value (intensity values or coherence

generally above 0.5) to remove the points of bad quality, ensure

AnR(0 < R < 300)

An % 3004+2 % An % (R —
An % 300+ 2 % An % 300 + 3 * An * (R — 300)(600 < R < 900)

300)(300 < R < 600)
(4)

An %300+ 2 * An % 300 + 3 * An * 300 + 4 * An * (R — 300)(900 < R)

Where d expresses the additional displacement caused by
meteorological effect, R for radial distance value between radar
equipment and monitoring points, and An is the change value
of refractive index.

4. Experiment Schemes and Data Processing
4.1. Data Acquisition

The IBIS-L system and meteorological monitoring equipment
was arranged in the observation station on the other side of
the slope. Taking into account stable atmospheric conditions
from three pm until the sun goes down, in order to reduce
the error of meteorological monitoring, the temperature, pres-
sure and humidity, and other meteorological parameters were

Table 2. The Information of Corner Reflectors.

the reliability of the interference images. Data interferomet-
ric processing, select a primary image first, then separately
interfere with the rest of the images. After interference, set
the appropriate filtering window for the filtering processing of
the interferogram, to remove the influence of noise, which can
ensure the continuity of the phase, accelerate the unwrapping
speed and improve accuracy. Phase unwrapping can be carried
out after filtering, to obtain the real phase (Hassene, Sondes,
& Ezzeddine, 2014).

(3) Differential treatment
With differential processing between every two interfero-
grams, obtain the phase change value in the distance direction

at various times and convert into displacement values to get

Pixel P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12
X[ml 299 2487 2149 2747 2671 2347 2059  -2299  —261.5 2873 2483 2452
Ym] 9555 9719 9235 8515 8947 8846 9824 10083 5089 6713 609.5 5729
Thermal SNR[dB] 36.1 384 364 381 38 373 333 345 34 31 27.9 274
Estimated SNR[dB] 253 236 254 285 24.1 26.2 244 208 211 21.1 206 20.7
Coherence 0.83 0.83 086 087 085 0.87 0.86 0.86 0.94 0.89 0.9 0.91
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Figure 1. Line Charts of the Additional Displacement by Meteorological Impact and the Delay Displacement Calculated by Meteorological Model on September 10th.

the deformation (Fukuda & Hirosawa, 1999 and Zhang, Wang,
& Xu, 2012).

4.2.2. Refractive Index Calculation

Because the distance between the target point and IBIS-L sys-
tem is less than 1000 m belongs to the short-range observa-
tion, so the refractive index within the observing scene can
be regarded as the same in a moment, and the spatial varia-
tion is ignored. According to the measured temperature (T),
barometric pressure (P) and relative humidity (H), calculated
the refractive index change value (R), as shown in Table 1.
It is obvious that the bigger temperature, relative humidity
fluctuates from 16:00 to 17:30 on September 24th, the bigger
refractive index change.

4.2.3. Irreal Displacement by Meteorological Influence
Correction

Corner reflectors with strong scattering, high correlation,
high thermal signal noise ratio (Thermal SNR), and high esti-
mated signal noise ratio (Estimated SNR) can be used as stable
points, whose displacement variation was only affected by the
atmospheric turbulence. Corner reflectors appeared red on the
radar signal noise ratio image, according to contrast the images

before and after resettlement, identified all the corner reflectors
on the radar image.

The radar coordinate system is a two-dimensional coordi-
nate system, the origin of the coordinate system in the geomet-
ric center of the track, the X axis is parallel to the geometrical
track, and the Y axis is the direction of the radar line of sight
(He & He, 2009 and Sureerat, Konglo, & Nopparat, 2016).
Thermal signal to noise ratio represents the reflection quality
of electromagnetic waves, the estimated signal to noise ratio
on behalf stability of electromagnetic wave, thermal signal to
noise ratio above 25 dB is the premise to determine the stabil-
ity point, but only the point with thermal signal to noise ratio
above 25 dB, the estimated signal to noise ratio above 20 dB
and the correlation above 0.8, can be determined as the stable
point (Crouse, Nowak, & Baraniuk, 1998 and Zebker, Werner,
etal., 1994). In the experiment, we placed 12 corner reflectors,
whose geometrical position, Thermal SNR, Estimated SNR and
correlation information as shown in Table 2.

According to the additional displacement by meteorological
impact and the delay displacement calculated by meteorologi-
cal model of P1 to P12 on the September 10th, September 18th
and September 24th, 4 pm to 6 pm, draw line charts, as shown
in Figure 1, Figure 2 and Figure 3. The two lines are almost
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Figure 2. Line Charts of the Additional Displacement by Meteorological Impact and the Delay Displacement Calculated by Meteorological Model on September 18th.

consistent, the difference is small, and the results are good. The
two lines cannot be completely consistent, mainly because the
meteorological data was measured at the observation station,
where meteorological conditions were slightly different from
each monitoring points. The closer the observation point is
away from IBIS-L system, the smaller the additional displace-
ment caused by meteorological influence will be, such as p9
to p12. The further the observation point is away from IBIS-L
system, the bigger the additional displacement caused by mete-
orological influence will be, such as p1 to p8. In general, with
the increase of the distance between the monitoring points

Table 3. The Table of Statistical Analysis.

and the radar equipment, the additional displacement caused
by meteorological influence has a tendency to accelerate the
increase, with nonlinearly related. As P9 508.9 meters from the
radar equipment, P8 10,008.3 meters from the radar equip-
ment, but the displacement caused by meteorological influence
of P8 is about three times of P9.

According to the additional displacement by meteorological
impact and the delay displacement calculated by meteorologi-
cal model of P1 to P12, calculated the differences between the
two displacements, the average, the variance, and the standard
deviation of differences, as shown in Table 3. It is not hard to

September 10th September 18th September 24th

Standard Standard Standard
Average Variance deviation Average Variance deviation Average Variance deviation
P1 0.002,5 0.002,269 0.047,631 0.018,182 0.001,451 0.038,095 —0.002,5 0.001,785 0.042,254
P2 —-0.009,17 0.002,574 0.050,738 0.004,545 0.001,916 0.043,769 —0.005 0.001,325 0.036,401
P3 0.01 0.002,967 0.054,467 0.007,273 0.001,638 0.040,472 —-0.01 0.001,25 0.035,355
P4 0.002,5 0.001,569 0.039,607 —0.006,36 0.001,478 0.038,441 —0.004,17 0.002,091 0.045,727
P5 —-0.01 0.001,367 0.036,968 —0.005,45 0.001,698 0.041,201 0.005 0.001,392 0.037,305
P6 —0.004,17 0.001,258 0.035,463 —0.000,91 0.001,59 0.039,876 -0.010,83 0.001,741 0.041,725
P7 0.022,5 0.000,919 0.030,311 —0.015,45 0.001,588 0.039,855 —0.005 0.001,625 0.040,311
P8 0.01 0.000,95 0.030,822 —-0.011,82 0.002,179 0.046,675 —0.005 0.002,008 0.044,814
P9 —0.004,17 0.001,191 0.034,51 0.003,636 0.002,223 0.047,15 0.001,667 0.001,181 0.034,359

P10 —-0.008,33 0.001,181 0.034,359 0.000,909 0.001,863 0.043,16 0.006,667 0.001,972 0.044,41
P11 —0.009,17 0.001,708 0.041,324 0.005,455 0.001,461 0.038,225 0 0.001,15 0.033,912
P12 0.005 0.002,592 0.050,908 0.006,364 0.001,223 0.034,973 -0.002,5 0.002,002 0.044,745
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Figure 3. Line Charts of the Additional Displacement by Meteorological Impact and the Delay Displacement Calculated by Meteorological Model on September 24th.
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Figure 4. Comparative Analysis Diagram of Meteorological Model Correction and GCP Correction.

see that the average value on September 10th, September 18th
and September 24th, within 0.1 mm, the variance and stand-
ard deviation are relatively small, indicating that the meteor-
ological correction model has high accuracy and good effect.
In ground-based radar interferometry, under relatively stable
monitoring environmental conditions, using more sophisti-
cated atmospheric parameters measuring equipment, meteoro-
logical influence correction method by measuring atmospheric
parameters is very effective, which can achieve high-precision
surface monitoring.

4.2.4. Comparative Analysis

Collecting the radar data of a suitable target on September
16, September 17 and September 18, then using permanent
scattered technique and the meteorological correction model
constructed in this paper to correct the displacement caused
by the impact of meteorological, the corrected results are
shown in Figure 4, the left part for the displacement change
trend after GCP corrected, the right part for the displacement
change trend after meteorological correction model amended.
In comparison with the change trend of displacement by GCP



corrected, the change trend of displacement by the meteoro-
logical model corrected with smaller fluctuation, it is obviously
that, meteorological Correction model has high precision, can
effectively correct the irreal displacement caused by meteor-
ological effection.

5. Conclusions and Discussion

This paper focuses on correction model in using IBIS-L system
for slope deformation monitoring. First of all, corner reflec-
tors placed on the slope as stable points, the IBIS-L system
monitoring and temperature, humidity and air pressure and
other meteorological parameters measured simultaneously, cal-
culated refractive index change, combined with the displace-
ment from meteorological impact by IBIS-L monitoring, to
establish meteorological correction model. The results show
that the model can effectively correct meteorological influence,
attain sub-millimeter accuracy in the radar sight direction, and
achieve high-precision surface monitoring. However, atmos-
pheric parameters comparatively stable in the monitoring time
from 16:00 to 17:30, how to get the all day’s meteorological
correction model need further study.
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