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Abstract: The CNR (Carrier-to-Noise Ratio) of GPS (Global Positioning System) satellites is highly
relevant to the multipath error. The multipath error is more serious in the flood environment since
the reflection and diffraction coefficients of water are much higher compared to dry soil. Thus, the
amplitude of CNR will decrease in the flood environment. In this study, the relationship between
multipath error, flooding, and CNR is introduced in theory. Then, by using the characteristic of
the orbital repetition period, the stability of CNR between 2 adjacent days in a static observation
environment is demonstrated by 32 MGEX (Multi-GNSS Experiment) stations in different latitude
and longitude regions of the world. The results show that the average RMS of different CNRs
between two adjacent days is only about 0.62 dB-Hz. In addition, the correlation coefficient of CNRs
between two adjacent days is analyzed. The correlation coefficient of the original signal CNR is
0.997. Moreover, after mitigating the influence of random noise and lower CNR, the correlation
coefficients of the fitted CNRs larger than 40 dB-Hz can reach 0.999. Thus, based on the fluctuation
in original CNR, fitted CNR, and seamless series characteristics of CNR, the whole flood process
from occurrence to recession can be retrieved. A flood that occurred in Zhengzhou City, China, from
DOY 200 to DOY 202, 2021 is used to demonstrate the process of retrieval. The experimental results
indicate that the flood appeared at about 15:30 pm on DOY 200, reached a peak at approximately
8:30 am on DOY 202, and totally subsided at about 10:00 am on DOY 202. In conclusion, the CNR can
be effectively used to retrieve the whole process of the flood, which lays a foundation for researching
flood detection and warning based on GPS satellites.

Keywords: GPS; flood retrieval; Carrier-to-Noise Ratio; fitted CNR

1. Introduction

With global warming, floods and urban water-logging caused by extreme weather
have been more frequent in recent years, which dramatically affects the safety of human
lives and properties. Thus, many flood detection and prediction methods have been
developed to reduce the effect of flooding in recent years [1,2]. Basically, these methods can
be divided into three categories: hydrological model [3–6], numerical model [7,8], and SAR
(Synthetic Aperture Radar) satellite technique [9,10]. However, whether the GPS (Global
Positioning System) can be used to retrieve or detect the flood has not been investigated,
and this is a very interesting research topic.

The multipath error is mainly caused by the signal from a satellite arriving at the
receiver via different paths due to the reflection and scattering of the signal [11]. Thus,
multipath error is relevant to the environment of the receiver antenna. Considering that
the environment of the observation station will be changed during the flood, the multipath
error under the environment of the flood is obviously different from the environment
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without the flood [12]. Cai et al. [13] analyzed the effect of the surrounding environment
on GPS and BDS (BeiDou System) satellites; the results show that pseudorange multipath
error is largely increased in the environment with water compared with the open sky. In
addition, Michael [11] demonstrated that multipath error is relevant to the environment,
especially the reflection coefficient of the surface of the object. Experimental results show
that the multipath error induced by dry soil is much lower compared to the water. Thus,
it can be inferred that multipath error is more serious in the environment of the flood
compared to a normal environment without flooding.

CNR observation is mainly used to reflect the quality of the GPS signal. Considering
that the quality of the GPS signal is related to the multipath effect, the multipath effect
can be further reflected in CNR observation. Based on this principle, Axelrad et al. [14]
developed a new method to detect the multipath error for GPS satellites by using the
CNR observation. To mitigate the influence of random noise, Benton and Mitchell [15]
proposed using a filter to extract the multipath error from CNR observation. By using the
difference between different frequencies, Strode and Groves [16] presented a new method
to mitigate the pseudorange multipath error of GPS satellites based on three frequencies.
Zhang et al. [17] demonstrated an improved method to mitigate the influence of carrier
phase multipath error based on CNR statistical strategies. In addition, Su et al. [18] indicated
that the multipath error of carrier phase observation is strongly related to the CNR, and
there is an inverse relation between them. Tian et al. [19] investigated the influence of
marine environments on BDS satellites, and experimental results show that the CNR of BDS
satellites collected in a marine environment is lower than in a land environment. In addition,
Su et al. [20] analyzed the influence of flood on GPS satellites, and results demonstrate
that the CNR collected during the flood performs worse than in an environment without
flooding. Moreover, by utilizing the technique of GNSS-IR (Global Navigation Satellite
System Interferometric Reflectometry), the CNR can also be used to retrieve the soil water
variation [21], snow depth [22], and sea level [23]. Thus, all of the above literature indicates
that the multipath error is strongly relevant to CNR observation.

Based on the above discussion, it can be inferred that the multipath error will increase
in the environment of the flood, and the increased multipath error can further induce the
CNR observation fluctuation in GPS satellites. Thus, taking advantage of the fluctuation in
CNR observation, the whole flood process from occurrence to recession can be accurately
retrieved. The concrete theory and proposed method are provided in the following sections.

2. Related Model and Methods

Before introducing the method to retrieve the whole process of the flood, some related
theories and models are first provided. The theory of the multipath effect is presented,
which can demonstrate why the flood will induce multipath error. By analyzing the
relationship between multipath error and CNR, the main reason that the amplitude of CNR
will be influenced by the multipath error is demonstrated. Moreover, the orbital repetition
period of satellites on the ground is presented, which is mainly used to illustrate how to
determine the selected satellites.

2.1. Theory of the Multipath Error

Multipath error is mainly induced by the reflection and diffraction of a signal; these
non-direct signals can be received by a GPS receiver, which further distorts the received
signal and causes errors in carrier phase and pseudorange observations. Since the physical
surrounding environment of the receiver dictates the multipath effect, the multipath is
significantly different for land, water, glass, concrete, etc. The general multipath effect
environment is demonstrated in Figure 1.

From Figure 1, it can be seen that all multipath signals (including the reflected signal
and scattered signal) pass a longer distance compared to the direct signal. Therefore, the
direct signal will be received first by the receiver antenna, compared with other multipath
signals. The relative delay of multipath signals can be determined based on electromagnetic
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theory. In terms of the relative amplitude of the multipath signal, it is mainly dependent on
the shape, size, and reflection coefficient of the object’s surface. For example, the reflection
coefficient of dry soil and grassy field are 0.27 and 0.33, respectively. However, the reflection
coefficient of fresh water and sea water are 0.80 and 0.81, which are about three times that
of dry soil. Thus, the amplitude of multipath error induced by the water is larger than the
dry soil and grassy field. Moreover, the reflection coefficient is also relevant to the incidence
angle of the signal. Thus, the amplitude of attenuation decreases with the decreasing
satellite elevation angle. For more information, refer to Michael [11]. In conclusion, the
multipath error is more serious during a flood compared to in a normal environment
without flooding.
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Figure 1. Geometric relationship between GPS satellite, receiver antenna, and surface of object for
the multipath effect scenario.

2.2. Relationship between Multipath and CNR

The signal received by GPS receiver antenna not only includes the direct signal from
satellite but also includes the reflect and diffract signals from the multipath inducing
surface. Thus, the received GPS signal can be modeled as follows [24]:

Sm(t) = Ad cos(ϕ · t) + Ai cos(ϕ · t + ∆ϕ) (1)

where Ad and Ai denote the amplitude of the direct signal and the indirect signal; The
indirect signal means the multipath signal, which mainly consists of the reflection and
diffraction signals; ϕ is the phase of the direct signal; ∆ϕ represents the phase shift of the
indirect component signal.

Furthermore, based on the relationship between the CNR, direct signal, and indirect
signal, the amplitude of the received signal can be reflected in the CNR. Considering that
the CNR is positively related to the amplitude of the signal, the received GPS signal can be
further modeled as follows [18]:{

∆ϕm = arctan
(

Ai sin ∆ϕ
Ad+Ai cos ∆ϕ

)
A2

m = CNR2 ≡ A2
d + A2

i + 2Ad Ai cos ∆ϕ
(2)

where Am is the amplitude of the received signal; Ad, Ai, and ∆ϕ are same as the Equation (1).
Thus, from the above analysis, it is clear that the CNR is strongly related to the multipath
effect. Then, the relationship between flooding and the CNR can be established by the
multipath, and this indicates that it is feasible to retrieve the flood by using CNR.

2.3. Orbital Repetition Period of GPS Satellite

In order to demonstrate the fluctuation in CNR for the same satellite, the orbital
repetition period of GPS satellite should be determined first. By using Kepler’s third law,
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the orbital repetition period of GPS satellites can be estimated based on the broadcast
ephemeris [25]. Firstly, the mean motion of a satellite can be calculated by:

n = (GM/a3)
1/2

+ ∆n (3)

where n denotes the mean motion of a satellite; GM is the Earth’s universal gravitational
constant, which is 3.986005 × 1014 m3s−2; a means the semi-major axis of the orbit ellipse;
∆n is the correction to the mean motion; and both a and ∆n can be directly obtained from the
broadcast ephemeris. Secondly, considering that the GPS satellite runs two cycles around
the earth every solar day, the orbital repetition period of GPS satellite is estimated by:

T = 2 × 2π/n (4)

where n is the mean motion which is obtained by Equation (3).
Based on Equations (3) and (4), the orbital repetition period of the GPS satellite is ob-

tained, which is approximately a sidereal day. Furthermore, the accurate shift time between
two adjacent days can be calculated by 86,400-T [26]. Thus, to analyze the fluctuation in
CNR during the flood, the shift time of the satellite should be considered.

3. Proposed Method

To retrieve the whole flood process by GPS CNR and seamless series analysis, two
points should first be determined. The first one is that the CNR must remain consistent on
adjacent days, at the same elevation and azimuth, when the observation station is static.
The second one is that the CNR must vary with the flood, which means that the influence of
flooding on CNR must be significant. Based on these two points, the feasibility to retrieve
the flood by CNR is demonstrated. Then, the proposed method is summarized.

3.1. Stability Analysis of Satellite Ground Repeat Period and Original CNR

In order to demonstrate that the characteristic of the CNR of GPS satellites performs
almost consistently on adjacent days for static observation stations, real data sets collected
from 32 globally distributed MGEX stations were used. The sample interval of data sets
was 30 s, and the elevation cut-off sets were 5 deg. There were nine types of geodetic
receivers, which include the Trimble, Leica, etc. It should be pointed out that the stations
used were randomly determined and we tried to cover as many latitudes and longitudes
as possible. The used MGEX stations are shown in Figure 2.
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Six satellites, which were randomly selected from thirty-two MGEX stations, were
used to analyze the orbital repetition period for GPS satellites, and the results of the skyplot
are presented in Figure 3. The blue line means the results of GPS satellites on DOY 200,
2021. The pink line denotes the results of GPS satellites on DOY 201, 2021. It is clear that
the elevation (denoted vertically) and the azimuth (denoted by the circle) of these six GPS
satellites remain the same as each other between these two adjacent days. This phenomenon
can not only be observed in satellites with continuous observation arcs, such as G04 and
G06 satellites, but can also be observed in discontinuous observation arcs, such as those of
the G10 and G30 satellites. The above results further show that the orbital repetition period
of the GPS satellite is nearly a sidereal day. Thus, the CNR of GPS satellites should remain
consistent between two adjacent days for static observation stations if there is no change in
the surrounding environment.
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The CNR on two adjacent days for some GPS satellites and stations is presented in
Figure 4. The blue dots mean the CNR of DOY 200, 2021. The red dots mean the CNR of
DOY 201, 2021. The CNR of these satellites on DOY 200 and DOY 201 are almost identical
to each other since the blue dots significantly overlap the red dots. Even though there will
be obvious fluctuations at the low elevation angle (both ends of the sequence), the trend
of these two CNR series means they perform consistently with each other as a whole. In
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addition, to further demonstrate this phenomenon, the difference between these two CNR
series is presented by the pink line. It is obvious that most of the differences are lower
than 1 dB-Hz, and this decreases as the elevation angle or amplitude of CNR increases.
Furthermore, the RMS of the difference is presented in each subplot. The maximum RMS is
only approximately 0.56, which appeared on G06 at abmf station. This indicates that the
difference between them is very small.
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Figure 4. CNR of GPS satellites on two consecutive adjacent days at L1 frequency. The pink line is
the difference in CNRs between these two days. The blue dots mean the CNR of DOY 200, 2021. The
red dots mean the CNR of DOY 201, 2021.

In Figure 5, the RMS of the CNR difference between these two days on other satellites
and stations is presented. It is obvious that almost all RMS values are rather small. Con-
cretely, the average RMS is approximately 0.62. Among them, the minimum RMS is from
the G25 satellite, which is merely approximately 0.32. Even for the G27 satellite, which
has the highest RMS, it is still only approximately 0.95. Thus, on the basis of the above
results, we found that the CNR remains almost consistent on two adjacent days at the same
elevation and azimuth levels when the observation station is static.
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Considering that the flood usually lasts several days, the CNR on several adjacent
days was compared by using the data set collected from jplm station from DOY 196 to DOY
200, 2021. The comparison results are demonstrated in Figure 6. From Figure 6, it can be
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found that the CNRs of other adjacent days remain unchanged for the same satellite. This
phenomenon can be found in the color bar—the more yellow the color, the more similar it is.
In addition, R denotes the correlation coefficient between the CNRs, which is presented in
each subplot. It is obvious that all of the coefficients perform very well and are larger than
0.997. Although the coefficient decreases as the time interval increases, it can still reach
approximately 0.997. Thus, the above results indicate that the CNR maintains consistency
on consecutive adjacent days.

Remote Sens. 2023, 15, x FOR PEER REVIEW 7 of 17 
 

 

Figure 5. RMS of the CNR difference between two consecutive adjacent days for other satellites and 

stations at L1 frequency. 

Considering that the flood usually lasts several days, the CNR on several adjacent 

days was compared by using the data set collected from jplm station from DOY 196 to 

DOY 200, 2021. The comparison results are demonstrated in Figure 6. From Figure 6, it 

can be found that the CNRs of other adjacent days remain unchanged for the same satel-

lite. This phenomenon can be found in the color bar—the more yellow the color, the more 

similar it is. In addition, R denotes the correlation coefficient between the CNRs, which is 

presented in each subplot. It is obvious that all of the coefficients perform very well and 

are larger than 0.997. Although the coefficient decreases as the time interval increases, it 

can still reach approximately 0.997. Thus, the above results indicate that the CNR main-

tains consistency on consecutive adjacent days. 

 

Figure 6. Results of consistency analysis on CNR of jplm G04 satellite on several adjacent days. The 

R denotes the correlation coefficient of CNRs between the different days. 

However, it should be noted that there are some epochs that have larger bias (blue 

color), but all of them concentrate on CNRs lower than 40 dB-Hz. As is well known, these 

epochs are at low elevation angles and are mainly affected by random noise. Thus, to mit-

igate the influence of this bias, random noise and the CNR should be considered at low 

elevation angles. 

3.2. Stability Analysis of Fitted CNR 

Although the original CNR exhibits stability on adjacent days, it is still affected by 

random noise, especially at the low satellite elevation angle. Thus, the fitted CNR was 

extracted by adopting a third-order polynomial fitting method to improve the stability of 

CNR. In addition, in order to evaluate the stability of the fitted CNR with a direct signal, 

the data sets presented in the above section were still used. 

In Figure 7, the results of fitted CNRs at different stations and satellites on DOY 200 

(blue dots) and DOY 201 (red dots), 2021 are demonstrated. From Figure 7, it is obvious 

that the fitted CNR with a direct signal performs much more consistently than the original 

CNR. The blue and red lines are almost exactly overlapping each other. The correlation 

coefficient of the CNRs between them is presented by R. It is obvious that all of the coef-

ficients can reach approximately 0.99, which is a slightly better performance than the orig-

inal CNR. However, it is worth noting that the bias between them can also be observed, 

especially for the CNRs for which amplitude was lower than 40 dB-Hz. This phenomenon 

is similar to Figure 6. Thus, to mitigate the influence of this bias, only the CNR with an 

amplitude greater than 40 dB-Hz was used to retrieve the whole process of the flood. 
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R denotes the correlation coefficient of CNRs between the different days.

However, it should be noted that there are some epochs that have larger bias (blue
color), but all of them concentrate on CNRs lower than 40 dB-Hz. As is well known, these
epochs are at low elevation angles and are mainly affected by random noise. Thus, to
mitigate the influence of this bias, random noise and the CNR should be considered at low
elevation angles.

3.2. Stability Analysis of Fitted CNR

Although the original CNR exhibits stability on adjacent days, it is still affected by
random noise, especially at the low satellite elevation angle. Thus, the fitted CNR was
extracted by adopting a third-order polynomial fitting method to improve the stability of
CNR. In addition, in order to evaluate the stability of the fitted CNR with a direct signal,
the data sets presented in the above section were still used.

In Figure 7, the results of fitted CNRs at different stations and satellites on DOY 200
(blue dots) and DOY 201 (red dots), 2021 are demonstrated. From Figure 7, it is obvious that
the fitted CNR with a direct signal performs much more consistently than the original CNR.
The blue and red lines are almost exactly overlapping each other. The correlation coefficient
of the CNRs between them is presented by R. It is obvious that all of the coefficients can
reach approximately 0.99, which is a slightly better performance than the original CNR.
However, it is worth noting that the bias between them can also be observed, especially
for the CNRs for which amplitude was lower than 40 dB-Hz. This phenomenon is similar
to Figure 6. Thus, to mitigate the influence of this bias, only the CNR with an amplitude
greater than 40 dB-Hz was used to retrieve the whole process of the flood.
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Figure 7. Results of consistency analysis of fitted CNR of different stations and satellites on DOY 200
(blue dots) and DOY 201 (red dots), 2021. R is the correlation coefficient of CNRs between these two days.

3.3. Influence Analysis of Flooding on CNR

In order to demonstrate the effect of flooding on the CNR of GPS satellites, the data
sets collected on DOY 199 and DOY 201, 2021 from ZHNZ station were used. ZHNZ station
is located in Zhengzhou City, China. It was influenced by a flood from DOY 200 to DOY
202, 2021. The sample interval was 30 s. The elevation cut-off angle was 5 deg. Concrete
information about the flood is available in Su et al. [20].

The CNR of the GPS G27 satellite at L1 and L2 frequency is presented in Figures 8 and 9,
respectively. The blue line means the CNR of DOY 199, 2021, and there is no flood on this
day. The red line denotes the CNR of DOY 201, 2021, and there is a flood on this day. The
green line denotes the elevation angle. From Figures 8 and 9, it is obvious that the CNR of
DOY 201 performs significantly worse than the CNR of DOY 199, 2021, and the decrease
increases as the satellite elevation angle increases. Thus, the CNR of the G27 satellite at
the low satellite elevation angle is hardly affected. The reason for this phenomenon is
that the multipath error at the low satellite elevation angle is larger than that at the high
satellite elevation angle in the normal environment; thus, it is relatively less affected during
the flood.
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Figure 9. Results of the CNR of G27 satellite at L2 frequency on DOY 199 (blue line, no flood) and
DOY 201 (red line, with the flood), 2021. The green line denotes the satellite elevation angle.

Moreover, the histogram of CNR and relative frequency of G27 satellite on L1 fre-
quency is demonstrated in Figure 10. Based on the range of CNR values, three categories
are used to divide the CNR. From Figure 10, it can be found that the CNR lower than
43 dB-Hz on DOY 199 is more less compared to DOY 201, 2021. On the contrary, the CNR
larger than 43 dB-Hz on DOY 199 is more than that of DOY 201. This phenomenon indicates
that the CNR of DOY 201 performs decrease during the flood. Thus, based on the results
of Figure 10, it can be concluded that the CNR of GPS satellite will decrease under the
influence of flood.
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In addition, it should be pointed out that the above phenomenon not only appeared
for the GPS G27 satellite at L1 frequency but can also be observed in other satellites and
frequencies. In addition, the CNR of other GNSS satellites, such as GLONASS satellites, is
also seriously affected during flooding [27]. Moreover, the decrease in the CNR during the
flood is not caused by other aspects, such as rain, receiver hardware, satellite malfunction,
etc. The above conclusions have been investigated in depth by Su et al. [20]. In conclusion,
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the effect of flooding on the CNR of the GPS signal is significant. Thus, it is feasible to
retrieve the whole flood process by using the fluctuation in CNR.

3.4. Summary of the Proposed Method

From the above analysis, we can conclude that the CNR is consistent in the normal
environment, but it will decrease during flooding. Thus, the whole flood process can be
retrieved by using the fluctuation in CNR and the seamless series analysis method.

The process steps of the proposed method can be concluded as follows: (1) Extract the
original CNR, which was collected during the flood, from the observation file in RINEX
format. (2) Mitigate the random noise by using the wavelet transform denoise method (for
the concrete method, refer to Su et al. [26]). (3) Extract the fitted CNR from the denoised
original CNR by applying a third-order polynomial fitting method (for the method, refer
to Su et al. [18]). (4) Select the appropriate original denoised and fitted CNR by threshold
or elevation angle. For example, only a CNR larger than 40 dB-Hz or a satellite elevation
angle larger than 45 deg can be used. (5) Determine the satellites used to retrieve the flood
by the satellite ground track repeat period; the satellites should cover whole days as much
as possible. (6) Retrieve the rough process of the flood based on all CNRs and seamless
series characteristics. (7) Retrieve the accurate whole flood process based on the fitting of
selected CNRs and the seamless series analysis method. The flowchart of the proposed
method is presented in Figure 11.
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4. Experiment Results and Analysis

The data sets collected at ZHNZ station from DOY 198 to DOY 203, 2021 are used
to evaluate the proposed method. During these days, a flood occurred from DOY 200 to
DOY 202. The GPS observation station (34.5◦N, 113.1◦E), which is located in Zhengzhou
City in Henan Province, was affected during the flood. The sample interval of the
data set is 30 s. The elevation cut-off angle is 10 deg. The GNSS receiver is set on
an observation pier above 3 m of the ground, thus the receiver is not affected by the
flood. Information about the flood can be found on the following website by searching
the keywords: https://view.inews.qq.com/k/20210721A07DRD00?web_channel=wap&
openApp=false&autoopenapp=ampzkqw&pgv_ref=amp (accessed on 20 July 2021).

4.1. Retrieve the Rough Process of the Flood by Using All Original CNRs

In order to demonstrate that the original and fitted CNRs are consistent before and
after the flood, the original and fitted CNRs on DOY 198 (blue), DOY 199 (red), and DOY
203 (green) are presented in Figure 12. The original and fitted CNRs are denoted by dots
and lines, and this convention applies to all the following figures. Five satellites are selected
to cover the whole day. It can be seen that the trends of the original and fitted CNRs on
these three days are almost the same as each other. Although some epochs are different
from each other at low elevation angles, this is mainly caused by random noise. The average
correlation coefficient of fitted CNRs between these three days is also demonstrated, which
is denoted by R3. It can be found that the R3 of all these satellites is nearly 0.99, which further
verifies the consistency. In conclusion, the surrounding environment of the observation
station is similar and stable for these three days. Thus, it can be used as a reference since all
of these three days are not affected by the flood.
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Figure 12. Results of consistency analysis on original and fitted CNRs on DOY 198, DOY 199, and
DOY 203, 2021. The R3 denotes the average correlation coefficient of CNRs between these three days.

In Figure 13, the results of the original and fitted CNRs on DOY 199 and DOY 200,
2021 are demonstrated. The red dots and blue dots mean the original signal CNR of DOY
199 and DOY 200, 2021. The red line and blue line denote the fitted CNR of DOY 199 and
DOY 200, 2021. Five satellites cover the whole day. Based on the fitted CNR, it is obvious
that the CNR decreases after 16:00 pm on DOY 200. Prior to this time, the original and
fitted CNRs on the G21, G06, and G23 satellites are almost the same as each other. Thus, it
can be retrieved that the flood first occurred in the afternoon of the DOY 200, 2021. This
conclusion can be verified in Figure 14, which demonstrates the results of a consistency
analysis of the CNRs of the original and direct signals on DOY 200 and DOY 201, 2021. In
addition, it is obvious that the CNRs of G21, G06, and G23 on DOY 200 are larger than on
DOY 201, 2021. However, the CNRs of G16 and G08 are almost the same as each other.

https://view.inews.qq.com/k/20210721A07DRD00?web_channel=wap&openApp=false&autoopenapp=ampzkqw&pgv_ref=amp
https://view.inews.qq.com/k/20210721A07DRD00?web_channel=wap&openApp=false&autoopenapp=ampzkqw&pgv_ref=amp
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Therefore, the above results demonstrate that the flood occurred on DOY 200 and extended
to DOY 201.
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Figure 15 demonstrates the original and fitted CNRs of DOY 201 and DOY 202, 2021.
Since it is confirmed that there exists a flood on DOY 201, the subsequent fluctuation in the
flood can be directly obtained by comparing DOY 201 with DOY 202. From Figure 15, it is
clear that the CNR of DOY 201 on the G06 satellite is larger compared to DOY 202, 2021.
This indicates that the effect of flooding on the CNR for DOY 202 is larger than that for
DOY 201, and this means that the flood on DOY 202 is more serious than on DOY 201 at
this stage. In addition, it can also be found that the CNR of DOY 201 on the G23, G16, and
G08 satellites is lower compared to on DOY 202, 2021. This phenomenon shows that the
flood begins to subside compared with the morning on DOY 202. Thus, it can be concluded
that the flood peak appeared on the morning of DOY 202.

It is worth noting that the above analysis can only retrieve a rough trend of the flood
since all of the CNRs are used in the process of retrieval. As is well known, the CNR at low
elevation angles is largely affected by random noise, and this will reduce the sensitivity of
CNR to the change in the surrounding environment.
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4.2. Retrieve the Accurate Process of Flood by Selected CNR

To mitigate the effect of the lower CNR and the high-frequency random noise, only
CNRs larger than 40 dB-Hz or elevation angles larger than 45 deg are used to accurately
retrieve the whole flood process. The original and fitted CNRs of DOY 199 and DOY
200, 2021 are presented in Figure 16. In Figure 16, the difference in CNRs between DOY
199 (red line and dots) and DOY 200 (blue line and dots) shows that they are almost the
same as each other in the early stage, including for G14, G15, and G23. However, this
situation changed on the G31 satellite, in which the CNR on DOY 199 is much larger than
that on DOY 200 between 15:00 and 16:00. The accurate time can be clearly observed in
the enlarged rectangular view in Figure 16, which is 15:30 pm on DOY 200. After that,
this bias remained in the subsequent satellites, such as G16 and G07. This phenomenon
indicates that the flood occurred approximately at 15:30 pm on DOY 200. In addition, the
rainfall of DOY 200 is presented in Figure 16, which is denoted by the orange bar. It can
be found that there is heavy rainfall before the flood. The total rainfall before the flood is
approximately 76 mm, which directly leads to the flood. Therefore, the accurate time of the
flood is retrieved by using the selected CNR of the direct signal.
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To further track the situation of the flood, the results of the consistency analysis on
the original and fitted CNRs on DOY 200 (red line and dots) and DOY 201 (blue line and
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dots), 2021 are demonstrated in Figure 17. The satellites used in Figure 17 are the same
as in Figure 16. From Figure 16, it can be observed that the fitted CNR on DOY 201 is
significantly lower than that on DOY 200. This phenomenon indicates that there are floods
during the whole day of DOY 201. It should be pointed out that, by comparing the CNRs
of the G16 and G07 satellites on DOY 201 and DOY 200, the flood on DOY 201 is more
serious than that on the afternoon of DOY 200. However, these results cannot be observed
in Figure 14 since the fitted result of all CNRs will be influenced by the lower CNR. Thus,
this phenomenon indicates that it is necessary to use the larger CNR to accurately retrieve
the flood.
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The results of the original CNR on DOY 201 and DOY 202, 2021 are presented in
Figure 18. It can be found that the fitted CNR of G14 and G06 on DOY 201 is larger than
on DOY 202, but there is an inversion on G15. This phenomenon can be clearly observed
in the enlarged rectangular view in Figure 18. Furthermore, this trend continued for the
subsequent satellites, such as G23, G31, and G07. These results indicate that the flood
reached a crest, compared with DOY 201, and the time was approximately 8:30 am on
DOY 202. In addition, by combining Figures 18 and 19, it can be found that the flood
disappeared at 10:00 am on DOY 202. Since Figure 12 demonstrates that there is no flood
on DOY 203, when the CNR of DOY 202 performs consistently with DOY 203, it means the
flood has disappeared.
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It should be pointed out that the critical point at which the CNR will be influenced by
flooding has still not been determined, thus the time resolution of this method can only
persist for about half an hour. In addition, the flood disappearance retrieved by this method
only means that the water on the ground will not influence the CNR, but it does not mean
that there is no water on the ground.

5. Conclusions

Taking advantage of the influence of flooding on GPS CNR, a new method to retrieve
the whole flood process is proposed. The theory of the multipath effect and satellite ground
track repeat period is presented, and the relationship between the multipath error and the
CNR is introduced. In order to evaluate the feasibility and rationality of the developed
method, real data sets collected from 32 MGEX stations distributed around the world
are used. The orbital repetition period of the GPS on ground satellites is analyzed by
skyplot. The stability of original GPS and fitted signal CNR is demonstrated. The results
show that the average RMS of the original CNR difference between two adjacent days is
approximately 0.62. In terms of fitted CNR, the coefficients between two adjacent days can
reach approximately 0.99. Thus, the flood can be retrieved by using the fluctuation in CNR
between two adjacent days.

Real data sets collected during the flood in Zhengzhou City, China, were adopted to
evaluate the performance of the developed method. Experimental results indicate that
the rough flood process can be effectively retrieved by using all original and fitted CNRs.
The flood appeared on DOY 200 and reach a peak on DOY 202. However, the accuracy
of retrieval is influenced by CNR at a low elevation angle since the random noise is more
serious at a low satellite elevation angle. Thus, to retrieve the accurate process of the flood,
only CNRs larger than 40 dB-HZ or elevation angles larger than 45 deg were used. By
comparing the fitted CNRs of two adjacent days, it can be found that the flood started at
15:30 pm on DOY 202 and reached a crest at approximately 8:30 am on DOY 202. After that,
the flood disappeared at 10:00 am on DOY 202. However, how to find the critical point
at which the CNR will be influenced by flooding, and improve the time resolution of the
retrieval, should be further studied.
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