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Abstract: With global warming, extreme weather such as floods and waterlogging occurs more
frequently and seriously in recent years. During the flood, the surrounding environment of the GNSS
(Global Navigation Satellite System) station will change as the volume of water increases. Considering
the multipath error is directly relevant to the observation environment, thus, the influence of flood on
the L4 combination observation (a geometry-free ionosphere-free linear combination of carrier phase)
which is related to the multipath error of GPS (Global Positioning System) and GLONASS satellites
is investigated in depth. In addition, the ground track repetition periods of GPS and GLONASS
satellites are analyzed in the sky plot to illustrate the rationality of chosen reference day. Based on
the results of the satellite sky plot, one and eight days are adopted to demonstrate the influence of
flood on L4 combination observation for GPS and GLONASS satellites, respectively. Real data sets
collected at the ZHNZ GNSS observation station during the flood from DOY (Day of Year) 193 to
DOY 204, 2021 are used. Experimental results show that the flood has a significant impact on the
L4 combination observation of GPS and GLONASS satellites, and the fluctuation of L4 under flood
performs much larger than that of without flood. For GPS satellites, the maximum RMS (root mean
square) increase rate of L4 under flood is approximately 186.67% on the G31 satellite. Even for the
minimum RMS increase rate, it can reach approximately 23.52%, which is the G02 satellite. Moreover,
the average RMS increase rate of GPS and GLONASS satellites can reach approximately 109.53% and
43.65%, respectively. In addition, the influence of rainfall and hardware device are also investigated,
which can further demonstrate that the fluctuation of L4 is mainly caused by the flood but not by the
rainfall and hardware device elements. Thus, based on the above results, the influence of flood on L4
observation should be taken into account during the applications of L4 used, such as the retrieval of
soil moisture and vegetation water content based on GNSS L4 combination observations

Keywords: GPS; GLONASS; ground track repeat period; L4 observation; flood

1. Introduction

Floods are one of the common natural disasters, mainly caused by short periods of
extremely heavy precipitation, which seriously threaten the safety of people’s property
and life. For example, the flood in South Asia in 2020 lasts for about six months [1], and
the flood in Zhengzhou, China in 2021 caused damage to many buildings [2,3]. Thus,
accurate temporal and spatial information based on GNSS technology should be provided
in order to improve the efficiency of rescue during floods and to protect human life and
property [4,5]. For example, providing an accurate location for the people affected by the
flood based on the GNSS technique can improve real-time rescue. However, whether the
GNSS signal will be affected by flood needs to be analyzed and investigated.

During a flood, the GNSS (Global Navigation Satellite System) observation station
is surrounded by water, which is different from the environment without flooding. The
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multipath error is caused by different transmission paths of signal, which is mainly related
to the reflection and refraction coefficient of objects around the station [6–8]. The influence
of water on GPS (Global Positioning System) pseudorange multipath has been analyzed by
Cai et al. and the results show that the multipath error in the water environment performs
more seriously compared with without water [9]. After investigating the relationship
between multipath error and common surfaces at normal incidences on GPS L1 frequency,
Michael indicated that the reflection coefficient of water is approximately three times
greater than that of dry soil, and the attenuation factor of water is approximately 9.45 dB
larger than that of dry soil [10]. Su et al. demonstrated the relationship between flood and
multipath error in theory, both theoretical and experimental results show that the multipath
error performs more seriously during the flood compared with dry soil [11]. Based on the
above analysis, the characteristics of multipath error are closely related to the environment
of observation and will be influenced during the flood. Thus, the GNSS observation related
to multipath error should be re-evaluated and analyzed during the flood.

In the field of GNSS, although original pseudorange and carrier phase observations
are largely affected by the multipath error, it is difficult to extract multipath errors from
these two observations [12]. Thus, considering the characteristics of multipath error, two
types of observation named CNR (Carrier-to-noise Ratio) and L4 are usually used to reflect
the multipath error in the field of GNSS. The CNR can be obtained directly from the
observation file, which is denoted as SNR (Signal-to-noise Ratio) in the RINEX (Receiver
Independent Exchange Format) file [13]. In terms of CNR observation, the relationship
between multipath error and CNR is illustrated by Axelrad et al. [14], and a new method
based on CNR is proposed to detect the multipath effect for GPS satellites. Similar methods
can also be found in Strode and Groves [15], Zhang et al. [16], and Su et al. [8]. Considering
that the multipath error performs more seriously during the flood, Su et al. investigated the
influence of flood on the CNR of GPS satellites, the results indicate that the CNR during the
flood performs lower than that without flood [17,18]. In addition, Su et al. demonstrated
that not only the CNR of GPS satellites was affected during the flood, but also the CNR of
GLONASS satellites [11]. Based on previous references, the CNR related to multipath error
is significantly affected during floods.

Considering that some of the low-cost receivers cannot provide the CNR observation,
thus, the L4 combination observation is also used to reflect the multipath error. However,
the influence of flood on L4 combination observation has not been analyzed. L4 combina-
tion observation is obtained by making the difference between L1 and L2 frequency [19].
Considering that L4 is an ionosphere-free geometry-free linear combination, thus, it is
widely used for studying ionospheric disturbance, multipath effect, and parameter re-
trieval [20–22]. Based on the triple frequency signal of GPS satellite, an improved L4 linear
combination of geometry-free phase observations is developed to detect snow depth by
Yu et al. [23]. Meanwhile, Qian et al. proposed using the L4 observation of the GLONASS
satellite to detect the snow depth [24]. By considering the influence of regional ionosphere
disturbance, Li et al. developed a new method using L4 observation to establish TEC
(Total Electron Content) model [22]. In addition, Zhou et al. presented a new sea-surface
altimetry method by using dual-frequency ionosphere-free carrier phase L4 combination
observation [25]. Based on the above analysis, it can be found that the L4 observation can
be used in many applications, thus, it is necessary to analyze the influence of flood on
L4 observation.

Taking the above into account, the relationship between multipath error, flood, and
L4 combination observation is illustrated in theory. Then, the influence of flood on L4
combination observation of GPS and GLONASS satellites is analyzed in depth. In order to
ensure the accuracy of comparison results, the satellite ground track repeat period of GPS
and GLONASS is presented in the sky plot. In addition, the influence of other elements
such as rainfall and hardware device is also investigated.
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2. Relationship between Multipath Error, Flood, and L4

The multipath error means that both direct and indirect (such as reflection and refrac-
tion) signals can be received during the process of GNSS signal receiving. The amplitude
of the indirect signal is affected by the size, shape, and reflection coefficient of the object
surface, as well as the incident angle. The reflection coefficient is also dependent on the
characteristics of the reflective surface. For example, when the incident angle is 90◦, the
reflection coefficient of dry soil is 0.27 and the attenuation of the signal is approximately
−11.4 dB on GPS L1 frequency. However, the reflection coefficient of fresh water is 0.80 and
the attenuation is −1.95 dB [10]. Thus, the multipath error during the flood is different
from that of under dry soil.

To demonstrate the relationship between multipath error and L4 observation, a
schematic multipath error model is given first. In addition, the reflection signal is taken
as an example to analyze the multipath error for convenience. The simple multipath error
model on the GNSS receiver is presented in Figure 1.

Atmosphere 2023, 14, x FOR PEER REVIEW 3 of 15 
 

 

to ensure the accuracy of comparison results, the satellite ground track repeat period of 
GPS and GLONASS is presented in the sky plot. In addition, the influence of other ele-
ments such as rainfall and hardware device is also investigated. 

2. Relationship between Multipath Error, Flood, and L4 
The multipath error means that both direct and indirect (such as reflection and re-

fraction) signals can be received during the process of GNSS signal receiving. The ampli-
tude of the indirect signal is affected by the size, shape, and reflection coefficient of the 
object surface, as well as the incident angle. The reflection coefficient is also dependent on 
the characteristics of the reflective surface. For example, when the incident angle is 90°, 
the reflection coefficient of dry soil is 0.27 and the attenuation of the signal is approxi-
mately −11.4 dB on GPS L1 frequency. However, the reflection coefficient of fresh water is 
0.80 and the attenuation is −1.95 dB [10]. Thus, the multipath error during the flood is 
different from that of under dry soil. 

To demonstrate the relationship between multipath error and L4 observation, a sche-
matic multipath error model is given first. In addition, the reflection signal is taken as an 
example to analyze the multipath error for convenience. The simple multipath error 
model on the GNSS receiver is presented in Figure 1. 

 
Figure 1. Simple multipath error model on the GNSS receiver. 

For a given incident angle θ and the height h of the antenna from the reflection sur-
face, the delay δ of the reflection signal relative to the direct signal can be calculated by 
the trigonometric function, which is expressed as follows: δ = 2h sin θ (1) 

In theory, the angle in Equation (1) is not a fixed value, but a value that changes over 
time. Moreover, the difference in phase between the reflection signal and the direct signal 
can be calculated as follows [26]: φ(t) = 2πδ(t)λ = 4πhλ sin θ(t) (2) 

where h is the height of the antenna; λ is the wavelength of the signal; θ(t) denotes the 
satellite elevation angle. The phase of the direct signal is defined as follows [27]: ψ(t) = 2π(φ(t) + N) (3) 

Figure 1. Simple multipath error model on the GNSS receiver.

For a given incident angle θ and the height h of the antenna from the reflection surface,
the delay δ of the reflection signal relative to the direct signal can be calculated by the
trigonometric function, which is expressed as follows:

δ = 2h sin θ (1)

In theory, the angle in Equation (1) is not a fixed value, but a value that changes over
time. Moreover, the difference in phase between the reflection signal and the direct signal
can be calculated as follows [26]:

ϕ(t) = 2πδ(t)
λ = 4πh

λ sin θ(t) (2)

where h is the height of the antenna; λ is the wavelength of the signal; θ(t) denotes the
satellite elevation angle. The phase of the direct signal is defined as follows [27]:

ψ(t) = 2π(ϕ(t) + N) (3)

where N represents the integer ambiguity. The relationship between the direct signal,
reflection signal, and the received signal is given by [23]:

S(t) = Ad sinψ(t) + αAm sin(ψ(t) +ϕ(t)) (4)
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where Ad and Am are the amplitude of the direct and reflected signals; α denotes the
amplitude of attenuation factor (AAF), which is related to the elevation angle, antenna
surrounding environment, and the antenna gain [21]. Equation (4) can be written as:

S(t) = (Ad + αAm cosϕ(t)) sinψ(t) + αAm sinϕ(t) cosψ(t) (5)

It should be noted that the above analysis mainly discusses the relationship between
multipath error and GNSS received signal in theory. However, in the practical application,
L4 can be directly obtained by making a difference between L1 and L2 frequency, which is
expressed as follows [19]:

L4 = L1 − L2 (6)
where L1 and L2 denote the GNSS signal on different frequencies. The L4 consists of the
constant bias (integer ambiguity), ionospheric error, and multipath error. Thus, to analyze
the multipath error, the average moving model and low-pass filter method are used to
remove the constant bias and the ionospheric error component in Equation (6). Based on
the above analysis, the relationship between multipath error and L4 can be denoted by the
residuals of L4. Thus, the residuals of L4 are used to analyze the influence of flood on L4 in
this experiment.

3. Site, Data, and Rainfall Description

Data sets collected during the flood at Zhengzhou ZHNZ station, China (34.5◦ N,
113.1◦ E) from DOY 193 to DOY 204, 2021 are used. The station is operated by the Crustal
Movement Observation Network of China. Both GPS and GLONASS signals can be
received by a geodetic dual-frequency receiver. The sample rate of data sets is 30 s. The
surrounding environment of the receiver is dry soil. The geographical location of the GNSS
ZHNZ observation station located in Zhengzhou City, Henan Province, China is shown
in Figure 2.
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Figure 2. The geographical location of ZHNZ station, located in Zhengzhou City, Henan Province, China.

The accumulative rainfall from DOY 193 to DOY 204, 2021 in Zhengzhou, China is ob-
tained by the weather station, as presented in Figure 3. The rainfall data can be downloaded
from the website: https://q-weather.info/weather/57083/history/ (12–23 July 2021). The
weather station was established by the National Meteorological Information Center of
China. The distance between the weather station and the GNSS observation station is
about 5 km.

https://q-weather.info/weather/57083/history/
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Figure 3. Accumulative rainfall from DOY 193 to DOY 204, 2021 in Zhengzhou, China.

From Figure 3, it can be seen that the rainfall mainly occurred on DOY 200 and
DOY 201, 2021. From DOY 200, the rainfall began to increase sharply, and the peak of
rainfall reached 188.72 mm on DOY 201. The rainfall began to decrease from DOY 202 and
stopped on DOY 204, 2021. The flood is caused by the heavy rain which lasted for two
days from DOY 201 to DOY 202, 2021. In addition, it should be noted that the flood is not
only caused by the rainfall, but also caused by the discharge of water from the adjacent
reservoir. The geographical location of the reservoir and the GNSS station are demonstrated
in Figure 4.
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4. Experiment Analysis and Results

Based on the real data sets collected during the flood, the influence of flood on
L4 combination observation of GPS and GLONASS satellites is analyzed. In addition,
considering that the characteristic of L4 is related to the surrounding environment of
the observation station, the azimuth and elevation should keep consistent during the
comparison. Thus, the satellite ground track repeat period is presented in the view of the
sky plot. Both the influence of rainfall and hardware device are investigated to further
demonstrate that the influence of flood on L4 is mainly caused by the flood but not by
other elements.

4.1. Influence of Flood on L4 for GPS Satellites
4.1.1. Ground Track Repeat Period of GPS Satellite

To analyze the influence of flood on L4 combination observation for GPS satellites,
the ground track repeat period of GPS satellite is investigated first. As is well known, the
repeat period of the satellite relative to the ground stationary receiver is twice as long as the
operation period of the satellite. The operation period of a GPS satellite is approximately
11 h and 58 min. Thus, the ground track repeat period of a GPS satellite is almost equal to
one solar day. The ground track of the G10 satellite on DOY 199, DOY 201, and DOY 202,
2021 in the view of the sky plot is presented in Figure 5.
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Figure 5. Ground track of G10 satellite on DOY 199 (red), DOY 201 (green), and DOY 202 (black),
2021 in the view of sky plot.

From Figure 5, it can be observed that the satellite elevation angle and azimuth of the
G10 satellite on these three days are totally consistent with each other. This phenomenon
denotes that the ground track of the G10 satellite on DOY 199, DOY 201, and DOY 202,
2021 is identical. Based on the relationship between multipath error and L4 observation,
if the surrounding environment of the observation station keeps constant, the L4 should
also remain stable. This can indicate that the changes in L4 are caused by the environment
around the observation station, not by the satellites. Thus, to analyze the influence of flood
on L4, data sets collected from two adjacent days can be used to compare and analyze.
In addition, considering that DOY 200 and DOY 201 are affected by rainfall and local
small-scale floods, DOY 199 is used to compare with DOY 202 in this experiment.
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4.1.2. Influence of Flood on GPS L4 Observation

The comparison results of L4 residuals on G10, G18, G23, and G32 satellites between
DOY 199 and DOY 202, 2021 are presented in Figure 6. The red line denotes the residuals of
L4 on DOY 202 (with the flood), and the blue line denotes the residuals of L4 on DOY 199
(without flood). It can be seen that the fluctuation of L4 residuals on DOY 202 performs
obviously higher than that of DOY 199 for these four satellites. To better demonstrate this
phenomenon, the RMS of L4 residuals on DOY 199 and DOY 202 are given in each subplot.
For example, the RMS of L4 residuals on the G10 satellite increases from 0.14 cm to 0.41
cm during the flood on DOY 202, and the increase rate of RMS reached approximately
192.86% compared with DOY 199. In addition, the 90% confidence intervals (CI) of the L4
residuals are also calculated. By comparing the CI for the same satellite on DOY 199 and
DOY 202, it can be concluded that the range of fluctuation of the L4 residuals is significantly
larger on DOY 202 than on DOY 199. It should be noted that, in order to eliminate the
influence of random noise, only data sets which elevation between 30◦ and 90◦ are used
for calculations and comparisons. Based on the above analysis, it can be drawn that the
presence of floods increases the fluctuations of the L4 residuals for these satellites.
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Figure 6. Residuals of L4 on G10, G18, G23, and G32 satellites. The blue line denotes the L4 residuals
collected on DOY 199 (without flood), and the red line denotes the L4 residuals collected on DOY 202
(with flood).

To better demonstrate the difference in L4 residuals between DOY 199 and DOY 202,
2021, the histogram of the amplitude of L4 residuals and relative frequency are shown in
Figure 7. The residuals of L4 combination observation can be divided into four categories.
From Figure 7, it can be observed that the distribution of L4 residuals on DOY 199 and
DOY 202, 2021 is significantly different from each other. The residuals of L4 which are
larger than 0.25 cm on DOY 202 are more than that of DOY 199. The maximum difference
is approximately 0.35. Considering that the total number of G10 satellite epochs is 754,
thus, the difference between them can reach approximately 261 epochs, which accounts for
34.60% of the total epochs. Thus, it can be concluded that the residuals of L4 on DOY 202
fluctuate more significantly than the residuals of DOY 199. In addition, it should be noted
that the same phenomenon can also be found in other satellites.
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In order to further analyze the influence of flood on L4 of GPS satellites, the RMS
increase rate of other GPS satellites is presented in Figure 8. The RMS increase rate can be
expressed by the following equation:

RMS increase rate =
RMS202 − RMS199

RMS199
(7)

where RMS202 refers to the RMS of the L4 residuals of a certain satellite on DOY 202;
RMS199 refers to the RMS of the L4 residuals of a certain satellite on DOY 199.
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It should be noted that to ensure the accuracy and convenience of data processing,
the satellites selected here are all satellites with high elevation angles and continuous
observations. It can be seen that the residuals of L4 of all these satellites on DOY 202
increased to a certain degree compared with DOY 199. The average RMS increase rate is
approximately 109.53% for all GPS satellites. In addition, the maximum increase rate is G31
satellite, and the RMS increase rate of L4 residuals is approximately 186.67% compared
with DOY 199. It should be noted that the RMS increase rate of G02 and G20 is relatively
lower than that of other satellites. For example, in terms of the G02 satellite, the RMS
increase rate of L4 residuals is only approximately 23.52%. This is mainly because the flood
is very small in the starting stage of these two satellites. A similar phenomenon can also be
found on the G13 satellite.

Based on the above analysis, it can be inferred that the influence of flood on L4 is
significant, and the residuals of L4 perform obviously greater fluctuation during the flood.
However, there is rainfall on DOY 202, 2021, and whether this abnormal phenomenon is
caused by the rainfall or hardware device is not considered. Thus, further analysis should
be provided to eliminate the effects of rainfall and hardware devices.

4.1.3. Influence of Rainfall on L4

In order to eliminate the influence of rainfall on L4 observation, data sets collected on
DOY 198 and DOY 200, 2021 are used. The rainfall on DOY 200 is 73.91 mm, but there is
no rainfall on DOY 198. This information can be observed in Figure 3. There is no flood
in these two days. Thus, whether the increase of L4 residuals is caused by the rainfall can
be analyzed by using data sets from these two days. The comparison results of the G10
satellite on DOY 198 and DOY 200, 2021 are presented in Figure 9.
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From Figure 9, it can be seen that the fluctuation of L4 residuals on DOY 200 is almost
the same as that of DOY 198. The slight difference between them is mainly caused by the
random noise. This result can be further reflected by the RMS of these two series, which
are 0.18 and 0.22 cm for DOY 198 and DOY 200, respectively. In addition, it is obvious that
there is a large fluctuation both at the beginning and the end of these two series. The reason
for this phenomenon is that the elevation angle of these two stages is low, and the multipath
error and random noise perform more seriously than that at high elevation. This result can
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also be found in Su et al. [28]. Moreover, it should be noted that the same phenomenon
can also be found on other satellites. Based on the above analysis, it can be concluded that
the influence of rainfall on L4 is very small and can be ignored. Thus, the increase of L4
residuals during the flood is not caused by rainfall.

4.1.4. Influence of Hardware Receiver on L4

In order to analyze whether the increase of L4 residuals is caused by the hardware
device, the residuals of L4 on the G10 satellite between DOY 199, 2021, and DOY 204,
2021 are compared. The reason for choosing these two days is because DOY 200, DOY
201, DOY 202, and DOY 203 are influenced by rainfall and local small-scale floods. The
comparison results are demonstrated in Figure 10. The blue and red lines denote the
residuals of L4 on DOY 199 and DOY 204, 2021, respectively.
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Figure 10. Residuals of L4 on DOY 199 and DOY 204, 2021 for G10 satellite. The blue and red lines
denote the residuals of L4 on DOY 199 and DOY 204, respectively.

From Figure 10, it can be found that the residuals of L4 of the G10 satellite on DOY 199
and DOY 204 almost keep exactly the same as each other. This phenomenon is similar to
the results of L4 on DOY 198 and DOY 200, which are presented in Figure 9. The RMS of
residuals of L4 on DOY 199 and DOY 204 are 0.14 and 0.16 cm, respectively. These results
indicate that the performance of the hardware device before and after the flood is stable
and keep normal during these days. The data sets collected from this observation station
are processed and uploaded automatically, and there are no maintenance and malfunction
record reports during the flood. Considering that the probability of automatic recovery
of the receiver damaged on the day of the flood is extremely low, thus, the increase of L4
residuals during the flood is not caused by the hardware device.

Based on the above analysis, it can be found that the influence of rainfall and hardware
device on L4 is very small and can be ignored. Thus, it can be concluded that the influence
of flood on L4 combination observation is significant for GPS satellites, and the residuals
of L4 perform obviously increasingly during the flood. This result is consistent with the
theoretical analysis.
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4.2. Influence of Flood on L4 for GLONASS Satellites
4.2.1. Ground Track Repeat Period of GLONASS Satellite

Different from GPS satellites, the orbital period of GLONASS satellites is approxi-
mately 11 h and 16 min. Thus, based on the simplest fraction method [17,29], the ground
track repeat period of GLONASS satellites for the stationary receiver is approximately
8 solar days. In order to demonstrate this phenomenon, the ground track of the GLONASS
R24 satellite on DOY 193, DOY 201, and DOY 194, DOY 202 are presented in the view of the
sky plot. The width of lines on DOY 201 and DOY 202 is narrower than that of DOY 193
and DOY 194 to make it clear that these two lines overlap almost exactly.

From Figure 11, we can find that the satellite elevation angle and the azimuth of R24
satellite on DOY 194 perform consistently to that of DOY 202. In addition, it is obvious
that the ground track of DOY 193 and DOY 201 is totally different between DOY 194 and
DOY 202. This is different from GPS satellites, in which the ground track repeat period is
approximately one solar day. Thus, to analyze the influence of flood on L4 for GLONASS
satellites, data sets collected on DOY 194, 2021 should be used to compare and analyze.
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Figure 11. Sky plot of the GLONASS R24 satellites on DOY 193, DOY 194, and DOY 201, DOY 202, 2021.

4.2.2. Influence of Flood on GLONASS L4 Combination Observation

The influence of flood on GLONASS L4 combination observation is analyzed, and the
results are presented in Figure 12. The blue and red lines denote the results of L4 residuals
on DOY 194 and DOY 202, respectively. Four satellites including R03, R05, R18, and R24
are selected to illustrate this phenomenon in this experiment. From Figure 12, it is obvious
that the residuals of L4 of all these four satellites on DOY 202 (with the flood) perform
larger than that of DOY 194 (without flood). The RMS of all these series is given at the
bottom of each subplot to further demonstrate the influence of flood on L4. For example,
it can be seen that the RMS of the R18 satellite on DOY 194 is only 0.48 cm. However,
the RMS increased to 0.85 cm during the flood on DOY 202. The increase rate of RMS of
L4 residuals on the R18 satellite is approximately 77.95%. Moreover, this trend can also
be found according to the range of 90% CI. In addition, it should be noted that the same
phenomenon can also be found in other GLONASS satellites.
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Figure 12. Residuals of L4 on R03, R05, R18, and R24 satellites. The blue line denotes the residuals of
L4 collected on DOY 194 (without flood).

In order to further analyze the influence of flood on L4 of GLONASS satellites, the
RMS increase rates of all other GLONASS satellites are presented in Figure 13. It can be
seen that the residuals of L4 of all these satellites on DOY 202 perform obviously larger
than that of DOY 199. The average RMS increase rate can reach approximately 43.65% for
all satellites. In addition, the maximum increase rate is R19 satellite, and it is approximately
79.84% compared with DOY 199, 2021. Although the increase rate of the same satellites is
relatively small, such as R04 satellite, it is mainly because the flood is small in the starting
stage of this satellite.

Atmosphere 2023, 14, x FOR PEER REVIEW 12 of 15 
 

 

 
Figure 12. Residuals of L4 on R03, R05, R18, and R24 satellites. The blue line denotes the residuals 
of L4 collected on DOY 194 (without flood). 

In order to further analyze the influence of flood on L4 of GLONASS satellites, the 
RMS increase rates of all other GLONASS satellites are presented in Figure 13. It can be 
seen that the residuals of L4 of all these satellites on DOY 202 perform obviously larger 
than that of DOY 199. The average RMS increase rate can reach approximately 43.65% for 
all satellites. In addition, the maximum increase rate is R19 satellite, and it is approxi-
mately 79.84% compared with DOY 199, 2021. Although the increase rate of the same sat-
ellites is relatively small, such as R04 satellite, it is mainly because the flood is small in the 
starting stage of this satellite. 

 
Figure 13. RMS increase rate of L4 residuals on DOY 202 compared with DOY 194 for GLONASS 
satellites. 

−5

−2.5

0

2.5

5 R03 DOY: 194 DOY: 202

−5

−2.5

0

2.5

5 R05

0 200 400 600 800
Epoch (30s) 

−5

−2.5

0

2.5

5 R18

0 200 400 600
Epoch (30s) 

−5

−2.5

0

2.5

5 R24

90% CI (−1.99,1.30) (−2.28,1.89) 90% CI (−1.60,1.38) (−2.44,2.13)

90% CI (−1.19,1.14) (−1.96,1.92) 90% CI (−1.27,1.32) (−1.58,1.33)

RMS RMS

RMSRMS

0.57 (cm) 0.74 (cm)0.77 (cm)

0.48 (cm) 0.85 (cm)

1.13 (cm)

0.36 (cm) 0.52 (cm)

Figure 13. RMS increase rate of L4 residuals on DOY 202 compared with DOY 194 for
GLONASS satellites.



Atmosphere 2023, 14, 934 13 of 15

Based on the above analysis, it can be concluded that the influence of flood on L4
observation is obvious for GLONASS satellites, and the residuals of L4 perform a sig-
nificant increase during the flood. This phenomenon is consistent with GPS satellites.
Thus, the influence of flood on L4 combination observation should be considered in the
related applications.

5. Conclusions

The L4 combination observation can be used to analyze the ionosphere delay, mul-
tipath error, and parameter retrieval. However, whether the characteristic of L4 will be
influenced during the flood has not been researched in depth. Thus, by using real datasets
collected during the flood, this research investigated and analyzed the impact of the flood
on GPS and GLONASS satellites on L4 observations.

First, the relationship between the multipath error, flood, and L4 combination ob-
servation is illustrated in theory. The multipath error performs more severely during the
flood because the reflection coefficient of water is three times larger than that of dry soil.
Furthermore, after adopting the averaging and filtering methods, the multipath error can
be reflected by L4 combination observation. Thus, the influence of flood on L4 observation
can be analyzed by the residuals of L4. To ensure the accuracy of comparison results, the
ground track repeat period of GPS and GLONASS satellites is investigated in the view
of the sky plot. The results indicate that the one and eight solar days should be used to
analyze the influence of flood on L4 for GPS and GLONASS satellites, respectively.

Real data sets collected during the flood in Zhengzhou, China from DOY 193 to
DOY 204, 2021 are used. The flood appeared on DOY 202. Experimental results show that
the influence of flood on L4 observation is obvious, and the RMS of L4 residuals during the
flood performs significantly larger than that of without flood. For example, the average RMS
increase rate of all GPS satellites under flood can reach approximately 109.53% compared
to without flood, and even the smallest RMS increase rate is approximately 23.53%. In
terms of GLONASS satellites, the average RMS increase rate is 43.65%, while the maximum
RMS increase rate is 79.84%. In addition, the influence of rainfall and hardware device is
analyzed, and the results indicate that the influence of these two elements is very small
and can be ignored. Based on the above analysis, it can be drawn that the increase in L4
residuals during floods is mainly caused by floods and not by other factors.

In conclusion, the influence of flood on L4 combination observation of GPS and
GLONASS satellites is obvious, and the fluctuation of L4 performs more severely during
the flood. Thus, when L4 observation is used to mitigate multipath error or parameter
retrieval (such as soil moisture or vegetation water content) under a flood environment, the
influence of flood should be considered.
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