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Abstract

In order to find a possible relation between the reservoir level and the deformation of the Sanalona dam, the horizontal and vertical
displacements for a period of 3.5 years using GPS observations were calculated. The GAMIT/GLOBK scientific software was used for
the relative processing of GPS observations and annual speeds over the dam of �6.77 mm/yr, �9.95 mm/yr and �1.62 mm/yr were cal-
culated for the N, E and U components, respectively. In addition, the GNSS reflectometry inversion technique was applied to determine
the daily reservoir level of the dam, the values obtained were compared with the real reference values of graduated rulers in situ. The
GNSS-R achieved a correlation coefficient (q) of 0.97 with a root-mean-square error (RMSE) of 1.36 m and a regression slope of
0.932 m/m. The deformation in the xDam component obtained a greater relation with the reservoir level due to the thrust force generated
on the crest. The results demonstrate that it is possible to use a GPS antenna to carry out two monitoring processes together on a dam:
(1) determination of displacements and (2) calculation of reservoir level.
� 2021 COSPAR. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Dams play an essential role in the socio-economic
development of a country due to their capacity to store
water for human consumption, irrigation of large areas
of agricultural fields, flood control and hydroelectric
energy production, to name a few (Yigit et al., 2016;
Yavas�oğlu et al., 2018). On the other hand, dams are in
constant interaction with the environment and with
hydraulic and geomechanical factors which in most of the

cases induce horizontal and vertical displacements on the
structure of the crest. When displacements exceed the crit-
ical limit, catastrophic damage may occur. For example, in
1975 the Bangiao dam, located in Henan province in cen-
tral China, collapsed as a consequence of a typhoon
impact. This caused that millions of people lost their homes
and a death toll of more than 26,000 was documented
(Yang et al., 2017). Another disaster occurred in 1985 in
northern Italy where the collapse of the Stava dam caused
that 270 people lost their lives (Graham, 1999). Therefore,
one of the main reasons for monitor the structural response
of dams is because although dams are necessary for human
society these represent a potential risk. Thus, it is impor-
tant to monitor its structural response in order to detect
anomalies that could be an indicator of potential failure
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and thereby be able to offer early warnings for appropriate
corrective actions (Bukenya et al., 2014; González-Aguilera
et al., 2008; Konakoglu et al., 2020; Xi et al., 2018).

In general, dam monitoring consists mainly on surveil-
lance, instrumentation, data acquisition, evaluation, analy-
sis, management and decision-making based on the
extracted results (FEMA, 2015). Therefore, different struc-
tural monitoring studies on concrete dams have been carried
out considering geodetic and geotechnical methods
(Ehiorobo and Irughe-Ehigiator, 2011; Kalkan, 2014;
Yigit et al., 2016). For instance, Guler et al., (2006), using
the Karlsruhe geodetic method, evaluated the surface dis-
placements of the Alibey earth dam located on Istanbul,
the results obtained with the geodetic method were com-
pared with respect to those obtained via finite elementmodel
(FEM) analysis and both were in concordance. Moreover, a
three-dimensional (3D) terrestrial laser scanner (TLS) for
structural monitoring of dams was tested (González-
Aguilera et al., 2008). They concluded that a TLS alone is
not sufficient to monitor the structural control of dams since
it is not possible to monitor the same point at different times
ofmeasurement.Also, the implementation ofwhat is consid-
ered as the first GPS deformation monitoring system for
dams was presented by Hudnut and Behr (1998). In specific,
the implementation of a system of continuous monitoring
GPS stations to monitor, since 1995, the displacements of
the Pacoima dam located in California, USA. The results
showed displacements downstream of the dam center during
the autumn andwinter followed by upstreamdeviations dur-
ing the spring and summer, displacements were in the order
of 20 mm. Some of the advantages of Global Navigation
Satellite Systems (GNSS) over traditional surveying meth-
ods such as leveling and trilateration are thatGNSSprovides
stable and continuous observations throughout the year
regardless of weather conditions (Xiao et al., 2019). Another
study was carried out by Yigit et al., (2016), where the
dynamic behavior of the Ermenek dam was studied through
conventional geodetic measurements and the FEM analysis
during the initial filling period. The results showed that the
displacement responses of the dam were related to tempera-
ture variations and the linear increase in the level of the reser-
voir. Additionaly, Acosta et al., (2018) studied the behavior
of an earth-fill dam and analyzed the deformations obtained
by high-precision geodetic techniques and GNSS using
FEM to determine the reference displacements. In the afore-
mentioned study, seven GNSS measurements campaigns
were carried out for some months of years 2008 to 2016.
Then, a comparative evaluation between the predicted
FEM results and the observed deformations demonstrated
differences of 20 and 6 cm on the horizontal and vertical dis-
placements of the dam crest, respectively.

The reservoir level of a dam is one of the most important
parameters to monitor along with three-dimensional dis-
placements (Pytharouli and Stiros, 2005). The high levels
of the reservoir of a dam can influence the local
deformations of the crest due to the thrust force generated
(Yigit et al., 2016). Reservoir levels are traditionally

recorded using measuring stations (graduated ruler). How-
ever, stations can be affected by storms or even systematic
errors (Ridolfi and Manciola, 2018). As an alternative, new
techniques have been developed for water level measure-
ments such as satellite images, drone photography and
GNSS reflectometry (Munyaneza et al., 2009; Ridolfi and
Manciola, 2018; Xi et al., 2018; Song et al., 2019). Thus,
the need to study the behavior of dam reservoirs through
continuous and precise structural monitoring techniques
is well-established. The latter lead to an opportunity of
implement a technique previously tested to measure snow
depth and sea level: the GNSS-R inversion technique, but
this time with the aim of monitor the reservoir level,
regardless the environmental conditions.

In the background literature, different methodologies
for water level retrievals using GNSS-R have been pro-
posed. First, the phase-difference analysis technique
which measures the discrepancy in terms of phase of
the direct and reflected GNSS signals in order to obtain
the direction length variation (Löfgren et al., 2011a,b).
However, this technique demands the use of two anten-
nas. In specific, one antenna is pointed to the zenith in
order to receive direct signals while the second antenna
is pointed to the nadir to receive reflected signals. Sec-
ond, the Signal-to-Noise Ratio (SNR)-based analysis
technique which evaluates the SNR pattern involving
the interference of the direct and reflected GNSS signals
(Bilich et al., 2007; Larson et al., 2013). According to
Joseph (2010), the SNR or carrier-to-noise-density ratio
(C=N 0) is commonly recorded by GPS receivers denoting
the ratio between the signal or carrier power C and the
noise power in terms of spectral density N 0 in units of
decibel-hertz (dB-Hz). Furthermore, the SNR data is
available in the RINEX observation files as observables
S1 for L1 C/A signal, S2 for L2 signal and if available,
S5 for the relatively new L5 signal. The SNR-based tech-
nique analyze the spectral density through the Lomb-
Scargle periodogram (LSP) where its respective dominant
frequency can be used as a reflector height (Larson et al.,
2017, 2013; Löfgren et al., 2014). The latter has the
advantage that only one antenna is required in order
to compute water level retrievals as well as better perfor-
mance during high wind conditions and in obtaining
other sea-state parameters such as significant wave height
(SWH), which is commonly provided by altimetry mis-
sions (Cipollini et al., 2017; Soulat et al., 2004). Never-
theless, it is worth mentioning that the phase-difference
analysis has a relatively higher precision compared to
the basic SNR-based technique (Löfgren and Haas,
2014). In general, spaceborne technology represent a pro-
ficient tool to detect and study phenomena that is likely
to cause negative effects on a dam’s structure over the
years. Hence, this article aims to determine the horizon-
tal and vertical displacements of the Sanalona dam along
to its possible correlation with the reservoir level, calcu-
lated using the GNSS-R inversion technique through the
collection of a set of GNSS spatial data.
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The paper is organized as follows: The processing of
GPS observations to find the displacements and the GNSS
reflectometry technique is documented in Section 2. In Sec-
tion 3 the characteristics of the Sanalona dam are
described. Finally, the results and conclusions are men-
tioned in Sections 4 and 5, respectively.

2. Processing strategy

2.1. Monitoring of displacements on the Sanalona dam with

GPS measurements

2.1.1. Data acquisition

In June 2016 the National Seismological Service (SSN as
its acronym in Spanish) of Mexico installed a continuous
monitoring GPS station on the Sanalona dam for seismic-
ity studies, named SSIG. Its geographic coordinates are 24�
48059.1400N, 107�8041.6500W and its elevation is 130.6 m.
This GPS station comprises a TRIMBLE NETRS receiver
and a TRM57971.00 antenna, the sampling frequency is
1 Hz and it tracks only the GPS constellation. In relation
to the data acquisition, these were provided by the
National Seismological Service, specifically from June
2016 to December 2019 in a binary format and with a sam-
pling rate of 1 Hz. On the other hand, the TEQC software
(Estey and Meertens, 1999) was used in a UNIX script to
convert the binary files to RINEX (Receiver INdependent
EXchange) format and decimate them to the same sample
rate of the stations defining the reference frame (30 s). The
GPS antenna is located on the roof of a concrete structure
that protects the seismic instruments and it is localized on
the crest of the dam. Therefore, the possible displacements
on the dam caused by the pushing force of the water will
also be reflected on the structure. Moreover, the location
of the antenna allowed the multipath errors to be reduced,
improving the final precision. Fig. 1a shows the location of
the GPS station on the dam, and Fig. 1b shows the topog-
raphy that defines the dam. Due the remote access where
SSIG station is installed some technical problems related
with the data transfer belonging to the evaluation period
of this research occurred.

2.1.2. GPS data processing

The GPS data were analyzed using GAMIT/GLOBK
scientific software (Alcay et al., 2019; Herring et al.,
2010) and in order to stablish the reference frame 12 GNSS
stations for continuous monitoring belonging to the IGS
network were used. The minimum and maximum lengths
of the baselines between the reference stations and the
SSIG station are 514 km and 1860 km, respectively. The
observation files were downloaded from June 24, 2016 to
December 20, 2019 which corresponds to a measurement
period greater than 3.5 years. In a global reference frame
and in order to obtain a low speed bias, the minimum rec-
ommended period for the analysis of the coordinates is
2.5 years (Blewitt and Lavallée, 2002), the selected period
exceeds this. Fig. 2 shows the GNSS stations used for the
establishment of the reference frame. Also, Table 1 summa-
rizes the processing parameters used in this study. The time
series generated by GAMIT/GLOBK were edited with the
tsview tool developed by Herring (2003) this in order to
remove the trend of the time series and eliminate outliers.

The coordinates resulting from the GAMIT/GLOBK
process were calculated in the ECEF (Earth-Centred
Earth-Fixed) cartesian coordinates system. However, its
direct use is not suitable for interpreting the horizontal
and vertical displacements of the dam structure due to its
origin (Yigit, 2016). Therefore, to solve this problem the
ECEF (X, Y, and Z) coordinates were transformed to the
NEU (North, East, Up) topocentric coordinate system.
The transformation was performed automatically by
GAMIT/GLOBK and the NEU coordinates can be found
in the output files together with the ECEF and geodetic
coordinates. On the other hand, the N and E axes of the
topocentric coordinates were oriented towards the North
and East directions, respectively. Thus, the horizontal dis-
placements derived from the GPS measurements of the
dam were represented on the N and E axes. Consequently,
the NEU coordinate system and the coordinate axes of the
dam differ; this can be seen in Fig. 3. Therefore, the hori-
zontal topocentric coordinates (N and E) were transformed
to local coordinates of the dam (xDam and yDam) using the
following equations (Yigit, 2016):

Fig. 1. (a) GPS antenna location and (b) topography that defines the dam.
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xDam ¼ N cos bð Þ þ E sin bð Þ
yDam ¼ �N sin bð Þ þ E cos bð Þ ð1Þ
where b is the rotation angle between the topocentric coor-
dinates and the coordinates of the dam. Considering that
the angle b is the heading of the quadrant of the dam’s ref-
erence line due that the xDam-axis is perpendicular to the
yDam-axis, which in turn is oriented towards the reference

stations. So, b was calculated using the coordinates of the
reference stations in order to determine the orientation of
the yDam-axis. Finally, the displacements measured on the
dam were represented in local coordinates of the structure,
where the crest represents the yDam-axis.

Find the effect of the reservoir level with the deforma-
tions of the dam was one of the objectives of this research.
Hence, we applied the moving average filter with a window
of 100 samples to smooth the behavior and reduce the dis-
persion of the time series that correspond to the daily dis-
placements in the horizontal (xDam and yDam) and vertical
(U) components. Thereby, the time series present a behav-
ior that resembles the real displacements of the structure.
In general, the moving average filter is the simplest smooth-
ing method; it consists of a window that replaces each spec-
tral point with the average of the surrounding points within
the smoothing window. Subsequently, the window is
moved one point and the calculation is repeated for the
new point. The general shape of the filter was simplified
as given in Equation (2) (Guzman-Acevedo et al., 2019;
Vazquez-ontiveros et al., 2021):

y ið Þ ¼ 1

L

XL�1

j¼0

x iþ jð Þ ð2Þ

where x() is the input signal (xDam, yDam and U), y() is the
output signal and L is the size of the window.

2.2. GNSS-R data processing

In order to improve water level retrievals, based on the
SNR signals, Nievinski and Larson (2014a) proposed a for-
ward and inverse modeling of SNR data which is based on
a statistically rigorous inverse model that handles internally
a physically forward model to retrieve residuals and obtain
biases that can be translated into reflector height. This
inversion technique was first tested for measuring snow
depth applications (Nievinski and Larson, 2014b; Tabibi
et al., 2017) and later for coastal sea level monitoring
(Geremia-Nievinski et al., 2020). For water level studies,
the inversion technique reported an improvement in preci-
sion terms against the basic SNR-LSP analysis (Geremia-
Nievinski et al., 2020; Strandberg et al., 2016). Hence,

Fig. 2. GNSS reference stations which defined the reference frame for
GAMIT/GLOBK processing.

Table 1
GAMIT/GLOBK processing parameters.

GNSS system GPS

Epoch interval 30 s
Ephemerides IGS final orbits
Elevation mask 10�
Antex file Igs14.atx
Code differential bias Update DCB file
Ambiguity resolution method Wide Lane and Narrow Lane
Observations Code + Carrier phase
Tropospheric models GPT3_1 model
Ionospheric model Global ionospheric
Ocean tide model FES2014b
Reference frame Igb14
Adjustment method Kalman filter

Fig. 3. Orientation of the dam coordinate axes and GPS measurements.
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due the geodetic station SSIG incorporates only one pair of
antenna/receiver and taking into advantage the latest
improvements in SNR data processing, the inversion tech-
nique to retrieve the dam water level measurement was
selected.

As was stated above, the inversion technique is com-
posed of two models, one physical forward model and
one statistical inverse model. In the forward model, the
SNR is represented as the ratio between the signal noise
Pn and the signal power P s, where the latter is composed
by the sum of its respective direct Pd and reflected powers
P r as well as the direct /d and reflected /r phases, as fol-
lows: SNR ¼ P s=Pn. Therefore, the physical model in
SNR terms can be decomposed into the sum of a trend
tSNR and detrended interference fringes dSNR as
SNR ¼ tSNRþ dSNR, in this turn, each term can be defined
as (Nievinski and Larson, 2014a):

tSNR ¼ ðPd þ P rÞ=Pn ¼ ðPR
dG

R
d þ PR

d Xj j2S2Þ=Pn ð3Þ
dSNR ¼ 2

ffiffiffiffiffi
Pd

p ffiffiffiffiffi
P r

p
P�1
n cos/i ð4Þ

From the trend SNR, PR
d is the right-hand circularly

polarized (RHCP) power component, GR
d is the direct

antenna gain which is in function of the satellite direction,
X is the composition of the surface reflection coefficients in
function of the RHCP and Left-hand circularly polarized
(LHCP) components and S is the attenuation factor of
the coherent power. In the detrended SNR, /i is the inter-
ferometric phase which is formulated as the difference
between the reflected and direct phase /i ¼ /r � /d . In this
turn, /i is a function of the geometric component produced
by the propagation delay of both reflected and direct path.
Therefore, an approach of the interferometric phase corre-
sponds to /i � ð2p=kÞH sin e, where k is the wavelength,
i.e., 19.05 cm for the GPS L1 frequency signal, H is the
reflector height and e is the satellite elevation angle with
respect to the antenna. The parameters involved in the
physical forward model are in function of environmental
components such as the surface material composition and
the antenna gain patterns. Hence, in order to assess this
deficiency in the parameters it is necessary to apply correc-
tions based on their optimal values using empirical biases.
Thereby, the new forward model and its respective aug-
mented parameters yields the following (Nievinski and
Larson, 2014a):

Pd ¼ Pd=K ð5Þ
/i ¼ /i � /B ð6Þ
P i ¼ P i=B2 ð7Þ
SNR ¼ Pdð1þ P i þ 2

ffiffiffiffiffi
P i

p
cos/iÞK=Pn ð8Þ

where B is a complex-valued interferometric bias in the

form B ¼ Bj jexpð ffiffiffiffiffiffiffi�1
p

/BÞ which can be enhanced for the
reflection power BdB and phase /B bias as a polynomial
form in function of sin e, respectively. Similarly, the
parameter K is a non-negative real-valued noise power bias

represented in decibels and expanded as a polynomial in

the form KdB ¼ P
j¼0;1;���K

ðjÞ
dBsin

je (Nievinski and Larson,

2014a). The inverse model handles the physical model sta-
ted above to simulate SNR observations expecting no
biases to compute corrections through a least-square pro-
cedure using the residuals between the measured and simu-
lated observations. Thereby, it is necessary to estimate the

linear coefficient phase bias /ð1Þ
B which can be shifted into

the corresponding reflector height bias as HB ¼ /ð1Þ
B k=4p.

Finally, the discrepancy between the pre-fit parameter H
0

and its equivalent post-fit bias HB represents the total

reflector height HT ¼ H
0 � HB (Nievinski and Larson,

2014a).

3. Case study: The Sanalona dam

The Sanalona dam is located on the Tamazula riverbed
at the municipality of Culiacan in northwestern Mexico
and its geographic coordinates are near 24�4805100N, 107�
0900500W (See Fig. 4). The construction of the Sanalona
dam began in 1941 and ended in early 1948. Fifteen years
later, the hydroelectric power plant capable of generating
14 megawatts of electrical energy began to operate. The
dam extends over 5420 ha and has a reservoir capacity of
approximately 673 million cubic meters of water. The
Sanalona dam is a gravity-type dam with rock-fill built
mainly with hauled materials and reinforced concrete.
The dam has a height of 81 m, a crest length and a width
of 415 and 10 m, respectively. Currently, the Sanalona
dam has been operating for 73 years, surpassing the struc-
tural period of life recommended by the National Water
Commission in Mexico (CONAGUA, acronyms in Span-
ish). For this reason, in order to improve the dam struc-
tural performance CONAGUA carried out a
rehabilitation process in the year 2020.

It is worth mentioning that SSIG station was not
installed for GNSS-R water level purposes. Nonetheless,
the site has characteristics that allow the application of
the inversion GNSS-R technique. In this sense, the station
has a clear view of the sky which implies that the receiver
can record direct and reflected GPS signals. However, the
geographical environment around the antenna (vegetation,
rocks and dry soil on a tilted surface, since the station is
over a hill) makes the GNSS-R process a real challenge.
In order to assess this, we analyzed the measured and mod-
eled SNR waveform computed from the forward and
inverse model with the purpose of determine the best fit
or quality multipath signal. Generally, best-fit SNR obser-
vations present a sinusoid form whose amplitude decrease
as the elevation angle increases. In the present case study,
the SNR signals originated in water were marked with a
yellow outline in Fig. 5a. These signals exhibit a sinusoid
form and its amplitude and increasing trend barely varies
over the elevation angle (Fig. 5b and c). This pattern degra-
dation is due to mainly two factors. First, to avoid utmost
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the solid terrain nearby the antenna, the modeled signal
which is based on the measured SNR was shortened to
one degree range. Therefore, it was not possible to observe

the complete SNR sinusoid pattern. Second, since the
height of the antenna phase center over the reflecting sur-
face was relatively high (�8 m) the possibility of second

Fig. 4. Geographic location of the Sanalona dam.

Fig. 5. (a) First Fresnel Zones (FFZ) of the SSIG station (red triangle) for a single day. (b) and (c) shows best-fit SNR samples from both azimuths mask
in yellow with its respective trend (grey line) for the year 2018. (d) presents a deficient SNR sample from land-side azimuth in red (satellite image: Google
Earth). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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reflections interacting with the terrain before reaching the
antenna was exposed.

On the other hand, as the multipath signals interact with
different surface types, i,e., soil, rocks and vegetation, the
sinusoid pattern changes, presenting random forms or
atypical interference fringes (Fig. 5d). Hence, based on
the SNR waveform analysis, we applied an observation
mask dividing the sensing zone azimuth (see Fig. 5a) into
two quadrants (0� to 90� and 270� to 360�) and limited
the elevation angles from 5� to 6�. The sensing zone was
composed in terms of the First Fresnel zones (FFZ), which
are thin ellipses surrounding the antenna. The size of the
FFZ is based on two parameters e and H , which corre-
sponds to the elevation angle of the satellite with respect
to the horizon and the height of the antenna above the
reflecting planar surface, respectively. In addition, the
FFZ position around the antenna is based on the satellite
azimuth (Larson et al., 2017; Löfgren et al., 2011a,b), yet
a portion at the north of the sensing zone without posi-
tioned FFZ was presented due to the GPS constellation
orbital inclination. In this sense, the FFZ length changes
as the satellite track advance over the sky. Then, when
the satellite is setting on the horizon at low elevation angles
the length is increased.

Otherwise, when the satellite is rising in the sky the
length decrease. Fig. 5a illustrates the FFZ at SSIG station
for the L1 C/A frequency (f ¼ 1; 575:4MHz, k ¼ 19:05cm)
with different lengths due to elevation angles of 5� to 25�
and its respective positions from azimuths of 0� to 360�
with an antenna height of 8 m. The mask mentioned above
guarantees that most reflected SNR observations come

from the dam water. Nevertheless, the mask substantially
reduces the number of valid SNR observations. Further-
more, in order to increase the number of recorded GPS sig-
nals we selected the GPS legacy civil L1 C/A signal, since it
is transmitted by more satellites compared to other signals
such as L2C and L5. Finally, the mean water level was sub-
tracted from the reference time series and later added to the
GNSS-R time series. The above in order to make the ver-
tical datum consistent for both time series.

4. Results

4.1. Deformation of the sanalona dam

The results obtained after processing with GAMIT/
GLOBK scientific software indicated the velocities in the
three components (North, East, Up) of the SSIG station
located on the crest of the Sanalona dam. Considering that
rock-filled gravity-type dams are very rigid structures its
displacements are usually very small (in the order of mil-
limeters) (Acosta et al., 2018) and mainly consequence of
hydrostatic thrust force. Therefore, the greatest displace-
ments are expected to occur when the dam reach its maxi-
mum reservoir level.

The velocities presented in the Sanalona dam were
�6.77 � 0.08 mm/yr, �9.95 � 0.06 mm/yr and �1.62 �
0.18 mm/yr in components N, E and U, respectively.
Fig. 6 shows the time series generated by GAMIT/GLOBK
and edited with the tsview tool from the SSIG station for a
measurement period corresponding to 3.519 years. Unfor-
tunately, some data gaps can be observed. This was a

Fig. 6. Time series of the SSIG station for the three components (N, E, U). Blue dots: daily positions with respect to the reference position in its three
NEU components. Red lines: correspond to the estimated realistic uncertainties (±1r). Green lines: weighted mean square error of each component in mm
(±3 of dispersion). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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consequence of failures in the GPS receiver for such peri-
ods (the data was not uploaded correctly). However, the
missing data corresponds to approximately less than 12%
of the total data, a low percentage to affect the solutions
generated by GAMIT/GLOBK.

The North and East components presented a lower dis-
persion compared to the Up component. The North com-
ponent showed displacements in the order of ± 8 mm
and for the East component of ± 6 mm. As mentioned
above, the component that should present the greatest dis-
placements is the one with the same direction of the thrust
force. For this case, it was the North component, being the
East component perpendicular to the pushing force of the
water. Therefore, the effects of the thrust force were minor.
This is demonstrated in Fig. 6.

4.2. Reservoir level of the Sanalona dam from GNSS-R

In addition, Fig. 7 illustrates the dam water level varia-
tions (DWL) in the Sanalona reference meteorologic sta-
tion (DWLR) for a period of four years as well as the
GNSS-R water level retrievals. It is worth mentioning that
both instruments presented different measurement rates,
e.g., GNSS-R was recording data at 1 Hz meanwhile the
DWLR station recorded one data per day. However, the
GNSS-R water level retrievals rely on the available rising
and setting satellites, which are in the order of �1 retrieval
every hour. Furthermore, it was possible to appreciate mul-
tiple data gaps affecting the GNSS-R time series. This issue
was a consequence of both the azimuth and elevation angle
masks applied in the processing step and to missing data
resulting from spontaneous environment factors which
induce instrumentation malfunctions. Moreover, precipita-
tion data for the same period were acquired and contrasted
in conjunction with both time series. Based on this

complementary information it was possible to appreciate
the hydrological cycle of the study area. In particular, in
Fig. 7 the rainfall measurements were indicated with filled
yellow dots. Moreover, it was possible to observe how
these dots started rising and scattering at the beginning
of each time series peak. This indicated that rainfall sea-
sons agreed with the increase of the DWL.

Besides, in order to evaluate the precision of the GNSS-
R a correlation was performed and represented in a scatter-
plot (see Fig. 8). The aforementioned was done comparing
the water level retrievals between the GNSS-R and the
DWLR. In this instance, the majority of the points are
positioned close to the regression line, with some scattered

Fig. 7. Sanalona dam water level time series for the meteorologic reference station (DWLR) in orange and GNSS-R in blue circles, respectively.
Precipitations for the same period are shown in yellow dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Scatterplot plot between the GNSS-R and the DWLR
measurements.
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points placed on the lower-centered side of the regression.
Moreover, a linear regression was applied in order to quan-
tify systematic scale differences between both instruments.
The GNSS-R achieved a correlation coefficient (q) of
0.97 with a root-mean-square error (RMSE) of 1.36 m
and a regression slope of 0.932 m/m. The above indicated
a good agreement between both DWL measurements.

With the objective of analyze the quality of the DWL
measurements, we performed a Van de Casteele test (see
Fig. 9). This test can be represented as a diagram that
allows the identification of different types of systematics
errors commonly presented in tide-gauge measurements
as well as for validate new instrumentation dedicated to
measure water level in function of a reference tide-gauge
previously installed and validated (Miguez et al., 2008).

Based on previous studies, such as Larson et al., (2017)
and Löfgren and Haas, (2014) the x-axis represents the dis-
crepancy DH between the DWL measured by the GNSS-R
and the reference time series. On the other hand, the y-axis
describes the DWL obtained by means of both respective
instruments. Accordingly, points are located around zero
since we previously applied a regression to correct involved
scale-based systematic errors. Therefore, the distribution
and shape of the points across the diagram allowed the
identification of significant and, in some cases, random sys-
tematic errors involved in the measurements, such as scale
and time-shift errors, low performance, instrument mal-
function, and others.

Based on Fig. 9, it is possible to notice that the red dots
form a pseudo-symmetric shape across both sides of the
vertical line centered at zero, suggesting that instrumental
background noise was presented in the GNSS-R water
level measurements. Moreover, the blue line represents
the smoothed error based on a moving average (Geremia-
Nievinski et al., 2020) and the gaps in the figure correspond
to missing data resulting from the smoothing procedure.
Nonetheless, it is possible to notice how data was scattered
at high water levels and at both sides of the diagram. Con-
versely, a minor number of data dots were scattered on the
positive low-right side of the diagram. This indicate that
the performance of the GNSS-R was only negatively
affected at high (>150 m) and low (<135 m) water levels.

4.3. Correlation of GPS deformation and reservoir level

A correlation analysis was carried out between the reser-
voir level of the dam and the displacements of the SSIG
station in the three components. This, in order to find the
impact of the reservoir level and its effects on the deforma-
tion of the crest of the Sanalona dam. For that purpose, the
data obtained from the moving average filter were used

Fig. 9. Van de Casteele diagram between the GNSS-R water level
retrievals and the reference time series (DWLR).

Fig. 10. Comparison between reservoir level calculated with GNSS-R and deformations in the three components (NEU) of the Sanlona dam.
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(xDam, yDam, U). The results indicated a correlation between
the reservoir level and the deformation of the dam in the
three components (xDam, yDam, U). In the case of the xDam

component a negative correlation was observed in the
majority of the time series. In specific, when the displace-
ments were negative the deformation of the dam was down-
stream and when the displacements were positive the
deformation was upstream. Usually, when the reservoir
level increase the downstream deformations are expected
to increase but this is not always the case. The maximum
downstream and upstream deformation for the xDam com-
ponent was at the beginning of 2018 and 2019.5, respec-
tively. Moreover, when the reservoir level was at its lower
level the upstream deformation was greater; Thus, the
structure of the dam presented elastic displacements, which
were of the order of ±5 mm. On the other hand, the yDam

component presented lower displacements. This because
the thrust force did not have a great effect on yDam. How-
ever, the displacements showed in Fig. 10 were in the range
of �3 mm and 5 mm. These displacements did not correlate
with the thrust force and can be the consequence of other
phenomena, for example horizontal hydrological loads on
the dam which have less impact than the thrust force.
For the case of the U component, it can be observed in
Fig. 10 that when the reservoir level increased the structure
descends and when the reservoir level decreased to its max-
imum the structure returns to its vertical origin (black
boxes in Fig. 10 bottom-panel), where the maximum dis-
placement of U was 1 cm. Variation in the vertical behavior
of the dam can be generated due to two factors: first, solu-
tions with low precision in the GAMIT/GLOBK process-
ing and second, effects of the static pressure of the water
which interacts with the surface of the dam.

5. Conclusions

In this studyGPSdata processingwas carried outwith the
GAMIT/GLOBK scientific software and with the inverse
modelingGNSS reflectometry (GNSS-R) technique in order
to find three-dimensional displacements and the reservoir
level over the Sanalona dam. The results indicated that the
structure of the Sanalona dam was very rigid and presented
small displacements, the latter is in concordance with the
type of dam. The velocities found on the crest of the dam
were �6.77 ± 0.08 mm/yr, �9.95 ± 0.06 mm/yr, and �1.6
2± 0.18mm/yr in theN, E, andU components, respectively.
The three-dimensional displacements of the Sanalona dam
corresponding to the evaluation period (3.519 years) were
approximately ±5 mm, ±4–5 mm, and ±10 mm for compo-
nents xDam, yDam and U, respectively. The Up component
presented the greatest displacement due to the possible local
settlement of the dam caused by the vertical thrust force or
the static pressure of the water. In the other components,
xDam presented the greatest horizontal displacements on the
dam crest where the reservoir level of the dam caused these
displacements. For component yDam, it showed minor dis-

placements on the dam curtain, mainly because the horizon-
tal thrust force did not presented strong effects on it. The
reservoir level caused elastic displacements on the dam crest
where each component of the structuremoved over an origin
point. These displacements are not likely to be considered
dangerous for the correct operation of the dam; Therefore,
the structure can be considered secure due to the stability
it presents even when it have exceeded its lifespan. On the
other hand, we concluded that deformations on the crest
of dams were the consequence of its reservoir level, since
there was a strong correlation between them, mainly in the
xDam and U component.

In addition, we enabled a GNSS station for water level
monitoring purposes over a period of 3.5 years. However,
due to the challenging environmental conditions surround-
ing the antenna, such as rocks, mixed dense vegetation,
tilted surface, among others it was necessary to use two azi-
muth mask and decreased the elevation angle in a range of
one degree in order to receive as many reflections as possi-
ble from the dam water under different levels. In contrast to
the meteorologic reference station, the GNSS-R water level
measurements obtained a high correlation of 0.97 with an
RMSE of 1.36 m. Notwithstanding, a low precision in
RMSE terms was found. The latter was a consequence of
bad quality SNR signals affected by dry soil exposed over
long periods, when the dam water level was low. Further-
more, the Van de Casteele test contrasted that random sys-
tematic errors were slightly lower when the water level was
less than 150 m and higher than 135 m. Otherwise, these
errors may increase, affecting negatively the GNSS-R per-
formance. Nevertheless, although the water level monitor-
ing through GNSS-R can not replace the meteorologic
reference station in terms of precision, we concluded that
this GNSS station can operate as a secondary measurement
tool since the derived water level retrievals were consistent
with the reference station. Accordingly, it was well-
established that GPS technology is a powerful tool for
monitoring slow displacements over long periods on struc-
tures such as dams.

Finally, in regards to GNSS and GNSS-R, we support
its simultaneously use for the Structural Health Monitor-
ing in gravity-type dams due to its capacity to detect settle-
ment displacements and monitor the reservoir level which
is the main cause of horizontal displacements in the dam’s
crest, respectively.
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Löfgren, J.S., Haas, R., 2014. Sea level measurements using multi-
frequency GPS and GLONASS observations. EURASIP J. Adv.
Signal Process. 2014, 50. https://doi.org/10.1186/1687-6180-2014-50.
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Löfgren, J.S., Haas, R., Scherneck, H.-G., 2014. Sea level time series and
ocean tide analysis from multipath signals at five GPS sites in different
parts of the world. J. Geodyn. 80, 66–80. https://doi.org/10.1016/j.
jog.2014.02.012.

Löfgren, J.S., Haas, R., Scherneck, H.-G., Bos, M.S., 2011b. Three
months of local sea level derived from reflected GNSS signals. Radio
Sci. 46. https://doi.org/10.1029/2011RS004693.
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