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Abstract:
Satellite altimetry missions and tide gauges allow the monitoring of sea level variations over time. While tide gauges
monitor sea level relative to a local reference, satellite altimetry missions do so in relation to the Earth’s geocenter.
From the comparison between time series generated by these two methods, we observed differences that may be
related to possible vertical land movement (VLM). Our objective in this study is to determine the linear trends of
VLMs from the difference between the sea level trend found by the satellite altimetry missions TOPEX/Poseidon,
JASON 1, 2 and 3 ( vSA ) and the sea level trend found by the tide gauge of Imbituba in Santa Catarina (SC), Brazil
( vTG ). For this, we demarcated cells along the satellite tracks at a radius of up to 500 km over the ocean from the
location of the tide gauge station. The mean values for vSA (1992-2017) and vTG (2002-2015) were 2.5 mm/a ±1.2
mm/a and 5.4 mm/a ±1.9 mm/a, while the mean values for vSA (2007-2015) and vTG (2007-2015) were 7.1 mm/a
±4.6 mm/a and 13.0 mm/a ±4.2 mm/a, respectively. The comparison of VLM obtained between the combination of
vSA and vTG and GNSS showed results with better consistency over longer time series.
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1. Introduction
According to Plag et al. (2009), Geodesy is defined as the science of determining the geometry, gravity field
and rotation of the Earth, with their evolution in time. This science contributes significantly with studies about
a range of geodynamic processes and global climate change. In this context, sea level monitoring has become a
relevant practice, since progressive sea level rise may cause flooding in coastal areas in the future.
Brazil has about 10800 kilometers of Atlantic coastline – predominantly in the latitudinal direction – where
an expressive portion of the population resides and a large part of the economic flows are held (Prates et al. 2012).
Despite having a large coastal area, few studies have attempted to determine vertical land movement (VLM) and
mean sea level variation based on Global Navigation Satellite System (GNSS) time series, tide gauge data, and satellite
altimetry in the country. Furthermore, the studies carried out focus on the Imbituba Brazilian Vertical Datum in the
state of Santa Catarina (SC). As examples, we cite the studies of Dalazoana (2006), Da Silva and De Freitas (2014) and
Da Silva (2019), which found mean sea level rise trends around 2.00 mm/a, 2.05 mm/a, and 2.24 mm/a, respectively.
More than 60% of the Brazilian population lives in coastal cities and these are exposed to sea level rise and
coastal flooding. In this context, the report prepared by the Brazilian Panel on Climate Change (PBMC - Painel
Brasileiro de Mudanças Climáticas) aims to assess the impacts, vulnerability and options for adapting Brazilian
coastal cities to climate change (PBMC, 2016).
One of the limiting aspects of these studies is the short duration of the tide gauge series and the length of
the GNSS position time series. Another limitation is the quantity of tide gauges intended for systematic sea level
monitoring that are currently in operation on the Brazilian coast through the Permanent Maregraphic Network for
Geodesy (RMPG - Rede Maregráfica Permanente para Geodésia) implemented and maintained by Brazilian Institute
of Geography and Statistics (IBGE - Instituto Brasileiro de Geografia e Estatística). Therefore, to monitor sea level
in regions far from tide gauges, studies that obtain sea level observations by other techniques, such as satellite
altimetry, are justified.
For almost two centuries, tide gauges have been the most reliable instruments for sea level observations
(Barnett, 1984). Long time series of tide gauge observations defined the mean sea level as coincident with an
equipotential surface of the Earth’s (or geoid) gravity field. These observations were the basis for the classical
definition of Vertical Datum.
The 1970s and 1980s saw a major development of satellite altimetry systems, with the launch of the SKYLAB
(1973-1974), GEOS-3 (1975-1979), SEASAT-1 (1978), and GEOSAT (1985) missions (Escudier et al. 2017). Starting
in the mid-1990s, satellite altimetry missions with the same orbital characteristics were launched to study ocean
phenomena over time and space, e.g., TOPEX/Poseidon, JASON 1, 2 and 3. Through satellite altimetry it became
possible to obtain sea level observations on a global scale and in a geocentric reference system.
Tide gauge and satellite altimetry observations are subject to many variations that affect sea level. As tide
gauges are fixed to the earth’s crust, they also record tectonic movements. Thus, the time series of tide gauge data
may be contaminated by VLMs. The integration of tide gauge and satellite altimetry observations makes it possible
to determine the absolute VLM trend in the tide gauge region (Montecino et al. 2017).
The main objective of this study is to verify the possibility of determining absolute VLMs at the tide gauge
station of Imbituba, Santa Catarina – belonging to RMPG – from the difference between the trend of sea level
variation observed by the satellite altimetry missions relative to the geocenter ( vSA ) and the trend of sea level
variation observed by the tide gauge relative to the earth’s crust ( vTG ). The validation of this approach will be
carried out through the VLM derived from the observations of a GNSS station of the Brazilian Network for Continuous
Monitoring of GNSS Systems (RBMC - Rede Brasileira de Monitoramento Contínuo dos Sistemas GNSS) co-located
with a tide gauge station at Imbituba.
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2. Methodology
2.1 Study area
Figure 1 shows the location of the tide gauge station and the GNSS continuous monitoring station in Imbituba.
The two stations are located approximately 650 meters apart.

Figure 1: Location of the RMPG Tide Gauge and the RBMC GNSS Station in Imbituba.
We delimited the area of the altimetric observations based on the studies of Garcıa et al. (2011); and Montecino
et al. (2017), who analyzed an area that allowed obtaining Sea Surface Height (SSH) values over a 500 km radius over
the ocean from the tide gauge location. According to the authors, this radius was determined by convoluting the
satellite altimetry data into a two-dimensional Gaussian function centered on the tide gauge location. The function
assumes the value of 1/2 (half intensity) at a distance of 50 km from the tide gauge and disappears beyond 500 km
(no intensity).

2.2 Satellite altimetry time series
The altimetric product employed in this study was SSH, which consists of the difference between the satellite
altitude relative to a reference ellipsoid and the satellite altitude relative to the surface of the oceans (Escudier et
al. 2017). The SSH values were obtained from the Open Altimeter Database (OpenADB) maintained and created
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by the Deutsches Geodätisches Forschungsinstitut (DGFI). The data time series covers the period from 1992 to 2017
(Schwatke et al. 2010). We used the data available along the tracks of the TOPEX/POSEIDON, Jason 1, 2, and 3 satellites
at a radius of up to 500 km over the ocean from the Imbituba tide gauge location. We demarcated cells for each
satellite track, so that each cell contains at least one altimetric observation for each satellite revisit. The cells were 7 km
long and 3 km wide. They were defined based on the sampling rate of the satellite altimetry data – 1 Hz. This sampling
rate corresponds to a sea level measurement approximately every 7 km along the track (Schwatke et al. 2010).
For the VLM analysis, we analyzed the 15 SSH cells that provided the best correlations with tide gauge data
from 2002 to 2015. We chose this time period because calculating the correlation coefficient requires two time
series of the same length. Thus, the tide gauge series from 2002 to 2015 was the one that showed no evidence of
a change in the source reference of the readings. It is worth mentioning that prior to the correlation analysis, we
eliminated SSH outliers using the ±3σ rule.
Data from satellite altimetry missions processed by OpenADB/DGFI received geophysical corrections according
to what was suggested by Bosch et al. (2014). Therefore, in order to consider that the satellite altimetry missions
and the tide gauge are observing the same ocean signal, we removed ocean tide and ocean load corrections from
the SSH values using an empirical model called EOT11a (Empirical Ocean Tide Model 11a) provided by the DGFI. In
addition, we applied atmospheric corrections to the tide gauge data, which will be detailed in section 2.3.
Finally, we applied the linear regression model to the 15 cells that showed a correlation coefficient greater
than 0.69 which equates to a moderate to strong correlation according to Shimakura (2006) in order to determine
the linear trends of sea level variation observed by satellite altimetry missions in relation to the Earth’s geocenter (
vSA ).

2.3 Tide gauge time series
The water level data detected by the Imbituba tide gauge were acquired for the period from 2002 to 2015.
After data acquisition, we removed water level outliers using the ±3σ rule. Since there were some data gaps in
the time series, we chose to fill in the missing data with synthetic tides produced using the observed water level
values. The synthetic tides were generated by the ‘tidem’ function installed in the ‘oce’ library, created by Kelley
(2019) and available for R programming language. This function extracts the sine and cosine components of the
tidal frequencies contained in the tide gauge observations. Based on the resulting coefficients of the sine and cosine
terms, we calculated amplitude and phase, which allowed the generation of synthetic tides.
We then applied atmospheric corrections to the tide gauge data. These corrections were generated from
the global Dynamic Atmospheric Correction model, which designs the ocean’s barotropic response to wind and
atmospheric pressure forces estimated by the Mog2D-G model, for periods shorter than 20 days, and by inverse
barometer approximation for longer periods (Fenoglio-Marc et al. (2012); Cipollini et al. (2017)). In sequence the
time series were filterd by a low pass filter available in Pugh (1987).
To calculate Pearson’s correlation coefficient, we resampled the tide gauge data to match the temporal
resolution interval of the satellite altimetry data. We used the ‘resample’ function provided in the ‘signal’ package for
the R programming language (Ligges, 2015). The ‘signal’ package consists of a set of functions for signal processing,
which involves filtering, resampling routines, and filter models visualization. The ‘resample’ function allows us to
resample the time interval of continuous variables, such as tide gauge time series, from the sum of the normalized
cardinal sine function of the neighborhood points (Smith 2002; Smith and Gossett 1984). Finally, we applied the
linear regression model to the tide gauge series to determine the trend of sea level variation observed by the tide
gauge relative to the earth’s crust ( vTG ).
In contact with the RMPG, the expansion of the port of Imbituba between 2010 and 2012 did not impact the
tide gauge, because it is installed in the oldest part of the pier.
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2.4 GNSS time series
The SIRGAS Continuously Operating Network (SIRGAS-CON) is materialized by more than 400 continuously
operating GNSS stations distributed in the Americas and the Caribbean, whose objective is to provides
weekly positions of stations (referred to a specific reference epoch) and their changes with time (station velocities)
(SIRGAS 2021). In Brazil, all RBMC stations are part of the SIRGAS-CON network. The establishment and maintenance
of RBMC stations are under the responsibility of IBGE.
The SIRGAS also provides the multi-year (cumulative) solutions (positions + velocities) for practical and
scientific applications requiring time dependent positioning (SIRGAS 2021). In the present study, the multi-year
solutions presented in Table 1 were used for the Imbituba Tide Gauge Station:
Table 1: SIRGAS Multi-year solutions.
Multi-year
solutions

Satellite
systems

Aligned to

Epoch

SIR10P01

GPS

ITRF2008

2005.0

SIR11P01

GPS

ITRF2008

2005.0

SIR15P01

GPS and
GLONASS

IGb08

2013.0

SIR17P01

GPS and
GLONASS

IGS14

2015.0

Time span
2007-09-05
thru
2010-06-05
2007-09-05
thru
2011-04-16
2010-03-14
thru
2015-04-11
2011-04-17
thru
2017-01-28

Reference
Seemüller et al. (2010)
Sánchez and Seitz (2011a) and Sánchez
and Seitz (2011b)
Sánchez and Drewes (2016a) and
Sánchez and Drewes (2016b)
Sánchez and Drewes (2020a) and
Sánchez and Drewes (2020b)

2.5 Integration of tide gauge and satellite altimetry data
While tide gauge and satellite altimetry observations are subject to the many variations that affect sea level,
tide gauges, as they are fixed to the earth’s crust, also record tectonic movements. Considering this context, we
aimed to determine the absolute VLM trend ( vU ) in the tide gauge region by the difference between vSA and vTG
, as presented in Equation (1) (Nerem and Mitchum 2002; Montecino et al. 2017):

v=
vSA − vTG
U

(1)

The values of ( vSA ) and ( vTG ) were determined from the linear regression model. Therefore, the noise for
tide gauge and satellite altimetry time series regression is assumed to be white and uncorrelated. According to
Moore (2010), linear regression aims to find a mathematical relationship of a set of random data, usually in the
form of a straight line. Suppose that h(t ) is the dependent variable (plotted on the vertical axis), t and t0 are the
independent variables (plotted on the horizontal axis) which in the case for time series corresponds to the time
difference between instant t and t0 . Simple linear regression describes the relationship between h(t ) and (t − t0 )
through a straight line that has the following form:

h(t ) = h0 + v(t − t0 ) + e
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0 , v is the estimate of the regression slope or
where h0 is the intercept estimate of a value of h(t ) when (t − t0 ) =
vertical velocity and e is the estimate of the residual value.
There are three possible interpretations for the value of vU , as presented below:
• vU = 0 : no VLM;

• vU > 0 : VLM is upward (uplift); and
• vU < 0 : VLM is downward (subsidence).
The verification of the proposed methodology was performed through the analysis between , determined by
equation (1), and vGNSS .
We determined the values of vSA , vTG , and vGNSS considering two different scenarios, as presented in Table
2. In the first scenario, we considered the maximum time periods for the time series. Here, the satellite altimetry
data time series comprises the time period from 1992 to 2017 (OpenADB/DGFI version 33), the tide gauge series
comprises the time period from 2002 to 2015 (in this period, there is no indication of change in the source reference
of the observations), and the GNSS data series comprises the period from 2007 to 2019 (the Imbituba GNSS station
started operating in 2007). In the second scenario, we chose to delimit all time series to September 2007 until
December 2015, as this time interval comprises the largest coincident time series of tide gauge, satellite altimetry,
and GNSS observations. The overlap between tide gauge and satellite altimetry time series, as presented in Table 2,
follows the criteria in Ray et al. (2010), which calls for an overlap of at least five years of data.
Table 2: Time intervals.
Trend

vSA

vTG

Scenario 1

1992 – 2017

2002 - 2015

Scenario 2

2007 – 2015

2007 - 2015

3. Results
As seen earlier, we correlated the tide gauge data with each SSH cell along the tracks of the TOPEX/Poseidon,
JASON 1, 2, and 3. Thus, considering a 500 km radius from the tide gauge, we demarcated 363 cells along tracks
0050, 0076, 0152, 0163, 0228, and 0239.
Figure 2 presents the variation in the value of the correlation coefficient established between the tide gauge
data time series and the SSH time series for the period from 2002 to 2015 in each cell. The correlations get higher as
the cells get closer to the tide gauge. We observed the highest correlations in the cells located in track 0163.
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Figure 2: Variation of the correlation coefficient along the satellite tracks in relation to tide
gauge data from 2002 to 2015.

3.1 Evolution of the sea level trend in Imbituba
The trend of mean sea level variation ( vSA ) presented in Figure 3 derived from the SSH data for each cell
within the study area between 1992 and 2017 (Scenario 1). This trend resulted in a sea level rise of around 2 to 3
mm/a, which is close to the global mean sea level trend of 3.3 mm/a ±0.4 mm/a obtained by Nicholls and Cazenave
(2010) for the period between 1993 and 2009. For this estimate, we kept the Openadb/DGFI corrections in the SSH
data. Figure 3 shows that cells closer to the coast showed larger oscillations in the sea level trend value compared
to cells farther from the coast.

Figura 3: Sea level trend measured by satellite altimetry in the study area from 1992 to 2017.
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By analyzing the regression line of tide gauge data between 2002 and 2015 (Scenario 1), presented in Figure 4,
we found a mean sea-level trend of 5.4 mm/a ±1.9 mm/a. For the period from 2007 to 2015 (Scenario 2), we
estimated a sea-level of 13.0 mm/a ± 4.2 mm/a, as shown in Figure 5. Between the middle of 2013 and the middle of
2014 there was an apparent decrease and then a rise in sea level. Therefore, it is important that the period of time
covered in the mean sea level analysis is as long as possible. In addition, further studies about possible instrumental
effects on the tide gauge data time series are needed.

Figure 4: Sea level trend measured by tide gauge in Imbituba from 2002 to 2015.

Figure 5: Sea level trend measured by tide gauge in Imbituba from 2007 to 2015.
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For the VLM analysis, we selected the 15 SSH cells that presented the highest correlation with the tide gauge
data from Imbituba between 2002 and 2015. Tables 3 and 4 present the results we obtained considering scenarios
2 and 1, respectively.
Table 3 presents the results of vTG and vSA between September 2007 and December 2015 (Scenario 2). The
mean values of vTG and vSA were 13.0 mm/a ± 4.2 mm/a and 7.1 mm/a ± 4.6 mm/a, respectively. The negative
signs of vU characterize a descendent VLM of the crust, i.e., possible crustal subsidence.
Table 3: Linear regression results of tide gauge and satellite altimetry data between September 2007 and
December 2015 and difference between tide gauge and altimetry data.
Center position of the cell
26°19 ‘32.16” S
46°29 ‘59.04” W
26°26 ‘47.87” S
46°33 ‘26.58” W
26°43 ‘56.52” S
46°41 ‘40.09” W
26°23 ‘12.63” S
46°31 ‘44.28” W
26°33 ‘49.55” S
46°36 ‘48.71” W
26°36 ‘55.76” S
46°38 ‘17.48” W
27°4 ‘56.49” S
46°51 ‘47.90” W
26°47 ‘40.33” S
46°43 ‘26.80” W
26°40’14.45 “ S
46°39 ‘52.73” W
26°30 ‘24.37” S
46°35 ‘10.08” W
27°8 ‘28.27” S
46°53 ‘29.63” W
27°18 ‘36.51” S
46°58 ‘25,95” W
27°22 ‘11.47” S
47°00’10.84 “ W
26°51 '15.74" S
46°45 '10.52" W
28°00 '36.24" S
47°19 '01.13" W
Mean

vSA mm/a

vTG mm/a

vU mm/a

Correlation
Coefficient

Dist.
km

2007 − 2015

2007 − 2015

2007 − 2015

0.71

299.9

6.2 ± 5.0

13.0 ± 4.2

-6.8 ± 6.6

0.71

286.4

9.1 ± 5.0

13.0 ± 4.2

-3.9 ± 6.5

0.70

254.9

7.3 ± 4.7

13.0 ± 4.2

-5.7 ± 6.3

0.69

293.0

8.5 ± 4.8

13.0 ± 4.2

-4.5 ± 6.4

0.69

273.4

4.6 ± 4.7

13.0 ± 4.2

-8.4 ± 6.3

0.69

267.7

6.2 ± 4.7

13.0 ± 4.2

-6.8 ± 6.3

0.69

217.5

8.2 ± 4.4

13.0 ± 4.2

-4.7 ± 6.1

0.69

248.1

9.5 ± 4.6

13.0 ± 4.2

-3.5 ± 6.2

0.69

261.6

6.1 ± 4.8

13.0 ± 4.2

-6.9 ± 6.4

0.69

279.7

8.2 ± 4.8

13.0 ± 4.2

-4.8 ± 6.4

0.69

211.4

6.2 ± 4.3

13.0 ± 4.2

-6.8 ± 6.0

0.69

194.2

5.1 ± 4.3

13.0 ± 4.2

-7.9 ± 6.0

0.68

188.3

9.0 ± 4.3

13.0 ± 4.2

-4.0 ± 6.1

0.68

241.7

5.6 ± 4.6

13.0 ± 4.2

-7.4 ± 6.3

0.68

133.3

5.9 ± 4.2

13.0 ± 4.2

-7.1 ± 5.9

0.69

243.4

7.1 ± 4.6

13.0 ± 4.2

-5.9 ± 6.3
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Table 4 presents the results of vTG and vSA for the periods 2002 to 2015; 1992 to 2017, respectively (Scenario 1).
The mean values of vTG and vSA were 5.4 mm/a ± 1.9 mm/a and 2.5 mm/a ± 1.2 mm/a, respectively.

Table 4: Linear regression results of tide gauge and satellite altimetry data for different time intervals and
difference between tide gauge and altimetry data.
Center position of
the cell
26°19 ‘32.16” S
46°29 ‘59.04” W
26°26 ‘47.87” S
46°33 ‘26.58” W
26°43 ‘56.52” S
46°41 ‘40.09” W
26°23 ‘12.63” S
46°31 ‘44.28” W
26°33 ‘49.55” S
46°36 ‘48.71” W
26°36 ‘55.76” S
46°38 ‘17.48” W
27°4 ‘56.49” S
46°51 ‘47.90” W
26°47 ‘40.33” S
46°43 ‘26.80” W
26°40’14.45 “ S
46°39 ‘52.73” W
26°30 ‘24.37” S
46°35 ‘10.08” W
27°8 ‘28.27” S
46°53 ‘29.63” W
27°18 ‘36.51” S
46°58 ‘25,95” W
27°22 ‘11.47” S
47°00’10.84 “ W
26°51 ‘15.74” S
46°45 ‘10.52” W
28°00 ‘36.24” S
47°19 ‘01.13” W
Mean

Correlation
Coefficient

Dist.
km

vSA mm/a

vTG mm/a

1992 − 2017

2002 − 2015

0.71

299.9

2.1 ± 1.3

5.4 ± 1.9

-3.3 ± 2.3

0.71

286.4

2.9 ± 1.3

5.4 ± 1.9

-2.5 ± 2.3

0.70

254.9

2.6 ± 1.0

5.4 ± 1.9

-2.8 ± 2.1

0.69

293.0

3.0 ± 1.1

5.4 ± 1.9

-2.4 ± 2.2

0.69

273.4

1.8 ± 1.0

5.4 ± 1.9

-3.7 ± 2.2

0.69

267.7

1.7 ± 1.3

5.4 ± 1.9

-3.8 ± 2.3

0.69

217.5

2.6 ± 0.9

5.4 ± 1.9

-2.8 ± 2.1

0.69

248.1

3.9 ± 1.2

5.4 ± 1.9

-1.5 ± 2.2

0.69

261.6

1.7 ± 1.2

5.4 ± 1.9

-3.7 ± 2.3

0.69

279.7

3.0 ± 1.3

5.4 ± 1.9

-2.4 ± 2.3

0.69

211.4

2.6 ± 1.2

5.4 ± 1.9

-2.8 ± 2.2

0.69

194.2

1.4 ± 0.9

5.4 ± 1.9

-4.0 ± 2.1

0.68

188.3

2.0 ± 0.9

5.4 ± 1.9

-3.5 ± 2.1

0.68

241.7

2.1 ± 1.2

5.4 ± 1.9

-3.3 ± 2.2

0.68

133.3

3.6 ± 1.8

5.4 ± 1.9

-1.8 ± 2.6

0.69

243.4

2.5 ± 1.2

5.4 ± 1.9

-3.0 ± 2.2

vU mm/a

The mean regression standard errors for the values of vSA were ±4.6 mm/a and ±1.2 mm/a for the time
periods of 2007 to 2015 (Table 3) and 1992 to 2017 (Table 4), respectively. This demonstrates that using longer time
series of satellite altimetry data allows for more consistent results to quantify sea level variation. We also found
lower mean error values in vTG in longer time series: ±4.2 mm/a and ±1.9 mm/a for the time periods of 2007 to
2015 (Table 3) and 2002 to 2015 (Table 4), respectively.
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Table 3 and 4 presents a mean correlation of 0.69 between 2002 and 2015. All 15 cells were located along
pass 0163 and at a mean distance of 243.4 km from the tide gauge. We did not extrapolate the satellite altimetry
data to the coast nor correct instrumental drift errors contained in the tide gauge observations. These aspects are
under study and will be considered in future studies.
The root mean squared error (RMSE) results of the residues were 167.1 mm and 175.3 mm for the vTG
between 2002 and 2015 and between 2007 and 2015, respectively. The longest time series (2002-2015) showed a
closer approximation between the observed values and those predicted by the linear regression model.
All the values of vU shown in Tables 4 and 5 are negative, which means that the values of vTG were greater
than vSA . An analysis of mean sea level at RMPG stations between 2001 and 2015, conducted by IBGE, found a
systematic effect on tide gauge data due to tide gauge sensor drift or instrumental drift at the Imbituba station (IBGE
2016). This may influence the results we presented, in this way more studies about the instrumental effect should
be carried out in the future, as well as studies about the extrapolation of satellite altimetry data to the coast, in
order to allow a comparison of time series for the same geographical position.
Table 5 presents the values of vGNSS related to four SIRGAS Multi-year solutions at different periods:
SIR10P01 (2007-2010), SIR11P01 (2007-2011), SIR15P01 (2010-2015), and SIR17P01 (2011-2017). It was noted that
vGNSS showed close values for the time periods with the most overlapping data, that is, SIR10P01 (2007-2010) and
SIR11P01 (2007-2011) solutions had values of -0.8 mm/a ± 0.3 mm/a and - 0.1 m/a ± 1.7 mm/a, respectively, while
solutions SIR15P01 (2010-2015) and SIR17P01 (2011-2017) had values of -3.4 mm/a ± 0.3 mm/a and -2.0 mm/a ±
0.7 mm/a, respectively. All solutions presented a trend of crustal subsidence in Imbituba.
Table 5: VLM estimated from SIRGAS Multi-year solutions in Imbituba.
Multi-year solutions

Time span

vGNSS (mm/a)

SIR10P01
SIR11P01
SIR15P01
SIR17P01

2007-09-05 thru 2010-06-05
2007-09-05 thru 2011-04-16
2010-03-14 thru 2015-04-11
2011-04-17 thru 2017-01-28

-0.8 ± 0.3
- 0.1 ± 1.7
-3.4 ± 0.3
-2.0 ± 0.7

When analyzing Table 3, 4 and 5, it is noted that the values of obtained from the Multi-year solutions SIR15P01
and SIR17P01 (-3.4 mm/a ± 0.3 mm/a and -2.0 mm/a ± 0.7 mm/a, respectively) were close to the values of (mean
-3.0 mm/a ± 2.2 mm/a) presented in Table 4 in relation to the values of (mean -5.9 mm/a ± 6.3 mm/a) presented
in Table 3. This fact demonstrates that the use of longer series of tide gauge, satellite altimetry and GNSS, tends to
produce more consistent results.

4. Conclusion
The mean values of vU for the period from 2007 to 2015 and for other periods ( vSA (1992-2017) - vTG (20022015)) were -5.9 mm/a ±6.3 mm/a and -3.0 mm/a ±2.2 mm/a. The mean values of vGNSS were also negative in all
periods of time we analyzed. Hence, the negative signs indicate that the VLM in the region of Imbituba is in the
downward direction, i.e., they indicate possible crustal subsidence in that region. The comparison of VLM obtained
between vU and vGNSS showed results with better consistency over longer time series, that is, the values from the
Multi-year solutions SIR15P01 and SIR17P01 were close to the values of vU determined by the difference between
vSA (1992-2017) and vTG (2002-2015).
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Regarding mean sea level variation, we observed that the mean values for vSA (1992-2017) and vTG (20022015) were 2.5 mm/a ±1.2 mm/a and 5.4 mm/a ± 1.9 mm/a, respectively, while the mean values for vSA (20072015) and vTG (2007-2015) were 7.1 mm/a ± 4.6 mm/a and 13.0 mm/a ±4.2 mm/a. The use of longer SSH time
series and tide gauge data allowed us to reduce the value of the regression standard error, which provides a closer
match of the regression line to the observed data.
As for recommendations for future studies, we suggest considering the temporal and spatial variations of the
sea surface between the tide gauge station and the SSH cells. In addition, we advise analyzing other tide gauges
belonging to the RMPG in order to verify the methodology employed in this study.
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When analyzing Table 3, 4 and 5, it is noted that the values of obtained from the Multi-year solutions
SIR15P01 and SIR17P01 (-3.4 mm/a ± 0.3 mm/a and -2.0 mm/a ± 0.7 mm/a, respectively) were close to
the values of (mean -3.0 mm/a ± 2.2 mm/a) presented in Table 4 in relation to the values of (mean -5.9
mm/a ± 6.3 mm/a) presented in Table 3. (...)
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