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Abstract: Studies of global sea level often exclude Tide Gauges (TGs) in glaciated regions due to
vertical land movement. Recent studies show that geodetic GNSS stations can be used to estimate
sea level by taking advantage of the reflections from the ocean surface using GNSS Interferometric
Reflectometry (GNSS-IR). This method has the immediate benefit that one can directly correct for
bedrock movements as measured by the GNSS station. Here we test whether GNSS-IR can be used
for measurements of inter annual sea level variations in Thule, Greenland, which is affected by sea ice
and icebergs during much of the year. We do this by comparing annual average sea level variations
using the two methods from 2008–2019. Comparing the individual sea level measurements over
short timescales we find a root mean square deviation (RMSD) of 13 cm, which is similar to other
studies using spectral methods. The RMSD for the annual average sea level variations between TG
and GNSS-IR is large (18 mm) compared to the estimated uncertainties concerning the measurements.
We expect that this is in part due to the TG not being datum controlled. We find sea level trends from
GNSS-IR and TG of −4and −7 mm/year, respectively. The negative trend can be partly explained by
a gravimetric decrease in sea level as a result of ice mass changes. We model the gravimetric sea level
from 2008–2017 and find a trend of −3 mm/year.

Keywords: sea level; GPS; GNSS-IR; reflectometry; Greenland

1. Introduction

Global sea level is currently rising at a rate of 3 mm/year as a result of ongoing climate
change [1,2]. The distribution of local sea level rise is not uniform and thus some areas
experience significantly higher than average sea level rise while other areas experience
decreasing sea level [2,3].

Local relative sea level change is traditionally measured using Tide Gauges (TGs) while
global sea level studies are often based on a combination with satellite altimetry. In general
there are not many TGs in the arctic regions, which reduces the possibility of studying the
local sea level change. Furthermore, in order to use TGs for studies of global eustatic sea
level change, the TG measurements need to be corrected for bedrock movements of the
solid earth. In glaciated regions, such as Greenland, the bedrock movement is large and
complicated to model and is a combination of elastic movement caused by ongoing ice
mass variability and a viscoelastic component caused by past ice variability over thousands
of years (also known as the glacial isostatic adjustment). There is a large uncertainty on the
modeled uplift, and therefore TG data from these areas are typically omitted from studies
of global eustatic sea level [1,4].

Recent studies show that, under the right conditions, relative sea level change can
be measured using GNSS Interferometric Reflectometry (GNSS-IR) [5,6]. Usage of GNSS
stations to measure sea level has the immediate benefit that the bedrock movement is
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simultaneously measured with a high precision at the site allowing the local eustatic sea
level to be calculated directly. The uncertainty on individual measurements of sea level is
considerably higher using GNSS-IR compared to TGs. However, averages taken over a
day are almost directly comparable and correlate very well [6]. A higher accuracy on the
individual measurements can potentially be found using inverse modelling methods when
necessary [7].

Larson et al. [6] studied sea level variations using GNSS-IR from a GNSS station
installed at Friday Harbour, Washington. Though the GNSS station was installed with the
purpose of studying tectonic movement, they found good agreement with a nearby TG for
monthly averages over a 10 year period. The area is in some ways ideal for reflectometry
studies as it experiences little vertical land movement and is not affected by sea ice. Kim
and Park [8] use GNSS-IR to study sea level in St. Michael, Alaska using a GNSS station
installed in 2018 and compare with nearby TGs. The results are promising, however, the
closest TG with actual sea level data is in Unalakleet, 74 km from St. Michael.

In this study we will test whether GNSS-IR can be used for measurements of inter
annual sea level variations in a complicated glaciated region affected by large vertical land
movement, sea ice and icebergs.

In Greenland, an extensive network of 58 permanent geodetic GNSS stations, called
GNET, have been installed on bedrock between 2007 and 2009 [9,10]. The main purpose
of GNET is to investigate changes in the Greenland ice sheet by continuously measuring
bedrock uplift. Tabibi et al. [11] used four GNET stations as well as four Antarctic sta-
tions to study tidal constituents in Arctic regions from GNSS-IR. Unfortunately the four
used GNET stations (KULL, QAAR, PLPK and KULU) are not co-located with a TG for
direct comparison.

Here, we compare sea level variations measured by GNSS-IR from a GNET GNSS
station located at Thule Airbase with results from a nearby TG station together with
satellite altimetry data. The three methods are illustrated in Figure 1. GNSS-IR and TG
both measure the local sea level variations while altimetry measures the absolute sea level.
In order to compare the GNSS-IR and TG measurements with altimetry we will have to
correct for vertical bedrock movement, as measured by the GNSS station.

Figure 1. Illustration of the three methods used for measuring sea level in Thule in this study.



Remote Sens. 2021, 13, 5077 3 of 10

2. Materials and Methods
2.1. Sea Level Measurements

The TG in Thule is maintained by DTU Space and measures sea level every 5 min. It
is not datum controlled, thus, there may be gross errors that are unidentified in the data
set. It was installed in 2006, however, the data from the TG was of poor quality until late
2007 when it was maintained and moved to a new location. Therefore, only data from
2008 and onwards are used in this study. The station was returned to the original position
in September 2015 (Figure 2c). We include the data after this date in this study as the
data quality is similar to the 2008–2015 period and otherwise the usable time period will
be short.

Figure 2. Maps illustrating the study area. (a) Map of Greenland. Thule is marked by the red
triangle. (b) Picture of the GNSS station in Thule with the view over the ocean. (c) Map of Thule
with GNSS- and TG station locations. 1 marks the position of the TG until September 2015 and
2 marks the position since then. (d) The red rectangle illustrates the area used for sea level extraction
from altimetry.

The GNSS station in Thule is located approximately 60 m from the coast in a bay
close to the harbor (Figure 2). The distance between the TG and the GNSS station is less
than 2 km from 2008–2015 and shorter after the move. From GNSS-IR we have sub daily
estimates of sea surface height from 2002 to early 2020. However, only data from the period
covered by the TG is used in this study.

We used the same methodology to measure sea level using GNSS Signal to Noise Ratio
(SNR) measurements as described in Larson et al. [6] and Williams et al. [12]. Individual
satellite passes are split into ascending and descending nodes and masked using a pre-
selected elevation and azimuth mask to select satellite passes where the main reflector
should be the water surface. The measured SNR data are translated to a linear scale
from decibels-hertz and a low-order polynomial is used to remove the direct signal effect.
Spectral analysis of the residual SNR as a function of the wavelength of the carrier signal
and the elevation angle of the satellite should produce a peak at a frequency that is related
to the height of the antenna above the horizontal reflecting surface, the primary observation
in GNSS-IR water level studies. We include corrections for non-stationary reflector height
(the Ḣ effect) [13] and tropospheric delay [14]. We use an initial elevation mask of between
2◦ and 20◦ and an azimuth range of between 160◦ and 290◦. During the initial Quality
Control (QC) process passes with an average azimuth lower than 170◦, higher than 270◦

or an estimated reflector height lower than 17 m were removed. The final, iterative, QC
process is described in Williams et al. [12]. Maps illustrating the reflection zones (fresnel
zones) are included in the supplementary material.

The altimetry data used in this study are the ESA CCI DTU/TUM sea level anomaly [15].
It is based on data from ERS-1, ERS-2, Envisat and Cryosat-2. The data used here is from
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the period covered by Envisat and Cryosat-2 and an average is calculated over the area
between 68.5 and 72 degrees west and 76 and 77 north (Figure 2d).

Both TG and GNSS-IR observations were analyzed using the response method ex-
tended with the orthotide formalism [16] in order to remove the tidal signal. The advantage
of using this method is as follows: by assuming a smooth admittance function described
by a relatively low number of parameters within each tidal band (orthotide parameters) a
solution for any constituent can be inferred and hence corrected for. For 2016, removing the
ocean tides reduces the RMS of the observed sea level from the TG from 72 cm to 15 cm.

After removing the tides, all sea level data are filtered in order to enhance the inter
annual signal. The annual and semi-annual signal is removed using a least squares fit of
the two harmonics [17]. By removing the annual and semi-annual signal, the influence
of potential gaps in the data on annual average sea level will be smaller. The error in the
annual average sea levels from GNSS-IR and TG as well as the annual measured uplift are
estimated by calculating the standard deviation of the daily measurement over all periods
of 60 daily values. After that the average value of this standard deviation for each year is
calculated and from that the standard deviation of the mean is calculated using the number
of daily measurements from that year.

The uncertainty of the annual altimetry results are estimated as the standard deviation
of the mean from the monthly sea levels after filtering out the annual and bi-annual signal.

In order to be able to compare GNSS-IR and TG results with the altimetry, we need
to correct for vertical land movement. For this we use daily positions of the same GNSS
station [9,10]. The GNSS station in Thule covers a period from 1999 to present and daily
positions are available throughout 2019 with minor gaps.

In order to avoid differences in the annual averages of the TG and GNSS-IR sea level
measurements due to gaps in the data series, only data from days where there is data from
both methods are used to calculate the annual values.

2.2. Sea Level Change Due to Reduced Gravity

As ice mass is lost in e.g., Greenland and Antarctica, the local gravity attraction drops,
resulting in decreasing sea levels. To estimate this gravitational effect, we convolve ice
mass change with the Green’s functions for geoid anomaly derived by Wang et al. [18] for
elastic Earth model iasp91 with refined crustal structure from Crust 2.0. We use ice mass
changes from both Greenland, Antarctica and other glaciers as these may all influence sea
levels in Thule.

For the ice mass changes in Antarctica we use the gridded mass balance product from
Groh and Horwath [19] which is available until mid 2016. The annual mean sea level
change due to reduced gravitational effect from Antarctica is 0.05 mm which is at least an
order of magnitude smaller than for Greenland or other glaciers due to the long distance
from Thule. The uncertainty on the gravitational results in 2016-2018 is altered to account
for this added uncertainty.

For Greenland we interpolate a 2 × 2 km grid of annual ice height changes from
2007–2015 and a 2.5 × 2.5 km grid from 2016–2017 using altimeter data from NASA’s ATM
flights [20] supplemented with high resolution ICESat laser altimetry data from 2003 to
2009 [21] and Cryosat-2 data (2011–2017) [22], complemented with ENVISAT data from
2009 to 2012 [23]. The method used to create the height change grid is described in detail
by Khan et al. [23].

Mass changes from other glaciers are extracted from an update of the model by
Marzeion et al. [24] and available until 2017. They model mass changes of all glaciers
in the Randolph Glacier Inventory [25] from temperature and precipitation. They use
measurements of the mass balance of 255 glaciers to estimate model parameters and carry
out a leave-one-out validation as well as a validation using geodetic data.

The errors in the sea level variations from the reduced gravity are estimated by
calculating the sea level change as a result of the estimated error of the Greenland ice height
changes [26] and adding the uncertainty from the other glaciers and the Earth model. In
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the calculations we assume that the error on the ice height data from 2016–2017 is the same
as for the previous years. The uncertainty related to the mass loss from other glaciers is
calculated in a similar manner by calculating the uplift resulting from the estimated errors
of the glacier mass changes. For the Earth model we use an uncertainty in gravity related
sea level change of 2% of the annual signal as suggested by Wang et al. [18]. Data from
Antarctica is available from 2008–2015 and errors from ice mass changes in Antarctica are
not included during this period since the gravity related sea level change resulting from
these changes are at least an order of magnitude smaller than from Greenland and other
glaciers. For 2016 to 2018, where the data set from Antarctica is not available, we add
an error corresponding to the average gravity related sea level change contribution from
Antarctica during the period by propagation of errors.

3. Results

We compare the sea level change in Thule measured using three different methods:
GNSS-IR, TG and satellite altimetry.

The annual average sea level anomaly using each method is shown in Figure 3.
Monthly sea level results from TG, GNSS-IR and altimetry can be found in the supple-
mentary material. Since the TG is not datum controlled, it is not possible to compare the
absolute sea level using the three methods. Instead, we compare inter annual changes in
the sea level. To directly compare sea level measured using GNSS and TG with altimetry,
GNSS-IR and TG results are corrected for vertical land movement as measured by the
GNSS station. Since the estimated error on the measured uplift is an order of magnitude
smaller than on the sea level and the same vertical uplift correction is done for GNSS-IR
and TG sea levels, the error of the uplift measurement is not included in the error bars.

Figure 3. Annual average sea level change at Thule using GNSS-IR, TG and altimetry. The error
bars illustrate the annual standard deviation of the mean as described in Section 2. The figure also
includes variations in the modeled gravity related sea level.

We estimate a linear correlation between annual sea level from GNSS-IR and TG of 0.87.
The linear trend in sea level is −4 ± 7 mm/year and −7 ± 5 mm/year for GNSS-IR and TG,
respectively. The linear trend in annual sea level measured by altimetry is −5 ± 4 mm/year.
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The estimated uncertainty of the annual average sea level measurements using TG
and GNSS varies between 4 and 6 mm. The estimated uncertainty of the annual Altimetry
results is between 2 and 8 mm and depends strongly on the satellite altimeter used, with
considerably larger error estimates for Envisat than for Cryosat-2. It can be seen that
though the three timeseries show similar variations they still differ more than would be
expected from the estimated measurement errors. The RMSD between annual GNSS-IR
and TG sea level changes is 18 mm which is considerably higher than the estimated errors.
For the altimetry results, the RMSD with TG and GNSS-IR is 31 and 24 mm, respectively.
Deviations larger that the uncertainty is not unexpected between altimetry and the other
methods as the TG and GNSS-IR are local measurements, while the sea level from altimetry
is calculated over an area off the coast (Figure 2).

Figure 4 shows one week of sea level variation from August 2018 using GNSS-IR
and TG. Note that the TG in Thule is not datum controlled and therefore the mean sea
level is subtracted from both time series and the sea level variations compared. The Root
Mean Square Deviation (RMSD) of individual measurements of sea level variation is 13 cm
for August 2018 which compares well with other spectral SNR studies [5,6]. Figures of
individual GNSS-IR measurements for the full year 2018 can be found in the supplementary
material. If we instead compare daily values of sea level from GNSS-IR and TG for the
whole study period the correlation between the two is 0.84 and the RMS deviation is 65 mm.

Figure 4. Individual measurements of sea level variation using GNSS Interferometric Reflectometry
(GNSS-IR) and Tide Gauge (TG) from one week in August 2018 (13 to 19 of August).

Figure 3 also includes the modeled gravity related sea level change. The average
gravity related sea level has been altered such that the average is the same as the average of
GNSS-IR and TG sea levels over the covered period. The trend in the modeled gravitational
sea level is −3 ± 0.4 mm/year while it is −8 ± 9 mm/year and −10 ± 7 mm/year for
GNSS-IR and TG, respectively, for this period. The inter annual variations in the gravity
related sea level are very small compared to the measured sea level and therefore it is
unlikely that the large year-to-year variations are related to gravitational effects. The large
year-to-year variations combined with the relatively short timescale also result in large
uncertainties on the trends. Thus one should be careful when comparing the trends as the
large year-to-year variations will strongly affect the calculated trend.
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4. Discussion

We have compared inter annual sea level variations in Thule measured by GNSS-IR,
TG and satellite altimetry. We find that the annual variations from GNSS-IR are comparable
with those from TG, but that the differences are larger than the estimated errors.

The sea level trends also differ between the three methods but due to high uncertainties
on the trends they are within the estimated errors. We expect that the high uncertainties on
the trends are a result of the large inter annual variations in the sea level compared to the
trend, combined with a relatively short time series when it comes to long term studies.

The standard deviation of the daily GNSS-IR and TG measurements, used to estimate
the error, is 110 and 94 mm respectively. For comparison, the RMSD between the two is
65 mm. This indicates that our estimated errors on the two measurements may be too large.
This is especially true since the two methods are expected to deviate in winter due to sea
ice formation, which introduces a difference that is not a measurement error in traditional
terms. If we instead look at the annual averages, the RMSD between TG and GNSS-IR is
18 mm, which is about 4 times the estimated error of the mean. This may seem strange as
the RMSD was smaller than the standard deviation for the daily measurements, used to
estimate the errors. We expect that this is related to the fact that a considerable part of the
difference between the two data sets is not random errors on the individual measurements.
These differences will be passed to the means and are not captured by the estimated errors.

The ocean around Thule is covered by sea ice during much of the year and only
consistently ice free a couple of months each year. Strandberg et al. [27] show that there are
significant changes in the SNR from the GNSS station when sea ice is present. Furthermore,
TGs estimate sea level by measuring the pressure at a certain position in the water column
while GNSS-IR estimates the distance from GNSS antenna and to the sea surface. Therefore,
one source of such non-random deviations could be differences in sea ice cover from
year to year, as this would affect the two measurements differently. However, if a similar
comparison is done using only data from August and September, where the water is
assumed to be ice free, the correlation is 0.69 and the RMSD 37 mm. Thus, the correlation
decreases and the RMSD is larger than for the full year average. The increase in RMSD and
decrease in correlation is likely due to the use of much less data in total when we limit the
mean to this period. However, the RMSD is still large compared to what we would expect
from the daily and individual measurements and thus we do not believe that inter annual
variations in sea ice alone can explain the differences that we observe.

Other studies comparing sea levels extracted from GNSS-IR with TGs, generally find
lower RMSD than we do here. Larson et al. [13] compares GNSS-IR from Kachemak Bay,
Alaska, with tide gauge data over one year. They find a RMSD of 23 mm for the daily
means. In another study, Larson et al. [6] analyse 10 years of sea level data at Friday Harbor,
Washington, and find an RMSD between daily sea levels from GNSS-IR and TG of 21 mm.
Both mentioned studies were conducted using one-antenna geodetic GNSS stations, which
were installed with the purpose of measuring land motion. Thus, the GNSS equipment
used is comparable to the station installed in Thule.

The significant deviations between TG and GNSS-IR may be partly due to the TG
not being datum controlled and thus there may be small unknown shifts or drifts in the
data series. These could happen at the time of maintenance or be related to changes in the
equipment. There have been no changes in the GNSS antenna during the period of interest,
but there has been a couple of changes to the TG. The TG sensor was exchanged in 2008,
2015 and 2017. In 2015 the TG was also moved to a different location (Figure 2). On top of
this there is an unknown amount of other maintenance jobs which could also disturb the
time series as the TG is not datum controlled.

If we compare the sea level from GNSS-IR and TG until 2015 where the TG was moved
the RMSD is 13 mm. Though the RMSD on the annual averages are smaller than for the full
period it is still large compared to the estimated errors and though the move may explain
some of the difference it does not explain all.
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The sea level estimates from altimetry differs significantly from both GNSS-IR and
TG results. Thus the altimetry does not indicate the source of the discrepancy between
the two. The large discrepancies in sea level variations between the local measurements
and altimetry in 2010–2011 is likely related to the transition from Envisat to Cryosat-2
measurements during the first half of 2011. Cryosat-2 uses a new Synthetic Aperture Radar
altimetric technology, which greatly reduces footprint. This result in an increased amount
of data from leads in the sea-ice compared to its pre-decessor, Envisat. As sea level is
generally low during the winter season, this causes the altimeter to miss the 2011 peak in
sea level.

The modeled gravity related sea level shows a negative trend that is smaller than
measured by GNSS-IR and TG but within the uncertainties on these trends. Thus, changes
in the gravity field as a result of ice mass changes in the region can explain why we observe
a negative sea level trend in Thule. The inter-annual variations, however, are much smaller
than what we observe and must be a result of other effects.

Figure 5 shows a map of all GNET GNSS stations in Greenland as well as TGs with
a temporal overlap with the nearest GPS station. There are currently 4 TGs in operation
in Greenland: Thule (close to THU2), Scoresbysund (close to SCOR), Godthaab (close to
NUUK) and Qaqortoq (close to QAQ1). Unfortunately, neither the Scoresbysund, Nuuk
or Qaqortoq GNSS station have a view of the open ocean which is suitable for GNSS-IR
purposes. The TG station near KELY was located in Sisimiut but it has not been in operation
since 1999. Furthermore, the nearest GNSS station in KELY does not see the open water.
Thus, Thule is currently the only place in Greenland where we can directly compare inter
annual changes in sea level measured by TG and GNSS-IR.

Figure 5. Map of Greenland with indication of GNET GNSS stations and tide gauges with data
overlapping the nearest GPS station.

5. Conclusions

Our results show that the sea level variations measured by GNSS-IR and TG match
well on short timescales (Figure 4) and are comparable to other studies. However, there
are considerable differences in the inter annual variation that cannot be explained by
differences in sea ice cover. We suspect that this difference is related to maintenance on
the non-datum controlled TG station. The TG is corrected for uplift using position data
from the GNSS station but there may be changes e.g., during maintenance not captured by
this. The altimetry differs significantly from both the two local measurements and thus
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cannot be used to indicate whether one or the other is most representative of the sea level
in Thule. Modeled gravity related sea level has a negative trend of −3 ± 0.4 mm/year with
only small inter annual variations. We suggest that the GNSS-IR method should be further
tested in glaciated areas, preferably against a datum controlled TG.

Since the uncertainty on individual measurements is high [5,28] and the measurement
frequency is controlled by the passing of satellites, GNSS-IR cannot replace tide gauges,
and should instead be seen as a potential supplement. The technique has the immediate
benefit that we have an on-site measurement of vertical land movement and the results
can be used directly for studies of eustatic sea level change. This is especially useful in
places with large vertical land movements such as glaciated regions and in tectonically
active areas.

We suggest that the option of using GNSS stations for sea level monitoring is taken
into consideration when installing new GNSS stations in coastal areas and that the stations
are installed with an open view of the ocean when feasible.

Supplementary Materials: The following are available at https://www.mdpi.com/article/10.3390/
rs13245077/s1.
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