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Abstract: With the availability of more than 9 years of Cryosat-2, it is possible to revisit polar ocean
tides, which have traditionally been difficult to determine from satellite altimetry. The SAMOSA+
physical retracker is a stable retracker developed particularly for Cryosat-2. Being a physical retracker,
it enables the determination of the sea state bias. Correcting for the sea state bias enables more reliable
sea level estimates compared with traditional empirical retrackers used before. Cryosat-2 data have
been analyzed for residual ocean tides to the FES2014 ocean tide model in the Arctic Ocean and
Antarctic Ocean using the response formalism. We utilize data from the sub-cycle of Cryosat-2,
which follows a repeating pattern of approximately 28.33 days. This sub-repeat period makes it an
advantageous alias period for the majority of significant constituents. This allowed for the estimation
and mapping of the major tidal constituents in the open ocean and also in floating ice shelves from
data extracted from leads in the sea ice. A novel empirical ocean tide model designed specifically for
the polar region, DTU22, is introduced. Our findings reveal substantial enhancements in semi-diurnal
tides within the Arctic Ocean and improvement in diurnal constituents within the Southern Ocean.
In the Southern Ocean, the diurnal constituents are particularly improved using the empirical model
by more than a factor of two to around 3 cm for both constituents compared with FES2014b. These
outcomes underscore the significance of incorporating the reprocessed and retracted Cryosat-2 data
into tidal modeling, highlighting its pivotal role in advancing the field.

Keywords: ocean tides; satellite altimetry; polar oceans

1. Introduction

The flood and ebb caused by ocean tides have fascinated humans for thousands of
years, and understanding and modeling ocean tides are vital for numerous geophysical
fields. The ocean tides are responsible for more than 70% of the ocean variability. When
using satellite altimetry, precise knowledge of tides is important to unravel smaller sea
level signals like ocean currents and sea level change.

Prior to satellite altimetry, tides were derived using information from tide gauges. Our
knowledge about tides has improved dramatically with the launch of satellite altimetry
three decades ago. Important papers on the evaluation and constant improvement in
state-of-the-art tide models have been presented by [1,2], and today, satellite altimetry
is fundamental for tidal science and has changed our understanding of both ocean and
internal tides in the ocean [34].

In the open ocean, tides are known with an accuracy of 2 cm or better [2,5,6]; however,
present-day models show large discrepancies compared to in situ observations in the
coastal and high-latitude regions [2,7]. This is related to a combination of the fact that in
shallow waters, tides have larger amplitudes and are considerably more complex, and the
wavelength of the tides is scaled down in shallow water [6,8].

The orbits for the TOPEX/Poseidon, Jason’s, and recently the Sentinel-6a have all been
selected to avoid aliasing of tidal variability into other oceanographic signals [9]. However,
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these satellites have an inclination of 66°, which means that they do not cover the Arctic
Ocean as well as the coastal regions around Antarctica. Altimetry between 66° and 82°
has until now mainly been available from the ERS1/ERS2/Envisat and SARAL/AltiKa
missions. Unfortunately, these satellites were launched with sun-synchronous orbits, which
are problematic for tidal studies [7]. Sun-synchronous orbit causes major solar constituent
S, to be aliased into zero frequency (hence, it appears as a mean value) and causes the major
diurnal constituent K; to be aliased into the annual signal [10]. In polar regions, another
complication is due to the presence of sea ice, which frequently degrades satellite altimetry
data. Finally, the accuracy of the bathymetric maps is problematic [11]. This means that
the polar regions are today considered significantly less accurate compared with the global
ocean [2], and hence, significant efforts have been put into improving polar oceans [12,13].

Cryosat-2 is different from most other radar altimeters in that it was designed for
mapping the cryosphere [14], and hence, the satellite was launched with an inclination of
88° to map all of the Arctic to within 200 km of the North Pole. Cryosat-2 is also unique
in the sense that it carries a Synthetic Aperture Radar/Interferometric Radar Altimeter
(SIRAL-2), which can switch between three modes to optimize observations dependent
on the surface type [15]. Low-resolution mode (LRM) is optimized for the open ocean
and ice sheets. Synthetic Aperture Radar mode (SAR) is optimized for sea ice and SAR
interferometry (SARIn or SIN in short) for regions of large topography and ice margins [15].
The recent version 5 of the mode mask is shown in Figure 1.

Figure 1. The Cryosat-2 Mode mask V5 operational since 1 May 2023. SAR mode is shown in green.
SARin/SIN in purple and LRM in blue [16].

In polar regions, usable Sea Surface Height (SSH) observations from altimetry will
generally come from either the open ocean or from water between ice-floes, also called sea
ice leads. Conventional altimeter (e.g., ERS-1/2 or ENVISAT) has such a large footprint
(>150 km?) that they have problems resolving SSH in leads [17]. A SAR altimeter has a
much smaller footprint (~4 km?) due to multi-looking [14]. Hence, it can discriminate more
accurately between the open ocean and leads.

The major advantage of Cryosat-2 for tidal prediction stems from the fact that Cryosat-
2 is not sun-synchronous. It has a very long exact repeat period of 368.24 days, which
intuitively seems very long for tidal modeling. However, the satellite was designed with
13 favorable sub-cycles of 28.33 days, which is a very good sampling period for tidal
analysis. In each of the 13 sub-cycles, Cryosat-2 lays out a global homogenous track pattern
with coarse resolution. For the exact repeat of 368.24 days, the track-to-track distance is
8 km, but the sub-cycle track-to-track distance is 104 km. This roughly decreased with
cosine to the latitude, and at 70° latitude, the track-to-track distance for the sub-cycle is as
low as 35 km. For each subsequent sub-cycle, the global track pattern is shifted 8 km to
the west at the Equator. An example of the exact-repeat tracks and sub-cycle tracks can be
found in [18], who developed a tide model for the Weddell Sea south of 60°S.
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In this paper, we present both new tidal estimates and a new empirical ocean tide
model from the Technical University of Denmark (DTU) called DTU220T. This model is
inspired by the work of Ed Zaron presented in [18]. However, we applied an improved
retracked Cryosat-2 dataset for polar regions and a different tide prediction method which
proved favorable for many tidal constituents.

The paper is organized as follows: The next section describes the data processing and
retracking as well as the determination of tidal constituents. The following section deals
with tide prediction, and the subsequent section with evaluation and comparison with in
situ data.

2. Data and Processing

With the assistance of the European Space Agency (ESA) Grid Processing On-Demand
(GPOD) and Service Support (RSS) [19], we have processed Cryosat-2 SAR and SARin/SIN
for both the Arctic and the Southern Ocean between October 2010 and October 2019.
Observations over the sea ice/open ocean interface were removed in the processing, and
only observations over sea ice leads were selected, similar to the work by [20].

Compared to the use of conventional 1-Hz altimetry, there are several advantages of
reprocessing and retracking Cryosat-2 satellite altimetry for tidal modeling at 20-Hz in the
polar regions. The advantages relate to increased spatio-temporal coverage and increased
range precision, and we will demonstrate the advantages in the following subsections.

2.1. Retracking Cryosat-2 Using Physical Retracker

Retracking is performed by fitting a functional form to the returned radar power to
the satellite. This can be empirical (threshold, peak, etc.) or based on physics. Generally,
empirical retrackers are more robust over surfaces with highly varying terrain, such as
coastal areas, inland waters, and ice sheets, and more data will be available. However,
physical retrackers are always preferred over the oceans as they generally provide higher
range precision important to residual tide modeling [5,20,21]. Furthermore, physical
retrackers generally provide additional parameters enabling a correction for the sea state
bias [9,22]. The returned power as a function of time (waveform) is radically changed by
the presence of sea ice. Hence, the retracker must be able to handle this. Over oceans or sea
ice, power is returned from a larger surface, and hence, the waveform becomes broader.
Over the sea ice, the still water acts like a mirror, and the waveform becomes specular.

For the SAR and SARIn/SIN data, we applied the SAMOSA+ physical retracking [23].
SAMOSA+ adapts the SAMOSA retracking model [24] to operate over specular scattering
surfaces as ice-covered polar oceans. SAMOSA and SAMOSA+ retracking has successfully
been applied to determine sea-ice freeboard and polar ocean sea level from CryoSat-2 SAR
data in [25,26] and recently also for mean sea surface determination [27].

Retracking 9 years of Cryosat-2 can be performed in a matter of hours using an
empirical retracker, whereas retracking using the SAMOSA+ physical retracker takes
many months. To illustrate the importance of applying the SAMOSA+ physical retracker,
we compared it with a simpler 70% empirical threshold retracker from the DTU LARS
retracking system [17]. We subsequently performed a simultaneous estimation of residual
tides using near-identical Cryosat-2 data. The derived SAMOSA+ sea state bias was applied
for the SAMOSA+ but not for the empirical threshold retracked data. The residual tide
estimation procedure is described in detail in the subsequent section using remove/restore
with the FES2014 ocean tide correction [28].

Figure 2 shows the estimated in-phase part of the residual M; ocean tide on a scale from
—5 to 5 cm estimated from SAMOSA+ physical retracking (left) and from 70% threshold
retracking (right) using nearly the same amount of data. It is clear that the estimates using
the empirical threshold data are far noisier compared with the physically retracked data. A
close inspection of the Baffin Bay region between Greenland and Canada reveals that the
two estimates roughly estimate the same 5 cm residual tidal signal. However, the noise of
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the threshold estimates is significantly higher, which calls for increased spatial smoothing
in order for these to be useful.
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Figure 2. Residual M, cosine ocean tide to FES2014b in the Arctic Ocean estimated from 9 years of
Cryosat-2 using (left) SAMOSA+ physical retracker and (right) empirical 70% threshold retracker.
The color scale ranges from —5 ¢cm to 5 cm.

After retracking the Cryosat-2 data, all geophysical and range corrections are per-
formed to the 20-Hz data as described in [22]. This includes the correction for the sea state
bias following [29]. Satellite altimetry observes the elastic ocean tide and not the real ocean
tide. The elastic ocean tide is the sum of the ocean and loading tide. We subsequently
removed known elastic ocean tides using the FES2014b elastic ocean tide model [27].

We finally remove the mean sea surface from the observations to create the sea surface
height anomalies. We used the DTU21MSS [27,30]. This model is particularly well-suited
for the current analysis as it is derived using the same Cryosat-2 data retracked using the
SAMOSA + retracker as is used here.

2.2. Data Binning and Ocean Tide Prediction

When using satellites to sample ocean tides, the tidal signal will always have a much
higher frequency than the sampling of the satellite. Therefore, the tidal signal will be
heavily subsampled and aliased into periods longer than the sampling of the satellite [6,30].
This aliasing period depends on the sampling rate by the satellites and the tidal frequency.
Table 1 shows the alias periods for the four major diurnal and semi-diurnal constituents,
as well as the largest shallow water constituent My, when sampled using various satellite
altimetry missions. It is seen that, in general, it is very problematic to use Envisat (35-day)
and Sentinel3 (27-day) altimetry in the polar oceans due to the sun-synchronous orbits
causing very problematic alias periods.
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Table 1. Alias period of major tidal constituents for various exact repeating satellites in days.

Jason Envisat Sentinel-3 Cryosat-2 SCu rl}),?(sj;tc-lze

(9.9156-day) (35-day) (27-day) (368.24-day) (28.331-day)

M, 62.107480 94.486461 157.537622 800.070025 379.709199
S 58.741706 Infinite Infinite 768.31839%4 245.262712
K 86.596122 182.621095 182.621095 742.877694 715.022170
N, 49.596177 97.392957 140.982483 2095.633360 225.422047
Ky 173.192245 365.242190 365.242190 1485.755387 1430.044341
O 45.714180 132.806118 277.025136 1261.5526611 294.393753
Py 88.890870 365.242190 365.242190 1591.126753 209.356579
Q 69.364499 132.806118 229.612139 5105.281211 194.726710
My 31.053740 135.0055291 78.768811 4633.024758 185.354599

When designing tidal prediction using satellite altimetry, it is important to look both at
the temporal and spatial sampling of the satellite to optimize the processing and extraction
of the residual tides. For Cryosat-2, we have processed 9 years, equivalent to 3285 days of
data. It would be impractical to solve for the tidal constituent using data from the exact
repeat of 368.23 days mission. This is because a number of tidal constituents cannot be
resolved within the measurement period of 3285 days, as the alias period is longer than
this period.

The Cryosat-2 orbit design created a global uniform sub-grid every 28.331 days, which
is slightly drifting, creating the next global uniform sub-grid shifted by roughly 8 km to
the west. The Cryosat-2 sub-cycle repeat of 28.331 days is much more viable for tidal
analysis. Here, all constituents have well-separated alias periods inside the length of the
measurement period. The two constituents that, theoretically, can be slightly problematic to
resolve are the M, constituent and the K; constituent. The problem with K; is the fact that
it has a very long alias period comparable to the duration of the observations. The problem
with M; is the fact that it has an alias period of 371 days, which is only 6 days from the
annual variation of 365 days. A complete separation of the two would require 60 years,
according to the Rayleigh criterion [6]. However, by simultaneously solving for both tidal
parameters and the annual signal, we can separate these signals and find a reliable solution
for the M, constituent.

When using data from the sub-cycle, we will only be able to solve the tidal residuals
at a coarser resolution as the observations are not taken at the same location. We decided to
use a longitudinal bin size of 3° equivalent to 150 km at 60° and 75 km at 75° latitude. In
the latitude direction, the bin size will be constant with latitude, and we decided to fix it at
0.5°, which corresponds to roughly 55 km.

For the tidal analysis in the polar regions, it is important to use 20-Hz observations
directly rather than first computing 1-Hz, which is performed in the Radar Altimeter
Database System (RADS) [31]. This stems from the nature of the leads being very small
and scattered. Frequently, only a few scattered 20-Hz observations are available. Naturally,
the 20-Hz observations will be noisier than the averaged 1 Hz observations, but as Figure 3
demonstrates, this approach retrieves more data and much better distribution in time and
space, which clearly outperforms the higher noise on 20-Hz data.
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180
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Figure 3. Cryosat-2 data in the Arctic and Southern Oceans for November 2010. The figure illustrates
the different amounts of data when SAMOSA+ retracking is used (left panels) and when RADS data
are used (right panels).

Figure 3 illustrates all Cryosat-2 data in the Arctic Ocean and Southern Oceans for
November 2010 retracked using the SAMOSA+ retracker (left panels) and RADS (right
panels). It can be seen that the limits of the SAMOSA + retracker are 55° in the Southern
Hemisphere and 65° in the Northern Hemisphere.

The SAMOSA+ retracking was performed on the SAR data (blue region) and SARin/SIN
data (green region). The LRM data were used directly from ESA 20-Hz GPD data (sand
color). Notice that within the blue SAR zone in the lower left plot in Figure 2, there is a clear
white zone where there is no data. This is exactly the transition zone from the open ocean
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where the SAMOSA+ retracker fails due to very noisy waveforms. It is very noticeable that
around the perimeter.

It is also noticeable that RADS lacks data in large sections of the region. This stems
from the fact that 1-Hz data in RADS are only computed when at least 16 out of the
20 possible 20-Hz observations within one second are available.

The processing of the data in this study was performed in the following way. Every
time a satellite track crosses a bin, all 20-Hz observations are used to form the residual SLA
observation used for the subsequent tidal analysis. The location of this bin average is taken
as the average location of all data locations during the crossing of the bin. The use of an
accurate mean sea surface is particularly important in this process as data are not taken at
the same location but within a region of 3.0° x 0.5°. Subsequently, errors in the mean sea
surface will add significantly to the nontidal noise of the measurements. Fortunately, the
DTU21MSS used here is consistent with the retracked data used here, which minimizes
this effect.

Within each 3.0° x 0.5° data bin, we computed the amount of crossing over the nine-
year Cryosat-2 period, from which averaged sea surface height data could be computed for
the tidal prediction. This is illustrated in Figure 4. In general, we have more than 500 sea
surface height observations to determine the tides adequately.

0.00 500.00 1000.00 1500.00

Figure 4. The amount of data points in each of the 3.0° x 0.5° bins used for the subsequent tidal
analysis.

The along-track sea level residuals have been analyzed using the response method [32]
extended with the orthotide formalism by [6,33,34]. In this analysis, we have augmented the
formalism with a simultaneous solution for the annual signal due to the 371-day M, alias
period. The formalism has previously proved very efficient in high-latitude polar regions
where there were only sun-synchronous satellites available until the launch of Cryosat-2 in
2010 and in combination with a harmonic solution for shallow water tides [8,35].
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2.3. Tide Gauges

In order to perform an independent and quantitative evaluation of the tidal estimates,
the use of tide gauges is normally preferred. The tidal estimations in both the Antarctic and
the Arctic Ocean were evaluated using in situ measurements obtained from a combination
of tide gauges, ocean bottom pressure sensors, and GNSS-reflectometry (GNSS-IR) [36]. Ex-
isting global tidal constituent databases provide limited data in these regions; for example,
TICON-3 [37] only provides 18 gauges below 60°S and 21 above 70°N. For the Arctic Ocean,
a new tidal constituent dataset termed ArcTiCA is used [38]. This dataset was the result of
a concerted effort to collect all available tide gauges, Ocean Bottom Pressure (OBP) buoys,
and GNSS-IR measurements. Using the flagging provided within this dataset, we selected
68 M», Sy, Oy, and K; constituents above 65°N from a total of 1095 data. This dataset is
shown in the right panel of Figure 5.

180°W

0 20 40 60 80 100 120 140
cm

Figure 5. The M, amplitude at the tide gauges used for comparison in the Antarctic and the Arctic
Ocean [38].

For the Antarctic, the in situ database published in [18] was used in this manuscript
to provide a one-to-one comparison with the results presented in that study. A total of
27 measurements are used, which are mainly located around the Weddell Sea. Other tidal
constituent databases do exist; especially notable is the Ant TG of [38], which contains over
100 measurements. However, for consistency purposes and to evaluate the results against
previous literature, only the database of [18] is used in this manuscript. These tide gauges
are shown in the left panel of Figure 5.

3. Results

To confirm the realistic estimations presented using the response method, an additional
harmonic approach was performed for the exact same data in the Antarctic region following
the methods described in [5] and is presented in Figure 6. The figure illustrates the raw
and ungridded tidal estimates within each of the 3.0° x 0.5° bins defined earlier.
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Figure 6. The M, cosine component. (Upper left): Estimated from Cryosat-2 alone and using the
response formalism. (Upper right): Estimated from Cryosat-2 alone using the harmonic method [5].
(Lower left): Estimated from Cryosat-2 below 66°S but from Cryosat-2 and Jason above 66°S.
(Lower right): Estimated from 1 Hz RADS Cryosat-2 data. The color scale ranges from —5 cm
to 5 cm.

Differences between the response and harmonic approaches for the M, amplitude are,
on average 0.2 mm, with the only areas of larger differences being found in the Antarctic
Circumpolar Current (ACC). The ACC is known for high levels of mesoscale activity, which
have traditionally been areas where altimetry-derived estimations of ocean tides have
struggled. Furthermore, the spatial separation of the Cryosat-2 orbit increases with lower
latitudes, degrading tidal estimations. Therefore, it is no surprise that these two approaches
differ in these regions.

To avoid the increased amount of oceanographic noise on the tidal estimates in the
ACC, it was decided to add data from Jason-1/2/3 in each of the estimation cells above
the 66°S parallel. This has been performed in the lower left panel. It is seen that the Jasons
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provides additional stability to the tidal estimates above the 66°S parallel, which is the
turning latitude of these satellites.

To demonstrate the importance of retracking and using 20-Hz data, the residual M,
was derived from the 1 Hz Cryosat-2 data from RADS. As expected, these data are too
sparse to resolve the tides in the Weddell Sea. It can also be seen that the RADS data are
not processed for the SARIn data close to the coastline of Antarctica. The SARIn coastal
mask is clearly seen in Figure 1.

The tidal constituents (in phase and in quadrature corresponding to cosine and sine)
signals were subsequently optimally interpolated using a Gauss Markov covariance func-
tion with a half-length of 800 km onto the 1/16 degree grid similar to the resolution of the
FES2014 model. Hereafter, they were added to the tidal constituents of FES2014 in order to
derive the empirical tidal model called DTU22.

The M, residual to FES2014b for the Arctic and Antarctic regions are shown in Figure 7,
and the S, and K residual to FES2014b for the Arctic and Antarctic regions in Figure 8.
Significant tidal residuals are seen in large parts of the Arctic Ocean. Particularly, the M,
cosine has residuals of 1-2 cm across a large part of the central Arctic Ocean. In the Baffin
Bay between Greenland and Canada, residuals in both M, cosine and sine components
between 5 and 10 cm are found. Similarly, tidal residuals up to 15 cm can be found in the
Canadian Arctic Archipelago.

Figure 7. The M, residual to FES2014b for the Arctic and Antarctic regions. (Upper row): M, cosine.
(Lower row): M sine. The color scale ranges from —5 to 5 cm.



Remote Sens. 2023, 15, 4479

110f15

Figure 8. The S, and K; residual components to FES2014b for the Arctic and Antarctic regions.
(Upper row). S, cosine (Second row): S, sine (Third row). K cosine and (bottom row): K; sine. The
color scale ranges from —3 cm to 3 cm.

In the Southern Ocean, the largest tidal residuals are seen in the Weddell Sea, ranging
up to 6 cm. Some significant tidal residual is also found close to the Amery Ice shelf, around
75°E, and close to the Ross Ice shelf, around 170°E-180°E.

The S; and K residuals to FES2014b for the Arctic and Antarctic regions in Figure 8
are generally smaller than the M, residuals and shown with a color scale ranging between
—3 cm and 3 cm. Significant tidal residuals are seen in somewhat similar regions to the M;
residuals in the Arctic Ocean. Significant S2 residuals are seen in both the cosine and sine
components in the Barents Sea north of Norway and the northern part of the Atlantic Ocean
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with residuals of 2-3 cm. Residuals are also seen on the eastern section of the Russian Shelf
between latitudes of 120°E and 150°E. Similarly significant tidal residuals up to 6-12 cm
are again found in the Canadian Arctic Archipelago.

The largest diurnal constituent, Kj, has a particularly long alias period of more than
4 years or 1468 days when observed using Cryosat-2. Even though Cryosat-2 has been
measuring for 9 years, it is expected that the constituent can be slightly more difficult to
determine with Cryosat-2 due to the fact that the Cryosat-2 time series is far from complete
in time and space. The two lower panels illustrate the cosine and sine residuals with respect
to FES2014b. Significant tidal residuals are seen at very high latitudes towards the North
Pole and in the eastern part of the Barents Sea, where residuals reach 2-3 cm. Residuals are
also seen towards the Bering Strait. Once again, significant tidal residuals are found in the
Canadian Arctic Archipelago, where they reach 5-10 cm.

In the Southern Ocean, the largest tidal residuals are seen in the Ross Sea with am-
plitudes up to 5 cm in both the sine and cosine components. Significant K; residual is
also found in the western part of the Weddell Sea close to the Larsen Ice shelves and the
Graham land.

4. Evaluation against Tide Gauges

In order to perform an independent assessment of the tidal estimates, we used the
tide gauges described in Section 2. When using the response formalism, a number of minor
constituents can be inferred from the admittance parameter largely defined by the larger
tidal constituents. Hence, it is important to evaluate the method’s ability to predict the
larger constituents. This was initially performed by comparing the solution in the Southern
Ocean against tide gauges with a harmonic solution, which is based on the exact same data
and interpolation method.

The ocean tide model by Zaron [18] only covers the Weddell Sea. Hence, only 20 com-
mon tide gauges are involved in this comparison. For DTU22, the numbers in brackets are
the comparison with the same 20 tide gauges. The numbers for the Zaron model are copied
from [18]

The evaluation against 27 tide gauges around Antarctica is shown in Table 2 for the
four major constituents as Mean Vector Differences (MVD), which include both cosine and
sine differences. The table gives the comparison of the FES2014 model and the estimated
empirical DTU22 model based on the response formalism as well as estimations based on
harmonic constituents (Harmonic). The FES2014 ocean tide model does not include Cryosat-
2 altimetry but assimilates a number of the tide gauges in the region. Additionally, the
comparison with the model for the Weddell Sea by Zaron [18] is included in the table. The
numbers in the bracket for DTU22 are a comparison with the same 20 tide gauges. Generally,
the comparison is similar between DTU22 and Zaron [18] except for the comparison for
the S, constituents. The factor of two improvements for the S, semi-diurnal constituent
is largely attributed to the physical retracking of the data using the SAMOSA+ retracker
in this study. In general, an MVD of 4-5 cm is seen for both semi-diurnal constituents
for the FES2014b model, rising to 6-8 cm for the diurnal constituents. It is seen that the
semi-diurnal constituents are improved to 2—4 cm using both the response and empirical
analysis. The diurnal constituents are particularly improved using the empirical methods
by more than a factor of two to around 3 cm for both constituents. A cross-comparison
with the results by [18] indicates that the same improvements are found for the M, and the
diurnal constituents.
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Table 2. Comparison against 27 Antarctica measurements. Mean Vector Differences (MVD), including
errors in the cosine and sine differences, are given. The numbers in brackets are the comparison with
the same 20 gauges used by Zaron [18] for the comparison in the Weddell Sea. The * indicates that
this is a result of comparison with 20 gauges in [18].

FES14b Zaron DTU22 Harmonic
M, 4.38 3.1* 4.01 (3.2) 4.15
Sy 431 6.6 * 2.61 (3.8) 2.65
Ky 7.57 29* 3.26 (3.1) 3.30
0O 6.52 2.0% 3.03 (2.0) 2.88

Table 3 presents a comparison with 67 tide gauges in the Arctic Ocean, as shown in
Figure 5, taken from the ArcTiCA dataset [38], where the gauges in the Baltic have been
excluded and only gauges recording sea level for longer than 1 year have been selected.
The ArcTiCA database contains a number of repeated tide gauges where the repeated
observations were also removed. Furthermore, gauges can be found in fjords or rivers
where the tidal dynamics are extremely variable, and the altimetry approaches used in this
study will not be able to capture them appropriately. Hence, we expect relatively large
differences when comparing the data in this database with the numbers found using an
edited set of tide gauges in [2], as the gauges are not removed from the analysis.

Table 3. Comparison with 67 Arctic Ocean tide constituents taken from the ArcTiCA database [38].
The table gives Mean Vector Differences, including both cosine and sine differences.

FES14b DTU22
M, 9.86 7.58
S, 5.01 486
K, 478 475
01 2.69 2.29

The comparison between bi-cubic interpolated values in the tide model and the 67 se-
lected ArcTiCa tidal constituents is shown in Table 3. The table shows small improvements
for all constituents but most significant for the larger semi-diurnal constituents with the
DTU22 empirical ocean tide model. This is very different from the comparison in the
Southern Ocean, where the largest improvements were seen for the diurnal constituents.
However, the diurnal constituents are comparatively much smaller in the Arctic Ocean
compared with the Southern Ocean.

It should be noted that a number of the ArcTiCa tide gauges are assimilated in the
FES2014b model, which might mean the model better resolves the tides in the regions near
the gauges and, this way, favors the FES2014b tide model.

5. Discussion and Conclusions

With the assistance of the European Space Agency (ESA) Grid Processing On-Demand
(GPOD) and Service Support (SS), we have processed a total of 9 years of Cryosat-2 (October
2010 to October 2019) for both the Arctic and the Southern Ocean. This enabled us to revisit
polar ocean tides following the pioneering work by [18] using data retracked using a
physical retracker.

The SAMOSA + physical retracker provides more stable sea level estimates compared
with traditional empirical retrackers, which is very important in the determination of small
residual tides. Cryosat-2 data have been analyzed for residual ocean tides to the FES2014
ocean tide model in the Arctic Ocean and Antarctic Ocean. We designed the tidal analysis
to follow the near 28-day sub-cycle of Cryosat, which has an advantageous aliasing period
for the majority of significant constituents. Using this information, the long wavelength
corrections to FES2014 have been derived for the major astronomical constituents My, S,
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Ky, Ny, Ky, Oy, Py, and Qg tides for both the ocean and floating ice shelves domains as data
have been retracked into the leads in the ice.

The binned sea level residuals in 3° x 0.5° cells have been analyzed using both
the response method extended with the orthotide formalism as well as the harmonic
methods. Both methods deliver very similar results with differences on the mm scale.
Compared with 27 tide gauges, we found these solutions superior to the FES2014b ocean
tide model, which has been derived without using Cryosat-2 altimetry. Our findings
reveal enhancements in mainly semi-diurnal tides within the Arctic Ocean and a reciprocal
improvement in diurnal constituents within the Southern Ocean. In this region, the diurnal
constituents are particularly improved using the empirical model by more than a factor
of two to around 3 cm for both constituents compared with FES2014b. These outcomes
underscore the significance of incorporating the reprocessed and retracted Cryosat-2 data
into tidal modeling.
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