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ABSTRACT

While the barotropic ocean tides in the deep ocean are well modeled to ~2 cm RMS, accurate tidal prediction in the ice-
covered polar oceans and near coastal regions remain elusive. A notable reason is that the most accurate satellite altimeters
(TOPEX/Jason-1/-2), whose orbits are optimized to minimize the tidal aliasing effect, have spatial coverage limited to largely
outside of the polar ocean. Here, we update the assessment of tidal models using 7 contemporary global and regional models,
and show that the altimetry sea surface height (SSH) anomaly residual after tidal correction is 9 - 12 cm RMS in the Subarctic
Ocean. We then address the hypothesis whether plausible evidence of variable tidal signals exist in the seasonally ice-covered
Subarctic Ocean, where the sea ice cover is undergoing rapid thinning. We first found a difference in variance reduction for
multi-mission altimeter SSH anomaly residuals during the summer and winter seasons, with the residual during winter sea-
son 15 - 30% larger than that during the summer season. Experimental seasonal ocean tide solutions derived from satellite
altimetry reveals that the recovered winter and summer tidal constituents generally differ by a few cm in amplitude and tens
of degrees in phase. Relatively larger seasonal tidal patterns, in particular for M,, S, and K, tides, have been identified in the
Chukchi Sea study region near eastern Siberia, coincident with the seasonal presence and movement of sea ice.
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1. INTRODUCTION

The advent of satellite radar altimetry, introduced in
the 1970s (GEOS-3 and Seasat), provided a synoptic means
of observing the global ocean surface and other surface
topographic heights with weekly temporal sampling, and
with cross-track resolution of ~100 km at the equator. This
initiative was driven by our limited knowledge and under-
standing of the global general ocean circulation, because it
is difficult to have globally covered in-situ hydrographic or
other oceanographic measurements. The launch of TOPEX/
POSEIDON in the beginning of the 1990s represents a new
era of satellite altimetry to advance satellite oceanography
and tidal science, owing to its near-global coverage, unprec-
edented accuracy, optimal orbital configuration to minimize
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tidal and seasonal signal aliasing, and adequate spatial and
temporal sampling for general circulation studies (Fu et al.
1994; Shum et al. 1995). Other missions, ERS-1/-2, GFO,
Envisat, Jason-1/-2, and Cryosat-2, have been launched to
lengthen the geophysical and oceanographic time series
to longer than two decades, in particular for the study of
ocean’s role in climate change, including sea-level rise,
general ocean circulation and heat transport.

While global ocean tides models derived from satellite
altimetry in the deep ocean are known to have accuracy of
~2 cm RMS, their uncertainties increase significantly near
coastal regions, in high-latitude Ocean or over shallow seas
(Shum et al. 1997, 2001), and that the model accuracies are
region-dependent, with larger uncertainties in regions of
energetic ocean dynamics. The percentage of sea surface
height (SSH) variability explained by ocean tides, which
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should account for ~80% SSH variability, could be quite
different depending on regional characteristics (Fok et al.
2010), primarily due to non-linear processes triggered by
complicated bathymetry (Ray et al. 2011). Note that most
global ocean tide models are derived up to +66° due to the
limitation of the TOPEX-class altimetric satellite orbital in-
clinations and the undesirable tidal aliasing effect of GFO,
ERS and Envisat because of their respective orbits.

The Arctic Ocean is the smallest and shallowest of
the world’s five major oceanic divisions, which is almost
completely surrounded by Eurasia and North America (Pid-
wirny 2006). The Arctic region is particularly sensitive to
climate variability and is in the midst of a major climate,
environmental and societal change. In particular, Arctic sea
ice is sensitive to small changes in vertical oceanic heat flux
and has undergone rapid thinning during the past decades
(Holloway and Sou 2002; Kwok and Untersteiner 2011).
The sea ice cover and its change or diminishment represents
a benchmark of assessing large-scale climate changes (Ren-
ganathan 2010). The effect of ocean circulation on sea ice
through ocean-sea ice coupled modeling, its feedback and
relationship to the conservation of heat, fresh water, and sa-
linity (Hibler IIT and Bryan 1984; Campin et al. 2008), are
all critical processes related to climate change in the Arctic
Ocean. The exact measurements of sea ice freeboard height
change using satellite laser or radar altimetry requires ac-
curate knowledge of dynamic ocean topography, the geoid,
and ocean tides (Renganathan 2010; Kwok and Untersteiner
2011). The latter is the focus of this study.

There are evidences that seasonally sea-ice-covered
ocean causes seasonality in tidal signals (Renganathan
2010), which would affect the accuracy of sea ice freeboard
height change retrieval using satellite altimetry. In addition
to sea ice, it is found that significant seasonal modulation
of ocean tides exist over the European shelf, as revealed by
TOPEX altimeter and tide gauge data (Leeuwenburgh et
al. 1999; Huess and Andersen 2001). Ray (2006) reported
secular increases of M, tidal amplitude in the Gulf of Maine
during the 20" century, however, the amplitudes abruptly
dropped in the early 1980s.

Recent model simulations have been conducted to
study the ice drift and ice-induced change effects on M,
tide and its dynamics covering all parts of the Arctic Ocean
above 65° latitude. A study claimed that the sea ice cover
has a substantial effect on the M, tide. This generally causes
a decrease in M, tidal amplitudes and an increase in tidal
phases and hence changing the tidal characteristics and its
energy dissipation (Kagan et al. 2008). A more recent model
simulation study on the seasonal variations of M, tide in the
Arctic Ocean concluded that the tidal amplitude and phase
during the summer and winter seasons differs by a few cm
and tens of degrees, respectively (Kagan et al. 2011).

However, the aforementioned studies are limited to ei-
ther the seasonal modulation of M, tidal constituent in the

European Shelf where strong tidal mixing and surge are
present, or to the use of tidal hydrodynamic models to simu-
late and examine seasonal variations in M, tide. Here we
use SSH observations from multi-mission satellite altimetry
over the polar ocean, 1992 - 2010, with distinct spatial and
temporal coverage, to conduct empirical ocean tide model-
ing and to test the hypothesis for the existence of seasonal
tidal signal. Yi et al. (2006) investigated the feasibility of
an empirical ocean tide modeling solution using GFO and
Envisat around Antarctica Ocean and showed a comparable
accuracy with the TPX06.2 and FES2004 models, which
are hydrodynamic models with data assimilation at latitude
higher than +66°. This contribution provides a solid founda-
tion for this study.

This paper aims to study plausible evidences of the
potential seasonality of ocean tides in the Subarctic Ocean.
Due primarily to the seasonal or permanent sea ice cover,
large part of the Arctic Ocean, greater than 72° latitude, are
at present without accurate altimetry data because of a vari-
ety of reasons, including sea ice contamination of altimeter
waveforms, lack of accurate mean sea surface model to al-
low gradient corrections to retrieve altimetric sea surface
topography heights (Cheng et al. 2012). Therefore, we limit
our study at latitudes between 60° and 72° in the Subarc-
tic Ocean. Particular emphasis is paid on the Chukchi Sea
region near eastern Siberia, where there is a substantial
amount of sea ice during the winter season and primarily
ice-free during summer season, but with adequate altimeter
data to conduct the tidal analysis study.

2. SEASONAL VARIATION OF OCEAN TIDES IN
THE SUBARCTIC OCEAN

To possibly detect the seasonal variation in ocean
tides, SSH anomaly variance reduction test is conducted at
latitude between 60° and 72° in the Subarctic Ocean. This
method applies the tidal height prediction from ocean tide
models for the correction to the sea surface height (SSH)
anomaly for each type of altimeter data, with the implicit
assumption that the variance reduction ability by ocean tide
models is different during the summer and winter seasons.
The analysis used altimeter data of TOPEX, Jason-1, GFO,
and Envisat. The SSH anomaly data are from TOPEX cy-
cles 4 - 364, TOPEX Tandem Interleave Mission (TTM)
cycles 369 - 479, Jason-1 cycles 1 - 303, GFO cycles 37 -
204, and Envisat cycles 10 - 80. Preprocessing of those data
were made through the update and retrieval of the so-called
stackfile system, in which the data are gradient-corrected,
edited and post-processed (Kruizinga 1997; Yi2010). Seven
global and regional ocean tide models are used in this study:
DTU10 (Cheng and Andersen 2011), EOT11a (Bosch and
Savcenko 2008), FES2004 (Lyard et al. 2006), GOT4.7
(Ray 1999), NAO.99b (Matsumoto et al. 2000), TPXO7.2
(Egbert and Erofeeva 2002), and the AOTIM-5 regional tide
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model (Padman and Erofeeva 2004). The AOTIM-5 model
is included in this study because it is a regional Arctic ocean
tide model as compared to other global tide models used
here.

The standard deviation of the along-track SSH anoma-
ly and the SSH anomaly residual after tidal height removal
predicted by various ocean tide models over the Subarctic
Ocean are computed to investigate the difference in vari-
ance reduction between the summer and winter seasons.
Note that we define the summer season between March and
September, and the winter season between September and
March. The SSH anomaly residual is defined as:

SSH anomaly residual =
SSH anomaly - (diurnal + semidiurnal tides) - LP (1)

where the diurnal and semidiurnal tides are predicted by
each of the ocean tide models, and the long-period (LP)
equilibrium tides are calculated based on Cartwright and
Edden (1973) (which was adopted in the GOT00.2 and
GOT4.7 models) for consistency. Note also that SSH anom-
aly residual larger than 50 cm was excluded in the statistics.
All tide models did not use Jason-2 altimetry data in the
solution, except for the DTU10 and the EOT11a models. In
other words, Jason-2 data are not independent in the evalu-
ations of these two tide models.

Table 1 shows the overall SSH anomaly variation for
an assessment of consistency among contemporary global
ocean tide models, in terms of standard deviation (Stdev)
for each altimeter and Root Sum of Squares (RSS) Stdev of
the SSH anomaly for the entire altimeter data before and af-

ter ocean tide correction, respectively. Variance Explained
(VE) by ocean tide correction for the entire region is also
shown. Similar statistics was shown in Tables 2a and b re-
spectively for summer and winter seasons, excluding the
AOTIM-5 regional model. Bold values in Tables 1 and 2 are
associated with the tide models with the best performance in
each of the cases (columns).

All 6 global ocean tide models, together with the ex-
perimental Arctic ocean tide model developed in this study,
exhibit similar performance, except for the AOTIM-5 re-
gional model which has worse performance (Table 1).
Multi-mission altimetry SSH anomaly residual after tidal
corrections using the 7 global and regional tide models is
at 9 - 12 cm (the regional model AOTIM is excluded in the
residual computation) in the Subarctic Ocean (Table 1). As
a qualitative comparison, the estimated discrepancy among
a number of earlier global ocean tide models in the deep
ocean is 2 - 3 cm (Shum et al. 2001).

Tables 2a and b both show substantial differences in
SSH anomaly residuals after corrections using various tide
models during the summer and winter seasons. Better SSH
anomaly variance reduction, as manifested from the bold
values, is also evident for the tide model derived from multi-
altimetry data during the summer (i.e., this study, Summer
Model) and the winter (i.e., this study, Winter Model) sea-
sons. The variation in SSH anomaly during the summer sea-
son is lower than that in winter by 15 - 30%, regardless of
whether it is before or after ocean tide correction. This is
particularly evident in the TOPEX and Jason-1 interleave,
and Jason-2 altimeter data. The Jason-2 along track SSH
anomaly residual variation during the summer and winter

Table 1. Standard deviations of SSH anomaly residuals for the empirical seasonal ocean tide model along satellite tracks in the Subarctic Ocean (in

cm) for entire data without separation into summer and winter seasons.

Stdev (after)
Model TOPEX/  TOPEX ) Jason-1 Std::i:fter) VE (%)
POSEIDON Interleave GFO Envisat Interleave Jason-1 Jason-2
Stdev (before) 55.67 53.56 4753 48.54 52.82 54.92 5591
DTUI10 * 10.23 9.14 10.12 9.84 11.93 9.28 11.21 27.23 80.51
EOTl1la* 10.33 9.15 10.30 9.86 1191 9.32 11.24 27.36 8041
FES2004 1042 9.26 10.50 10.04 12.02 948 11.51 27.78 80.11
GOT4.7 10.27 9.14 10.10 9.85 11.90 9.27 11.24 27.24 80.50
NAO.99b 10.58 9.33 10.96 10.33 11.89 943 11.43 28.05 79.92
TPXO.7.2 10.30 9.22 10.53 10.13 11.89 9.32 11.27 27.57 80.27
AOTIMS 26.47 26.33 24.96 24 .45 27.65 26.31 26.27 - -
This study 1043 8.95 9.94 9.69 12.01 9.17 11.28 27.15 80.56
RSS Stdev (before) = 139.69 cm

* Model used Jason-2 data for ocean tide solutions. Bold values indicate the lowest residual and better overall variance reduction for the respective test.
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Table 2.

(a) Standard deviations of SSH anomaly residuals for ocean tide models along satellite tracks in the Subarctic Ocean (in cm) during summer season.

Stdev (after)
Model TOPEX/  TOPEX GFO T Stdeljfgfter) VE (%)
POSEIDON Interleave Interleave

Stdev (before) 55.37 53.06 47.14 48.19 51.66 54.88 55.13

DTU10* 9.32 8.54 9.08 9.14 9.96 8.58 9.78 2438 82.38
EOTl1la* 945 8.51 9.34 9.16 9.99 8.61 9.86 24.57 82.24
FES2004 9.56 8.63 9.57 9.39 10.15 8.81 10.25 25.13 81.84
GOT4.7 9.37 8.49 9.00 9.14 9.95 8.53 9.82 2434 8241
NAO.99b 9.68 8.71 9.94 9.67 9.78 8.69 9.89 25.12 81.85
TPX0.7.2 942 8.59 9.51 9.46 9.94 8.64 9.84 24.75 82.11
This study 948 8.27 9.01 9.11 10.02 8.44 991 2433 82.42
This study (Summer Model) 949 8.14 8.96 9.04 10.09 8.42 10.07 24.34 8241

RSS Stdev (before) = 138.37 cm

(b) Standard deviations of SSH anomaly residuals for ocean tide models along satellite tracks in the subarctic ocean (in cm) during winter season.

Stdev (after)
Model TOPEX/  TOPEX GFO Envisat Jason-1 Jason-1 Jason-2 St del\t?:fter) VE (%)
POSEIDON Interleave Interleave

Stdev (before) 56.26 54.57 48.20 47.56 54.73 55.15 56.86

DTUI10 * 10.94 9.59 10.87 10.10 13.18 9.85 12.17 29.17 79.37
EOTl1l1a* 11.01 9.65 10.97 10.11 13.13 9.90 12.17 29.25 79.32
FES2004 11.08 9.75 11.15 10.24 13.21 10.03 12.34 29.57 79.09
GOT4.7 10.96 9.64 10.89 10.07 13.12 9.89 12.18 29.18 79.36
NAO.99b 11.28 9.81 11.68 10.44 13.24 10.05 1242 29.99 78.79
TPX0.7.2 10.99 9.69 11.27 10.31 13.12 9.90 12.23 2945 79.17
This study 11.03 9.40 10.83 10.02 13.24 9.70 12.27 29.12 79.41
This study (Winter Model) 11.19 9.46 10.70 9.90 13.27 9.78 12.35 29.17 79.37

RSS Stdev (before) = 141.41 cm

* Model used Jason-2 data for ocean tide solutions. Bold values indicate the lowest residual and better overall variance reduction for the respective test.

seasons are also illustrated (Fig. 1) to justify the potential
existence of the seasonality of ocean tides, particularly in
the Siberian continental shelf (e.g., Sea of Okhotsk and Ber-
ing Sea) and northern Atlantic ocean.

3. SEASONAL OCEAN TIDES DETERMINATION
OVER THE SUBARCTIC OCEAN AND RESULT

Because of the potential seasonality of ocean tidal sig-
nals from the above results, we make an attempt to con-
duct an empirical tidal analysis (Shum et al. 2006; Yi et al.
2006). The result is shown in Tables 2a and b. The empiri-
cal tidal solution is generated based on a modified orthotide
tidal analysis (Andersen 1994) for a regular gridded solu-
tion. Eight dominant short-period tides and four long-period
tides (i.e., annual, semi-annual, M; and M,,) along with a
bias term corresponding to each satellite track are simulta-
neously estimated (Yi et al. 2006).

All SSH anomaly data from the abovementioned de-
scription, except for the Jason-2 data used for the indepen-
dent tide model validations, were included to generate the
seasonal ocean tide solutions here. Note that the seasonally-
separated SSH anomaly data, instead of all SSH anomaly
data, were utilized in the iterative tidal solution process
(Fok 2012). The data amount per grid point is sufficient for
seasonal ocean tidal solution robustness owing to the al-
timeter tracks converging in the polar ocean (Fig. 2). The
number of observations ranges from 250 to 18000 for both
the seasons.

To mitigate the tidal aliasing error and improve spa-
tial coherence, those SSH anomaly data with ground tracks
fall within a predefined square area of 0.75° x 0.75° were
included to generate the corresponding solution at the grid
center (Smith 1999) with 0.25° x 0.25° grid resolution. Spa-
tial interpolation was used to generate gridded locations
without data or where only Envisat data are available. Ra-
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diational potential and free core nutation (FCN) resonance
effects were taken into account in the solution process (Mat-
sumoto et al. 2000). The tidal solution process is similar to
the solutions obtained by Fok (2012). As opposed to using
either spatial or temporal weighting applied to the least-
squares tidal solution, both spatial and temporal weighting
were simultaneously considered. An outlier down-weight-
ing scheme was also considered.

In general, all ocean tidal constituents respond differ-
ently in the presence of seasonal sea ice cover. A few cen-

cm

0O 4 8 12 16 20 24 28

timeter change in amplitudes and tens of degree change in
phases are observed for most regions that agree well with the
findings from Kagan et al. (2011) for M, tide, except around
the Chukchi Sea near the eastern Siberia region where no-
ticeable spatial changes in M,, S,, and K, tidal amplitudes
and phases have been observed, particularly for S, and K,
tides at latitudes higher than 66° (Figs. 3 and 4).

In principle, the presence of sea ice should provide a
damping effect on ocean tidal amplitudes and thus an in-
crease in tidal phases (Kagan et al. 2008). However, the

cm

0O 4 8 12 16 20 24 28

Fig. 1. Standard deviation of SSH anomaly residuals during summer season (left) and during winter season (right) for Jason-2 altimeter data
(cycles 1 - 66) over Subarctic Ocean with ocean tides corrected using a forward global ocean tide model (e.g., GOT4.7), indicating the potential
seasonality of ocean tides. Note that winter season is defined between September and March, whereas summer season is defined between March

and September.

0 3000 6000 9000 12000

0 3000 6000 9000 12000

Fig. 2. Number of observations per grid used for the incremental tidal analysis solution during summer season (left) and during winter season (right).
Note that GOT4.7 model serves as the initial model for latitude higher than 66°.
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Fig. 3. Amplitudes of M, (top) and S, (middle) and K, (bottom) tides during summer season (left) and their differences with that during winter season
(right) over the Subarctic Ocean. Note that the positive difference indicates the amplitude in summer season is larger than that of winter.
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Fig. 4. Phase of M, (top) and S, (middle) and K, (bottom) tides during summer season (left) and their difference with that during winter season
(right) over Subarctic Ocean.
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seasonal ocean tides determined from altimeter observations
reveals that the M,, S,, and K tidal amplitudes increase dur-
ing the winter season when compared to that in summer.
Note that the positive difference in amplitude represents
the tidal amplitude in the summer season is larger than that
in winter for a better interpretation (Fig. 3). The change in
tidal amplitudes can be larger than 10 cm, whereas the tidal
phase varies significantly around the region. We speculate
that the variations in tidal solutions or the larger observed
winter tide amplitudes could be due to a substantial amount
of seasonal sea ice freeboard movement around the region,
presumably due in part to energetic ocean dynamics, with
evidence that the spatial extent of sea ice has been observed
to be changing rapidly every month [see Figs. 7.8 to 7.13,
Renganathan (2010) and from National Snow and Ice Data
Center (NSIDC)].

A SSH anomaly variance reduction test was also con-
ducted for the seasonal tides (Tables 2a and b). Substantial
improvement in the variance reduction in all altimeter data
during the summer season was observed when compared to
the empirical model without seasonal tides determination in
this study, except TOPEX and Jason-2 altimeter data which
is primarily due to +66° coverage whereas our investiga-
tion focuses on a higher latitude region. Large variation was
presented for all altimeter data during the winter season
compared to that of summer. Only GFO and Envisat dem-
onstrated an improvement during winter probably due to the
fact that major tidal variation occurred around the Chukchi
Sea where the latitude is higher than 66° to which TOPEX/
Jason series altimeters belong. Hence, the GFO and Envisat
altimeter observations are more sensitive to the tidal ampli-
tude and phase change due to the presence of sea ice.

4. CONCLUSIONS

This paper investigated the potential presence of sea-
sonal variations in ocean tides in the Subarctic Ocean. The
result provides evidence for seasonal tidal patterns demon-
strated using the variance reduction analysis for altimeter
SSH residual anomaly data during the summer and winter
seasons. The subsequent empirical seasonal (winter and
summer) ocean tide model, separately derived from satel-
lite altimetry data, provided both qualitative and quantita-
tive explanation on the seasonal tidal pattern, in particular
around the Chukchi Sea near the eastern Siberia region
where the seasonal movement of large amounts of sea ice
freeboards does contribute to the changes in the tidal am-
plitudes and phases of M,, S,, and K, tides. This result also
justifies the necessity for an improved mean sea surface
model to produce more accurate satellite altimetry sea sur-
face height anomaly data, which in turn will allow advance-
ment of ocean tide models accounting for seasonality in the
Arctic Ocean.
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