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Abstract: A new global ocean tide model DTU10 (Technical University of Denmark) representing all major diurnal and semidiurnal tidal constituents is proposed based on an extended global tide model FES2004 (Finite Element Solutions), with residual tides determined using the response method. Both eighteen years (1992-2010, maximum up to 662 cycles) phase A data from combined TOPEX/POSEIDON (T/P) and Jason-1/2 (J1/2) satellite altimetry measurements and four years of phase B (maximum to 173 cycles) data from combined T/P and J1 satellite altimetry measurements are applied for the development of the new global tide model covering latitudes between ±66°. The significant effects of the phase B data on the global tides prediction are investigated through the comparisons of difference between FES2004 and predicted M2 and K1 tidal constituents using FES2004. The combined sea level residuals from ERS-2 (maximum to 155 cycles), GFO (Geosat Follow On, maximum to 172 cycles) and Envisat (maximum to 84 cycles) satellite altimetry during 1995 and 2010 without the annual signal is applied to residual response analysis outside the ±66°. 
The dynamic interpolation method is used for along track cosine and sine residual tides merged to the FES2004 grid. The new tide model solutions show their improvements over existing global models by comparing harmonic coefficients of 4 principle tidal constituent solutions (M2, S2, K1, O1) with several tide gauge datasets. The results show that the harmonic constants of the 4 principle tidal constituent solutions from the new tide model fit the tide gauge measurements favorable over both the deep water and the shallow water. Some of the improvements with other existing ocean tide models are found both in the Arctic Oceans and the Antarctic Oceans. Compared with the reference model FES2004, the RMSe decrease 8.79%, 1.71%, 3.87% and 7.94% for M2, S2, K1 and O1 tidal constituents in the Arctic Ocean, repectively. Compared with the reference model FES2004, the RMSe decrease 10.73%, -0.52%, 6.50% and 3.71% for M2, S2, K1 and O1 tidal constituents in the Antarctic Ocean, respectively. The improvements of K1 tidal constituents mainly due to the removing of annual signal in the sea level residuals. The new global ocean tide model is also used to remove tide signal in the eight years GRACE (Gravity Recovery and Climate Experiment) measurement. The results show that compared with other existing models, the significant improvements of residual tides are found at shallow waters, coastal waters, especially at high latitude regions.
1. Introduction

The accurate predictions of ocean tides are crucial but not only limited to the oceanographic related studies [e.g., Xiu et al., 2010]. Over the past 2 decades, highly accurate long time series of satellite altimetry data make it possible to separate most of the tidal constituents from each other because of tidal aliasing contamination. Continual efforts have been devoted to the studying of global ocean tide models [e.g., Cartwright and Ray, 1990; Ray, 1993; Egbert et al., 1994; Andersen, 1994, 1995; Eanes and Bettadpur, 1996; Andersen and Knudsen, 1997] and shallow water tides [e.g., Andersen, 1999; Andersen et al., 2006; Ray, 2007; Egbert et al., 2010] using satellite altimetry and tide gauge data. 
The contemporary widely used global ocean tide models include GOT4.7 [successive updates from GOT99.2, Ray, 1999], FES2004 [Lyard et al., 2006], EOT10a [Savcenko and Bosch, 2010], TPXO7.2 [an update to that presented by Egbert and Erofeeva, 2002] and so on. The empirical models are developed based on older tide models, e.g., the EOT10a model used FES2004 as a reference model and the GOT4.7 was benefit from constituents of local hydrodynamic models and FES94.1. 
The contemporary performance of the global tide models were evaluated in different ways. Comparison of tide models against independent tide estimates extracted from tide gauge and bottom pressure measurements were documented by many tests. The advent of the precise altimetry missions have led to an improvement of global estimation of tides accuracy from 5 cm [Schwiderski, 1980] to 2-3 cm [Shum et al., 1997; Fok et al, 2010] RMS (root mean square) level in the deep ocean. Nonlinear constituents and their interactions become more important over continental shelves making the tides are much more complex and the accuracy of tidal modeling in shallow waters is far less accurate than in the deep oceans. Fok et al. [2010] compared nine historical and contemporary ocean tide models with pelagic tidal constituents and multiple satellite altimetry (T/P, ERS1/2, Envisat, GFO, J1/2) mission sea level anomalies using variance reduction studies and concludes that all the contemporary ocean tide models evaluated have similar performance in the selected coastal regions. However, their accuracies are region depended and overall are significant worse than those in the deep ocean.

The accurate predict ocean tides from global ocean tide models are critical for space borne measurements correction, geometric correction for the satellite altimetry data and orbital perturbation on the space borne gravity sensors, such as GRACE and GOCE (Gravity field and steady-state Ocean Circulation Explorer) [Bosch et al., 2009], to enable improved quantification of general circulation [Fu and Cazenave, 2001] and Earth’s climate-sensitive signals of mass variations or transport [Fok et al., 2010]. GRACE is especially valuable for its superior coverage of polar oceans. Recently, the comparisons of global ocean tide models in terms of their contribution in processing GRACE data were performed by Ray et al. [2009]. Bosch et al. [2009] analysis residual ocean tide signals from satellite altimetry, GRACE gravity fields and hydrodynamic modeling using FES2004 model. The priorities of using GRACE data as a test of tide models were described detail in Ray et al. [2009]. The residual tide effect GRACE’s ability to resolve non-tidal mass motions in the Earth system. Both the mappings of residual tides from Ray et al. [2009] and Bosch et al. [2009] demonstrate that the existing global ocean tide models suggest big errors and should be improved at shallow waters, coastal waters and high latitude regions, which desire for global ocean tide model improvements at these regions. 
Although tidal current information cannot be derived from empirical ocean tide model, they are still making an important role in satellite data corrections, e.g., J1/2, Envisat and GRACE. In this paper a new global ocean tide model named DTU10 is proposed based on the FES2004 and the response method for residual tide analysis. The reasons for select FES2004 as the reference model lies in: (1) it is a hydrodynamic model and gives more physical meanings than empirical methods. (2) It is widely used for its high resolution which makes it possible to get tide prediction at coastal regions. Different with existing global ocean tide models, both eighteen years phase A data from combine T/P, J1/2 satellite altimetry measurements and the 4 years phase B data from combined T/P and J1 satellite altimetry measurements are used for sea level residuals analysis. The time series of 4 years satellite altimetry data make it possible to separate S2 tidal constituent with M2 tidal constituent caused by aliasing contamination. The quality of the new model is validated using harmonic constituents in the open ocean, shallow waters and coastal stations. The residual tides from detided GRACE data based on the new global ocean tide model are also used for the model validation. 
The paper is organized as follows. In section 2, we introduce the altimeter used in this study. The performances of using phase B data from T/P and J1 are validated in this section. In section 3, the methods used for sea level residual analysis and along track data interpolation are introduced. The tide gauges data used for the new model validated are introduced in section 4. The performance of the new global tide model and other existing models are shown in this section. Finally, a summary of this study is presented in section 5.
2. Data 
The altimeter sea level residuals are generated from RADS (Radar Altimeter Database System) database. The RADS is DEOS' effort in establishing a harmonized, validated and cross-calibrated sea level data base from satellite altimeter data. The MOG2D outputs are applied for sea level dynamic atmospheric correction as the model can reduce the observed sea level variations more than the classical inverted barometer correction method [Pascual et al., 2008]. 
2.1 Altimeter data inside latitude ±66°
The combined TP-J1/2 satellites altimetry data is selected in latitudes ±66° because they give more accurate and consistent sea level data compared with other satellites, e.g. ERS, Envisat. Both all available eighteen years phase A and four years of phase B sea level data during 1992 to 2010 are applied to sea level residuals response analysis (section 3.1), which is a maximum of 662 cycles of phase A data from T/P-J1/2 and a maximum of 173 cycles of phase B data from T/P-J1 satellite altimetry. The missing cycles will degrade this number. All the data are combined …….how??? referred the DUACS
As an example, the phase A (black) and phase B (red) tracks in the Western Pacific Ocean are presented in Fig. 1. Obviously, the using phase B data from combined T/P-J1 satellite altimetry increase the number of available data in the coastal waters, e.g., the Eastern China Sea, the Western of Korean Peninsula, the Qiongzhou Strait, the Malaysia and the Philippines regions. The improvements of using phase B data in tide prediction at these regions will be shown in section 2.3.
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Fig. 1 The T/P, J1/2 phase A (black) and phase B (red) tracks in the Western Pacific Ocean
2.2 Alias periods

In Table 1, the tidal aliasing periods of all most prominent tidal constituents are shown for 9.9156 days (T/P, J1/2), 35 days (ERS1/2, Envisat) and 17.0505 days (Geosat, GFO) repeat period satellite altimetry, respectively. The diagonal elements contain the alias periods while the Rayleigh periods are expressed by the off-diagonal elements. A minus sign in front of the alias periods means that the advance of the tidal phase over a repeat cycle is negative [Smith, 1997, personal communication]. The Table 1 illustrates the problem with estimating ocean tides from combined T/P and J1/2 altimetry clearly. For T/P all major tides are resolved after the nominal mission lifetime of 3 years as the alias period for M2 and S2 constituents are only separated by 3 days [Andersen, 1995]. The major diurnal constituents K1 has an alias period equal to 173 days which is very close to semiannual signal. In this study, the length of phase B data from combined T/P and J1 satellite altimetry is four years which satisfy the request for separate M2 with S2 tidal constituent.
For the sun-synchronous orbit, ERS-2 and Envisat measure the S2 tidal signal every repeat period with exactly the same phase so that S2 tidal constituent appears as a constant in the Envisat-ERS2 altimetry. In addition, the M2 and N2 tidal constituents only are separated from one another if about nine years of data are available. Moreover, the K1 and P1 tidal constituents have alias periods of exactly one year, causing them cannot be separated from the annual signal. In case of GFO, K1 and S2 tidal constituents are inseparable as the alias periods of these tidal constituents are close to semiannual signal. Also the alias period of M2 tidal constituent is close to annual signal. 

However, the situation is not as bad as described in Table 1. In practice, a tidal solution is sought in a certain area or grind cell and all altimeter observations inside a cell contribute to that particular solution. By choosing the sufficient large cell size, each cell will contain several tracks while each track will contain more than one observation. In this study, all available altimeter data from ERS-2 (maximum to 155 cycles), GFO (Geosat Follow On, maximum to 172 cycles) and Envisat (maximum to 84 cycles) during 1995 and 2010 are used outside latitude ±66° for their data coverage. To decrease the aliasing contamination, all points from GFO, ERS/2 and Envisat are gridded into a rectangular 1°×5° in latitude and longitude to perform sea level residuals response analysis. 
Table 1 Alias periods (days) for Topex/POSEIDON (Jason1/2), ERS (Envisat) and GFO, with repeat periods of 9.9156, 35.0 and 17.0505 days, respectively.

	Topex/POSEIDON, Jason1, Jason2

	
	M2
	S2
	N2
	K2
	K1
	O1
	P1
	Q1
	Mf
	Mm
	Ssa
	Sa

	M2
	62
	1084
	245
	220
	97
	173
	206
	594
	87
	50
	94
	75

	S2
	
	-59
	316
	183
	89
	206
	173
	384
	94
	52
	87
	70

	N2
	
	
	-50
	116
	69
	594
	112
	173
	134
	62
	68
	57

	K2
	
	
	
	-87
	173
	97
	3355
	349
	62
	40
	165
	114

	K1
	
	
	
	
	-173
	62
	183
	116
	46
	33
	3355
	329

	O1
	
	
	
	
	
	46
	94
	134
	173
	69
	61
	52

	P1
	
	
	
	
	
	
	-89
	316
	61
	40
	173
	118

	Q1
	
	
	
	
	
	
	
	-69
	76
	46
	112
	86

	Mf
	
	
	
	
	
	
	
	
	-36
	116
	45
	40

	Mm
	
	
	
	
	
	
	
	
	
	28
	33
	30

	Ssa
	
	
	
	
	
	
	
	
	
	
	183
	365

	Sa
	
	
	
	
	
	
	
	
	
	
	
	365

	ERS2,  Envisat

	M2
	-95
	95
	3169
	196
	128
	365
	128
	328
	519
	349
	196
	128

	S2
	
	∞
	97
	183
	365
	75
	365
	133
	80
	130
	183
	365

	N2
	
	
	97
	209
	133
	328
	133
	365
	446
	393
	209
	133

	K2
	
	
	
	183
	365
	127
	365
	487
	142
	446
	∞
	365

	K1
	
	
	
	
	365
	95
	∞
	209
	102
	201
	365
	∞

	O1
	
	
	
	
	
	-75
	95
	173
	1236
	179
	128
	95

	P1
	
	
	
	
	
	
	-365
	209
	102
	201
	365
	∞

	Q1
	
	
	
	
	
	
	
	133
	201
	5253
	487
	209

	Mf
	
	
	
	
	
	
	
	
	-80
	209
	142
	102

	Mm
	
	
	
	
	
	
	
	
	
	130
	446
	201

	Ssa
	
	
	
	
	
	
	
	
	
	
	183
	365

	Sa
	
	
	
	
	
	
	
	
	
	
	
	365

	GFO

	M2
	-317
	361
	62
	121
	393
	175
	341
	97
	87
	52
	431
	2407

	S2
	
	169
	75
	183
	4464
	341
	175
	132
	116
	61
	2232
	314

	N2
	
	
	52
	128
	74
	97
	53
	175
	215
	317
	73
	61

	K2
	
	
	
	88
	175
	393
	90
	475
	317
	91
	169
	115

	K1
	
	
	
	
	175
	317
	183
	128
	113
	60
	4464
	338

	O1
	
	
	
	
	
	113
	116
	215
	175
	74
	296
	164

	P1
	
	
	
	
	
	
	4464
	75
	70
	45
	190
	399

	Q1
	
	
	
	
	
	
	
	74
	954
	113
	125
	93

	Mf
	
	
	
	
	
	
	
	
	69
	128
	110
	85

	Mm
	
	
	
	
	
	
	
	
	
	-45
	59
	51

	Ssa
	
	
	
	
	
	
	
	
	
	
	183
	365

	Sa
	
	
	
	
	
	
	
	
	
	
	
	365


2.3 Effects of phase B data on tides prediction
The significant improvements of using four years phase B data for global ocean tides prediction from combined T/P and J1 satellite altimetry are shown in Fig. 2a and 2b. Firstly, the along track tide heights predicted from FES2004 for combined T/P-J1/2 satellite altimetry phase A and phase B measurements are merged to FES2004 grid using the method in Andersen [1995]. Then the difference between FES2004 and predicted M2 and K1 tidal constituents in the Western Pacific Ocean (Fig. 1) are calculated and shown in Fig. 2a. The Fig.2b is same as Fig.2a but both the combined phase A and phase B data from T/P -J1/2 satellite altimetry are absorbed for the predicted tides interpolation. 
Compared Fig.2b with Fig2.a, it can be seen clearly the significant decrease of the difference for M2 and K1 tides while the phase B data is included for tides prediction. Especially at the coastal waters of the Eastern China Sea, the Western of Korean Peninsula, the Qiongzhou Strait, the Malaysia and the Philippines regions. As an example, it can be seen from Fig.1 that the tracks of phase B data across the Taiwan Strait. Accordingly, compared Fig2b with Fig2a, the difference between FES2004 and predicted M2 and K1 tidal constituents decreased significantly while including the phase B data. In Fig. 2(b), the phase B tracks can be seen because the phase B data are not as accurate and long series as phase A data. In addition, the phase A tracks in Fig. 2a are not seen in Fig.2b for including the phase B data. Moreover, the RMS (root mean squre) 
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is the ith points in the selected area, are calculated in the region 22.5N°-45N°, 119°E-129°E (the Eastern China Sea). The results are listed in Table 2. It can be seen clearly that using of the phase B data are significant important for tides prediction.
Table 2 The RMS (cm) of tide difference between FES2004 and predicted M2 and K1 tidal constituents in the Eastern China Sea
	
	M2 
	K1 

	FES2004-pridiction

(phase A data from T/P, J1/2)
	21.30
	2.09

	FES2004-pridiction

(both phase A and B data from T/P, J1)
	12.27
	1.40
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Fig 2. (a)
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Fig 2. (b)

Fig. 2 The differences (in cm) between FES2004 and predicted along track M2 and K1 tidal constituents in the Western Pacific Ocean from: a) combined phase A data of T/P, J1/2; b) combined phase A data of T/P, J1/2 and phase B data of T/P and J1.
3. Methods

3.1 Response analysis
The response method [Munk and Cartwright, 1966] assumes a spectral relationship between the constituents within a tidal band (e.g. diurnal or semidiurnal) and does not fit the individual constituents. Studies have shown the response method works well with T/P altimetry and performs superior to the harmonic analysis method even though fewer parameters are estimated. The advantage of using the response method is as follows: by assuming a smooth admittance function, described by a relatively low number of parameters within each tidal band, the determined parameters are, in principle, independent of the Raleigh criterion. Hence a solution for any constituent can be inferred. This smooth admittance function corresponds to the assumption of correlation between tidal constituents within each band [e.g., Andersen, 1995; 1999; Andersen and Knudsen, 2009]. 
The ultimate purpose of the response analysis is to determine the complex admittance, which describes the ocean’s response in the frequency domain, through the estimated weight function. Unlike the harmonic constants, the response weights are not orthogonal so that large correlations arise between the estimate weights. To enforce orthogonality, a simply linear combination of the ordinary response weights (also called orthoweights) are introduced by Groves and Reynolds [1975] [Andersen, 1995]. In spite of significant correlations, the ordinary weights and orthoweights will give exactly the same value of the predicted tidal heights. In this study, the response analysis is applied to the multi-mission altimeter residual tides analysis. 
3.2 Dynamic Interpolation Method
For many dynamic features the correlation length is proportional to the depth, a new dynamic interpolation method using water depth is applied in this study. The along track sea level residual tides are merged onto a regular grid using collocation with a second order Markov covariance function as [Andersen, 1995]
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is the error variance as determined from the individual solutions in each cell for combined TP-J1/2 or Envisat-GFO-ERS2 satellite altimetry. Different with that in Andersen [1995] set the half width as a constant, the half width calculated from
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Where depthmax, depthmin, widthmaxdep and widthmindep are maximum water depth, minimum water depth, width of maximum and minimum water depth, respectively, and ‘dk’ is a constant. The water depth at the grid point ‘depth(i)’ from DNSC08 are used for the dynamic interpolation. The parameters ‘dhalf’ and ‘ddpt’ are the values for the along track modification of the covariance (
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).The predicted grid points were placed in the center of each of the altimetry cells. Linear interpolation of the width based on the depth is used when the depth less than depthmax or greater than depthmin,. The the depthmax, depthmin are used when the ‘depth(i)’ greater or less than the given values, respectively., The widths of maximum and minimum water depth for diurnal tides are doubled than that for semidiurnal tides because of their different wavelengths. 
A quadrant search method is used internally in the program to speed up computations. This means that at each prediction point only the selected nearest points (e.g., 10) is used in each of the four quadrants around the point. To speed up the quadrant search an internal data organization is used, where an internal data grid ensuring 'rdat' (e.g., 3) points per compartment in average is used. This grid is not related to the possible wanted prediction grid. Then, the cosine and sine coefficients for the individual constituent solutions of residual tides are merged onto a regular grid for their simply linear combinations of the coefficients of the orthotide functions [Cartwright and Ray, 1990].
4. Results
4.1 Tide gauge data

To validate the new global tide model, harmonic constants from 6 datasets consist of tide gauges located in deep water, shallow water, along the coast and on the islands are used in this study. The dataset ST-102 is the historical database used to evaluate the T/P project tide models, with data mostly located in the deep ocean. The harmonic constants from World Ocean Circulation Experiment (WOCE) 'delayed-mode' sea level Data Assembly Centre are chosen for their high quality [Lyard et al., 2006]. The data is available at http://www.bodc.ac.uk/projects/international/woce/tidal_constants/. The dataset NES is from controlled pelagic gauge measurements over NES regions with data mostly located in the shallow water and along the coast [Andersen et al., 2006]. The dataset WPO is from published literatures [Fang, 1999; 2004; Lin et al., 2001; Cai et al., 2006; Cheng et al., 2007] which most of them along the coast of the Eastern China Sea and the South China Sea is also used for validation. The phase lags in Eastern 8th area are converted to Greenwich phase lags using the formula in Fang et al. [1999]. The tide gauge data in the Arctic regions [Kowalik and Yu, 1999; Padman L., and S. Erofeeva, 2004] and the Antarctic regions [King and Padman, 2005; King et al., 2005] (data from bottom pressure recorder, global positioning system, Gravimeter and Wire length loggers on ice shelves included) are also used for the model validation. (The data is available at http://www.ims.uaf.edu/tide/ and http://www.esr.org/antarctic_tg_index.html, respectively). Fig.3 shows the locations of tide gauge used for the new global tide model validation.
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Fig. 3a 
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Fig. 3b
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Fig. 3c
Fig 3 Locations of tide gauge used for the new global ocean tide model validation: a) ST-102 (‘pluses’) and WOEC (‘circles’). b) WPO and NES. c) the Arctic Ocean and the Antarctic Ocean (the coastline data generated from http://rimmer.ngdc.noaa.gov/).
4.2 Co-amplitude charts of global ocean tides
The grid resolution of FES2004 is 0.125°×0.125°. In the new developed model, the reference model FES2004 is extended to fill gaps of the reference model over the coastal regions using the interpolation method in Andersen [1995]. A constant value 100 km was applied as half width for the covariance function. The 8 main tidal constituent solutions (M2, S2, N2, K2, K1, O1, P1 and Q1) correspond to the new global ocean tide model are derived from the extended FES2004 tide model and gridded cosine and sine residual tides using the dynamic interpolation method. Fig. 4 presents the amplitudes (cm) for the M2, S2, K1 and O1 tidal constituents from the developed DTU10 global ocean tide model. The gaps in the reference model are filled with the method mentioned above. The patterns of M2 and S2 tidal constituent amplitudes (Fig 4a and 4b) appear very similar except for different color scales, so do the K1 and O1 tidal constituents. Compared with the semidiurnal tides, the maps of diurnal tides seen to be moderately noisy, despite the different width of maximum (widthmaxdep) and minimum water depth (widthmindep) parameters are used for half width calculation (section 3.2). 
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Fig. 4 Tide amplitude of the semidiurnal constituents (M2 and S2, top row panels) and diurnal constituents (K1 and O1, bottom row panels). The color scales of amplitudes for M2, S2, K1 and O1 constituents are 250cm, 100cm, 100cm and 80cm, respectively.
4.3 Tides in the Polar Regions
The studying of the Ocean tides in the Polar Regions is quite import for climate change in the local area, which also play an important role in the global climate change [Holloway and Proshutinsky, 2007]. Tidal effects on sea ice have also been observed from satellite images. Except the traditional numerical methods [e.g., Padman and Erofeeva, 2004], the satellite observations from GRACE [e.g., Han et al., 2007; 2010], ERS and Geosat also be used to studying the tides in the Polar Regions. In this study, all available altimetry data from ERS-2, GFO and Envisat satellites are used to improve the tides in the Polar Regions.
4.3.1 Mapping sea level residuals in the Polar Regions
The magnitude of the shallow water constituent is largely dependent on the tidal regime and the water depth, and the amplitudes are generally only important in shallow waters. Over the past few decades years, consistent efforts have been devoted to study the shallow water residual tides [e.g. Ray, 2007; Volkov, 2007; Bosch et al., 2009; Morimoto, 2009; Egbert et al., 2010] using altimetry data over the coastal regions, e.g., the Eastern China Sea and the Northwest European Shelf, where are famous for their shallow water tides. However, few attentions are paid to the residual tides from satellite altimetry in the Polar Regions. In this work, all points within a rectangular of 1°×5° in latitude and longitude were used for response analysis to decrease the contamination of tidal aliasing. Considering the contamination of annual signal to the K1 tidal constituents (Table 1), the annual signal are removed before mapping the residual tides in the Polar Regions. 
Fig. 5 shows the amplitude of M2 S2, K1 and O1 residual tides using the response method in the Arctic Ocean, respectively. The residuals with respect to the FES2004 from combined Envisat-GFO-ERS2 and combined Envisat-ERS2 altimetry data are used to perform response analysis in 66°N-72°N and above 72°N, respectively. The high residual amplitudes (cm) are shown in the Arctic regions respect to the FES2004 model. For M2 and K1 there are areas with residuals up to or even above 8cm and 5cm, respectively. For M2 tidal residuals, the high residuals mainly close to the coastal regions and around islands, e.g. the Barents Sea, the Kara Sea, the Laptev Sea, the New Siberian Islands, the Wrangel Island and the Hudson Bay. For K1 tidal residuals, the high residuals emerged at the Barents Sea, the Wrangel Island, the Chukchl Sea, the Beaufort Sea, the Queen Elizabeth Islands and the Baffin Bay. The residual amplitudes for S2 and O1 tides are relatively small compared with the M2 and K1 residual tides. 
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Fig.5 Residuals (in cm) of M2 S2, K1 and O1 tide from FES2004 in the Arctic Ocean
Compared with the tide residuals in the Arctic Ocean, the residual tides are smaller in the Antarctic Ocean. Fig.6 shows the amplitude of M2 S2, K1 and O1 residual tides using the response method in the Antarctic Ocean, respectively. The residuals with respect to the FES2004 from combined Envisat-GFO-ERS2 and combined Envisat-ERS2 altimetry data are used to perform response analysis in 66°S-72°S and below 72°S, respectively. The high residuals are shown at the Weddel Sea, the Larsen Ice Shelf, the Bellingshausen Sea and the Ross Sea. For K1 there are areas with residuals up to 5cm in the Bellingshausen Sea. 

[image: image28.png]M2 residualogamplitude)



 [image: image29.png]S2 residualo(amplitude)




[image: image30.png]K1 residualo(amplitude)



 [image: image31.png]O1 residualogamplitude)

25

05




Fig. 6 Same as Fig. 5 but in the Antarctic Ocean
4.3.2 Validation of the tide model in the Polar Regions
To show the performance of using Envisat-GFO-ERS2 satellite altimetry data for developing the global ocean tide model in the Polar Regions, the 184 tide gauge data which located outside latitude 66°N are used for model validation in the Arctic Ocean. The tidal constituents derived from 37 tide gauge, bottom pressure recorder, global positioning system, Gravimeter and Wire length loggers on ice shelves which located outside latitude 66°S are used for model validation in the Antarctic Ocean. The performance of the new global ocean tide model is evaluated through the Root Mean Square errors (RMSe) between model and in situ measurements of the four major tidal constituent amplitudes. The RMSe for the jth tidal constituent 
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are also listed in the tables. 
Table 3 lists the comparison of tidal constituents between tide models and the ground truth outside latitude ±66°. In Table 3, the derived amplitudes for the four principle tidal constituents (M2, S2, K1 and O1) from DTU10 were compared with in situ measurements by means of bilinear interpolation method. The contemporary models are selected for cross comparison by no means a comprehensive compilation of all available models, but they do include those that have been most commonly employed by groups processing altimetry and GRACE data [Ray et al., 2009]. To compare with the tide gauges at coastal regions, the selected contemporary models are extended using the same method for FES2004 extension. 

Table 3 RMSe and RSS between model outputs and in situ measurements for the four major tidal constituents. The colors denote the least error of RMSe and RSS in the selected models.
	Dataset

and Number
	Wave
	Resolution (°) and RMSe (cm)

	
	
	DTU10
	FES2004
	EOT10a
	TPXO7.2
	GOT4.7
	AOTIM

	
	
	0.125°
	0.125°
	0.125°
	0.25°
	0.5°
	5 km (150)

	  Arctic
(184)
	M2
S2
K1
O1
	5.29
2.88
2.73
1.74
	5.80
2.93
2.84
1.89
	5.79
2.93

2.84

1.90
	13.36
4.22
3.73
8.25
	7.28
3.47
3.70
1.85
	18.77

7.61

4.32

2.11

	
	RSS
	6.84
	7.34
	7.33
	16.68
	9.06
	CADA00.10

	
	
	
	
	
	
	
	10 km (36)

	Antarctic

   (37)
	M2
S2
K1
O1
	2.83
3.84

4.03
4.67
	3.17

3.82

4.31

4.85
	3.15

3.82

4.28

4.82
	4.65
4.56

5.18

4.73
	4.86
4.40

6.72
5.46
	4.05

4.55

4.78

3.93

	
	RSS
	7.80
	8.17
	8.13
	9.57
	10.86
	


As a comparison, the high resolution barotropic tide model AOTIM (the Arctic Ocean Tidal Inverse Model, Padman L., and S. Erofeeva, 2004, available via http://www.esr.org/polar_tide_models/Model_AOTIM5.html) and a medium-resolution regional inverse model of the entire circum-Antarctic ocean CADA00.10 [Padman et al., 2002, available via http://www.esr.org/ptm_index.html] are also used for comparison in the Arctic Ocean and the Antarctic Ocean, respectively. The tidal constituents at the locations of in situ measurements are generated from the TMD toolbox software which is also based on the bilinear interpolation method. For all the available in situ measurements, only 150 and 36 of all available measurements are generated in the Arctic and the Antarctic Oceans, respectively.
It can be seen from Table 3 that the performance from EOT10a are similar with FES2004 in the Polar Regions, which is also based on the FES2004. Compared with other contemporary models, the new global tide model show best fit with in situ data for the four major tidal constituents in the Polar Regions. Compared with the reference model FES2004, the RMSe decrease 8.79%, 1.71%, 3.87% and 7.94% for M2, S2, K1 and O1 tidal constituents, repectively. The performances from other contemporary models in Antarctic Ocean are also listed in Table 3. The new developed model also show best performance for M2, K1 and O1 tidal constituents in the Antarctic Ocean except the S2 tidal constituents, which is quite close to the results from FES2004 and EOT10a. Compared with the reference model FES2004, the RMSe decrease 10.73%, -0.52%, 6.50% and 3.71% for M2, S2, K1 and O1 tidal constituents, respectively. If the annual signal in the sea level residuals are not removed, the RMSe between predicted K1 and in situ measurements are 3.11 cm and 4.28 cm in the Arctic Oceans and the Antarctic Oceans, respectively. Compared with the results in Table 3, the errors increased 13.92% and 6.02%, respectively. The RMSe error including the annual signal (4.28cm) in the Antarctic Oceans is same as the result from EOT10a (Table 3, 4.28cm) for the K1 tidal constituents. As a conclusion, the removing of annual signal improves the accuracy of K1 tidal constituent in the Polar Regions significantly.  
Fig. 7 and Fig. 8 present the cosine and sine coefficient differences for the individual constituent solutions (M2cos, M2sin and K1cos and K1sin) derived from tide gauges (TG) and the new tide model (ALT) in the Polar Regions. The difference between tide gauge measurements and the DTU10 derived cosine and sine coefficients for the individual constituent solutions are shown clearly. In the Arctic Oceans, the bigger error for M2 and K1 tidal constituents are found at the coastal regions, e.g., Queen Elizabeth Islands and Novaya Zemlya. 
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Fig. 7 Real part and image part of difference between harmonic constant derived from in situ measurements (TG) and model outputs (ALT)
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Fig. 8 Same as Fig. 7 but for the Antarctic Ocean
4.4 Validation of the new global ocean tide model
4.4.1 Comparison with ground truth
All available tide gauge data from 6 datasets (Fig. 3) are used for evaluate the performance of the new global tide model without applying any special data selection rules to decrease the RMSes. From Table 4 it can be seen clearly that the performance of the 5 selected tidal models is very similar in comparison to the ST-102 data set, which indicates that they are consistent on average over the world’s deep oceans. Compared with other global tide models, the 4 principle constituents from the DTU10 and the latest released EOT10a fit the ST-102 measurements better and the DTU10 model solutions fit the measurements best for M2 tidal constituent with least RSS of 4 major tidal constituent. The tide gauge data from WOCE have been assimilated into the FES2004 solutions. The solutions from the EOT10a fit the WOCE measurements better than the DTU10 and other models. 

Compared with contemporary tide models, the new developed DTU10 ocean tide model can fit the ground truth better in shallow waters and coastal regions (NES and WPO datasets). Compared with measurements over NES region, the M2 tidal solution from the DTU10 improved significantly than other tide modes and the S2 solution from TPXO7.2 fit the measurements best. For the measurements over WPO region, followed the GOT4.7, the M2 solution from the DTU10 fit the measurements better. It should be mentioned that the he GOT4.7 model was also developed based on the response method and the local hydrodynamic model over the Eastern China Sea region. That is the reason for the solutions from the GOT4.7 fit the measurements over WPO better than other three models. 

Different with the results listed in Table 3, all the collected data in the Polar Regions are used for validate the new global tide model. The model show its superiority compared with in situ measurements (58°N-83.21°N, 84.25°S-50.03°S) for all four major tidal constituents in the Arctic Ocean and for M2 and K1 tidal constituents in the Antarctic Ocean. The least RSS of 4 major tides are shown both in the Arctic and the Antarctic Ocean. 
Table 4 Validation of the DTU10 tide model with ground truth
	Dataset

and Number
	Wave
	Resolution (degree) and RMSE (cm)

	
	
	DTU10
	FES2004
	EOT10a
	TPXO7.2
	GOT4.7

	
	
	0.125
	0.125
	0.125
	0.25
	0.5

	 ST-102

(102)
	M2
S2
K1
O1
	1.23

0.87
1.07

0.91
	1.33

0.89

1.09

0.93
	1.30

0.87

1.05
0.91
	1.29
0.89
1.20
0.94
	1.29

0.92

1.12

0.97

	
	RSS
	2.06
	2.15
	2.09
	2.19
	2.17

	WOCE
(199)
	M2
S2
K1
O1
	2.88
1.63
1.84
1.72
	2.90

1.71
2.05

1.73
	2.80
1.61
1.90
1.69
	4.20
2.23
2.23

2.01
	5.89

2.41

2.05
1.81

	
	RSS
	4.16
	4.30
	4.11
	   5.62
	6.93

	NES

(195)
	M2
S2
K1
O1
	12.51
8.06
1.49
1.08
	14.63

9.15

1.65

1.21
	14.18
8.65
1.59
1.36
	15.13
6.80
1.56
1.21
	16.40
7.98
1.51
1.30

	
	RSS
	14.99
	17.38
	16.74
	16.70
	18.35

	WPO
(229)
	M2
S2
K1
O1
	13.80
7.79
3.65
3.64
	21.45

10.10

5.05

4.51
	17.25
8.47
4.28
4.01
	24.28
10.86
7.59
6.58
	12.99
7.84
4.30
3.76

	
	RSS
	16.66
	24.66
	20.09
	28.43
	16.21

	Antarctic

   (65)
	M2
S2
K1
O1
	2.50
3.33
4.11
3.99
	3.05

3.23

4.33

4.10
	2.92

3.28

4.13

4.02
	4.10
3.86

5.37

4.29
	3.82

3.68

4.28
3.75

	
	RSS
	7.08
	7.44
	7.25
	8.89
	7.78

	 Arctic
  (215)
	M2
S2
K1
O1
	12.96
4.30
2.64
1.75
	13.75

4.44

2.95

1.87
	13.21

4.32

2.76

1.88
	13.63
8.33
3.54
7.66
	13.51

4.96

3.51

1.85

	
	RSS
	14.02
	14.87
	14.29
	18.07
	14.93


To validate the perforation of the new global ocean tide model in the coastal regions and shallow waters, Fig. 6 and Fig. 7 show the cosine and sine coefficient differences for the individual constituent solutions (M2cos, M2sin and K1cos and K1sin) derived from tide gauges (TG) and the new tide model (ALT) in the Eastern China Sea and NES, respectively. The difference between tide gauge measurements and the DTU10 derived cosine and sine coefficients for the individual constituent solutions are shown clearly. It can be seen from the Fig. 9 and Fig. 10 that for M2 tide, the new tide model fit the ground truth well in shallow waters. As for the K1 tide, the new tide model fit the ground truth both in coastal regions and shallow waters. In Fig. 9, the bigger errors for M2 and K1 tidal constituents emerged at the coast of the Eastern China Sea, which is consistent with the results in section 2.3 even including the phase B data for the developing of the new ocean tide model (Fig.2b). In Fig. 10, The bigger errors for M2 and K1 tidal constituents are shown at Dutch coast, where is famous for its shallow tides. The color scale for K1 cosine and K1 sine in Fig.10 are 3cm. As it is shown in Table 4, the RMSe in amplitude for K1 tidal constituent between tide gauge and model output is 1.43cm, it is the smallest one compared with that from other contemporary models.
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Fig. 9 Same as Fig.7 but in the Eastern China Sea. 
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Fig.10 Same as Fig.7 but in the NES.
4.3.3 Tidal residuals from GRACE 

5. Summary
In this study, a new global ocean tide model is developed based on an extended FES2004 model, which is computed from the tidal hydrodynamics equations and data assimilation. The response method is used for along track residual analysis. Applying the dynamic interpolation technique, the along track residual are merged to the FES2004 grid. Except Phase A data from multi-mission TP, J1/2 data, the Phase B data from T/P and J1 are also used for response analysis. The performance of using phase B data is shown by the improvements of difference between FES2004 and predicted M2 and K1 tidal constituents in the Eastern China Sea and the South China Sea.

Another significant improvement in the new model is its superiority in the Polar Regions. After removing the annual signal in the sea level residuals from combined Envisat-GFO-ERS2 satellite altimetry data, the response analysis is performed to derive the new model in the Polar Regions. The comparisons between harmonic constants derived from in situ measurements and the new model show the improvement for the 4 major tidal constituents are significantly. The improvement of K1 tidal constituent is mainly due to the removing of the annual signal because of its 365 days alias period. 
The new model also validated with 6 in situ measurement dataset. The results show its improvements in accuracy of global tides prediction. Compared with the contemporary tidal models, the new DTU10 model is optimal in fitting the principle constituents in the deep sea, shallow waters and coastal regions. 
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