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Key Points: 8 

● A single cycle of SWOT at a typical significant wave height of 4 km, has a precision of 9 

2.6  μrad and a spatial resolution of 14 km. 10 

● A stack of ~60 cycles of SWOT data provides a significant improvement in precision to 11 

~1.2  μrad and spatial resolution ~8 km. 12 

● The accuracy and resolution of the marine gravity field derived from SWOT will exceed 13 

current models after 8 months. 14 

  15 
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Abstract 16 

We assess the accuracy and spatial resolution of the Surface Water and Ocean Topography 17 

(SWOT) swath altimeter for measuring marine gravity anomalies. The analysis is performed at 18 

the Foundation Seamounts in the South Pacific where we developed a highly accurate gravity 19 

field by combining the long-wavelength (> 40 km) gravity field derived from previous nadir 20 

altimeters with the shorter wavelength gravity field from the seafloor topography as constrained 21 

by the ship gravity. In this region, the slope of the ocean variability is 50-100 times smaller than 22 

the gravity/slope signal of the seamounts so can be ignored in the analysis. Each SWOT cycle 23 

can deliver gravity anomaly/SSS with an accuracy of 2.6 mGal/μrad and a spatial resolution of 24 

14 km, with accuracy diminishing when significant wave height (SWH) exceeds ~6 meters. 25 

Averaging repeated SWOT measurements improves the accuracy and resolution. For example, 26 

we expect that averaging just 10 repeats (7 months) results in accuracy/resolution that matches 27 

the best marine gravity maps based on 230 months of nadir altimetry. With a mission lasting 28 

over a year, SWOT promises a substantial leap in marine gravity accuracy and resolution, 29 

uncovering previously uncharted details of the seafloor, including thousands of uncharted 30 

seamounts. 31 

 32 

Plain Language Summary 33 

The Surface Water and Ocean Topography (SWOT) is a satellite mission designed to measure 34 

Earth’s water body heights in wide-swath, offering opportunities to measure the ocean surface in 35 

unprecedented details. This capability brings valuable high-resolution information about the 36 

gravity field and seafloor underneath the ocean. This study aims to evaluate SWOT’s 37 

performance and our test area is in the South Pacific Ocean where we already know the ocean 38 

topography and gravity field well. Results show that with SWOT global measurements lasting 39 

over one year, it promises a significant improvement in uncharted details of the seafloor.  40 

 41 

1 Introduction 42 

The Foundation Seamounts is a 1400-km long chain of approximately 40 large seamounts 43 

(2-4 km tall) constructed on young seafloor discovered by a combination of sparse ship 44 

soundings and satellite altimeter-derived gravity (Mammericks, 1992).  They were named the 45 

Foundation Seamounts to acknowledge the contribution of the National Science Foundation to 46 

the exploration of the Pacific Ocean.  Since their discovery using sparse data, there have been 47 

two major mapping and sampling cruises to these seamounts. In February-March 1995 the 48 

German research vessel Sonne undertook a geological study of the Foundation Seamount Chain 49 

(Devey et al., 1995). The aim of the cruise was to map and sample the chain in order to collect 50 

geological and geophysical data on its evolution and its interaction with the Pacific-Antarctic 51 

Ridge (PAR) spreading axis. In January-February, 1997 a more extensive multibeam and gravity 52 

survey was carried out by the L’ Atalante using a dual multibeam sonar and shipboard 53 

gravimeter with a track spacing of 14 km to obtain nearly full bathymetry coverage (Figure 1).  54 
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 55 

 56 

Figure 1. Contours of seafloor topography of the Foundation Seamounts. White lines show ship 57 

tracks where gravity and multibeam bathymetry was collected. Green line shows perimeter of 58 

multibeam coverage. Yellow polygons with shading mark the swaths of the SWOT altimeter.  59 

 60 

These seamounts have some unique characteristics that make it an ideal location for validation 61 

of SWOT measurements of sea surface height (SSH) and sea surface slope (SSS):  62 

1) The seamounts formed on very young seafloor with age ranging from 0 to 9 Ma so the mean 63 

ocean depth varies from 2600 m to 3500 m. Compared to similar seamounts formed on typical 64 

ocean lithosphere, where the mean ocean depth is 4500 m, this shallow average depth in the 65 

Foundation Seamounts area results in a factor of 𝑒𝑥𝑝(−2𝜋𝛥𝑑/𝜆)  =  4.5 times lower 66 

attenuation of the short-wavelength (~6 km) gravity field (where 𝛥𝑑 = -1450 m and 𝜆 = 6 67 

km).  Therefore, the short wavelength gravity signal at the sea surface is relatively large. 68 

2) Because the seafloor is young and far from sources of sediment supply, it is mostly barren 69 

rock having a relative uniform density of 2550 to 2750 kg m
-3

 (Maia and Arkani-Hamed, 70 

2002).  In addition, the seamounts are nearly locally compensated by very thin elastic plates 71 

(1-4 km). This results in a relatively uniform gravity to topography ratio at wavelengths less 72 

than about 60 km. 73 

3) Within the areas of the 1-day SWOT coverage there are approximately 30 closely-spaced 74 

volcanic edifices having heights ranging from 1500 to 3500 m. These produce gravity peaks 75 

with very large amplitudes (20-120 mGal) and short wavelengths (Figure 2 and Figure S1). 76 

The accuracy of the shipboard gravity is better than 1 mGal so the signal to noise ratio 77 

exceeds 100. 78 

4) The short wavelength (>16 km) SSS variability  in the region is relatively low (e.g., SSS 79 

variability of ~2 μrad in the observation of radar altimeter along-track profiles (1 μrad = 10
-6

 80 
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which corresponds to ~1 mGal) (Yu et al., 2023).  The uncertainty in the mean slope is 81 

between 0.5 and 2 μrad depending on the number of repeat altimeter profiles. This 82 

oceanographic “noise” is 50-100 times smaller than the gravity signal so can be largely 83 

ignored in our analysis of SWOT data. 84 

 85 

 86 

Figure 2. (a) Combined model gravity anomaly versus shipboard gravity (mean difference 0.215 87 

mGal, median absolute deviation 1.42 mGal). (b) (grey) Coherence between altimeter-only 88 

gravity and shipboard gravity falls to 0.5 at a wavelength of 10 km. (red) Coherence between 89 

combined gravity and ship gravity falls to 0.5 at a wavelength of 6.8 km. There is some coherent 90 

signal at 5.5 km wavelength so a sampling spacing should be 2.7 km or smaller. 91 

 92 

The objective of this paper is to assess the accuracy and resolution of SWOT altimetry (Fu et 93 

al., 2009; Morrow et al., 2019), focusing on measuring static geoid signals. We analyze the Level 94 

2 KaRIn Low Rate Sea Surface Height Data Product, Version 1.1 (also referred as the beta pre-95 

validated version) (SWOT, 2023a) in the 1-day repeat orbit, in conjunction with the Level 3 low 96 

resolution SSH products (Dibarboure et al, 2023). To achieve this objective, we need a reference 97 

grid of mean sea surface (MSS – approximately the geoid) height or slope that is at least as 98 

accurate as the SWOT data. Current MSS and SSS grids are accurate to a few cm and a few μrad, 99 

respectively (Schaeffer et al., 2023). Moreover, the altimeter-based grids cannot resolve 100 

wavelengths less than about 16 km because the data are filtered to reduce the noise from ocean 101 

waves and other environmental factors. Preliminary results of SWOT sea surface anomaly show 102 

residual gravity signals down to 8 km so the current best MSS grids (e.g., 103 

MSS_CNES_CLS2022 and SIO_V32) constructed by traditional nadir altimetry are inadequate 104 

(Schaeffer et al., 2023; Sandwell et al., 2023) ( https://swotst.aviso.altimetry.fr/programs/2023-105 

swot-st-program).  106 

 107 

Higher accuracy and resolution MSS/SSS can be achieved at the Foundation Seamounts using 108 

a combination of multibeam sonar and gravity collected over this area. Yu et al, (2021) proposed 109 

a similar analysis for the evaluation of the SWOT data in the South China Sea. The basic 110 

approach is to constrain the longer wavelength SSS (> 40 km) with the altimeter-derived 111 

products, and the shorter wavelength SSS (<40 km) using the multibeam sonar bathymetry as 112 

https://swotst.aviso.altimetry.fr/programs/2023-swot-st-program
https://swotst.aviso.altimetry.fr/programs/2023-swot-st-program


manuscript submitted to replace this text with name of AGU journal 

 

input to a 3-D isostatically compensated gravity model which includes sea surface gradient as 113 

output. Details of the analysis are presented in the Supplementary Material. The important 114 

parameter is the crustal density and this is adjusted so the combined gravity model best matches 115 

the gravity profile observed by the ship.  116 

 117 

Then we will compare the SWOT data collected over the Foundation Seamounts, to the SSS 118 

grids (aka, model grids). We first compare the along- and across-track slope grids from SWOT, 119 

with the corresponding east and north model slopes projected into the along- and cross-track 120 

directions. This analysis reveals the slope noise (including both instrument noise and ocean 121 

dynamics) for single passes of SWOT data. In addition, this analysis reveals the magnitude of the 122 

SWOT interferometer roll errors that are shown as a smooth but large amplitude cross-swath 123 

slope (SWOT, 2017). Further analysis shows that the SWOT slope noise depends strongly on the 124 

significant wave height (SWH) and the distance to the central nadir, as predicted by the pre-125 

launch assessment (SWOT, 2017), albeit with much smaller amplitude. We then average, or 126 

stack, many repeats of SWOT data to determine how the SSS noise improves as the number in 127 

the stack increases. Finally, we perform a cross spectral analysis of the along-track slopes of 128 

SWOT to the model slopes and establish the spatial resolution of the SWOT data for a single 129 

pass as well as the stack.  The results of the analysis provide information on how to best process 130 

2 km resolution SWOT data for use in the recovery of short-wavelength SSS models and gravity 131 

anomalies. The analysis also informs the physical oceanographic community on the smallest 132 

resolvable ocean dynamic signals versus their wavelength in the presence of environmental 133 

noise. 134 

 135 

2 Methods 136 

Our analysis begins with the level-2 beta pre-validated version, low resolution, expert 137 

(L2_LR_SSH_Expert) data produced by the SWOT project (SWOT, 2023a).  Data are provided 138 

as passes that extend ½ of an orbit either running from southwest to northeast (ascending) or 139 

northwest to southeast (descending). The swath data are stored on a 2 km by 2 km grid with cells 140 

oriented in the along-track (a) and cross-track directions (c).  We create a corrected SSH as SSH 141 

= ssha_karin + mean_sea_surface_cnescls + height_cor_xover. ssha_karin is the sea surface 142 

height anomaly from the KaRIn measurement, with solid earth tide, ocean tide, coherent internal 143 

tide, pole tide, and dynamic atmospheric correction applied. mean_sea_surface_cnescls is the 144 

CNES_CLS_15 mean sea surface height above the WGS84 reference ellipsoid. This mean sea 145 

surface model lacks short-wavelength (~20 km) resolution compared to more recent ones (e.g., 146 

CNES_CLS_22) but is the current embedded reference in the SWOT L2 product (Schaeffer et 147 

al., 2023). We apply the built-in crossover calibration by adding height_cor_xover to the height. 148 

These variable names are documented in the L2_LR_SSH_Expert netcdf files as well as the 149 

corresponding documentation (SWOT, 2023b). Bad data are optionally eliminated using the flag 150 

ssha_karin_qual.  151 

 152 

In addition to the SWOT KaRIn data, we use global grids of east and north deflection of the 153 

vertical based on traditional altimetry (Sandwell et al., 2021). The latest version V32 of these 154 

grids are available at https://topex.ucsd.edu/pub/global_grav_1min/. The accuracy of these 155 

vertical deflection grids is improved using the multibeam bathymetry data as described in the 156 

Supplementary Material.  The accuracy of the model east and north grids is ~1.96 μrad based on 157 

https://topex.ucsd.edu/pub/global_grav_1min/
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the comparison with ship gravity (Figure 2a) and the resolution is 6.8 km based on the cross-158 

spectral coherence between the ship gravity and the gravity from the transformed model slope 159 

grids. 160 

 161 

Two passes of SWOT data (011 and 026) from the 1-day repeat orbit are windowed in an area 162 

of the Foundation seamounts (-116° to -110° longitude, and -39° to -35° latitude). There are ~90 163 

cycles in each pass that enable the analysis of single cycles or stacks (averages) of up to 90 164 

cycles. We are interested in the SSS so we take the gradient of the SSH data for each cycle in 165 

both passes. This results in 2-D grids of along-track and cross track slope.  We then use the 166 

pyGMT command grdtrack to sample the model east and north slope grids at the same locations 167 

as the windowed SWOT grids. We project the north and east model grids into the directions of 168 

the along-track and cross-track slopes as follows: 169 

 170 

𝑠𝑒 =
𝜕ℎ

𝜕𝑒
, 𝑠𝑛 =

𝜕ℎ

𝜕𝑛
, 𝑠𝑐 =

𝜕ℎ

𝜕𝑐
, 𝑠𝑎 =

𝜕ℎ

𝜕𝑎
                                                               (1) 171 

 172 

where  𝑠𝑒 , 𝑠𝑛, 𝑠𝑐 , 𝑎 𝑛𝑑 𝑠𝑎  are the slopes in the east, north, along-track, and cross-track 173 

directions, respectively. The grids of longitudes (e)  and latitudes (n)  are equally spaced at 2 km 174 

intervals in the cross-track (c) and along-track (a) directions. We take the gradient of each of the 175 

longitude and latitude grids to construct unit vectors to project the model east and north slopes 176 

into cross-track and along-track slopes as follows: 177 

 178 

                                                                (2) 179 

where, for example, 
𝜕𝑒

𝜕𝑐
 is the derivative of the east distance in meters (i.e., longitude scaled by 180 

the cosine of the latitude) with respect to the cross-track distance (in meters).   181 

 182 

The analytical inverse of this 2 by 2 projection matrix is used to convert the SWOT along- 183 

and cross-track slopes into north and east slopes and ultimately gravity anomaly and vertical 184 

gravity gradient. An example of the along-track and cross-track slopes in microradians for 185 

ascending pass 011 and descending pass 026 of cycle 541 (with a typical SWH of 4.0 m) is 186 

shown in Figure 3a,b (no data editing nor crossover correction applied). The gravitational 187 

signatures of the Foundation Seamounts are clearly visible in single passes of SWOT data and 188 

provide the short-wavelength signal for this study.   189 

 190 

Using equation 2, we project the east and north model slopes shown, in Figure S3, into the 191 

along-track and cross-track directions and subtract them from the SWOT slopes to reveal the 192 

residual slopes (Figure 3c,d). There are several features in these residual slopes worth noting. 193 

First the residual slopes have a pervasive short-wavelength noise with amplitude of 2-3 μrad 194 

mainly related to ocean surface waves. The noise has higher amplitude along the edges of the 195 

swaths because the low-pass filter applied on the original SSH has side lobes, and we will edit 196 

using the quality flag later. In addition, the residual cross-track slope from the ascending pass 197 

011 is predominantly negative (blue) with an offset of around -2.5 μrad while the cross-track 198 
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slope from the descending pass 026 has a slight positive (red) bias. This reflects interferometer 199 

baseline roll error to be removed by the height crossover analysis. The quadratic term in roll 200 

error will bring a slope to the along-/cross-track slope measurement, disrupting real geoid signals 201 

thus not considered in this study. SWOT post-launch evaluation confirms that the error before 202 

calibration is primarily at the larger time scales (Ubelmann et al, in prep). This aligns with the 203 

small along-track slope bias, and the larger cross-track slope bias observed in our study. Note the 204 

SWOT data and the model are completely independent. We have not adjusted the SWOT data 205 

(no crossover correction applied) in any way so our analysis reflects the inherent accuracy of the 206 

L2_LR_SSH product. 207 

 208 

Figure 3. (a) Along-track and (b) Cross-track slope without crossover correction nor data edits 209 

for one SWOT cycle (541) along ascending (pass 011) and descending (pass 026). (c) Difference 210 

between SWOT along-track slope and model along-track slope shows mainly small spatial scale 211 

noise, with higher noise on the edges of the swaths. (d)  Difference between SWOT cross-track 212 

slope and model cross-track slope shows noise but also a mean slope difference of -2.5 μrad 213 

(Pass 011) due to uncorrected spacecraft roll error. 214 

 215 
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3 Accuracy 216 

We now have the components to assess the accuracy and spatial resolution of individual 217 

passes of SWOT KaRIn data as well as stacks of data. The analysis is performed on passes 011 218 

and 026. We report the pass 011 result in the paper and pass 026 result in the supplement.  219 

 220 

The accuracy of the SWOT data is established through point-wise spatial comparison of 221 

along-track and cross-track slopes with the matching model slopes. An example is shown in 222 

Figure 4, for one cycle (541) as well as the stack/average of 91 cycles.  The along-track slope of 223 

the single cycle has a mean of -0.11 μrad and a standard deviation of 2.68 μrad while the stack 224 

has a smaller mean of -0.01 μrad and standard deviation of 1.16 μrad. These statistics are better 225 

than the comparison of the model gravity with the ship gravity (Figure 2), probably because the 226 

ship gravity has some outliers related to sharp turns of the vessel that should be edited. The 227 

standard deviation of a single cross-track slope and the stack slope are 2.71 μrad and 1.32 μrad, 228 

which is similar to the standard deviation in the along-track direction, for both the single cycle 229 

and the stack. However, the mean cross track differences are significantly larger than in the 230 

along-track direction, 0.95 μrad for cycle 541 and 0.57 μrad for the stack. This reflects the 231 

residual roll error uncorrected in the current beta pre-validated SWOT KaRIn SSH product. This 232 

is a remarkable achievement since 1 μrad of orientation error of the 10 m long interferometer 233 

baseline corresponds to a height positional error between the antennas of only 10 micrometers! 234 
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 235 

Figure 4. (a) Along-track slope from SWOT (cycle 541) versus model along track slope in the 236 

unit of μrad. The mean and standard deviation (std) of the difference between SWOT and model 237 

is -0.11 μrad /2.68 μrad. (b) Stacked along-track slope vs model along-track slope. The mean/std 238 

of the difference is -0.01 μrad /1.16 μrad. (c) Cross-track slope from SWOT (cycle 541) versus 239 

model along track slope. The mean/std of the difference is 0.95 μrad /2.71 μrad. (d) Stacked 240 

cross-track slope vs model along-track slope. The mean/std of the difference is 0.57 μrad /1.32 241 

μrad. 242 

 243 

 244 

The complete analysis of all 91 repeats of pass 011 are provided in Table S2 with a summary 245 

in Figure 5. We define slope error as the difference between the SWOT slope and model slope. 246 

For each cycle, we can calculate the mean and standard deviation of the slope error. In the along-247 

track direction, a typical along-track mean slope error is only 0.05 μrad for each cycle. This is 248 

based on the median of the absolute value of the mean slope error. In contrast, a typical cross-249 



manuscript submitted to replace this text with name of AGU journal 

 

track mean slope error is much larger, 0.89 μrad. This is much larger than the model slope error 250 

so will need to be adjusted when processing SWOT KaRIn data for almost any application. 251 

 252 

Figure 5. (a) Histogram of the mean difference in along-track slope between the SWOT data and 253 

the model (see Table 1). (b) Same histogram for the cross-track slope has typically large absolute 254 

deviations of ~0.9 μrad. (c)/(d) Histogram of standard deviation (std) of along/cross-track slope 255 

between the SWOT data and the model. 256 

 257 

The more interesting result is related to the standard deviation of the along-track and cross-258 

track slope which is typically 2.67 μrad and 2.72 μrad, respectively (see Figure 5c and 5d). The 259 

L2_LR_SSH data on a 2 km grid are low-pass filtered from the original 250 m grid; the filter has 260 

0.5 gain at a wavelength of 4.5 km (Stiles et al., 2023). The main source of noise is related to sea 261 

surface waves and swell which can have wavelengths up to 500 m in the deep ocean.  Because 262 

all low-pass filters have side lobes, some of the short (e.g. 500 m) wavelength wave energy can 263 

remain after filtering and decimation. To understand this wave-height noise, we compared the 264 

standard deviation of the slope difference with the significant wave height (SWH) and distance 265 

from the nadir track, both provided with the SWOT L2_LR_SSH data.  We divide slope data into 266 

6 groups based on the SWH range and examine the std of slope difference as a function of cross-267 

track distance from the central nadir (Figure 6). As expected, high slope noise is associated with 268 

high SWH and the along-track slope (solid lines) has slightly lower noise than the cross-track 269 
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(dashed lines). When the SWH is less than about 3 m, the slope noise is less than about 2.7 μrad 270 

which is the median noise in a single cycle. As the SWH increases, the noise increases so when 271 

the SWH exceeds 6 m, the noise is typically greater than 5 μrad and can be as large as 8 μrad. 272 

The slope noise also changes with the cross-track distance. When SWH < 4 m, noise is highest at 273 

the outer edge of the swath, showing the effect of roll error. While SWH > 4m, noise is the 274 

highest close to the central nadir. This relationship between slope noise and SWH provides a 275 

basis for weighting the contributions to the stack by 1/SWH. We performed the same analysis on 276 

descending pass 026, as well using the L3 data (both passes) and the results are similar (see 277 

Tables S2 and S3).  278 

 279 

Figure 6. Standard deviation (std) of the difference between 90 cycles of the SWOT slope and 280 

the model slope as a function of SWH and the distance to the Nadir point. Solid lines with dots 281 

are std for the along-track slope difference while dashed lines for the cross-track slope 282 

difference. 283 

 284 

4 Precision 285 

The point-wise analysis of the along-track slope (Figure 4 and Table S2) provides the overall 286 

accuracy of the SWOT data. However, there is no information on how the correlation changes 287 

with wavelength or at which wavelength the SWH noise dominates the gravity signal. To address 288 

these questions, we perform spectral and cross-spectral analyses of the SWOT data and the 289 

difference between the SWOT data and the along-track model slope.   290 

 291 

We show the power spectral density (PSD) of the SWOT along-track slope and its noise from 292 

cycle 541 (Figure 7a) and the stack slope (Figure 7b). The noise is calculated as the difference 293 

between the SWOT along-track slope and the model along-track slope. The stack slope is 294 

constructed using 64 cycles with good data coverage, and 1/SWH as weight since the standard 295 
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derivation is linearly related to SWH (Figure 6). There are 27 out of 91 cycles not used because 296 

of large data gaps. Data associated with high wave height noise (SWH > 6m) is excluded from 297 

consideration.  298 

 299 

The spatial resolution of the SWOT L2_LR_SSH data is determined by performing a cross-300 

spectral analysis (Bendat and Piersol, 1986) between the along-track slope from SWOT and the 301 

model along-track slope. We examine the coherence with the model along-track slope using a 302 

single cycle (cycle 541) of SWOT slope (Figure 7c), as well as the SWOT stack slope. SWOT 303 

data are edited using the quality flag and each complete column (211 points, denoted by “number 304 

of lines” in SWOT L2 data files) of the along-track SWOT and model grids are Hann windowed 305 

then zero-padded to 512 points. There are 53 columns (denoted by “number of pixels” in the 306 

SWOT L2 data files) without data gaps to compute the coherence using the Welch method. We 307 

concatenate the 53 columns and use a 512-point segment length and zero overlap to calculate the 308 

cross-spectral coherence between SWOT slope and model slope. The associated 95% confidence 309 

level for the squared coherence is 0.028 (Emery and Thompson, 2004).  For a single cycle, the 310 

coherence drops to 0.5 at around 14.2 km (Figure 7c) where we can also see agreement in energy 311 

between the SWOT slope and SWOT slope noise (Figure 7a). A threshold of 0.5 coherence 312 

representing equal magnitudes of correlated and uncorrelated components is selected for 313 

determining spatial resolution. For the stack slope, SWOT shows a spatial resolution of about 8.0 314 

km (Figure 7d), better than the resolution of the current best marine gravity field (~12 km) 315 

(Sandwell et al., 2021). There is higher energy in SWOT stack slope noise than stack slope, 316 

indicating errors in the MSS model are higher than SWOT stack slope, thus our estimate of 8.0 317 

km resolution could be conservative.  318 
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 319 

Figure 7.  (a) Power spectral density (PSD) of along-track slope for cycle 541 (black curve) and 320 

the difference between the SWOT slope and model slope reflects the noise (gray curve). (b) PSD 321 

for stack of 64 cycles for pass 541 (black curve) and the difference between SWOT stack slope 322 

and model slope (grey curve). The power in the stacked slope noise is about 35 times lower than 323 

the individual cycle at a wavelength of 10 km. (c) Cross-spectral coherence between cycle 541 324 

(along-track) and the model falls to 0.5 at a wavelength of 14.2 km. (d) Cross-spectral coherence 325 

between stack (along-track) and the model falls to 0.5 at a wavelength of 8.0 km. 326 

 327 

5 Discussion 328 

The swath altimeter aboard SWOT is a radar interferometer that measures height differences 329 

along and across the swath.  Like any interferometer, the phase, or height, has a 2Nπ ambiguity 330 

that can be resolved using the nadir altimeter or a general knowledge of the MSS height or geoid 331 
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height. For our applications in marine gravity and bathymetry, knowledge of absolute height is 332 

unnecessary; we utilize the derivatives of the geoid including first derivatives such as geoid 333 

gradient (i.e.,  deflections of the vertical) and gravity anomaly, as well as second derivatives such 334 

as vertical gravity gradient. Standard nadir altimetry can be used to estimate the MSS height. 335 

However, because each profile has long-wavelength errors associated with orbit, atmospheric 336 

corrections, tides and other oceanographic effects, it is generally necessary to perform a 337 

crossover correction prior to the construction of the MSS (Andersen and Knudsen, 2020; 338 

Schaeffer et al., 2023). When the multiple altimeter profiles are gridded, the small cross-track 339 

residual height error introduces small-scale noise in the MSS. This noise is significantly reduced 340 

by taking the along-track derivative of each profile prior to gridding (Olgiati et al., 1995; 341 

Sandwell and Smith, 1997; Yu et al., 2021). Moreover, the derivative operations transform the 342 

normally red spectrum of MSS/geoid to something closer to a white spectrum. A significant 343 

benefit of this pre-whitening is that it reduces edge effects in any kind of spectral analysis. The 344 

downside of taking derivatives of nadir altimeter data is that the short wavelength white noise is 345 

transformed to a “blue” noise so a carefully-designed low-pass filter is needed to suppress the 346 

noise.  347 

 348 

The best marine gravity anomaly models from nadir altimeters have accuracy of 2-3 mGal 349 

and must be low-pass filtered at a wavelength of at least 14 km to suppress the short wavelength 350 

noise that has been amplified by taking derivatives. As we demonstrate in this study, this 351 

accuracy and resolution is insufficient to assess the quality of the SWOT data so we have used 352 

the very high-resolution seafloor bathymetry in the Foundation Seamounts area to improve the 353 

accuracy to 1.42 mGal and a resolution of 6.8 km based on a comparison with very high-quality 354 

shipboard gravity.  Nevertheless, we have no independent dataset to assess whether the tuned-up 355 

altimeter-derived gravity is more or less accurate than the ship gravity. 356 

 357 

Our analysis of individual cycles of SWOT data reveals a standard deviation that is typically 358 

2.6 μrad and a spatial resolution of 14.2 km. This indicates that a single wide-swath KaRIn 359 

altimeter has the capability to produce marine gravity data with a quality comparable to that 360 

achieved over 20 years of traditional nadir altimetry, as shown by Sandwell et al. (2021). The 361 

standard deviation increases with increasing SWH (Figure 6). The single-cycle SWOT noise has 362 

a relatively flat spectrum between wavelengths of 5 km and 50 km where the low-pass filter 363 

dominates (Figure 7a). This flat noise spectrum is unlike standard nadir altimetry where the 364 

height spectrum is white and the slope spectrum is blue. Therefore, any additional filtering 365 

needed to reduce noise should be applied to the SWOT slopes rather than the heights. 366 

 367 

Stacking 64 repeats of SWOT KaRIn SSH improves the standard deviation to ~1.2 μrad and 368 

consequently increases the spatial resolution to ~8 km. After stacking, both the signal and noise 369 

have a red spectrum with a slope of ~k
-6

 (Figure 7b). Note this analysis is based on the 370 

comparison of the model vertical deflection grids which are not perfect. Indeed, after stacking, 371 

the noise at wavelengths less than 8 km (grey curve) is higher than the SWOT signal (black 372 

curve).  Since the noise is the difference between the model slope and the SWOT slope, the 373 

model noise must be larger than the SWOT noise, suggesting our estimates for the accuracy and 374 

resolution of the stacked SWOT slopes are conservative.  375 

 376 
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All of these comparisons are performed without performing any kinds of SWOT data 377 

adjustments since we focus on the validation and characterization of SWOT, and the original 378 

dataset is optimal. We have experimented applying crossover corrections of 1) a 2nd order fit to 379 

the wide-swath SSH and 2) removing the mean offset on the along-/cross-track slopes (1st order 380 

correction). Compared to removing only the crossover correction supplied with the dataset, both 381 

methods make no difference/improvement on the standard deviation of along-track and cross-382 

track slope (accuracy of SWOT KaRIn SSH) and no improvement on the cross-coherence 383 

analysis results (spatial resolution of SWOT KaRIn SSH). Instead, it may remove real geoid 384 

signals. There are also remaining phase screens from systematic error in interferometric phase in 385 

the cross-track slope. However, we find that the mean cross-track slope typically differs from 386 

model slope by 0.89 μrad and sometimes this mean slope error exceeds 4 μrad for an individual 387 

cycle of pass 011. This remaining cross-track error, and possible interfreometric phase screens 388 

that cause >2
nd

 order variations in cross-track slopes, should be removed prior to construction of 389 

improved gravity products (Yu et al., 2021) but the removal method is an area of research and 390 

not discussed here. In contrast, the along-track slope mean slope differences are generally much 391 

smaller (0.05 rad) than the noise in the stacked slope (1.16 μrad).  392 

 393 

 394 

Pass 026 of SWOT L2 data shows similar or slightly better performance compared to pass 395 

011. Pass 026 has a standard deviation that is typically 2.6 μrad and a resolution of 13.0 km. The 396 

differences with the model slope in the cross-track direction is similar to in the along-track 397 

direction (Table S2). 398 

 399 

The L3 SSH data are on the same 2 km by 2 km grids as L2 low-rate data and it is multi-400 

mission calibrated (Dibarboure et al., 2023). For the L3 dataset, we add MSS back to the fully 401 

corrected SSH anomaly to get the SSH, then derive along-/cross-track slopes. The result (Table 402 

S3) are very similar to those based on L2 over the Foundation Seamounts: 1) for a single cycle, it 403 

shows a similar precision of about 2.6 μrad and spatial resolution of about 13.0 km; 2) for the 404 

stack of ~90 cycles, it shows 1.2 μrad in standard deviation and 8 km in spatial resolution. L3 405 

datasets are expected to be a significant improvement upon L2 calibration for 1-day orbit regions 406 

far away from 1-day crossovers (e.g. near the equator) (Dibarboure et al., 2023). The Foundation 407 

Seamounts being exactly on a crossover explains the similarity between L2 and L3 products. 408 

When compared with model slopes, we find a slightly larger typical offset in the cross-track 409 

direction (0.12 μrad) than in the along-track direction (0.03 μrad), suggesting that further efforts 410 

on crossover error removal are needed.  411 

 412 

One scenario for improving the global marine gravity using 2 km resolution SWOT data is to 413 

use a remove-grid-restore method: 1) Remove along-track and cross-track model slopes from the 414 

SWOT data using the best available vertical deflection grids based on nadir altimetry. 2) Remove 415 

the mean cross-track slope difference over segments of 2000 km.  Our analysis does not provide 416 

information on how the cross-track slope error varies along the track. 3) Stack the along- and 417 

cross-track slopes using a weighting based on the ~1/SWH. 4) Project the along- and across-418 

track stacked residual slopes into the east and north directions using the inverse of equation (2). 419 

5) Perform a block median of residual east and north slopes and grid them using a spline in 420 

tension algorithm such as the GMT surface program. There will be diamond-shaped areas having 421 

no SWOT coverage so areas further than about 4 km from a SWOT measurement should be 422 
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padded to zero prior to gridding to suppress spline overshoots.  6) Finally add the model slopes 423 

to the gridded residual slopes.  At this stage, it is feasible to compute the gravity anomaly or any 424 

higher-order derivatives of the gravity field. 425 

 426 

Our SWOT data evaluation is performed over the Foundation Seamounts where ocean noise is 427 

one or two orders of magnitude smaller compared to geoid signals. Nevertheless, our conclusions 428 

can also be applied in regions where ocean noise cannot be ignored. SSH anomaly is a zero-429 

centered random process with temporal correlation, it will average to zero almost like noise 430 

using many repeats (Dibarboure and Pujol, 2021).  431 

  432 

This entire analysis mainly pertains to the construction of marine gravity products from 433 

SWOT although aspects of the processing and analysis are also relevant for extracting small-434 

scale oceanographic signals from SWOT data. One important issue related to marine gravity is 435 

that, because of the natural upward continuation low-pass filter, the amplitude of the gravity 436 

signal at wavelengths less than the mean ocean depth is vanishingly small. Consider, for 437 

example, a 10 mGal amplitude gravity anomaly having a wavelength of 8 km measured just 438 

above the seafloor having a depth of 4000 m. Because of Newton’s law, the amplitude of this 439 

anomaly measured on the sea surface will be attenuated by 𝑒𝑥𝑝 (−
2𝜋𝑧

𝜆
)  = 0.043. The 440 

attenuation of this natural low-pass filter is stronger than the low-pass filter used to construct the 441 

2 km resolution SWOT ocean product from the 250 m SWOT data (Stiles et al., 2023).  442 

Therefore, except in rare cases of shallow ocean (< 400 m in depth) and large amplitude gravity, 443 

the 2-km grid supplied with the L2_LR product will be nearly optimal for constructing marine 444 

gravity products. In coastal regions, the 250-m grid product is needed and errors related to 445 

barotropic tides and internal tides need to be considered carefully.  446 

 447 

Another important result of the natural upward continuation filter is that one can be confident 448 

that anomalies having wavelengths less than about 8 km are not caused by residual error in the 449 

MSS or SSS models; these anomalies must be true oceanographic signals or noise. It is worth 450 

mentioning that parallel studies are concurrently being conducted, focusing on the assessment of 451 

SWOT's ability to measure rapidly changing ocean dynamics such as currents, eddies, and waves 452 

(Wang et al., in prep). These dynamic elements represent the primary focus of the SWOT 453 

mission, even though, for the purposes of this study, they are treated as noise. There are several 454 

benefits when working with gradients rather than heights. First, as discussed above, the short-455 

wavelength (< 40 km) noise in the model gradient grids is smaller than the short wavelength 456 

noise in the model MSS grids so one can isolate smaller oceanographic signals using slopes 457 

rather than heights. In addition, since the slope noise is relatively white having amplitude of ~2.5 458 

μrad, one can easily estimate the observation threshold amplitude of a shorter wavelength 459 

wavelike signal, for example an ocean surface wave with 40 mm amplitude and 4 km wavelength 460 

will exceed the slope noise in the 250 m ocean product. 461 

 462 

A final question related to the science part of the SWOT mission is how many repeat cycles 463 

will be needed to make a significant improvement in the global marine gravity derived from all 464 

nadir altimeters? For pass 011, the standard deviation between the original slope grids using 465 

traditional radar altimetry and the improved model grid using shipborne data is 1.50 μrad for the 466 

east component and 1.44 μrad for the north component. We show that by stacking 60+ repeats of 467 

SWOT KaRIn data, an accuracy of 1.2 μrad and a spatial resolution of 8 km can be achieved 468 
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(Figures 4b and 8c). For each specific number of cycles used, we bootstrap the 60+ repeats with 469 

50 realizations to obtain the along-/cross-track standard deviation, and the associated 95% 470 

confidence interval, between the SWOT stack and the model stack versus the number in the 471 

stack, as depicted in Figure 8a. The cross-track standard deviation is somewhat higher than the 472 

along-track because of the higher noise on the edges of the swaths as seen in Figure 1d, although 473 

some of the edge noise was removed using the quality flag. If we just consider the stacked along-474 

track slopes it will take 8 repeat cycles for the accuracy of the SWOT along-track slope to match 475 

the accuracy of the north component of the V32 vertical deflection. In terms of resolution, we 476 

constructed the spatial resolution versus the number of cycles used (Figure 8b) using similar 477 

methods as for the standard deviation. It will take 11 cycles for the SWOT vertical deflection to 478 

match the 10-km resolution of the V32 vertical deflection. After about 20 repeat cycles, the 479 

SWOT gravity field will be significantly better than the current gravity models based on nadir 480 

altimetry.  Note it has taken 232 months of nadir geodetic mission data to achieve the accuracy 481 

of the current models so a significant improvement in just 14 months is a major achievement. 482 

This is certainly a conservative estimate because some fraction of the standard deviation between 483 

the stacked SWOT slopes and the model slopes is due to remaining error in the model and the 484 

magnitude of this error is largely unknown. 485 

 486 

Figure 8. (a) Standard deviation of the difference between along-/cross-track SWOT stacked 487 

slopes and the model slope versus the number of cycles used in the stack. (b) Spatial resolution 488 

of along-track slope (coherence 0.5) versus number of cycles in the stack. The end members for 489 

1 cycle and 64 cycles are shown in Figures 4 and 7. Grey dashed lines are the current accuracy 490 

(a) and resolution (b) of the V32 altimeter-only model.  Error bars show the 95% confidence 491 

interval. Improvements from SWOT will require ~11 repeat cycles in the 21-day science orbit. 492 

 493 

6 Conclusions 494 

● The Foundation Seamounts area provides a unique opportunity to assess the accuracy and 495 

resolution of the marine gravity field that will be recovered by SWOT. The area has 496 

complete multibeam coverage and highly-accurate shipboard gravity profiles to construct 497 
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east and north grids of deflection of the vertical for comparison with along-/cross-track 498 

sea surface gradients measured by SWOT. 499 

● A single cycle of SWOT coverage, at a typical SWH of 4 m, has a precision of 2.6 μrad 500 

and a spatial resolution of 13 km. The mean along-track slope is commonly within 0.05 501 

μrad of the model slope while the mean cross track slope error is somewhat larger ~0.9 502 

μrad - 2.0 μrad due to the remaining roll error. The mean cross-track slope from SWOT 503 

should be adjusted to the model slope before constructing marine gravity. 504 

● The slope noise increases significantly for SWH above 5 m so cycles should be weighted 505 

by ~1/SWH during stacking. 506 

● A stack of ~60 cycles of SWOT data provides a dramatic improvement in precision ~1.2 507 

μrad and spatial resolution ~8 km. This dramatic increase in accuracy and, especially 508 

resolution, would reveal much more detail in small-scale seafloor structures such as 509 

seamounts and abyssal hills. 510 

● The accuracy and resolution of the marine gravity field derived from SWOT will exceed 511 

the accuracy of the current models after 11 repeat cycles (~8 months). Significant 512 

increases will require about 20 repeat cycles (~14 months). 513 

●  The optimal method for improving the gravity field from SWOT data will use sea 514 

surface gradients projected into the north and east directions and combined with existing 515 

models using a standard remove-grid-restore method. 516 
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