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•  Tectonics and topography of the deep ocean 

•  Mapping by ships - what is missing? 

•  Mapping by satellites 
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plate tectonics

(Trujillo A. P. and H. V. Thurman, Essentials of Oceanography, Prentice Hall, New Jersey, 2004) 



global seismicity 



topography and bathymetry 

Google Earth version at http://topex.ucsd.edu or  
ftp://topex.ucsd.edu/pub/srtm30_plus/SRTM30_PLUS.kmz 
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Mid Atlantic Ridge 

•  alternating spreading ridge 
and transform offset segments

•  ridge earthquakes have 
normal focal mechanism

•  transform earthquakes have 
strike-slip focal mechanism

[Luttrell and Sandwell, JGR, 2011]



fast vs. slow spreading
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abyssal hills are the most common landform on the Earth 



seamounts or undersea volcanoes  

[Wessel JGR, 2001] 



size distribution of seamounts 

[Wessel JGR, 2001] 



uncharted 
seamounts
> 3 km tall



Exploring the Deep Ocean Basins
with Ships and Satellites

 

•  Tectonics and topography of the deep ocean 

•  Mapping by ships - what is missing? 

•  Mapping by satellites 



Soundings used in SRTM15/30_PLUS 
multibeam, singlebeam, grids, . . . 



1/2 of global seafloor bathymetry  
not resolved at 10 km

[Smith and Marks, 2009] 



source # points 
(500 m) 

% flagged % seafloor 
@ 1 km 

NGDC_multi 127901083 4.75 5.134 

NOAA_geodas 40897565 11.06 2.506 

US_multi 51187020 5.32 2.219 

JAMSTEC_multi 79103040 0.62 2.04 

SIO_various 40754645 13.93 1.325 

IBCAO_various 18302390 0.03 0.773 

GEBCO_various 8950614 0.17 0.523 

AGSO_grid 12875795 2.62 0.503 

DNC_points 5878651 1.23 0.49 

CCOM_grid 10023471 0.08 0.195 

GEOMAR_grid 18138868 0.06 0.181 

NGA_single 4415125 19.44 0.179 

NOAA_grids 6748376 0.49 0.162 

IFREMER_single 7653537 10.62 0.151 

3DGBR_various 5523560 11.36 0.112 

NAVO_multi 422089 0.06 0.009 

total 438,775,829 16.5 % in V11 

percentage of 
seafloor mapped 
at 1 km resolution 



Needs for Improved Bathymetry
in the Deep Oceans

Science 
•  global tectonics, seafloor 

roughness
•  seamounts

•  tsunami models
•  ocean circulation and tides

•  marine ecosystems
•  planning tool
 
 

Outreach and 
applications 
 
•  education and outreach

•  military applications

•  Industry applications

 
 



modern mapping tools

multibeam 
echo sounder 

satellite altimeter 



sparse soundings + gravity anomaly = global bathymetry 
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Bathymetry from Gravity and Ship Soundings:
Inverse Nettleton Method

1.  Grid available depth soundings.

2.  Separate into low-pass and high-pass filtered components (~160 km).

3.  High-pass filter gravity and downward continue to low-pass filtered depths.

4.  Perform a robust linear regression of high-pass topography and high-pass, 
downward-continued gravity in small regions.

5.  Multiply gravity by topography/gravity slope to predict topography in pass 
band.

6.  Add original low-pass filtered depth.

7.  Force agreement with soundings. (Warning this last step can create 
anomalies on the ocean floor.)

 



Google Earth 



SRTM30_PLUS & sounding coverage  



Data Sources  multi-beam 
soundings 

single-beam 
soundings 

predicted 
from 
satellite 
gravity 



SRTM30_PLUS V7 



S&S 1 min V18 



SRTM15_PLUS V1 



Exploring the Deep Ocean Basins
with Ships and Satellites

 

•  Tectonics and topography of the deep ocean 

•  Mapping by ships - what is missing? 

•  Mapping by satellites 

•  How can we do better? 
 



radar altimetry 



geoid height ~ sea surface topography 



slope of ocean surface 



slope requirement 
Φ disturbing potential

€ 

N =
1
go
Φ geoid height

€ 

Δg = −
∂Φ
∂z

gravity anomaly

€ 

η = −
∂N
∂x

slope of ocean surface

Laplace’s equation,  assume 2-D anomaly

€ 

∇2Φ = 0      ⇒      go
∂η
∂x

+
∂g
∂z

= 0

take fourier transform w.r.t. x
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Δg(k) = igo
k
k
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1 µrad of slope error 

€ 

⇔ 1 mGal gravity error

                                                                    1 cm
                               1 µrad

                                10 km



Achieving 1 mGal Gravity Accuracy 

•  Improved range precision -- A factor of 2 or more improvement in 
altimeter range precision, with respect to Geosat and ERS-1, is 
needed to reduce the noise due to ocean waves.   

•  Fine cross-track spacing and long mission duration -- A ground track 
spacing of 6 km or less is required. 

•  Moderate inclination -- Current non-repeat-orbit altimeter data have 
high inclination and thus poor accuracy of the E-W slope at the 
equator.   

•  Near-shore tracking -- For applications near coastlines, the ability to 
track the ocean surface close to shore is desirable. 
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ABSTRACT
The accuracy of the marine gravity field derived from satellite altimetry
depends on dense track spacing as well as high range precision. Here,
we investigate the range precision that can be achieved using a new
shorter wavelength Ka-band altimeter AltiKa aboard the SARAL
spacecraft. We agree with a previous study that found that the range
precision given in the SARAL/AltiKa Geophysical Data Records is more
precise than that of Ku-band altimeter by a factor of two. Moreover, we
show that two-pass retracking can further improve the range precision
by a factor of 1.7 with respect to the 40 Hz-retracked data (item of
range_40 hz) provided in the Geophysical Data Records. The important
conclusion is that a dedicated Ka-band altimeter-mapping mission
could substantially improve the global accuracy of the marine gravity
field with complete coverage and a track spacing of <6 km achievable
in »1.3 years. This would reveal thousands of uncharted seamounts on
the ocean floor as well as important tectonic features such as
microplates and abyssal hill fabric.

KEYWORDS
Gravity field; noise level;
SARAL/AltiKa; waveform
retracking

Introduction

Over the past 40 years, satellite altimetry has evolved as an accurate and effective method for
recovering the global marine gravity field (Rapp 1979; Haxby et al. 1983; Sandwell and Smith
1997; Andersen and Knudsen 1998; Hwang et al. 1998; Sandwell et al. 2014). Gravity field
accuracy depends primarily on two factors: spatial track density and altimeter range preci-
sion. Here, we investigate the improved range precision provided by the AltiKa altimeter
aboard the SARAL spacecraft (Vincent et al. 2006; Verron et al. 2015). The main technical
innovation in the AltiKa altimeter is that it operates at a shorter wavelength Ka-band
(8.4 mm wavelength) than all previous altimeters, which operate at Ku-band (22 mm) or
longer wavelength. The shorter wavelength enables three key improvements (Raney and
Phalippou 2011): (1) A higher chirp bandwidth at Ka-band corresponds to a shorter radar
pulse and a smaller gate spacing of 0.31 m versus 0.47 m. Theoretically, this should result in
a factor of »1.52 improvement in range precision over a flat ocean (Chelton et al. 2001), but

CONTACT David T. Sandwell dsandwell@ucsd.edu Scripps Institution of Oceanography, University of California at
San Diego, La Jolla, CA 92037, USA.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/umgd.
© 2017 Taylor & Francis Group, LLC

MARINE GEODESY
http://dx.doi.org/10.1080/01490419.2016.1265032



 
Estimate 3 parameters: arrival time (to), rise time (σ), and power (A).

2-pass waveform retracking improves range precision 

M (t)= A
2

1+ erf (η){ };       η = t − to
2σ

1)  retrack waveforms with 
standard 3-parameter model

2)  smooth rise time over 45-km 

3)  retrack waveforms with 2-
parameter model 

 
Note: this assumes wave height 
varies smoothly along track. 
 
 

 

[Sandwell and Smith, 2005; 
Zhang and Sandwell, 2016]] 
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[Zhang and Sandwell, 2016] 



parameter functional model. These purely empirical retrackers perform
well over surfaces where the shape of the return waveform is highly
variable.

Over the open ocean the waveform shape is well approximated by a
Brown-type model (Brown, 1977) which consists of a sharp error-
function step in power with a more gradual decay in the trailing edge
due to the finite beam width of the projected antenna pattern (Brown,
1977; Amarouche et al., 2004). For example, the maximum likelihood

estimator (MLE) is a statistical retracking method to fit the theoretical
Brown model return power to the measured return power (Challenor
and Scrokosz, 1989). This algorithm can use a 4-parameter Brown-
type model to estimate arrival time, rise time, waveform amplitude
and the rate of the decay of the trailing edge of the waveform and it is
called MLE4. The MLE4 retracker is used to generate the standard
product in the sensor geophysical data records (SGDR) of Jason-1. A
modification of this algorithm was proposed by (Sandwell and Smith,

0 20 40 60 80 100 120 140
0

1

2

3

4

5

6

7
x 10

4

sample gate

re
no

rm
al

iz
ed

po
w

er

Cryosat/LRM sample waveform

0 20 40 60 80 100 120 140
0

0.5

1

1.5

2

2.5

3

3.5
x 10

4

sample gate

re
no

rm
al

iz
ed

po
w

er

Cryosat/SAR sample waveform

0 100 200 300 400 500 600
0

2000

4000

6000

8000

10000

12000

14000

sample gate

re
no

rm
al

iz
ed

po
w

er

Cryosat/SIN sample waveform

0 20 40 60 80 100 120 140
0

1

2

3

4

5

6

7
x 10

4

sample gate

re
no

rm
al

iz
ed

po
w

er

Jason sample waveform

0 20 40 60 80 100 120 140
0

1

2

3

4

5

6
x 10

4

sample gate

re
no

rm
al

iz
ed

po
w

er

Envisat sample waveform

0 20 40 60 80 100 120 140
0

2

4

6

8

10

12
x 10

4

sample gate

re
no

rm
al

iz
ed

po
w

er

AltiKa sample waveform

Fig. 3. Fitting results of typical waveforms using two-stepWLS retracker for CryoSat-2, Jason-1, Envisat and SARAL/AltiKa. Note the CryoSat-2 SAR and SINwaveformswere retrackedusing
a SAR waveform model (Garcia et al., 2014).

131S. Zhang et al. / Journal of Applied Geophysics 137 (2017) 128–137

[Zhang et al., 2017] 

Fitting results  
of available  
waveforms 



AltiKa is 2 times more precise than all previous altimeters

Smith	  [2015]	  showed	  standard	  
GDR	  of	  Al8Ka	  	  is	  2	  X	  more	  
precise	  than	  Envisat	  

Zhang	  and	  Sandwell	  [2016]	  
showed	  that	  Al8Ka	  also	  benefits	  
from	  2-‐pass	  retracking.	  	  

In	  July	  2016	  Al8Ka	  began	  
geode8c	  mapping.	  	  Could	  
achieve	  1	  mGal	  global	  marine	  
gravity.	  

Al#Ka	  	  4.5	  mm	  @	  1	  Hz	  

Altimeter 3-PAR @ 
2 m 

2-PAR @ 2 
m 

Geosat 88.0 57.0 

ERS-1 93.6 61.8 

Envisat 78.9 51.8 

Jason-1 75.9 46.4 

CryoSat-2 
LRM 64.7 42.7 

CryoSat-2 
SAR 49.5 49.7 

AltiKa 34.3 20.5 



have accumulated large amount of sea surface height (SSH) measure-
ments. Based on the available altimeter data mentioned above, a new
regional gravity model with 1′ × 1′ resolution will be constructed and
validated in the research area.

2. Retracker selection

A satellite altimeter measures the range to the land, ice, or ocean
surface by emitting a series of frequency-modulated chirp signals
designed to act like brief Gaussian-shaped radar pulses. These pulses
interact with the surface and the received power of the reflected signal
is recorded by the satellite altimeter over a short observation window
equivalent to ~60 m of range. Averages of the power received from
many echoes are referred to as altimeter waveforms. The leading edge
of the waveform is crudely tracked onboard the satellite to keep the
return pulse near the center of the window. The leading edge can be
estimated more accurately (i.e. retracked) in post processing. A variety
ofwaveform retracking algorithms have been proposed and the optimal
algorithm depends on the slope and roughness of the reflective surface
(land, ice, or ocean). The models can be purely empirical or based on
physics (Sarrailh et al., 1997; Gommenginger et al., 2011). Here we
evaluate a number of retracking algorithms to compare their

performance over open ocean surfaces. We expect the retrackers that
are optimized for land or ice will perform poorly over the ocean and
our analysis confirms that expectation and provides an objective basis
for the selection of the optimal retracker. Nevertheless we use these
suboptimal retrackers to provide a first estimate of the leading edge of
the waveform to improve the convergence of the numerically slower
Brown-model type retrackers (Brown, 1977).

We begin with retrackers that are optimized for ice and land
surfaces, which are commonly rough and can have significant slope
within the beamwidth of the radar footprint. The offset center of gravity
(OCOG) algorithm was developed by Wingham et al. (1986) to achieve
robust retracking and its goal is to find the center of gravity for each
waveform based on the power levels within the gates. The threshold
retracker was developed by Davis (1993) and this algorithm uses a
prescribed threshold value with respect to the OCOG amplitude or the
maximum waveform amplitude to determine the objective gate and
improve the estimation of range. The improved threshold retracker
has been developed in the case of complex waveforms to identify sub-
waveforms within the measured waveform and select the best ranging
gate (Hwang et al., 2006; Chang et al., 2006;Guo et al., 2010). The Beta-5
parameter retracker was developed by Martin et al. (1983) to retrieve
ranges from the single-ramp return waveforms by fitting a 5-

Fig. 2. Distribution of multi-satellite altimeter data in the research area.

Table 2
Parameters for Sandwell retracking method for multi-satellites altimeter data.

Satellite mission Geosat ERS-1 Envisat T/P
Jason-1

CryoSat-2
LRM

CryoSat-2
SAR

CryoSat-2
SIN

SARAL/
AltiKa

α 0.006 0.022 0.09 0.0058 0.013 0.00744 0.00744 0.0351
Gate spacing/mm 468.257 454.067 468.257 468.257 428.12 428.12 428.12 312.284

Note that α is the best trailing edge decay parameter in units of gates−1.

130 S. Zhang et al. / Journal of Applied Geophysics 137 (2017) 128–137
Altimeter Tracks for Southeastern China Seas   



Bosch, 2008). The recently publishedWHU12 is an empirical ocean tide
model determined directly using an orthogonal representation of the
response analysis without a background ocean tide model as a priori
model. Comparing with 137 tide gauges data, the verification for 4
main components of ocean tide show that the WHU12 model has
reliable accuracy level over China coastal areas as listed in Table 5. It is
a reliable way to evaluate the accuracy of different models based on a
comprehensive tide gauge data sets for tidal constituents (Stammer
et al., 2014). As a result, we uniformly adoptWHU12model to calculate
the ocean tidal corrections for uniformly along-track 5 Hzmeasurement
of different satellite missions.

After that, the along-track sea surface height gradients are
computed,while along-track gradient of EGM2008model are also inter-
polated for a preliminary verification. Our edit threshold of discrepancy
between the twogradientswas set at three times the standard deviation
given in Table 6. This priormodel furnishes a sanity check that allows us
to detect outliers that produce spurious slopes. The corresponding
proportions of eliminated data are also provided in Table 6. Considering
that the high frequency noise is amplified during the process of

difference, we used a second low-pass filter according to the principle
of a 0.5 gain at 10 kmwavelength. The designed Parks-McClellan filters
for various missions are shown in Fig. 6 and the lengths are uniformly
set to be 30.

After the above steps, along-track filtered sea surface height
gradients data are obtained for multi-satellite altimeters. Considering
the effect of sea surface topography and geoid height, DOT2008A and
EGM2008 model are selected respectively to interpolate and subtract
from along-track 5 Hz observations. Then along-track residual vertical
deflections are calculated according to velocity formulas at ground
track (Sandwell and Smith, 1997). The relationship between along-
track residual vertical deflections and 2-dimensional components of
residual vertical deflections can be established as equations at each
grid point with 1′ × 1′ resolution. Consequently, the north and east
components of residual vertical deflection are calculated using
biharmonic splines with a tension parameter of 0.25 (Wessel and
Bercovici, 1998), and then the residual gravity anomaly values shown
in Fig. 7 on the basis of Laplace Equation and the Fast Fourier Transform
(FFT) algorithm. A third low-pass filter having a 0.5 gain at 16 km is
applied during this transformation. At last, the gravity anomaly values
of EGM2008 model should be restored. We finally construct the
1′ × 1′marine gravity field model over Southeastern China Seas (Fig. 8).

4. Discussion

The resulting gravity anomaly grid is evaluated using two
techniques. First, we examine the root mean square (RMS) misfit
between the result and authoritative global marine gravity field models
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Fig. 6. Low-pass filters used for along-track slopes of multi-satellite altimeters.

Fig. 7. Residual gravity anomaly in the research area.

Fig. 8.Marine gravity field in the research area.

Table 7
Validation information of inversed result with published gravity models Unit: mGal.

Model description Minimum Maximum Mean RMS

New result VS DTU10 −113.823 114.001 −0.037 3.676
New result VS DTU13 −113.623 108.358 −0.029 3.553
New result VS V23.1 −147.000 252.399 −0.044 1.869
New result VS EGM2008 −106.862 108.198 −0.024 3.901
V23.1 VS DTU10 −240.380 128.644 0.026 4.030
V23.1 VS DTU13 −186.643 127.894 0.023 3.811
V23.1 VS EGM2008 −178.061 124.937 0.028 4.144
DTU13 VS DTU10 −90.598 101.300 0.003 3.134
DTU13 VS EGM2008 −38.428 53.118 −0.005 1.807
DTU10 VS EGM2008 −107.151 94.952 0.002 2.746
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gravity anomaly error (mGal) calibrated using NGA analysis 



remaining sources of error 

sea ice 



ocean 
variability 

remaining sources of error 



tide 
errors 





VGG (V18)  Geosat + ERS 



VGG (V24)  + CryoSat + AltiKa + Jason-1 



Discovery of small seamounts 



VGG (V18)  Geosat + ERS 



VGG (V24) + CryoSAT + AltiKa + Jason-1 



Resolution of uncharted abyssal hills 



VGG (V18)  Geosat + ERS 



VGG (V24)  + CryoSAT + AltiKa + Jason-1 



Resolution buried tectonic structures 



Propagating Ridge, South Atlantic 

Offshore 
Sedimentary 

Basins 

[Sandwell	  et	  al.,	  Science,	  2016]	  



Mammerickx Microplate, Indian Ocean 

Offshore 
Sedimentary 

Basins 

[MaPhews	  et	  al.	  ,	  EPSL,	  2015]	  

previously	  uncharted	  
microplate	  the	  size	  of	  	  
West	  Virginia	  



[Sandwell et al., Science, 2014] 





Pindel and Kennan, 2009 



Conclusions – 1

•  Topography and tectonics of the deep ocean are VERY different from the 
continents. 

•  Abyssal hills, created at seafloor spreading ridges, are the most common 
landform on the planet. 

•  There could be 100,000 seamounts taller than 1000 m that are uncharted. 

•  Mapping by ships provides ~100 m spatial resolution but it would take 125 ship 
years to map the oceans.   

•  Mapping by satellites (gravity) has ~6000 m spatial resolution and is improving. 



Conclusions - 2

•  GOOD   
Global marine gravity from satellite altimetry will reach 1-mGal accuracy with 
AltiKa and SWOT.   
It may be possible to locate all seamounts > 1 km tall and resolve abyssal hill 
fabric. 

•  BAD  
Only 17% of the seafloor has been mapped by sonar at < 1 km resolution.   
Depths predicted from gravity have 6 km resolution and an accuracy of only 
250 – 400 m. 

•  UGLY 
Bathymetric prediction fails on continental margins because sediment masks 
original topography.   
The rate of seafloor mapping has decreased since the end of the Cold War, 
especially in the southern hemisphere. 



Questions? 



How can we do better? 
 
•  Improve public archives of bathymetry. 

•  Map the oceans with multibeam echosounders - 
ships of opportunity. 

•  Acquire new satellite altimeter data. 

•  Declassify US Navy bathymetry data.  



[Smith and Marks, 2009] 

1/2 of global seafloor is more than 
10 km from a depth sounding



areas of seafloor more than 10 km from a sounding 





more alien  
tracks 







How can we do better? 
 
•  Improve public archives of bathymetry. 

•  Map the oceans with multibeam 
echosounders - ships of opportunity. 

•  Acquire new satellite altimeter data. 

•  Declassify US Navy bathymetry data.  



Cape Town to Punta Arenas - Melville - Feb, 2011 
 
red - great circle = 6896 km 
green - 10 new seamounts = 7130 km (1.034) 
violet - 11 new seamounts = 7069 km  (1.025) 



Cape Town to Punta Arenas - Melville - Feb, 2011 



Okeanos Explorer - Monterey Bay to Honolulu – 2013 
Elizabeth Lobecker 



Irish National Seabed Mapping Programme – Thomas Furey - 2015 



How can we do better? 
 
•  Improve public archives of bathymetry. 

•  Map the oceans with multibeam echosounders - 
ships of opportunity. 

•  Acquire new satellite altimeter data. 

•  Declassify US Navy bathymetry data.  



Modern Seafloor Mapping Tools 

nadir-looking 
satellite altimeter 

shipboard 
echo sounder 

interferometric 
swath altimeter 

schematic:  SWOT  mission  website  (h*ps://swot.jpl.nasa.gov/)  

Future 



How can we do better? 
 
•  Improve public archives of bathymetry. 

•  Map the oceans with multibeam echosounders - 
ships of opportunity. 

•  Acquire new satellite altimeter data. 

•  Declassify US Navy bathymetry data.  



MEDEA: Scientific Utility of Naval Environmental Data,  
(Mitre, Co., June, 1995) 



MEDEA: Scientific Utility of Naval Environmental Data,  
(Mitre, Co., June, 1995) 



gridded map products ⎯ flow chart



inverse model 



today	  

aVer	  SWOT	  

SWOT	  could	  resolve	  	  
all	  seamounts	  if	  slope	  noise	  
is	  less	  than	  1	  µrad	  at	  ~6	  km	  	  
resolu8on	  or	  3	  µrad	  at	  ~2	  km	  
resolu8on.	  	  
	  
Need	  <500	  m	  pos8ngs	  

Signal	  of	  Gaussian	  Seamount	  



Wessel JGR, 2001 
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Seamount Discovery  
Tool

 
• Created as an efficient way for ships of opportunity to plan routes that 
travel over uncharted seamounts.  

 
•  Discovery tool uses Google Earth and a GPS 

Wessel, P., D. T. Sandwell and S-S. Kim, The global seamount census, 
Oceanography, 23:1 p. 24-33, 2010. 
 
Sandwell, D. T., and P. Wessel, Seamount discovery tool aids navigation to 
uncharted seafloor features, 
Oceanography, 23:1 , p. 24-26, 2010. 



plates 



FZ direction + magnetic anomalies = seafloor age  
[Mueller et al., 1997]



SRTM30_PLUS V11 



20 Hz range precision  

[Garcia et al., 2014] 

Altimeter 3-PAR @ 2 m 2-PAR @ 2 m 3-PAR/2-PAR 

Geosat 88.0 57.0 1.54 

ERS-1 93.6 61.8 1.51 

Envisat 78.9 51.8 1.52 

Jason-1 75.9 46.4 1.63 

CryoSat-2 
LRM 

64.7 42.7 1.51 

CryoSat-2 
SAR 

49.5 49.7 .996 

CryoSat-2 
SARIN 

138.5 138.7 .998 



along-track sea surface slope over Hawaii 

Geosat/GM (18 mo.) ERS/GM (12 mo.) 

CryoSat-2 (66 mo.) AltiKa/GM (7 mo.) 



gravity anomaly
 

–  use Laplace equation to convert slopes to gravity anomaly. 
–  restore long-λ gravity model. 


