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A ten years’ expedition to realize a mutually consistent 
set of on- and offshore vertical reference frames 
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The need for the expedition

Struggling on our way
The three key results

The road ahead
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The problem…

onshoreoffshore

NAP

Typically, the separation chart datum/ height reference surface is 
a spatially varying function only known at the tide gauges!

tide gauge

LAT
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The problem…

onshoreoffshore

reference ellipsoid

LAT

NLGEO2004
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The problem…

onshoreoffshore

NLGEO2004

LAT

LAT reduction matrix
MSL

GEONZ97

reference ellipsoid

LAT reduction matrix = difference LAT – “MSL” in open 
sea and LAT - NAP along the coast (smooth transition)
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Main objective NEVREF project

To obtain accurate realizations of the quasi-geoid

and lowest astronomical tide surface, including 

the necessary transformations from/to all common 

land and marine vertical reference surfaces

Required with 

cm accuracy …

…to obtain this one 

with accuracy of 1 dm!
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Approach

hQG

Tide 
Gauges /

GNSS

Coastal-waters-inclusive continuous (CWIC) 3D description of LAT

Hydro. model

+

Gravi-
metric
data

Radar 
Altimetry

QG

LAT
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Struggling on our way…
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To compute the quasi-geoid, we thought 

it a good idea to consider the data 

acquired by GRACE and GOCE as one of 

the noisy datasets…

Key challenge: 

How to deal with the high condition number of the noise 
variance-covariance matrix of the GRACE/GOCE dataset?
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At first, it went very smoothly (May 2014)…

Impact is positive!
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Mar 2015, we confirmed preliminary results…
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Though there was a “minor”, 

but annoying, issue…

When using variance component estimation, the GRACE/ 
GOCE dataset was down-weighted by a factor of 400(!)
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? Error in data pre-processing…?

Functional model is wrong…?

RTM corrections @ satellite altitude should be 
below noise level… 

Bug in software!!!

Is Cholesky decomposition the proper way to solve the 
system of equations…?

Use different regularization method?

More bugs!?

The noise variance covariance matrix of the 
satellite-only gravity field model is not properly 
computed! 

Still there should be bugs!

Our data area is too small…?

Parameterization area should be > data area?

Apply proper low-pass filter???

Compute inverse using multi-precision toolbox!!!

Oversampling…?
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When the struggle continued (Feb 2015)…

“I need to focus 
on something 

else!”
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When the struggle continued (Nov 2015)…

“I give up!”
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When the struggle continued (15 Mar 2016)…

“Finally, a 
good result!”
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But, when the result turned 

out to be not reproducible…

When the struggle continued (16 Mar 2016)…

“I give up!”
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On 17 Mar 2016, I said to myself: OK, the 

very last thing I will do is to try figuring 

out how that one good result was obtained…
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A series of unusual actions…

1) In computing the weight matrix, an 

intermediate result was stored…

2) by accident using a function that reduced 

for each element of the matrix the number 

of significant digits (which turned out 

to be a very strong regularization);

3) Before computing the weight matrix, the 

stored noise VC matrix was loaded;

4) By browsing the folder, I came across 

that file…
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An exceptionally strong regularization of 

the noise VC matrix was needed, much larger 

than we expected from the condition number 

of the noise covariance matrix…
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Key result 1: the new Dutch quasi-geoid 

model NLGEO2018…
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411,947 altimeter-derived 
along-track QG height differences

453,334 terrestrial 
gravity anomalies

8,205 airborne
gravity disturbances

94,137 shipboard
gravity anomalies

7,179 spatially interpolated 
gravity anomalies

• Altimeter data corrected for dynamic 

topography from Dutch operational storm-

surge model;

• Colored noise in altimeter-derived QG height 

differences accounted for;

• New terrestrial gravity data in Limburg, 

Germany, Belgium;

• New airborne data in German Bight;

• Shipboard data re-processed;

• Remove-compute-restore:

– GOCO05S as a-priori gravity field;

– RTM correction applied using the TS 

(tesseroid) software;
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• Quasi-geoid is parameterized 

using spherical radial basis 

functions.

• Parameters are estimated 

using weighted least-

squares.

• Variance component 

estimation is applied for 

proper weighting of all 

datasets.

• Systematic errors in gravity 

datasets are accounted for.

• Full noise covariance matrix 

of estimated quasi-geoid.
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NLGEO2018 - gravimetric quasi-geoid
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Validation - Netherlands
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Validation - Netherlands
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Key result 2: the new Dutch LAT model 

NLLAT2018…
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LAT computations: setup

Mean atmospheric fluxes (wind 
+ pressure) ERA-Interim

Sea level = tides + mean surge + mean baroclinic 

Mean horizontal density gradients 
(salinity + temperature fields)

Internal tide

Assimilating tidal water levels @ 
31 tide gauges

in deep 
water

Vertical reference of hydrodynamic model  NAP
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LAT w.r.t. quasi-geoid
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LAT w.r.t. quasi-geoid - validation
Obs – Mod LAT
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Observation-derived LAT

Region Nr Rms (cm) Range (cm) Mean (cm) Std (cm)

North Sea 47 10.6 57.6 -2.7 10.4

Wadden Sea 18 24.0 59.5 -18.7 15.4

All 92 14.9 77.6 -7.2 13.1
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LAT w.r.t. quasi-geoid – Dutch waters

Region Nr rms (cm)

North Sea 19 6.6

Wadden Sea 12 14.8

All 31 10.5

0

-0.5

-1

-1.5

-2

-2.5

m
e

te
rs



36Challenge the future

Key result 3: hydrodynamic leveling; a new 

method to maintain the NAP height system at 

the Dutch Wadden Islands?
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Height connection Wadden islands 

and platforms

Method 1: GPS/leveling at Wadden islands and platforms

HB = HA + (hB-hA) – (NB-NA)

In 2002, we said goodbye to hydrostatic leveling
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A

B

Model-based hydrodynamic leveling

NAP NAP MDT MDT( ) ( )  ( ( ) - ( ))H B H A B A  
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Mean atmospheric fluxes (wind 
+ pressure) ERA-Interim

Sea level = tides + mean surge + mean baroclinic 

Mean horizontal density gradients 
(salinity + temperature fields)

Internal tide

Assimilating tidal water levels @ 
31 tide gauges

in deep 
water

MDT computations: setup

Vertical reference of hydrodynamic model  NAP
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High-resolution model
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Mod/Obs differences in MDT
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34% = 46 out of 135 possible
leveling connections!

Mod/Obs differences in MDT
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The road ahead…
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Access to the main Dutch harbors and their 
approach routes is for the bigger ships already 
restricted to certain stages of the tide…

…ships are still getting bigger & ship drafts deeper!

How informative are depths w.r.t. LAT?

The challenge ahead…
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To develop a hydrodynamic model properly embedded in 
the observational network that allows accurate, seamless 
forecasting of total water depths in the Dutch North Sea.
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↓

http://versatile-hydrodynamics.nl/
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Dynamic 
Bathymetric 
Chart

Dynamic 
Nautical 
Information 
System

Dynamic 
Marine 
Information 
System

To combine the knowledge of past, present, 
and future state of our seas…

Instantaneous 
water depths, 
density

Waves, currents, 
meteo

Sediment 
transport, …
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Currents

Water levels

Dynamic 
Bathymetric 
Chart

Dynamic 
Nautical 
Information 
System

Dynamic 
Marine 
Information 
System

… and feed these systems with altimeter-derived 
water levels, waves, and currents!
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Thank you!


