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Abstract. At the GEBCO 25" meeting of the Technical Sub-
Committee on Ocean Mapping (TSCOM) in September,
2009, a “Cookbook Working Group” was formed to write a
“cookbook” to nurture and guide nascent regional mapping
projects. One of the tasks was to test bathymetric grids
resulting from numerical experiments using different
interpolation schemes.

Marks and Smith developed a method of assessing errors in
altimetric bathymetry models that was successfully
employed in the manuscript “Evolution of errors in the
altimetric bathymetry model used by Google Earth and
GEBCO” (submitted to Marine Geophysical Researches,
May, 2010). This method can also be used to assess errors
in bathymetric grids produced by various interpolation
schemes, thus providing a way to quantify how well the
schemes are working.

We have prepared a NOAA Technical Memorandum that
documents our error assessment method, and which can be
incorporated into the GEBCO “cookbook” in fulfillment of the
Cookbook Working Group task to test different interpolation
schemes. In this poster we present salient portions of the
memorandum.

NOAA Technical Memorandum

e Memorandum in preparation

e Contribution to the GEBCO “Cookbook
Working Group” cookbook

e Documents in detail methods used in
manuscript “Evolution of errors in the
altimetric bathymetry model used by Google
Earth and GEBCO,” submitted to Marine
Geophysical Researches, May, 2010

e Detailed steps for gathering public data and
software are provided

e Gridding and error assessment methods
are documented in easy-to-follow steps

e Corresponding computer programs and
GMT routine command lines are documented
in Appendices

e Data and software tools used are freely
available for on-line download
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Gather Data and Software

e Step-by-step instructions enable users to
easily download JAMSTEC multibeam data,
altimetric bathymetry models, and Generic
Mapping Tools (GMT) software

e Users may provide their own data or
download public data and proceed to section
on data preparation

e JAMSTEC (Japan Agency for Marine Earth
Science and Technology)

e SIO (Scripps Institution of Oceanography

e GMT (Generic Mapping Tools)

We thank JAMSTEC (Japan Agency for Marine Earth
Science and Technology) for making their multibeam
data freely available (http://www.jamstec.go.jp/
cruisedata/e/).
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The current version (12.1) of the Smith and Sandwell (1997) altimetric bathymetry model
\ is available for download from the Scripps Institution of Oceanography website

.ucsd.edu/WWW_html/mar topo.html), which is shown in Figure 4. The
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Figure 1. JAMSTEC Data Site for Research Cruises
2.1.1 Multibeam Data

Multibeam data may be downloaded from the JAMSTEC website as follows. The user
first enters the “JAMSTEC Data Search Portal” tool, and then searches for bathymetry

data within a desired study area. A list of cruises that traverse the selected area may be
retrieved with “Quick Search,” and links to the individual bathymetry web pages (e.g.,

Figure 2) are provided.
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GMT (Gene

of Hawaii wi

supplies a 712 Megabyte Sandwell/Smith “img format” raster file (topo_12.1.img). The

listed in Appendix A (routine “img2grd” is in A.1), and a description of how to obtain
GMT software follows in the next section.
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Figure 4. Scripps Institution of Oceanography web page for Global Topography (V12.1
23 Generic Mapping Tools
mathematical and mapping routines for use on gridded data sets, data series, and

arbitrarily located data. The GMT package is available for download from the University

routines for all of our data analyses and mapping, and the specific routine command lines

e entire global bathymetry model via the “Global Topography” link, which

” is binary 2-byte integer in big-endian order. This “img” file can be
a netCDF format and a subset selected using GMT (Wessel and Smith,
e “img2grd.” Sample GMT commands to perform this routine and others are

| GLOBAL TOPOGRAPHY

NEW! Global Topography for Google Earth
| NEWISRTM30_PLUS V6.0 November 28, 2009
Y  Global Topography ~ V121 August 13, 2009

Reference: Smith, W. H. F., and D. T. Sandwell, Global seafloor topography from satellite altimetry and ship depth
ssoundings, Science, v. 277, p. 1957-1962, 26 Sept., 1997. E

Quick Contents:

April 27, 2009

rsion).

ric Mapping Tools) (Wessel and Smith, 1998) is a collection of open source

ebsite (http://gmt.soest.hawaii.edu/) (see Figure 5). We utilized GMT
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that we used are listed in Appendix A. Software packages such as MATLAB, IMSL,
ArcGIS and others may also provide similar mathematical and mapping capabilities.
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Figure 5. University of Hawaii website for GMT
3. Data Preparation

Data need to be prepared for subsequent analyses. Multibeam xyz ping files which can
contain millions of individual points need to be gridded onto both fine-scale grids (6 arc-
second spacing) and grids that match the spacing of bathymetry models (1- or 2-minute
spacing). It is also necessary to create a grid of distance from sounding controls that are
encoded in the bathymetric models.

31 Gridding Multibeam Data

A grid can be formed from the individual multibeam xyz points downloaded from the
JAMSTEC website. Because there are so many data points it is advantageous to first take
their block average using GMT routine “blockmedian,” calculating the median z (at the x,
y location of the median z) for every non-empty grid cell on a 6 arc-second mesh. The
next step is to use GMT routine “surface,” an adjustable tension continuous curvature
surface gridding algorithm, to form a grid at 6 arc-second spacing in longitude and
latitude from the median depths. Routine “grdmask” is then used to create a mask that is
applied to the grid using “grdmath” so that it holds values only in cells that contain one or
more of the original xyz points. In Appendix A.5 we list the GMT routines used to create
the grid from KR05-01 xyz multibeam points that is shown in Figure 6.

Data Preparation

e Example of how to grid multibeam
data onto a 6 arc-second grid

e Gridding steps are documented in
detail in Appendix

e Distance from control values at
corresponding grid cell locations are
needed for local error analyses

e Program to calculate distance from
control is provided in Appendix

e \With detailed documentation and
programs provided in memorandum,
users can easily perform error analyses
on their own bathymetric grids

Gridding Multibeam Data on 6” Grid

Gridding Documented in Appendix

Distance from Control Maps

Distance to Control Program in
Appendix
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KRO05-01
13.5° . . .
Appendix A: Sample GMT routine command lines
Al img2grd topo_12.1.img ~R151.75/152.75/11.75/13.5 —Gstudy.area_grd -M —$.01 -m1 -T1 -D -V
A2 grdgradient study.area_grd —A0 —Ne0.2 —Ggradient_grd
13°
A3 grdimage study.area_grd —Igradient_grd —Ctopo.cpt —Jx1.1 =K -O
A4 mapproject KR05-01.xyz —Jm1 —R151.75/152.75/11.7337766065/13.5064749466
grdtrack —-m —Gistudy.area_grd
grdtrack —m —Gdistance.area_grd
12.5° psxy —Sp —R0/35/0/400 —JX.84/.78 —Ba10f5/a100f50:"IKR05-01 — V12.1I", m"::.V12.1:wesn -K -O
AS blockmedian KR05-01.xyz —-R151.75/152.75/11.75/13.5 —16¢ -Q > KR05-01.blockmedian.6c.xyz
surface KR05-01.blockmedian.6¢.xyz —-R151.75/152.75/11.75/13.5 —l6¢ —T0.25 —~GKR05-01.surf.6¢_grd
grdmask KR05-01.xyz -GKR05-01.mask_grd —R151.75/152.75/11.75/13.5 —I6c —~NNaN/1/1 -Séc
grdmath KR05-01.surf.6¢c_grd KR05-01.mask_grd OR = KR05-01.surf.6¢c.nan_grd
12 A5 grdgradient KR05-01.surf.6¢c.nan_grd -A0 -Ne0.2 -Ggradient_grd
grdimage KR05-01.surf.6¢c.nan_grd -lgradient_grd -Cmb.cpt -Jm2 —K > Fig6.ps
psbasemap -R151.75/152.75/11.75/13.5 -Jm2 -Ba.5f.25:."KR05-01":WeSn -O —K >> Fig6.ps
psscale -D1/-.5/2/.125h -Cmb.cpt -Ba509g25:"depth, m": -| -N300 -O >> Fig6.ps
152° 152.5°
A.6 gcc img_d2c.c -Im -0 img_d2c
dd if=topo_12.1.img conv=swab of=swap.topo_12.1.img
[ I I I | | ] img_d2c swap.topo_12.1.img swap.dist_12.1.img
. § ! ! dd if=swap.dist_12.1.img conv=swab of=dist_12.1.imi
6050 6000 -5950 5900 paslITimg e
depth, m
pth, A.6.1 img2grd dist_12.1.img -R151.75/152.75/11.75/13.5 ~Gdist.sub_12.1grd ~T1 -S.01 -m1 -D

grdgradient dist.sub_12.1grd —A0 —Ne0.2 —Ggradient_grd

grdimage dist.sub_12.1.grd —Igradient_grd —Cdist.cpt -Jm2 —K > Fig7.ps

psbasemap -R151.75/152.75/11.7337766065/13.5064749466 -Jm2 -Ba.5f.25:."V12.1 Distance to
Control":WeSn -O —K >> Fig7.ps

psscale -D1/-.5/2/.125h -Cdist.cpt -Ba10g5:"distance, km": -| -N300 —O >> Fig7.ps

Figure 6. Color shaded-relief image of gridded KR05-01 multibeam points.

In Appendix A.5.1 we list the GMT routines used to produce Figure 6.

A7 mapproject KR05-01.xyz -Jm1 -R151.75/152.75/11.7337766065/13.5064749466 | grdtrack -Gtopo_12.1*.grd |
grdtrack —Gdist.sub_12.1*.grd | awk ‘{print $5, sqrt(($3-$4)*($3-$4))}' | psxy -Sp -R0/35/0/400 -JX2/1.75
-Ba10f5:"Distance from Control, km":/a100f50:"Error, m"::.V12.1@+*@+:WeSn > Fig9.ps

3.2 Create a Grid of Distance from Control

Encoded in the Smith and Sandwell (1997) altimetric bathymetry model (topo_12.1.img)
is information on which grid cells contained acoustic echo sounding data to constrain the
solution. At grid points constrained by ship measurements, the depth value is the median
of all soundings nearest the grid point, rounded to the nearest odd integer meter. At grid
points estimated from satellite gravity, the depth value is rounded to the nearest even
integer meter. W. H. F. Smith wrote a computer program (Appendix C) that, for each
grid cell, searches the neighborhood for the nearest control point and calculates the

A8 mapproject KR05-01.xyz -Jm1 -R151.75/152.75/11.7337766065/13.5064749466 | grdtrack -Gtopo_12.1*.grd |
awk {print $3-$4}' | pshistogram -F -JX2/1.5 -W1 -G190 -R-200/100/0/2000 -Ba100f50:"Depth Difference,
m":/a1000f500:counts::."KR05-01 points - V12.1@+*@+":WeSn > Fig10.ps

A9 grdmath topo_12.1.pac.grd topo_12.1.nojamstec.pac.grd - = diff.topo.12.1.grd
grdgradient diff.topo.12.1.grd -A0 -Ne0.2 -Ggrad_grd
grdimage diff.topo.12.1.grd -Igrad_grd -Cdiff.cpt -Jx.16 -K -O >> Fig11.ps
pscoast -G175 -R179/195/29.9945810754/50.0056468984 -Jm.16 -W2 -Df -Ba10f5:."V12.1":.weSn -O

: : s «q: : ET : 5 -K>> Fig11.ps
distance to it, writing Fhe Olnpu.t to a_ dlStaI?CG 1mg _grld ﬁle' Dependlng on the user’s awk '($3==1){print $0}' diff.topo.12.1.controls.xyz | psxy -R0/16/0/26.45 -Jx.16 -Sc.02 -G255/0/0 -K
computer system architecture (i.e., big- or little- endian), it may be necessary to swap -0 >> Fig11.ps
adjacent bytes of the Sandwell/Smith “img format” file both prior to and after running awk '($3==1){print $0}' diff.topo.12.1.nojamstec.controls.xyz | psxy -R0/16/0/26.45 -Jx.16 -Sc.01 -GO
-0 >> Fig11.ps

Smith’s computer program. GMT routine “img2grd” can then used on the byte-swapped
“distance img” file to retrieve a netCDF grid of distance from control in a selected area. A.10  img2grd topo_12.1.img —R-180/180/-80.738/80.738 ~Gtopo_12.1.grd =T1 -m1 M -D
The command lines used to produce the “distance img” file are listed in Appendix A.6, mapproject jamstec.total.xyz —Jm1 -R-180/180/-80.738008628/80.738008628 | blockmedian

. . . -R-180/180/-80.738008628/80.738008628 —11m —Q | grdtrack —Gtopo_12.1.grd | awk “print $3, $4,
and the GMT routines used to make the left panel (V12.1) of Figure 7 are listed A.6.1. 1)’ > jamstec.model.jm1

Vi2.1

Vi2.1*

13 13°

12° 12°

152° 152.5° 152°

0 10 20 30 0 10
distance, km

4. Bathymetry Model Errors

each revealing different aspects of the errors.

4.1 Local Errors

20 30

distance, km

Figure 7. Maps of “distance from control” grids corresponding to bathymetry model
versions 12.1 and 12.1°. JAMSTEC data were withheld in V12.1" for testing purposes.

Our method of assessing errors in bathymetric models is based on comparing the model
depths to JAMSTEC multibeam “ground truth” data that were not available when the
model was prepared, or were withheld for testing purposes. Even though multibeam data
suffer from errors, they are small relative to bathymetric model errors (Marks et al.,
submitted 2010). This method can be employed on local, regional, and global scales,

To illustrate our method used locally, we calculate the differences between xyz
multibeam depth points from KR05-01 and a special version of bathymetry model 12.1
that was constructed without JAMSTEC data (see V12.1", Figure 8), in a small study
area. The xyz data were first projected into the Mercator coordinates used in the
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Smith, W. H. F. and D. T. Sandwell (1997): Global sea floor topography from satellite
altimetry and ship depth soundings. Sci., 277, 1956-1962.
doi:10.1126/science.277.5334.1956.

Wessel, P. and W. H. F. Smith (1998): New, improved version of Generic Mapping Tools
released. EOS Trans. AGU, 79, 59. doi:10.1029/98EO000426.

Appendix A: Sample GMT routine command lines

Al img2grd topo_12.1.img -R151.75/152.75/11.75/13.5 —Gstudy.area_grd -M -S.01 -m1 -T1 -D -V
A2 grdgradient study.area_grd —A0 —Ne0.2 —Ggradient_grd

A3 grdimage study.area_grd —Igradient_grd —Ctopo.cpt —Jx1.1 =K -O

A4 mapproject KR05-01.xyz —Jm1 —R151.75/152.75/11.7337766065/13.5064749466
grdtrack —-m —Gsstudy.area_grd
grdtrack -m —Gdistance.area_grd
psxy —Sp —R0/35/0/400 —JX.84/.78 —Ba10f5/a100f50:"IKR05-01 — V12.11", m"::.V12.1:wesn =K -O

A.5  Dblockmedian KR05-01.xyz -R151.75/152.75/11.75/13.5 —I6c -Q > KR05-01.blockmedian.6c.xyz
surface KR05-01.blockmedian.6¢.xyz —-R151.75/152.75/11.75/13.5 —l6¢ —T0.25 —~GKR05-01.surf.6¢_grd
grdmask KR05-01.xyz -GKR05-01.mask_grd —R151.75/152.75/11.75/13.5 —I6c -NNaN/1/1 —Séc
grdmath KR05-01.surf.6c_grd KR05-01.mask_grd OR = KR05-01.surf.6¢c.nan_grd

A5 grdgradient KR05-01.surf.6¢c.nan_grd -A0 -Ne0.2 -Ggradient_grd
grdimage KR05-01.surf.6¢c.nan_grd -Igradient_grd -Cmb.cpt -Jm2 —K > Fig6.ps
psbasemap -R151.75/152.75/11.75/13.5 -Jm2 -Ba.5f.25:."KR05-01":WeSn -O —K >> Fig6.ps
psscale -D1/-.5/2/.125h -Cmb.cpt -Ba50g25:"depth, m": -| -N300 -O >> Fig6.ps

A.6 gce img_d2c.c -Im -0 img_d2c
dd if=topo_12.1.img conv=swab of=swap.topo_12.1.img
img_d2c swap.topo_12.1.img swap.dist_12.1.img
dd if=swap.dist_12.1.img conv=swab of=dist_12.1.img

A.6.1 img2grd dist_12.1.img -R151.75/152.75/11.75/13.5 —Gdist.sub_12.1grd -T1 -S.01 -m1 -D
grdgradient dist.sub_12.1grd —A0 —Ne0.2 —Ggradient_grd
grdimage dist.sub_12.1.grd —Igradient_grd —Cdist.cpt -Jm2 —K > Fig7.ps
psbasemap -R151.75/152.75/11.7337766065/13.5064749466 -Jm2 -Ba.5.25:."V12.1 Distance to
Control":WeSn -O —K >> Fig7.ps
psscale -D1/-.5/2/.125h -Cdist.cpt -Ba10g5:"distance, km": -| -N300 —O >> Fig7.ps

A7 mapproject KR05-01.xyz -Jm1 -R151.75/152.75/11.7337766065/13.5064749466 | grdtrack -Gtopo_12.1*.grd |
grdtrack —Gdist.sub_12.1*.grd | awk {print $5, sqrt(($3-$4)*($3-$4))}' | psxy -Sp -R0/35/0/400 -JX2/1.75
-Ba10f5:"Distance from Control, km":/a100f50:"Error, m"::.V12.1@+*@+:WeSn > Fig9.ps

A8 mapproject KR05-01.xyz -Jm1 -R151.75/152.75/11.7337766065/13.5064749466 | grdtrack -Gtopo_12.1*.grd |
awk {print $3-$4}' | pshistogram -F -JX2/1.5 -W1 -G190 -R-200/100/0/2000 -Ba100f50:"Depth Difference,
m":/a1000f500:counts::."KR05-01 points - V12.1@+*@+":WeSn > Fig10.ps

A9 grdmath topo_12.1.pac.grd topo_12.1.nojamstec.pac.grd - = diff.topo.12.1.grd
grdgradient diff.topo.12.1.grd -AQ -Ne0.2 -Ggrad_grd
grdimage diff.topo.12.1.grd -Igrad_grd -Cdiff.cpt -Jx.16 -K -O >> Fig11.ps
pscoast -G175 -R179/195/29.9945810754/50.0056468984 -Jm.16 -W2 -Df -Ba10f5:."V12.1":weSn -O
-K>> Fig11.ps
awk '($3==1){print $0}' diff.topo.12.1.controls.xyz | psxy -R0/16/0/26.45 -Jx.16 -Sc.02 -G255/0/0 -K

Assessing Gridding Errors

e |ocal errors are differences between
multibeam data and gridded bathymetry with
focus in survey gaps

e Regional errors are differences between
gridded bathymetry and a control grid

e Global errors are differences between
global JAMSTEC multibeam data and
altimetric bathymetry model with JAMSTEC

withheld

e Error assessment method can be applied
to any type of bathymetry grids, and can be
used to test grids produced by various
interpolation schemes

e Technical memorandum documents steps
to perform error assessments in detail

e Users can test gridding algorithms by
assessing errors in resulting grids

Local Errors

Regional Errors
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Vi1.1 viz.1*

Error,m

0 10 20 30 0 10 20 30
Distance from Control, km

Distance from Control, km

Figure 9. Errors are the absolute value of the differences between KR05-01 multibeam
depths and bathymetry model versions 11.1 and 12.1 , plotted against distance from the
nearest sounding constraining the bathymetry model.

The distribution of depth differences may be plotted in a histogram (Figure 10). For both
versions in this example, the depth differences are generally negative (bathymetry model
is shallower than multibeam depths) and they are not normally distributed; and version
11.1 has larger depth differences. The GMT routines used to plot the errors in histogram
form as shown in Figure 10 are listed in Appendix A.8.

KR05-01 points - V11.1 KR05-01 points - V12.1"

1000 . . . . . 2000
2 2
g s00 £ 1000
=3 =3
< =
0 0
400 -300 -200 -100 0 100 200 -200 -100 0 100

Depth Difference, m Depth Difference, m
Figure 10. Histogram of the differences between KR05-01 multibeam depths and
versions 11.1 and 12.1° depths.

4.2 Regional Errors

Long-wavelength errors can be evaluated on a regional scale, which we demonstrate by
using our error assessment method on a large area in the Pacific Ocean. In the left panel
of Figure 11, we show the depth differences between Smith and Sandwell bathymetry
model version 11.1 and a companion version 11.1 that had JAMSTEC multibeam data
withheld. The depth differences are the “errors” and they are colored to enhance their

11

visualization. Version 11.1 without JAMSTEC data contains long-wavelength errors in
depth that show up when compared to the better-constrained version 11.1 that
incorporated JAMSTEC data. In this example, viewing the errors in map form made
evident a long-wavelength problem in the bathymetry model that was not obvious
otherwise. As a result, it was possible to mitigate the problem in bathymetry version 12.1
(right panel in Figure 11).

VI1.1 Vi21
50°

40°

30° .
180° -170° 180° -170"

1 I |
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Figure 11. Depth differences (“errors”) are between version 11.1 with JAMSTEC data
(red dots are controls), and version 11.1 with JAMSTEC withheld (black dots are
controls) (left panel). Right panel is same as left except using version 12.1. The problem
causing long-wavelength errors in version 11.1 has been mostly corrected in 12.1.

The GMT routines used to produce the right panel in Figure 11 are listed in Appendix
A9.

4.3 Global Errors

Our error assessment method may also be applied globally to bathymetry models. In this
case the median values of all JAMSTEC multibeam data falling within 1-minute
Mercator grid cells are subtracted from corresponding bathymetry model grid cells,
which contain the median value of all available soundings within the cell. The
differences in depth are the “errors” in the bathymetry model.

Global Errors
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Additional information may be gleaned from the depths. Plotting JAMSTEC (measured)
depths against model (predicted) depths shows there is no systematic correlation of errors
with depth (see Figure 12).
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Figure 12. Version 12.1 JAMSTEC controlled (measured) depths plotted against
predicted depths (V12.1°, JAMSTEC withheld). The number of points (N) are contoured.

GMT routines “img2grd,” “blockmedian,” and “grdtrack” are used to calculate median
depth differences. Examples of these routines are in Appendix A.10, and those used to
make Figure 12 are listed in Appendix A.10.1.

5. Spectral Analyses

Bathymetry (and gravity) data series may also be compared in the frequency
(wavelength) domain. For this example we produce profiles along JAMSTEC track
KRO05-01 that traverse rough seafloor north of the local study area discussed above. We
used a computer program written by W. H. F. Smith to compute along-track distance
(Appendix D), which was appended to each data record. Gravity measurements collected
along the track were downloaded from the JAMSTEC website (see section 2.1.2), the
along-track distance was appended, and GMT routine “grdtrack” was used to sample the
corresponding 6 arc-second KR05-01 multibeam grid (see section 3.1) at the points
where the gravity measurements were made. The latitudes and longitudes of the gravity
points were then projected into the Mercator coordinates used in the bathymetry models
via GMT routine “mapproject,” and “grdtrack” was used to sample bathymetry model
versions 11.1 and 12.1 as well. The resulting profiles are shown in Figure 13.




