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Evaluation of digital terrain models in Poland
in view of a cm geoid modelling

Jan Krynski, Magdalena Mank, Malgorzata Grzyb

Institute of Geodesy and Cartography
27 Modzelewskiego St., 02-679 Warsaw, Poland
e-mail: magdalena.mank@igik.edu.pl

Received: 29 September 2005/Accepted: 3 November 2005

Abstract: Calculation of the effect of topography on the observed gravity becomes particularly
important when modelling high-precision geoid. It requires a digital terrain model of appropriate
resolution and accuracy. Various global, regional and local digital terrain models of different
accuracy and resolution are recently available. Evaluation of the DTM used is required for
verification and validation of its quality as well as for estimating accuracy of geoid model derived
with considering the effect of topographic masses.

Two DTMs: the SRTM3 of 3" x 3" resolution and the national DTM for Poland of 1”7 x 1”
or 1”x2” resolution — called DTED2 — were evaluated with use of high-resolution local DTMs
developed using digital photogrammetry of 25 mx25 m as well as the regional model in Tatra
mountains of 10 mx 10 m. Then the heights of almost 1000 GPS/levelling stations of Polish
geodetic control were compared with the heights from the DTED2 model. The heights of over
amillion of gravity stations from gravity database, that were the basis of previous geoid modelling
in Poland, were also compared with the heights from the DTED2 model.

The effect of uncertainty of a DTM on estimation of mean gravity anomalies was discussed. In
particular, the effect of replacing heights from gravity database with the heights from the DTED2
model in the process of calculating mean gravity anomalies, on the accuracy of geoid modelling
was investigated. The use of the DTED2 model is at present recommended for determination of
precise geoid model in Poland.

Keywords: Digital terrain model, DTED, SRTM, heights of gravity stations, DTM
evaluation, mean gravity anomalies

1. Introduction

Stokes’ integral formula makes possible to determine geoid heights N from gravity data.
The formula is based on the assumption that the anomalous potential 7, that is a linear
function of A, is harmonic outside the geoid. The use of Stokes” formula requires that the
gravity anomalies Ag represent boundary values at the geoid. Gravity g must then refer to
the geoid and there must be no masses outside the geoid. The effect of topographic masses
above the geoid must be removed from the observed gravity g by a suitable gravity
reduction (Heiskanen and Moritz, 1967). The terrain correction is an important component
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of such reduction. It provides a high-frequency signal of the gravity field that allows for
modelling local features of the geoid. Calculation of the effect of topography on the
observed gravity is important when modelling geoid from terrestrial or airborne data
(Novak et al., 2003), particularly when high-precision geoid is required.

In the past the terrain corrections were traditionally calculated only in mountainous
regions with large elevation differences due to lower accuracy requirements for geoid
modelling as well as laborious procedure. That was also the case of existing gravimetric
geoid models for Poland. Availability of digital terrain models makes possible to efficiently
calculate terrain corrections. Coverage, resolution and accuracy determine suitability of the
DTM for precise geoid modelling. A DTM grid resolution of 6” or denser should be used to
achieve an accuracy of a decimetre or higher for any gravimetric reduction method chosen
to treat the topographical masses above the geoid in mountainous areas (Bajracharya and
Sideris, 2005).

Various global, regional and local DTMs of different accuracy and resolution are
recently available. Regional and local DTMs usually do not cover the whole area where the -
terrain correction is to be calculated, therefore, the global models might also be useful for
geoid modelling. The GTOPO30 with a resolution of 30” x 30" and 30 m vertical accuracy
(90% linear error) has been released to public in 1996. The horizontal datum of the model 1s
WGS84 while the elevations are referred to the MSL (Mean Sea Level). Details on the
GTOPO30 were published (LP DAAC, 2004). The model can be downloaded from
ftp://edcftp.cr.usgs.gov/pub/data/gtopo30/global/. Another DTM of almost global covera-
ge has been developed on the basis of the Shuttle Radar Topography Mission in 2000. The
SRTM3 model of a resolution of 3 x 3" and 16 m vertical accuracy (90% linear error) can
be downloaded from ftp://edcsgs9.cr.usgs.gov/pub/data/srtm/ (JPL, 2004).

Evaluation of the DTM is required for verification and validation of its quality. It also is
useful for estimating accuracy of geoid model derived with considering the effect of
topographic masses. Both global models GTOPO30 and SRTM3, as well as heights of
gravity points were evaluated with use of national DTMs for Germany: FRG-1A, FRG-1B
of 1”x 1” resolution (Denker, 2004). Besides the evaluation of heights it has been shown
that the GTOPO30 data should be shifted by 30” in longitude for the area of Germany. The
need for 30” shift in longitude in GTOPO30 data over Finland was also addressed during
calculation of the Nordic NKG2004 geoid (Bilker, 2004).

One of the tasks of a cm geoid modelling in Poland was to determine the effect of
topography using available high-resolution DTM models. The subject of this work is to
evaluate the SRTM3 and the national DTM for Poland of 1”x1” resolution — called
DTED2 — with the use of high-resolution local DTMs developed using digital photogram-
metry, and with the use of heights of almost 1000 stations of POLREF, EUVN, and WSSG
(Military Satellite Geodetic Network) GPS/levelling networks.

Data on topography used in previously computed geoid models in Poland was based on
heights of over a million of gravity stations from gravity database of the Institute of
Geodesy and Cartography, Warsaw. Evaluation of those heights with the use of the heights
from the DTED2 model is also a subject of the paper.

The procedure of calculating mean gravity anomalies may strongly affect the accuracy
of geoid modelling. In particular, quality of heights used affects the quality of mean gravity
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anomalies and further — accuracy of geoid determination. The effect of uncertainty of
heights on the estimation of mean gravity anomalies will be discussed.

2. Digital terrain models

The DTED (Digital Terrain Elevation Data) digital terrain model for Poland has been
developed according to the NATO-STANAG 3809 standard (NGA, 1996). The horizontal
datum of the model is WGS84 while the elevations are referred to MSL. The model is
available at two resolution levels: level 1 of 15" x 15" resolution, and level 2 (DTED2) of
resolution given in Table 1.

Table 1. Resolution of the DTED2

Zone Latitude Resolution [arcsec]
1 0°-50° NS VI x1
II 50°-70° NS 1x2
II 70°-75° NS 1x3
v 75°-80° NS 1 x4
A% 80°-90° NS 1x6

55

® N-34-063-A-c-4
54 Ty
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Latitude [degrees]
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Longitude [degrees]

Fig. 1. Vertical accuracy of the DTED?2 and location of local digital elevation models used
for quality analysis of the DTED2

The Polish national DTEDs originate from the Polish Military. They cover completely
the territory of Poland (between 49°-55° north latitude and 14°-24° east longitude)
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(Fig. 1). The DTED2 model, being a subject of investigations, was derived by digitization of
1:50 000 topographic maps in ‘1942’ geodetic datum with 10 m contour line interval, with
support from a military geodetic control modernized in late 90’s. Topographic maps at the
scale of 1:25 000 were used as auxiliary. The model consists of 1°x 1° cells that form
individual files (Fig. 1). Each file contains elevations on a regular 1" x 1" or 1”7 x 2" grid
(Table 1).

The elevations of the DTED2 were determined with a precision of 1 m using vectorized
contour lines complimented with additional vertical data. Both lakes and the sea were
considered as closed areas of a constant elevation. For the sea O m elevation was taken.

According to the NATO-STANAG 3809 standard (NGA, 1996; DoD, 1996) the
absolute vertical accuracy (90% linear error with respect to MSL) is specified as 20 m and
the absolute horizontal accuracy (90% circular error with respect to WGS84) is 26 m. Both
vertical and horizontal accuracy of the model result from the specific features of the source
data including the roughness of the terrain. Vertical accuracy is usually assumed at the level
of 1/3 of contour line interval. The estimated vertical and horizontal accuracy of the DTED2
for Poland, as given by the authors of the model, is presented in Table 2.

T able 2. Vertical and horizontal accuracy of the DTED2 model for Poland [m]

f e ~ Contour line interval -
e flat errain ain | mountainous tertain
, Sm ; 10—20 m
horizontal absolute 16 16 16
relative 15 15 15
vertical 2 4 7

Absolute horizontal accuracy of the DTED2 with respect of WGS84 was estimated for
Poland as 16 m, except near border regions where it lowers to 30 m. Vertical accuracy varies
in dependence of the roughness of topography. The area of Poland was, therefore,
subdivided into practically three types of sub-regions where the vertical accuracy (2 m, 4 m,
7 m) was estimated (Fig. 1).

The SRTM (Shuttle Radar Topography Mission) data, acquired during the 11-day mission
in February 2000, covers land areas over nearly 80% of Earth’s land surfaces between 54°
south latitude and 60° north latitude (Bamler, 1999). As a product of radar interferometry survey
the SRTM provides elevations that are not always referred to actual ground level. Both
natural and human-made land coverage affect the model (Showstack, 2003).

Released to the public domain the SRTM3 model of 3" x 3” resolution is a preliminary
one as not yet fully consistent with map accuracy standards (JPL, 2004). The horizontal
datum of the model is WGS84 while the elevations are referred to EGM96 geoid. The
accuracy of the model is uniform over the whole area covered. The absolute vertical
accuracy (90% linear error) is specified as 16 m and the absolute horizontal accuracy (90%
circular error) is 20 m (Bamler, 1999; JPL, 2004). In the investigated area (Fig. 1) the
released SRTM3 contains regions with no data. As a complete digital terrain model is
needed in gravity field modelling, regions with no data were filled with elevations
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interpolated from neighbouring data. The resulting SRTM3I was further used in the
analysis.

3. Evaluation of digital terrain models

Data on topography, even in apparently flat areas, play an important role in the process of
precise geoid modelling. High-resolution DTM is needed in the vicinity of a site where the
terrain correction is calculated, particularly in the area of rough topography. Quality of
a DTM affects accuracy of the terrain correction and accuracy of mean gravity anomalies,
and in consequence accuracy of the geoid. Both the DTED2 and SRTM3I before being used
for precise geoid modelling in Poland were, therefore, evaluated. The elevations of the
DTED?2 were first compared with the heights of over 900 sites of GPS/levelling control,
almost uniformly distributed. Then the DTED2 was evaluated in a few sub-areas by
comparison with precise DTMs developed using digital photogrammetry. Finally the
elevations of the SRTM3I were compared with the respective ones of the DTED2 over the
whole area shown in Fig. 1. In addition, the heights from the DTED2 model were compared
with heights of over a million of gravity stations from the gravity database for Poland.

3.1. A fit of the heights of the DTED?2 into GPS/levelling control

Three GPS/levelling control networks: the POLREF (360 sites) — densification of the
EUREF-POL, EUVNS2 (62 sites) — densification of the EUVN, and WSSG (592 sites)
—military geodetic control, established in 1992-1999, provide almost uniformly distributed
set of sites with precisely determined position, both horizontal and vertical (Krynski and
Lyszkowicz, 2005). Heights % prep, interpolated from the DTED2 at GPS/levelling sites
were compared with the respective ones hgps/, from GPS/levelling, considered as the
ground truth. The histograms of residuals v = pg, 1. — i prep: are shown in Fig. 2 and Fig. 3,
and the statistics of the residuals is given in Table 3.
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Fig. 2. Histogram of residuals v = hgps/i., — hpreps for all GPS/levelling sites
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Fig. 3. Histogram of residuals v = hgps/ir — hprep: at the POLREF, EUVN52 and WSSG sites separately

Table 3. The statistics of residuals v = hgps,iee — hprep, (M)

Min -2.14 o —3440” -5.68 ' -5.68
Max 10.01 8.61 10.32 10.32
Mean 0.87 0.45 0.21 0.47
Std dev. 1.49 1.69 1.23 1.40

Dispersion of residuals at the sites of POLREF, EUVN and WSSG networks measured
by standard deviation is of 12.2 m, 12.0 m, and 16.0 m, respectively. At 2.8% of investigated
sites the residuals exceed nominal vertical accuracy of DTED2, i.e. 2 m, 4 m and 7 m,
respectively. Spatial distribution of sites with outlying residuals is shown in Fig. 4a.
Figure 4b shows the map of residuals based on all GPS/levelling sites.
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Fig. 4. Spatial distribution of sites where residuals v = hgps/iv — hprep> in [m] exceed nominal vertical accuracy
of the DTED2 a), map of residuals at all GPS/levelling sites b)
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Only one residual — marked with a blue circle in Fig. 4a — exceeded 30, where o
is a nominal vertical accuracy of the DTED2 at the corresponding area. The outlying
residual corresponds to 0.1% of all investigated residuals.

Similar comparison of heights from 1”x 1” resolution national DTMs for Germany
with gravity station heights provided standard deviations of residuals of the range of 6.3 m.
The discrepancy between the corresponding heights reached 378 m (Denker, 2004).

3.2. Evaluation of the DTED2 and the SRTM3I with DTMs developed
using digital photogrammetry

Three local DTMs developed using digital photogrammetry with 25 m X 25 m resolution
were chosen for evaluation of the DTED2 model. They were derived on the basis
of 1:26 000 aerial photographs. Each local DTM covers the area of one 1:10 000 map sheet
in ‘1942’ geodetic datum. The models named M-34-026-C-b-2, N-34-063-A-c-4, and
M-34-089-C-a-2, after map sheet titles are for convenience denoted in further analysis by
‘26°, ‘63° and ‘89’, respectively. Vertical accuracy of the models equals to 0.8 m; it reflects
the uncertainty of the parameters of aerial photographs as well as the errors of elevation
determination. For each of three types of sub-regions of Poland specified in terms of
topography (flat terrain, hilly terrain, mountainous terrain) where the vertical accuracy of
the DTED2 was estimated (2 m, 4 m, 7 m, respectively) (Fig. 1, Table 1) one local DTM was
chosen. So the DTM ‘26’ represents the sub-region with 2 m vertical accuracy of the
DTED2, DTM ‘63" — 4 m, and DTM ‘89" —

Heights hpmy of each DTM interpolated using kriging approach to the grid of the
DTED2 (31 mx39m, 31 mx36m, 31 mX20 m, respectively for the areas corresponding to
26’, ‘63" and ‘89’ DTMs) were compared with the respective ones hprzp; from
the DTED2. The histogram of residuals v = A pyy — A preps for three sample DTMs is shown in
Fig. 5. The characteristics of the residuals referred to the vertical accuracy of the
sub-regions of the DTED?2 are given in Table 4.

Table 4. The characteristics of the residuals v = h,)m - hmgm

: lntervals of occjm'enoe of absolute values»of restduals ; ;

>7 m 0.65% 0.00% 4.10%

<7 m 99.35% 100.00% 95.90 %
<4 m 97.65% 99.96 % 88.80%
<2m 91.12% 99.72% 67.50%

Verucal accuracy of the DTEDZ in the sub-reglon of a DTM 2m 4m 7m

Number of resxduals not exoeedmg ‘30'
(o — vertical accuracy of the DTEDZ)

99.1% 100% 100 % J
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Fig. 5. Histogram of residuals v = hpm — hprep: [m] of the DTED2
with respect to local DTMs developed using digital photogrammetry

Spatial distribution of residuals v = hpry — h prep; for local DTMs 26°, ‘63’, and ‘89’ is
given in Fig. 6, Fig. 7 and Fig. 8, respectively, together with topography. In the figures the
residuals of magnitudes that do not exceed the nominal vertical accuracy of the DTED2
sub-region are marked grey. The remaining residuals of negative or positive sign are
marked blue and red, respectively.
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Fig. 6. Distribution of residuals v = hpgy — hprep, [m] for local DTM ‘26’ a), and terrain model ‘26° b);
nominal vertical accuracy 2 m; 58 m elevation range
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Fig. 7. Distribution of residuals v = hpry — hprep; [m] for local DTM ‘63’ a), and terrain model ‘63 b);
nominal vertical accuracy 4 m; 10 m elevation range
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Fig. 8. Distribution of residuals v = hppy — hprep2 [m] for local DTM ‘89" a), and terrain model ‘89’ b);
nominal vertical accuracy 7 m; 310 m elevation range

In all sample areas in Fig. 6, Fig. 7 and Fig. 8, the residuals exhibit correlation with
topography. Larger residuals correspond to steeper slopes of the terrain. They may result
from differences in procedures used for generating terrain models as well as from the
horizontal errors of the models. The largest residuals in the analysed sub-regions of 2 m,
4m, and 7 m vertical accuracy exceeded that accuracy by factor 8, 1.5 and 30, respectively.

The relative horizontal error for the majority of the DTED2 equals to 15 m. That error
can generate an additional vertical error that depends on the slope of terrain, i.e. 1 m for
slopes up to 4°, 2 m for slopes up to 8°, 5 m for slopes up to 20°, and even 40 m in the
mountains, where the slopes can reach 70° (Fig. 9).
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Fig. 9. The effect of the slope of terrain on vertical accuracy of a DTM of 15 m horizontal accuracy

Similarly the SRTM3I was compared with the local DTMs ‘26, ‘63" and ‘89°. The
statistics of corresponding residuals v = hppy — Asgrus 18 given in Table 5.

Table 5. The statistics of residuals v = hpryy — hspras [m]

Min =7.1 0.7 =332

Max 11.0 29 28.1
Mean -0.6 -2.7 -0.9

Std dev. 3.0 0.9 2.3
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3.3. Evaluation of the DTED2 and the SRTM3I with extra-high resolution local DTM
in the mountains

It is not surprising that the largest discrepancy between the terrain models have occurred in
mountainous regions. For further evaluation of the DTED2 in the mountains the local
10 mx 10 m digital terrain model in Tatra Mountains was applied.

The Tatra DTM was developed at the Institute of Geodesy and Cartography, Warsaw,
using cartographic methods. The model was derived on the basis of 1:10 000 “Tatry
Polskie” topographic maps provided by the Topographic Board of the General Staff of the
Polish Military. Vectorization of contour lines was supported with additional elevation
points (Tatry Polskie, 1992).

Heights A7, of the Tatra DTM interpolated to the grid of the DTED2 (31 m x 20 m)
were compared with the respective ones /i przp, from the DTED2. Distribution of residuals
V = Ryara — hprepz 18 shown in Fig. 10 together with topography.
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Fig. 10. Distribution of residuals v = hr,,, — Aprepz @), and local terrain model of Tatra DTM b) [m];
nominal vertical accuracy 7 m; 2100 m elevation range

As in previous numerical experiments the residuals shown in Fig. 10 are correlated with
topography. Maximum discrepancy between the local Tatra DTM and the DTED2
reached 330.0 m, standard deviation of the residuals equals to 47.1 m and the mean equals to
—0.05 m. At 80% of the DTED?2 grid points the residuals exceed nominal vertical accuracy
o of DTED2, i.e. 7 m, and at 58.4% of sites the residuals are larger than 3c. The
comparison of the SRTM3I with the local Tatra DTM is shown in Fig. 11.
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Fig. 11. Distribution of residuals v = hruyq — hsgrus [m]

Maximum discrepancy between the local Tatra DTM and the SRTM3I reached
488.5 m, standard deviation of the residuals equals to 44.3 m and the mean equals
to 3.4 m.

3.4. Comparison of the DTED2 with the SRTM3I

In order to compare the SRTM3I with the DTED2, the heights of the higher resolution
DTED?2 were interpolated to the grid of the SRTM3I, and the residuals v = A prep2 — A srrus
were calculated. Standard deviations, the mean, minimum and maximum of the residuals
v for 1° X 1° blocks are given in Fig. 12, Fig. 13, Fig. 14 and Fig. 15, respectively. Maximum
discrepancy between the models reached 393 m.
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Fig. 13. Means of residuals v = hprepz — hserus for 1°x 1° blocks [m]
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Similar comparison of the SRTM3I with 1”x1” resolution national DTMs for
Germany provided standard deviations of residuals within the range of 6.60 m to 12.27 m.
The discrepancy between the corresponding heights of those models reached 940 m
(Denker, 2004).

3.5. Comparison of the DTED?2 with the heights of gravity stations
from the gravity database

The existing gravity database for Poland contains data from more than one million of
gravity stations. For each gravity station recorded in the gravity database, its height was
levelled with spirit levelling with the accuracy of 4 cm. Since gravity stations are
almost uniformly distributed, their heights provide a kind of digital elevation model
for Poland. Those heights were used for determination of geoid models in the last
decade.

To evaluate the quality of the heights of gravimetric stations, they were compared
with the respective heights interpolated from the DTED2 model. The results of comparison
of 531 652 heights from Northern Poland, where the land is rather flat, and of 546 047
heights from Southern Poland, that is mostly hilly, are given in Table 6 and Fig. 16, and
Table 7 and Fig. 17, respectively. The intervals of occurrence were determined on the
basis of 30






























