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Abstract 

The threats imposed by the ongoing climate change become successively more clear. In 

the municipality of Sandviken the possible rise in water level in the lake Storsjön might 

cause major problems. This study aims to produce an elevation model over one of the 

threatened areas so that the effect of different water levels in the lake can be studied in the 

future. 

 

The area of study consists of an esker cutting straight through the lake Storsjön. The area 

is densely populated and the size is about 13 hectares. 

 

Measurements were performed, both with GPS, utilizing Network-RTK, and with total 

station.  The formations of the ridge were captured by following the breaklines with a 

point density of 225 points/ha as an intended goal. 

 

The GPS measurements were transformed into the local coordinate system of Sandviken 

municipality. The measured coordinates for six control points were compared to the true 

coordinates. The fit was not perfect, so a Helmert transformation was performed on the 

plane coordinates. The accuracy of the measurements was below 50 mm after the 

transformation. Net adjustments in plane and height were performed on the total station 

measurements. The error ellipses for the station points varied from 2 to 44 mm. The over 

all point density achieved was 274 points/ha. 

 

Two elevation models were created, one Triangular Irregular Network (TIN) and one 

interpolated model using a kriging interpolation. Contour lines from both models were 

produced and compared with each other. The TIN creates a more angular surface and 

therefore the contour lines are not as smooth as in the interpolated model. Both models 

showed good resemblance compared with the original data. 



 

 



    

Sammanfattning 

Problem relaterade till klimatförändringar blir alltmer uttalade. I Sandvikens kommun 

kan problem uppstå om vattennivåerna i Storsjön stiger. Syftet med det här 

examensarbetet var att skapa en höjdmodell över ett av de utsatta områdena för att 

effekter av en eventuell vattennivåhöjning skall kunna studeras i framtiden. 

 

Området består av en rullstensås som sträcker sig rakt igenom Storsjön. Området är 

tättbefolkat och ca 13 hektar stort. 

 

Mätningarna utfördes med både GPS och totalstation. Vid GPS-mätningarna utnyttjades 

Nätverks-RTK. Åsens formationer fångades genom att följa brytlinjer med en estimerad 

punkttäthet på 225 punkter/ha. 

 

GPS-mätningarna transformerades till Sandvikens lokala koordinatsystem. De mätta 

koordinaterna för sex kontrollpunkter jämfördes med de sanna koordinaterna. Eftersom 

de mätta värdena inte passade in perfekt så utfördes en Helmerttransformation av 

plankoordinaterna. Noggrannheten på mätta värden var inom 50 mm efter 

transformationen. Nätutjämningar i plan och höjd gjordes på totalstationsmätningarna. 

Felellipserna för stationspunkterna varierade mellan 2 och 44 mm. Den sammanlagda 

punkttätheten uppgick till 274 punkter/ha. 

 

Två höjdmodeller framställdes, en TIN-model (Triangular Irregular Network) och en 

interpolerad model där interpolationsmetoden kriging användes.  Höjdkurvor framställda 

från respektive modell skapades och jämfördes med varandra. Ett TIN ger en mer kantig 

yta vilket återspeglas i höjdkurvorna som inte är lika jämna som de från den interpolerade 

modellen. Båda modellerna visade god överensstämmelse med originaldata. 
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Introduction 

1.1 Background 

Global warming has now become a reality that can not be ignored any longer. Today 

there is strong evidence that human activity has an effect on the climate. Climate change 

has become a high profile area of study after the publication of several reports that have 

attracted major attention. Discussions in the media can be seen almost daily with 

arguments and suggestions. 

 

In the municipality of Sandviken the risk of problems due to climate changes have 

become a reality. The construction expansion around the lake Storsjön is discussed. If the 

shores are exploited, what happens if climate changes cause a rise of the water level, thus 

flooding the properties, perhaps even regularly?  What water levels can be expected in the 

future? These are some of the questions that need an answer. 

 

This study deals with one of the exploited areas around the lake and hopefully it will 

provide useful data for studies of the effect of different water levels in the lake. 

1.2 Aim and purpose 

The aim of this project was to produce a satisfactory elevation model over the Lövåsen 

esker. Satisfactory is here taken to mean: A model with sufficient quality for the purpose 

to study effects of higher water levels in the lake Storsjön.  

1.3 Area of study 

The Lövåsen is part of an esker named Ockelboåsen. It was formed at the end of the last 

ice age about 12 000 years ago. Rivers under the ice deposited large amounts of rock 

debris at their mouths at the ice front. As the ice sheet slowly withdrew eskers were 

formed.  

 

The Lövåsen esker consists of rocks and sand of various dimensions. The material is 

rounded from being tumbled over and over by the river. Heavier rocks are at the bottom 

and centre of the ridge. Yearly variations in ice river flows can be deduced; annual spring 

floods have created layers with heavier materials.  
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The material is easily eroded by both wind and water. Eskers are generally an important 

source of fresh water and the Lövåsen is no exception.  

 

The esker is partly submerged in the lake Storsjön. It extends in a north-south direction 

and divides the lake in two (see Figure 1). Originally the only parts above water consisted 

of the two peninsulas Illvadsudden in the north and Åshuvudet on the south side (Boox, 

2001). The only parts visible in the lake were the major islands Stora Lövåsen and Lilla 

Lövåsen, today Bångs, and the minor islands Åshuvudrevlarna (ibid). 

 

 

© Lantmäteriverket Gävle 2007.  Medgivande I 2007/2171. 

Figure 1. Overview of the Storsjön area. Lövåsen is at the centre of the picture and divides the 

lake in two parts.  

 

During the years 1921 to 1923 a road was constructed connecting the two communities 

Sandviken and Årsunda. The road stretches from Illvadsudden over the islands Stora 

Lövåsen and Lilla Lövåsen. An embankment was constructed, connecting the south and 

north sides via the major islands. The plan to extend from Lilla Lövåsen, over the smaller 

islands, to Åshuvudet was abandoned due to technical problems. Instead an embankment 

was formed heading east to Kallhålet. 
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Figure 2. Almost the whole 

area is densely populated. 

 

The new road passes two bridges, allowing boat traffic between the two parts of Storsjön. 

One bridge is near Kallhålet and the other is situated at Bångs just south of the former 

island Lilla Lövåsen. (Boox, 2001) 

 

The oldest buildings in the area date back to the early 

twentieth century. At that time the land, as it existed, was 

almost exclusively farmland. Up to the time of the road 

construction, only a small number of holiday residences 

were erected on leased lots. Once the road was completed, 

however, many more houses were built, still mostly on 

leased land. Today almost the whole area from Bångs to 

Illvadsudden is settled with summer houses, built on the 

narrow strips of land between the road and the lake (see 

Figure 2). Recently, most residents have had opportunity 

to buy their leased lots. The area has high cultural, social 

and environmental values. (ibid) 

 

A detailed plan is to be established over the Lövåsen area. 

The municipality is discussing a widening of the road to 

construct a bicycle lane and, in connection to that, an 

extension of the municipal sewerage so that the houses 

can be converted to permanent residences. 

This study deals with the area from the bridge at Bångs in 

the south to the little pond Käringtjärn in the north. The 

total area covered is 13 hectares.  

1.4 Definitions 

The quality of an elevation model can be defined in three terms (Klang, 2006); 

 

Accuracy: The accuracy of an elevation model is affected by the data acquisition method, 

the point density, the interpolation method and the storing method among other 

components. Accuracy is usually expressed in standard error in plane and height 

measurements. 

 

Reliability: Reliability refers to the correctness of the interpretation of the data, not only 

in height but also in classification. This is a problem when handling data from airborne 
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laser scanners. The data points are generally very close and it is difficult extracting the 

points representing the ground. A filtering usually has to be applied; if the wrong points 

are excluded in the filtering the elevation model will have errors. Reliability is also an 

issue when dealing with data from aerial photography, where small objects or areas with 

similar land use in the images can be difficult to interpret causing classification errors. 

 

Completeness:  An indication if all objects of a certain type are included in the model. 

 

All measurements contain errors. Errors are usually divided into: 

Gross errors: Errors that are caused by the human factor. Can not be predicted but they 

can be detected if there are redundancies in the measurements. 

Systematic errors: They can be caused by for example errors in instruments or 

calculations. 

Random errors: These are mostly normally distributed and can be studied statistically. 

 

When studying random errors there are some statistical formulas that are used: 

Accuracy:  The accuracy (ŝ) of measurements refers to the dispersion of the measured 

values around a true value. 

n
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Validity: Validity (m) is the difference between the measured mean value and the true 

value. This should be near to zero (0), otherwise it is an indication that the measurements 

are influenced by systematic errors. 
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A Digital Elevation Model (DEM) is a digital description of the ground surface. DEMs 

can be modelled as regular altitude matrices or as Triangular Irregular Networks (TINs) 

(Burrough & McDonnell, 1998). For the attitude matrices an interpolation method is 

utilized to produce a regular grid of desired resolution from irregularly spaced 

observation points. When a TIN is created straight lines are drawn between neighbouring 

observation points in the original data forming triangular facets. No interpolation is used, 

the points maintain their original values. 

 

There are several different interpolation methods, of which one is kriging.  This is a 

common interpolation method that takes geostatistics into account. It is readily available 

in many GIS softwares. 
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2 Method 

2.1 General 

2.1.1 Control Points 

Access to a set of control points with well 

defined coordinates and stable markers is 

essential for this type of measurement project. 

Such points can serve as a solid foundation for 

total station measurements and provide a check 

for GPS measurements. 

 

Some such control points are available in the 

area of study, see Figure 3. There are six points 

with known coordinates in all three dimensions 

(h1000-h1005). Furthermore, there are several 

control points with plane coordinates, of which 

five were surveyed in the study (hf,199, p2474, 

p3129, p3130, p3138). Two control points 

with only known heights were also surveyed 

(hf199 and hf286). 

2.1.2 Grid structure 

The topography of the esker decided to a large extent how the measurement grid should 

be structured. The variations in height along the ridge are mostly small, while the cross 

section shows clear breaklines, along the road, the ditches on each side of the road, and 

often along the waterline. 

 

The desired density of measurements was set to 7 metres. That gives 225 points / ha, 

which is the minimum density recommended in SIS/TS 21144:2004 (Swedish Standards 

Institute, 2004) for detailed elevation models of uneven ground.  

 

On flat surfaces an even grid with 7 metre sides was created. These areas made up a very 

small percentage of the total area.  On uneven surfaces the brakelines in the ground 

Figure 3. The red triangles have complete 

coordinates, the green squares plane 

coordinates and the green circles height 

coordinates. The red quadrangle marks the 

area of study. 
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surface were followed with a minimum point density of about 1 point / 7 metres, with the 

aim of capturing the formations in the surface. The distance between points perpendicular 

to brakelines was maximum 7 metres. Points along parallel brakelines were measured in 

pairs whenever possible.  

2.2 GPS measurements 

The aim was to capture as much as possible of the area with GPS measurements. There 

were two areas that could not be covered with GPS due to dense forest. 

 

The GPS unit can be told to warn when the measurement accuracy is poor. This limit was 

set to 50 mm in plane and 50 mm in height, being the recommended tolerances for 

measurements of the ground (Naturmark) in HMK-Ge: De.F1 (Lantmäteriet, 1996). No 

measurements outside these limits were accepted.  

 

The six control points with complete coordinates were measured several times with GPS 

to provide a quality control. 

2.3 Total station measurements 

There were two major areas on the esker that had to be measured with total station. For 

the larger one of these, in the southern half of the esker, no control points were readily 

available. Instead, nine support points were set out and measured with GPS. They were 

placed at the ends and at the middle of this oblong area (see Figure 4). 

  

For the northern area control points were used (h1000, h1001, h1005) at the beginning 

and end of the area (see Figure 3). 
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The selected points were used as known points for the 

total station measurement progression. The station was 

set up over one of the known points and other adjacent 

known points were used as backsights. New points 

were set out and measured with the total station before 

it was moved. The new points were treated as known, 

as soon as they had been measured a first time. All 

known points, visible from one setup, were measured 

in order to strengthen the network. 

 

The two traverses that were formed served as a base 

for further measurements. From each setup, besides the 

measurements of points belonging to the traverse, 

points were surveyed following the grid structure 

mentioned above in order to cover the whole area 

between the shorelines. Generally there were hundreds 

of measurements taken from each setup. 

 

Check points were set out whenever possible and they 

were used for control measurements between the 

setups. The check points were placed far away from 

the known points. 

 

 

 

 

 

 

 

 

 

 

Figure 4.Total station points (black) and support points (red triangles and green squares). The 

red GPS-points are placed at the beginning, middle and end of the southern area and the 

green control points at the beginning and end of the northern area. The black points in 

between the two major areas are supplementary measurements not included in any of the 

traverses. 
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2.4 Post processing of GPS points 

A project was created in the software Ski and the data from all days were imported. The 

GPS measurements were in the coordinate system SWEREF99 with heights over the 

ellipsoid. A new coordinate system was created and assigned to the project. The 

coordinate system parameters were the ones used by Sandviken municipality. A 

transformation of the plane coordinates from SWEREF99 to Sandviken coordinates was 

performed. 

 

The parameters (see Table 1) for the coordinate system and the transformation were taken 

from the National Land Survey (Lantmäteriet, 2006). These parameters are based on 18 

points and the transformation is yet preliminary. 

Table 1. Parameters for transformation from SWEREF99 to 

Sandviken local plane coordinate system. 

Ellipsoid:  GRS80 

a:  6378137 m 

1/f:  298.257222101 

Projection type:  Gauss-Krüger (Transverse Mercator) 

Central meridian:  15° 48' 22.536" East Greenwich 

Latitude of origin:  0° 

Scale on central meridian:  1.00000591 (+5.91 ppm) 

False northing:  -670.7844 m 

False easting:  +1500063.5197 m 

No. of points:  18 

RMS (2D):  40 mm  

Greatest error (2D):  101 mm  

 

The geoid model SWEN05_RH70 was downloaded from the National Land Survey and 

attached to the coordinate system. Geoid separations and orthometric heights were 

calculated. 

 

All the points in the project were imported into Geo. The orthometric heights were 

transformed to the local height coordinate system of Sandviken by a subtraction of the 

constant 53.86 m. 

 

All GPS measurements made over the six control points were listed and comparisons to 

the true coordinates were made (see Appendix 1).  Accuracy, precision and validity were 

calculated. The transformation parameters did not provide a perfect fit. Therefore a 
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Helmert transformation was applied to all measured points with parameters based on 

these comparisons.  

 

The heights were not included in the Helmert transformation.  

2.5 Post processing of total station points 

Network analyses were performed separately in height and plane for each of the two 

traverses. 

 

Several runs were made and outlying measurements were discarded (measurements with 

a standardized residual greater than 3). For the southern traverse 11 out of 217 

measurements were removed in plane and 2 out of 112 in height, for the northern one 4 

were removed out of 80 in plane and 3 out of 39 in height. The results of the final runs 

are summarized in Appendix 2. 

 

Each setup was then calculated utilizing the coordinates from the network analyses and 

all the measured points were saved in a single file. 

2.6 Elevation models 

The task to create a digital elevation model from the available measurements can be 

tackled in different ways. Two alternative approaches have been tried: Triangular 

Irregular Network (TIN) and a regular altitude matrix utilizing a kriging interpolation. 

The models were produced, primarily to illustrate how the data can be used in further 

studies. 

 

As a preparation, the points representing the waterline were extracted in Geo and from 

them a polygon was created. The border of the polygon followed the waterline but 

without Z-values. The polygon was used to cut out the exact form of the two models. 

 

2.6.1 Interpolated model 

The file containing all measurements was imported into Surfer. An experimental 

variogram was created based on the points and a variogram model was fitted to the curve 

(see Appendix 3).  
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The variogram model was then used in a kriging interpolation to create an altitude matrix 

with the grid cell size one (1) metre. The kriging process produced a grid extending 

beyond the water line. The model was cut with the waterline polygon. 

2.6.2 TIN-model 

From all points measured with either total station or GPS a Triangular Irregular Network 

(TIN) was created in Surfer. The triangles extending out in the lake were cut with the 

waterline polygon. 

 

2.6.3 Comparisons between models and original data 

Contour lines from both the interpolated model and the TIN-model were produced and 

compared. The waterline polygon was overlaid with the models and was given the Z-

value 8.4 metres. That is the mean summer water level in the lake (WSP, 2007). 

 

One cross section, at the selected X-value = 6 716 290 (see Figure 5), 

was created for each of the models. For comparison, a plot was made 

of all original measured points with X-values in a 20 metre interval 

centered at the selected X-value. 

 

Figure 5. The red line marks the 

cross section. 



12  

3 Materials 

3.1 GPS 

The GPS measurements were carried out with a Leica 500 GPS using Network-RTK. The 

GPS measurements were processed in Leica SKI-Pro 2.50 2002. The Helmert 

transformation was carried out in Topocad. 

3.2 Total station 

The total station was a Leica 1203 with a 1200 one-man-station. A Trimble 5600 was 

used for supplementary measurements. The measurements were processed in Geo 2006 

and in Topocad respectively. 

3.3 Elevation models 

The software used to create both the interpolated elevation model and the TIN-model was 

Surfer 8. 
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4 Results 

4.1 General 

The GPS measurements covered about 6 hectares, i.e. slightly less than half of the total 

area surveyed, and the total station measurements about 8 hectares (see Figure 6). 

 

 

Figure 6. The areas covered with GPS to the left and total station to the right. 

 

A total of 3564 points were measured. This gives an average point density of  0.027 

points /m
2
 which equals 274 points/ha (see Table 2). This is well above the recommended 

225 points/ha. However, the density varies within the area as can bee seen in Figure 7. 

Table 2. The total amount of points and the point densities. 

 No. of points Area [m
2
] Points/m

2
 m

2
/point 

GPS 1333 60000 0.022 45.0 

Total station 2231 80000 0.028 35.9 

Sum 3564 130000 0.027 36.5 
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Figure 7a) Point density in the southern part 

of the esker. 

 

Figure 7b) Point density in the northern part 

of the esker. 

 

4.2 GPS 

In table 3 below, it can be seen that the validity and accuracy have improved for the plane 

coordinates after the Helmert transformation was performed. The remaining differences 

are well within the limit of 50 mm in plane. 
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Table 3. Comparisons of known and measured point coordinates before and after a Helmert 

transformation. 

 

Before X Y H X Y H X Y H 

h1000 0.073 -0.039 -0.027 0.073 0.040 0.030 0.010 0.007 0.014 

h1001 0.049 -0.025 -0.022 0.050 0.026 0.028 0.012 0.008 0.017 

h1002 0.014 -0.069 -0.053 0.019 0.070 0.059 0.014 0.010 0.032 

h1003 0.026 -0.068 -0.030 0.028 0.068 0.035 0.012 0.007 0.021 

h1004 0.068 -0.081 -0.009 0.068 0.081 0.012 0.004 0.000 0.012 

h1005 0.064 -0.063 -0.039 0.064 0.063 0.039 0.000 0.000 0.000 

                    

Mean 0.049 -0.057 -0.030 0.050 0.058 0.034 0.009 0.005 0.016 

                    

After X Y H X Y H X Y H 

h1000 0.018 0.020 -0.027 0.020 0.021 0.030 0.011 0.007 0.014 

h1001 -0.004 0.035 -0.022 0.013 0.036 0.028 0.012 0.008 0.017 

h1002 -0.012 -0.009 -0.053 0.017 0.013 0.059 0.014 0.010 0.032 

h1003 0.001 -0.009 -0.030 0.010 0.011 0.035 0.011 0.006 0.021 

h1004 -0.003 -0.029 -0.009 0.004 0.029 0.012 0.004 0.000 0.012 

h1005 0.000 -0.005 -0.039 0.000 0.005 0.039 0.000 0.000 0.000 

                    

Mean 0.000 0.000 -0.030 0.011 0.019 0.034 0.009 0.005 0.016 

 

The height differences are greater but are mostly within the limit of 50 mm. Out of a total 

of 43 height measurements, only 3 are above the true value (see Appendix 1).  All the 

deviations of the mean are negative. This is an indication that the GPS measurements are 

systematically lower than the true heights. 

4.3 Total station 

The results of the final horizontal net adjustments can be seen in Appendix 2.  

 

The southern traverse is founded on known points that were measured by GPS. These 

points have an error tolerance of 50 mm in plane and height.  The sizes of the error 

ellipses are in line with these preconditions. The uncertainties of the calculated X and Y 

coordinates vary between 6 and 44 mm. The height values have an accuracy of 8 to 19 

mm. 

 

The northern traverse had beginning and end points with a higher accuracy than the GPS 

points. The more solid foundation is reflected in the much smaller error ellipses, 

especially in height. The uncertainties of the calculated plane coordinates vary between 5 

Point 
no. 

Validity [m] 
(Deviation of mean)  

Accuracy [m] 
(Standard error) 

Precision [m] 
(Standard deviation) 
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and 39 mm. For the height values, the variation falls between 2 and 3 mm. The northern 

traverse is shorter than the southern, this also improves the result for that traverse. 

 

After the calculations of the measurements from each setup had been made some points 

were removed. These had either no registered height (7 points) or clearly wrong heights 

(8 points) compared to neighbouring points. 

4.4 Elevation models 

As mentioned earlier, two elevation models were produced; one regular altitude matrix 

utilizing a kriging interpolation and one Triangular Irregular Network (TIN). 

 

4.4.1 Interpolated model 

The altitude matrix produced in the kriging process can be used to visualize the esker in 

various ways. In the 3D-view in Figure 8 it can be seen that the surface is mostly smooth 

but along steeper slopes it has some irregularities. 

 

 

Figure 8. A 3D-view of the interpolated model. 
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4.4.2 TIN-model 

The TIN-model resulted in a three-dimensional triangular network. The 3D-model created 

has a slightly angular surface due to the triangular facets (see Figure 9). 

 

 

Figure 9. A 3D-view of the TIN model. 

 

4.4.3 Comparison between models and original data 

  

Elevation in metres 

 

 

Figure 10. Contour lines produced from interpolated grid (left) and TIN (right) for a section of the 

esker. The blue line is the waterline polygon. 
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In Figure 10 it is clearly seen that the TIN produces a much more angular surface than the 

kriging interpolation.  

 

The three cross sections for the X value = 6 716 290 can be seen in Figure 10. 
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Elevation for interpolated model points with local X = 6290
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Elevation in TIN model along local X = 6290
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Figure 11. Cross sections for the original points (top), interpolated model (middle) and TIN-model 

(bottom). 
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The cross sections (see Figure 11) show a good resemblance to the original data for major 

structures. The cross section of the interpolated model results in a row of singular points 

with an equidistance of one (1) metre. The curve formed by the points is smooth and well 

rounded. This is due to the interpolation, many surrounding points have been taken into 

consideration when creating one interpolated point. 

 

The cross section of the TIN results in a line because the TIN is created of plane facets 

between the original points. The TIN shows more resemblance to the original data since 

no interpolation is performed. 

 

4.5 Reliability and completeness 

The reliability and completeness were only judged subjectively. Reliability was not a 

major problem in this project since the measurements were performed with only 

terrestrial methods and no land use classification of the ground was performed. The 

assumption that the true ground surface has been captured is well founded. 

 

The completeness was not fulfilled. The aim was to capture the ground surface with a 7 

metre grid. When it was necessary and possible, the grid resolution was reduced. Larger 

man-made modifications of the ground (e.g. cellars or alterations of the shoreline) were 

captured if possible, but that was not always the case. Lesser landforms (e.g. small pits 

and undulations) were ignored. In areas where the point density was lower the risk of 

missing structures was higher. 
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5 Discussion 

During the work with this study, several problems were encountered. Some were related 

to the total station. It did not always lock at the prism and sometimes it registered points 

without taking the distance. 

 

In open areas the grid symmetry was possible to uphold, but most of the time points had 

to be moved. For the GPS, trees and bushes turned out to be a greater problem than 

expected. Even the slightest twig interrupted the GPS. There where also many man-made 

obstacles preventing both GPS and total station measurements: buildings, fences, hedges 

etc.  

 

It was difficult to create a traverse with good configuration on such a narrow strip of land. 

It would have been better to begin from points with higher accuracy than GPS-points, and 

to have more setups over known points like the polygon points. It might have been a good 

idea to survey some point on one of the shores if that had been possible. 

 

The interpolated model can be improved. A greater knowledge in kriging interpolation is 

desirable. The esker has a complicated form to interpolate. There is a strong spatial 

dependence along the ridge but almost none in the perpendicular direction. This would 

not be a problem if the esker was straight in any direction but this is not the case, the 

esker turns about 90 degrees. The esker is very narrow which makes it difficult to select a 

suitable search window. One idea to overcome some of these problems is to interpolate 

the esker in several parts so that there is only one main direction at a time. 

 

The accuracy of the heights in the final set of processed measurements is affected by 

uncertainties in both height and plane coordinates. If the desired information is the 

elevation in any specific point on the map, errors in plane coordinates can easily dominate 

when the point is in steep terrain.  

 

However accurate the individual measurements may be, any elevation model of the areas 

between the points will fail if the measurements do not effectively capture the existing 

topography. The current study has strived to represent all major such features, like road 

bank and ditches, terraces, and other man-made formations. It is hoped that the 

information is good enough to allow reliable forecasts of the overall effects of rising 

water levels. 
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Appendix 1 Analysis of GPS measurements 

 

Point no: h1000 

X: 6716998.044 

Y: 1552050.617 

H: 10.839 

Date X Y H 
Validity [m] 
(Deviation of mean)  

Accuracy [m] 
(Standard error) 

Precision [m] 
(Standard deviation) 

 

 13-Apr 6716998.113 1552050.571 10.789 0.069 -0.046 -0.050 0.069 -0.046 -0.050 -0.004 -0.007 -0.023 

13-Apr 6716998.100 1552050.569 10.833 0.056 -0.048 -0.006 0.056 -0.048 -0.006 -0.016 -0.009 0.021 

14-Apr 6716998.112 1552050.585 10.811 0.068 -0.032 -0.028 0.068 -0.032 -0.028 -0.005 0.007 -0.001 

14-Apr 6716998.123 1552050.565 10.818 0.079 -0.052 -0.021 0.079 -0.052 -0.021 0.007 -0.013 0.006 

15-Apr 6716998.127 1552050.585 10.796 0.083 -0.032 -0.043 0.083 -0.032 -0.043 0.010 0.007 -0.017 

15-Apr 6716998.129 1552050.579 10.829 0.085 -0.038 -0.010 0.085 -0.038 -0.010 0.012 0.001 0.016 

15-Apr 6716998.130 1552050.583 10.840 0.086 -0.034 0.001 0.086 -0.034 0.001 0.013 0.005 0.027 

18-Apr 6716998.126 1552050.582 10.818 0.082 -0.035 -0.021 0.082 -0.035 -0.021 0.010 0.004 0.006 

18-Apr 6716998.104 1552050.568 10.807 0.060 -0.049 -0.032 0.060 -0.049 -0.032 -0.013 -0.010 -0.005 

24-Apr 6716998.122 1552050.578 10.807 0.078 -0.039 -0.032 0.078 -0.039 -0.032 0.005 0.000 -0.005 

25-Apr 6716998.102 1552050.577 10.809 0.058 -0.040 -0.030 0.058 -0.040 -0.030 -0.014 -0.001 -0.003 

25-Apr 6716998.108 1552050.579 10.804 0.064 -0.038 -0.035 0.064 -0.038 -0.035 -0.009 0.001 -0.008 

29-Apr 6716998.125 1552050.588 10.808 0.081 -0.029 -0.031 0.081 -0.029 -0.031 0.009 0.011 -0.004 

29-Apr 6716998.113 1552050.581 10.803 0.069 -0.036 -0.037 0.069 -0.036 -0.037 -0.004 0.003 -0.010 

                          

Mean 6716998.117 1552050.578 10.812 0.073 -0.039 -0.027 0.073 0.040 0.030  0.010  0.007  0.014 



 

Point no: h1001 

X: 6716898.173 

Y: 1552054.059 

H: 10.884 

Date X Y H 
Validity [m] 
(Deviation of mean)  

Accuracy [m] 
(Standard error) 

Precision [m] 
(Standard deviation) 

 

13-Apr 6716898.238 1552054.026 10.872 0.065 -0.033 -0.012 0.065 -0.033 -0.012 0.017 -0.008 0.010 

13-Apr 6716898.243 1552054.024 10.881 0.070 -0.035 -0.003 0.070 -0.035 -0.003 0.021 -0.010 0.019 

13-Apr 6716898.230 1552054.032 10.862 0.057 -0.027 -0.022 0.057 -0.027 -0.022 0.008 -0.002 0.001 

13-Apr 6716898.210 1552054.037 10.870 0.037 -0.022 -0.014 0.037 -0.022 -0.014 -0.011 0.003 0.008 

14-Apr 6716898.212 1552054.017 10.878 0.039 -0.042 -0.006 0.039 -0.042 -0.006 -0.009 -0.017 0.016 

14-Apr 6716898.217 1552054.050 10.861 0.044 -0.009 -0.023 0.044 -0.009 -0.023 -0.004 0.016 -0.001 

15-Apr 6716898.230 1552054.035 10.849 0.057 -0.024 -0.035 0.057 -0.024 -0.035 0.009 0.001 -0.012 

15-Apr 6716898.224 1552054.046 10.898 0.051 -0.013 0.014 0.051 -0.013 0.014 0.003 0.012 0.036 

15-Apr 6716898.238 1552054.029 10.867 0.065 -0.030 -0.017 0.065 -0.030 -0.017 0.016 -0.005 0.005 

18-Apr 6716898.228 1552054.046 10.849 0.055 -0.013 -0.035 0.055 -0.013 -0.035 0.007 0.012 -0.013 

18-Apr 6716898.208 1552054.033 10.864 0.035 -0.026 -0.020 0.035 -0.026 -0.020 -0.014 -0.001 0.002 

18-Apr 6716898.228 1552054.035 10.872 0.055 -0.024 -0.012 0.055 -0.024 -0.012 0.007 0.001 0.010 

18-Apr 6716898.206 1552054.034 10.861 0.033 -0.025 -0.023 0.033 -0.025 -0.023 -0.016 0.000 -0.001 

24-Apr 6716898.202 1552054.040 10.824 0.029 -0.019 -0.060 0.029 -0.019 -0.060 -0.019 0.006 -0.038 

25-Apr 6716898.218 1552054.032 10.866 0.045 -0.027 -0.018 0.045 -0.027 -0.018 -0.003 -0.003 0.004 

25-Apr 6716898.216 1552054.028 10.841 0.043 -0.031 -0.043 0.043 -0.031 -0.043 -0.006 -0.006 -0.021 

29-Apr 6716898.209 1552054.028 10.857 0.036 -0.031 -0.027 0.036 -0.031 -0.027 -0.012 -0.006 -0.004 

29-Apr 6716898.230 1552054.040 10.841 0.057 -0.019 -0.043 0.057 -0.019 -0.043 0.009 0.006 -0.021 

                          

Mean 6716898.222 1552054.034 10.862 0.049 -0.025 -0.022 0.050 0.026 0.028  0.012  0.008  0.017 

 



   

Point no: h1002 

X: 6715728.381 

Y: 1552277.727 

H: 11.705 

Date X Y H 
Validity [m] 
(Deviation of mean)  

Accuracy [m] 
(Standard error) 

Precision [m] 
(Standard deviation) 

 

14-Apr 6715728.405 1552277.648 11.697 0.024 -0.079 -0.008 0.024 -0.079 -0.008 0.009 -0.009 0.045 

15-Apr 6715728.393 1552277.663 11.648 0.012 -0.064 -0.057 0.012 -0.064 -0.057 -0.002 0.006 -0.005 

18-Apr 6715728.407 1552277.651 11.641 0.026 -0.076 -0.064 0.026 -0.076 -0.064 0.011 -0.007 -0.011 

24-Apr 6715728.377 1552277.668 11.623 -0.004 -0.059 -0.082 -0.004 -0.059 -0.082 -0.018 0.011 -0.029 

                          

Mean 6715728.395 1552277.658 11.652 0.014 -0.069 -0.053 0.019 0.070 0.059  0.014  0.010  0.032 

 

Point no: h1003 

X: 6715725.099 

Y: 1552354.598 

H: 11.320 

Date X Y H 
Validity [m] 
(Deviation of mean)  

Accuracy [m] 
(Standard error) 

Precision [m] 
(Standard deviation) 

 

14-Apr 6715725.125 1552354.527 11.321 0.026 -0.071 0.001 0.026 -0.071 0.001 -0.001 -0.004 0.031 

15-Apr 6715725.124 1552354.540 11.286 0.025 -0.058 -0.034 0.025 -0.058 -0.034 -0.001 0.010 -0.004 

18-Apr 6715725.140 1552354.526 11.279 0.041 -0.072 -0.041 0.041 -0.072 -0.041 0.015 -0.005 -0.011 

24-Apr 6715725.112 1552354.529 11.274 0.013 -0.069 -0.046 0.013 -0.069 -0.046 -0.013 -0.002 -0.016 

                          

Mean 6715725.125 1552354.530 11.290 0.026 -0.068 -0.030 0.028 0.068 0.035  0.012  0.007  0.021 

 



 

Point no: h1004 

X: 6717722.468 

Y: 1552242.847 

H: 17.041 

Date X Y H 
Validity [m] 
(Deviation of mean)  

Accuracy [m] 
(Standard error) 

Precision [m] 
(Standard deviation) 

 

15-Apr 6717722.533 1552242.766 17.024 0.065 -0.081 -0.017 0.065 -0.081 -0.017 -0.003 0.000 -0.008 

18-Apr 6717722.539 1552242.766 17.040 0.071 -0.081 -0.001 0.071 -0.081 -0.001 0.003 0.000 0.008 

                          

Mean 6717722.536 1552242.766 17.032 0.068 -0.081 -0.009 0.068 0.081 0.012  0.004  0.000  0.012 

 

Point no: h1005 

X: 6717406.707 

Y: 1552090.230 

H: 12.344 

Date X Y H 
Validity [m] 
(Deviation of mean)  

Accuracy [m] 
(Standard error) 

Precision [m] 
(Standard deviation) 

 

 

18-Apr 6717406.771 1552090.168 12.305 0.064 -0.063 -0.039 0.064 -0.063 -0.039       

                          

Mean 6717406.771 1552090.168 12.305 0.064 -0.063 -0.039 0.064 0.063 0.039  0.000  0.000  0.000 



 

 

Appendix 2a Net adjustment of the southern traverse 

 

 

 

 

 

 

 

The green triangles are points with known coordinates in the adjustment. The blue circles symbolize points that 

have been adjusted. The circles around the adjusted points are error ellipses showing the accuracy with which the 

point coordinates have been established.



 

 

Point X Coord Y Coord sX sY sXY a-axis b-axis Angle 

q1003 6 715 778.896 1 551 990.606 0.044 0.028 -3.68E-01 0.045 0.026 181.5638 

q1004 6 715 794.158 1 551 985.521 0.020 0.022 1.21E-02 0.022 0.020 92.2105 

q1005 6 715 826.185 1 551 959.153 0.024 0.022 1.50E-01 0.027 0.020 39.4192 

q1006 6 715 853.718 1 551 949.406 0.026 0.029 4.18E-01 0.035 0.018 57.2326 

q1007 6 715 870.586 1 551 948.631 0.022 0.024 2.69E-01 0.028 0.015 55.7072 

q1010 6 716 027.171 1 551 851.047 0.012 0.012 5.32E-03 0.013 0.012 66.7244 

q1011 6 716 074.394 1 551 818.468 0.013 0.012 -3.16E-03 0.013 0.012 193.4760 

q1012 6 716 125.105 1 551 799.409 0.011 0.010 1.63E-03 0.011 0.010 5.1300 

q1014 6 716 283.446 1 551 774.926 0.008 0.007 1.31E-02 0.008 0.006 42.4262 

q1015 6 716 288.970 1 551 794.878 0.007 0.006 5.60E-03 0.007 0.006 27.3537 

q1016 6 716 331.900 1 551 782.356 0.009 0.007 2.24E-02 0.010 0.006 28.2177 

q1017 6 716 349.220 1 551 812.744 0.010 0.010 2.81E-02 0.011 0.008 47.7948 

q1018 6 716 370.558 1 551 793.394 0.010 0.008 3.70E-02 0.011 0.007 33.4490 

q1019 6 716 410.888 1 551 807.993 0.011 0.011 4.04E-02 0.013 0.009 46.7721 

q1020 6 716 425.017 1 551 844.475 0.013 0.013 -2.31E-03 0.013 0.012 125.0608 

q1021 6 716 464.553 1 551 827.817 0.013 0.016 1.28E-02 0.016 0.013 89.5923 

q1022 6 716 477.928 1 551 873.930 0.018 0.019 -5.79E-02 0.020 0.017 140.6489 

q1023 6 716 515.016 1 551 850.896 0.016 0.019 6.45E-04 0.019 0.016 99.5411 

q1024 6 716 513.342 1 551 899.795 0.023 0.024 -1.52E-01 0.027 0.020 144.3380 

q1025 6 716 565.800 1 551 880.165 0.017 0.020 -9.34E-03 0.020 0.017 105.7895 

 

The adjusted points with coordinates and corresponding error ellipses.



 

 

 

 

 

 

 

The green triangles are points with known coordinates in the adjustment. The blue circles symbolize points that 

have been adjusted. The circles around the adjusted points are error ellipses showing the accuracy with which the 

point coordinates have been established.



 

 

Point H Coord sH 

p3129 13.483 0.011 

p3130 10.607 0.019 

q1003 8.955 0.008 

q1004 8.847 0.008 

q1005 9.615 0.010 

q1006 9.533 0.010 

q1007 11.321 0.008 

q1010 10.939 0.009 

q1011 11.261 0.010 

q1012 11.395 0.009 

q1014 13.209 0.008 

q1015 12.395 0.008 

q1016 13.391 0.009 

q1017 12.362 0.010 

q1018 13.687 0.009 

q1019 13.898 0.010 

q1020 14.107 0.010 

q1021 13.800 0.010 

q1022 12.781 0.011 

q1023 13.536 0.011 

q1024 11.609 0.011 

q1025 12.790 0.010 

 

The adjusted points with coordinates and corresponding error ellipses.



 

 

Appendix 2b Net adjustment of the northern traverse 

 

 

 

 

 

 

The green triangles are points with known coordinates in the adjustment. The blue circles symbolize points that 

have been adjusted. The circles around the adjusted points are error ellipses showing the accuracy with which the 

point coordinates have been established.



 

 

Point X Coord Y Coord sX sY sXY a-axis b-axis Angle 

q1030 6 716 929.142 1 552 042.429 0.009 0.006 -1.44E-02 0.010 0.005 184.8184 

q1031 6 717 058.804 1 552 035.813 0.009 0.010 7.38E-04 0.010 0.009 97.9654 

q1032 6 717 114.763 1 552 026.087 0.010 0.012 5.50E-03 0.012 0.010 93.1234 

q1033 6 717 167.568 1 552 024.203 0.010 0.009 1.15E-03 0.010 0.009 37.3467 

q1034 6 717 228.713 1 552 020.374 0.009 0.005 7.92E-03 0.009 0.004 8.9763 

q1035 6 717 315.747 1 552 045.773 0.012 0.016 -4.06E-02 0.017 0.011 118.1645 

q1036 6 717 345.998 1 552 043.058 0.016 0.039 -2.28E-01 0.039 0.015 111.1280 

q1037 6 717 377.837 1 552 059.630 0.014 0.022 -6.77E-02 0.022 0.014 114.9388 

 

The adjusted points with coordinates and corresponding error ellipses. 

 



 

 

 

 

 

 
 

The green triangles are points with known coordinates in the adjustment. The blue circles symbolize points that 

have been adjusted. The circles around the adjusted points are error ellipses showing the accuracy with which the 

point coordinates have been established.



 

 

Point H Coord sH 

p2474 11.240 0.003 

q1030 10.221 0.002 

q1031 11.050 0.002 

q1032 11.015 0.002 

q1033 10.978 0.002 

q1034 11.269 0.002 

q1035 11.451 0.003 

q1036 12.578 0.003 

q1037 13.493 0.002 

 

The adjusted points with coordinates and corresponding error ellipses. 

 



 

 

Appendix 3 The variogram 

 

 

The variogram for the kriging interpolation. 
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