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Abstract

:

Advances in remote data acquisition techniques have contributed to the flooding of society with spatial data sets and information. Widely available spatial data sets, including digital terrain models (DTMs) from aerial laser scanning (ALS) data, are finding more and more new applications. The article analyses and compares the heights of the 14 highest peaks of the Polish Carpathians derived from different data sources. Global navigation satellite system (GNSS) geodetic measurements were used as reference. The comparison primarily involves ALS data, and selected peaks’ GNSS measurements carried out with Xiaomi Mi 8 smartphones were also compared. Recorded raw smartphone GNSS measurements were used for calculations in post-processing mode. Other data sources were, among others, global and local databases and models and topographic maps (modern and old). The article presents an in-depth comparison of Polish and Slovak point clouds for two peaks. The results indicate the possible use of large-area laser scanning in determining the maximum heights of mountain peaks and the need to use geodetic GNSS measurements for selected peaks. For the Polish peak of Rysy, the incorrect classification of point clouds causes its height to be overestimated. The conclusions presented in the article can be used in the dissemination of knowledge and to improve positioning methods.
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1. Introduction


Mountains have always fascinated mankind. Since ancient times, researchers have tried to measure the heights of peaks as accurately as possible [1]. Modern measuring techniques allow for quick, direct, and remote measurements of heights in mountainous areas. The currently used direct methods include precise trigonometric levelling [2], global navigation satellite system (GNSS) [3], and levelling [4]. Remote measurement methods used nowadays include LiDAR [5,6,7], radar [8,9,10], photogrammetric methods [11,12], and thermography [13]. The exact height of mountain peak is of interest to researchers and the public around the world. Information regarding the height of the highest peaks of mountain ranges or regions is particularly important. Researchers are, for example, interested in the influence of glaciers on the height of mountain ranges all over the world [14], or in the height of Mt. Everest [15,16]. The interest in measuring heights of the highest mountains of given ranges is also not weakening at the regional level [17,18,19]. This also applies to the heights of groups of peaks belonging to the highest peaks (crowns) of a country. In addition to the measurement data, analyses of maps and literature on mountain areas are particularly interesting. Such sources provide not only information about heights, but also about land cover [20] and geological ground [21].



Large-scale aerial laser scanning (ALS) is today the most common technique used in verifying the heights of mountain peaks. ALS in mountainous areas is also used in geomorphology [22], forestry [23], and the detection of glacier changes [24]. The accuracy of determining height and relief is influenced by many factors, such as factors related to errors in measurement instruments, measurement parameters, algorithms, and the variety of the terrain surface [13,25]. It can also be affected by point cloud density and the spatial distribution of points on the surface [26]. The algorithms used to create digital terrain models (DTMs) in forest areas have a particularly large impact on the accuracy of height determination [27,28,29].



Information about the coordinates, including the height of terrain objects, is important for professional service robots including field robots and personal service robots [30,31]. Robots for outdoor applications are equipped with a navigation system that uses GNSS measurements. The navigation system along with the supporting geographic information system (GIS) helps service robots, among others, in tasks related to landscape management [32,33]. Autonomous robots can be equipped with systems that allow them to operate in a completely unknown environment or in terrain with previously known altitudes and morphology [30,34]. For robots that mimic human movement, the height of field objects is an important piece of information [35]. External navigation for robots based on global and local DTMs is being developed along with the development of GIS technology and robots [36]. It should be noted that in most applications for service robots, it is not the absolute height that is important, but the height difference (relative height). However, information about the highest point locally—the highest point of a mountain peak—is considered important. The development of AI technology and robots also affects the tourism industry [37]. Devices assisting people are becoming more and more popular, so far as indoor service robots [38]. In mountainous areas, unmanned aerial vehicles (UAVs) are currently used (apart from the obvious applications for data acquisition) for tasks related to agriculture [39] or SAR (search and rescue) missions [40]. The algorithms used in UAVs are currently being intensively developed to make SAR missions of lost tourists more effective [41]. The correct determination of height and location of the highest points of mountain peaks is especially important in the areas with little tourist traffic. These points may be prioritized in SAR missions [42].



Mountains are among the most popular tourist destinations. Tourists climb them for various reasons [43,44]; however, when choosing the destination, they generally focus on summits that have a certain type of subjective popularity or objective significance, such as the highest or the most prominent mountains in a region. Recent studies showed that height mistakes can have a serious influence on tourism from both local and global perspective [45]. Overall, an activity in which hikers, climbers, and mountaineers attempt to reach a collection of summits is known as ‘summit bagging’ [46]. This activity has been observed around the world [47,48]. In Poland, the quest of reaching all peaks from the list is called ‘The Highest Points of the Polish Mountains’ (pol. Korona Gór Polski) and is becoming increasingly popular. However, based on the data from [49], due to serious cartographic misinterpretations, this list has serious errors, not only in terms of altitude, but also in terms of location (wrong indication). A similar implication for tourism can be observed in the case of less prominent mountain ranges. According to the GNSS research conducted by [49], as many as five mountain peaks in the Sudetes lose the title of the highest summit in the range. Other studies highlighted the inaccuracies in lists of this kind on the example of the Europe Country High Points [45].



Apollo et al. [45] emphasised that lower and less-known summits that are popular with tourists are in urgent need of re-evaluation, especially where altitude differences can measure up to several metres. As a result of inaccurate altitude determination, tourists are misled into climbing summits that are not the highest. Overall, this has significant implications for the management and marketing of destinations when a mountain’s popularity is based upon it being the highest.



Starting from Android 7.0, the users of smartphones equipped with a satellite navigation module have access to raw code and phase GNSS measurements [50]. This enables the elaboration of recorded GNSS observations in a post-processing mode [51,52]. Since then, there have been numerous publications describing research on the accuracy and reliability of positioning with the use of mobile devices [53,54,55,56,57]. This paper describes measurements carried out in real field conditions, without the possibility of selecting measurement stations. This gives a view of the real possibilities of using smartphones as measuring instruments. The accuracy of measurements of this type corresponds to that of field robots navigation devices.



Conceptually, this paper goes halfway between a specific field study and a critical review of existing sources of mountain altitudes. It is trying to provoke a useful discussion about the need to remeasure peak altitudes. This comprehensive approach is quite unique, as previous studies focused on area studies [58], selected data sources [12,59], and analyses of a single mountain range or peak [33]. The above-mentioned papers along with other articles published in specialist journals [29] mention the necessity to undertake comprehensive studies. The present authors are aware that a different level of data generalisation often makes it impossible to compare sources for entire mountain areas, but it is possible for single and well identifiable terrain objects, such as the highest mountain peaks. Thus, it is a rare approach to include open databases, book resources, or old maps in analyses and comparisons. Such an approach gives a wide context for the occurrence of mountain peak height data in the social information space. The article presents the results of a study on the verification of heights of 14 mountain peaks using the following data sources:




	
Large-area laser scanning—point clouds, digital terrain models (DTMs),



	
Direct GNSS measurements—performed with surveying equipment and smartphones,



	
Modern national databases, global DEMs, and other databases,



	
Topographic maps and tourist guidebooks,



	
Old maps—occurring as the first source of information on the height of peaks.








The possibility of using point clouds in determining heights of the highest peaks of the Tatra Mountains have been described in detail. For this purpose, we used Polish and Slovak datasets transformed to a uniform altitude system. The research presented in this article is a continuation of the team’s research from 2019, 2020, and 2021 [49].



As a comprehensive case study, this paper consists of four sections and the Introduction. In Section 2, Materials and Methods, we describe the data sets used, the processing methods, and the study area. Section 3 focuses on the results obtained from various sources. The analyses and results obtained for point clouds and derived DEM models are described in detail. Section 4 discusses the results in the light of current knowledge. Section 5 presents conclusions and the significance of the obtained results. The paper also contains two appendices with a table summarising the height values derived from each source and height difference graphs.




2. Materials and Methods


The article discusses 33 sources of data on mountain heights. This section describes the sources used in the research. Measurement results and values derived from maps, literature, and databases are presented in the table in Appendix A. All data sources, if possible, were converted to the KRON86-NH elevation system, or data stored in this system were downloaded. GNSS measurements, Polish, and Slovak point clouds and DTM models based on them are consistent. Other data, if possible, were converted to the sea level in Kronstadt to which the KRON86-NH system refers. For example, on all used topographic maps, the heights of mountains were given in the Kronstadt system.



2.1. GNSS—Geodetic Measurements


The measurement methodology was the RTK (Real Time Kinematic) technique, as it is a fast and accurate method. When it was impossible to get a precise (fix) solution, a static measurement session was performed in field.



RTK mode was based on three independent measurements (disconnection of the receiver and reconnection with the stream of corrections) and 30-s fix solutions using corrections from the ASG-EUPOS network (asg-eupos.pl). When it was not possible to get an RTK fix solution (unfavourable distribution of reference stations or no GSM signal), a 1-h static session with a 1-s interval was performed. The obtained observations were post-processed based on the final IGS orbits in the GNSS Solutions software, using the national quasi-geoid model (PL-Geoid2011) to obtain normal heights (in the KRON86-NH system). In the case of RTK measurements, normal heights (using the same quasi-geoid model) were obtained directly in the field. The obtained heights were affected by an error of 5–10 cm. The measurement results are presented in Appendix A in column (1).




2.2. Polish ISOK


Point clouds from airborne laser scanning for the territory of Poland were obtained as part of the ISOK project (IT System for the Protection of the Country against Extraordinary Hazards, pol. Informatyczny System Osłony Kraju przed nadzwyczajnymi zagrożeniami) [60]. The assumptions of the project were related to the risk of natural disasters, mainly floods, but since 2014, data have covered the entire country, not only the areas at risk. The following accuracies for point clouds were assumed: height accuracy (mean error) of the ALS point clouds after alignment: mh ≤ 0.15 m (Standard I) and mh ≤ 0.10 m (Standard II). The horizontal accuracy is mp ≤ 0.50 m and mp ≤ 0.40 m, respectively. The permissible mean error values for standard I, in which all the measurements used in the article were conducted, are of the height accuracy mh ≤ 0.22 m and of the horizontal accuracy mp ≤ 0.75 m. Point clouds in Standard II were acquired mainly for large-city areas. The decision to cover the entire country with LiDAR measurements was of great practical and scientific importance. Point clouds and their derivatives are used in many industries and fields of science. The Head Office of Geodesy and Cartography, which is one of the institutions supervising the project, also provides DTM and DSM (digital surface model) with a resolution of 1m. The RMSE (root-mean-square error) of DTM for natural surfaces without vegetation is estimated at 0.1 m. For areas covered with vegetation, RMSE is app. 0.2 m, and in the case of dense vegetation, RMSE can reach 0.5 m. The heights from this data source are shown in Appendix A in columns (2) and (3).




2.3. Slovak LiDAR—Data Characteristics


Slovak LiDAR data are made available to the public by Geodesy, Cartography and Cadastre Authority of the Slovak Republic (Úrad geodézie, kartografie a katastra Slovenskej republiky—ÚGKK SR) and can be accessed and downloaded for free via Slovak Geoportal [61]. The territory of Slovakia is divided into 42 regions which are gradually being covered by ALS. The ALS data are then classified and processed to DMR 5.0—DTM, and, optionally, DMP 1.0—DSM, both with 1 × 1 m grid cell size. There are several criteria which need to be met by ALS products and are subject to control, e.g., point cloud density min. 5 pts/m2, absolute vertical accuracy mh ≤ 0.15 m, absolute horizontal accuracy mp ≤ 0.30 m. Furthermore, in the Ground class there can be no more than 0.5% of misclassified points per 1 km2 [62]. Data downloaded directly from the Slovak Geoportal are in S-JTSK (JTSK03) coordinate system, with heights in Baltic Vertical Datum (Bpv). The heights from this data source are shown in Appendix A in columns (4) and (5).



One region of accessible data is the area of the Tatra mountains (no. 26), with two peaks included in the present analysis—Rysy in the High Tatras and Starorobociański Wierch in the Western Tatras. The ALS flights were conducted there between 7 June 2018 and 12 September 2018 and covered the area of 959 km2 in total. The accuracy of data is 0.04 m vertically and 0.17 m horizontally, and the average density of last-return points is 30 pts/m2 [63].




2.4. Slovak LiDAR—Data Processing


In the beginning, it was necessary to download ALS datasets that covered the peaks of our interest. In the case of Rysy, these were four point clouds and, in the case of Starorobociański Wierch, there were two. The analyses were conducted in QGIS 3.10.3 with the enabled LAStools plugin. At first, the point clouds were clipped to extents created around the summits. Then, they were converted from .las to .txt format, with preserved information about classification. The datasets were loaded to QGIS as CSV files with known geometry and assigned S-JTSK coordinate system. Future comparison of Slovak and Polish data required height transformation from Bpv to KRON86-NH. This was a three-stage procedure. Two .gtx raster files provided by ÚGKK SR [64], representing the differences in height between Bpv and ETRS 89, and ETRS 89 and EVRF2007 were used. The value from the first raster was added to the height in Bpv and then the value from the second raster was subtracted from the previous output. The last stage of this operation was transforming the heights to the final system—KRON86-NH. This was done by subtracting an appropriate difference value, in accordance with the data presented on the website of the Polish Geoportal (Height difference model) [65]. Next, the point clouds were transformed into PL-1992 coordinate system. The data sets prepared in such a way were then ready for further analyses and comparisons.




2.5. Smartphones GNSS Measurements


At selected peaks, GNSS measurements were carried out using the Xiaomi Mi 8 smartphone, equipped with a Broadcom BCM47755 chipset. The measurement results are presented in Appendix A, in column (6). This receiver enables code and phase measurements of GPS, GLONASS, Galileo, and Beidou satellite systems. The observations were recorded in sessions of several tens of minutes length, with a one-second recording interval. The measurement data were stored in the smartphone’s memory using the Geo++ RINEX Logger program [66] in the RINEX—Receiver Independent Exchange Format. The observations were post-processed using the RTKLib software [67]. The peak heights were determined based on the static sessions calculations in relation to the closest permanent stations of the EPN—EUREF GNSS Permanent Network. The calculated ellipsoidal heights were transformed to the KRON86_NH reference system, using the height anomaly from the PL-geoid-2011 quasi-geoid model.




2.6. Global DEMs, Databases, and Internet Sources


This group of sources includes both global and local data sources. One of the global data sources is SRTM [68]. The nearly global elevation model is derived from a satellite mission using a radar interferometer. Depending on the latitude and terrain, the error in determining the height may vary from a few to several metres. Another global DEM model analysed in this paper is the Copernicus DEM 30m (GLO_30) [69]. The model is provided in Horizontal Coordinate Reference System WGS84-G1150 and Vertical Coordinate Reference System EGM2008. The Absolute Vertical Accuracy for this model does not exceed 4 m (at 90% linear error). The model is made available by the European Space Agency. A more accurate DEM model (10 m) is also provided by ESA (EEA-10), but as it is available commercially or to selected user groups only, it was not used in the analyses. Due to its smaller terrain pixel, it can be assumed that the height differences would be smaller for it, despite the same Absolute Vertical Accuracy reported by the provider. In order to be able to compare the height values the data have been referenced to the sea level in Kronstadt. One of the data sources was also the height model used in the Google Earth application. The SRTM model and heights in Google Earth have the same horizontal and vertical reference: WGS-84 and EGM96. The heights were recalculated so that they could be compared with the heights given in the KRON86-NH. It should be noted that due to the extraction of height values from global DEM models with the accuracy of 1 m, the impact of using different height systems was visible only for the Tatra peaks. Global data sources also include open databases: OpenStreetMap (OSM) and WikiData. Both databases, due to their nature (the ability to edit content by the users), are not treated as a source of primary data. The WikiData database is interesting due to the possibility of applying annotations to the entered heights. Due to their common use, both data sources should be included in the description of data sources used by the society. There is no single vertical reference adopted in both data sources, the users can provide values referenced to any system. For OSM, EGM96 is recommended, and the altitude in the Wikidata database can be given along with information about the vertical system used (for none of the peaks discussed in the article this information was given).



The official national GIS database for Poland is the State Register of Geographical Names, and for Slovakia, the ZBGIS database. The Polish database collects information on localities and physiographic objects, which also include mountain peaks [70]. In the first version of the database, the information on the height of the peaks was entered in the comments (in 2016). Currently, the Head Office of Geodesy and Cartography, which runs the database, recommends using the network service to determine the height available at: http://services.gugik.gov.pl/nmt/ (accessed on 15 July 2021). The service allows one to determine heights using DEM from the ISOK project. Heights in the service and in the PRNG database are in the PL-KRON86-NH system. In the PRNG database, there are official locations of the highest points of the mountains, and in the web service one can check the heights of these points. The article uses the old version of the database and its current version using the web service. The Slovak ZBGIS is the official database for the geographic information system and contains information on mountain heights [71]. The database has the same elevation system as the Slovak LiDAR data discussed in previous subsections. As peak heights in ZB-GIS are given as rounded integers, the height conversion did not affect the given values. The heights from this data source are shown in Appendix A in columns (7)–(14).




2.7. Polish Civil and Military Topographic Maps


A large group of sources used in the research are civilian and military topographic maps. The heights from these data sources are shown in Appendix A in columns (15)–(22). The following series were used from the Polish topographic maps:




	
1:10,000 in the PUWG 1965 coordinate system (10k 65)—civilian, (The abbreviation of the map series used in Appendix A is given in brackets)



	
1:10,000 in the PL-1992 (10k 92)—civilian,



	
1:25,000 in the PUWG 1965 (25k 65)—civilian,



	
1:50,000 in the PUWG 1965 (50k 65)—civilian,



	
1:50,000 in the PL-1992 (50k 92)—civilian,



	
1:50,000 in the UTM (50k WP)—military,



	
1:50,000 in the PUWG 1942 (50k LWP)—military,



	
1:100,000 in the PUWG 1942 (100k LWP)—military-civilian.








Civilian and military topographic maps from 1945–1989 (the period of the Polish People’s Republic) were created mainly on the basis of a topographic survey of the country made in the scale of 1:10,000 in the years 1955–1970 [72]. These surveys were taken in the 1942 PUWG coordinate system, and then in the 1965 system. The earliest sheets were additionally updated until 1981. The civil service covered about 85% of Poland’s territory, and the military service its remaining parts. Directly on the basis of the topographic photos, maps in the scale of 1:10,000 were created in the PUWG 1965 (10k 65) system. The development of the maps was completed in 1981, and their update was carried out in the years 1982–1991. Simultaneously with the work on the civilian map 1:10,000 in the years 1977–1992, maps 1:25,000 (25k 65) and 1:50,000 (50k 65) were developed. Depending on the sheet, the maps are valid for the 1970s, 1980s, and 1990s.



From the beginning of the 1990s, new standards for topographic maps were developed. As a result of the work, from 1994, topographic maps were published in the PL-1992 system in the scale of 1:10,000 (10k 92) and 1:50,000 (50k 92). The map in the scale of 1: 50,000 has been developed by 2005, reaching the coverage of approximately 50% of the country’s area. The 1:10,000 map was issued continuously and as a derivative of the first modern topographic database since 2003. When publishing maps, their content was updated.



Military topographic maps in the scale of 1:50,000 in the PUWG 1942 coordinate system (50k LWP) (common for the entire Warsaw Pact) were created simultaneously with civil maps and were based on topographic photos in the scale of 1:10,000. Their validity dates back to the 1970s and 1980s. Even before Poland joined NATO, works began on the development of 1:50,000 topographic maps (50k WP) adapted to the NATO standard. The UTM grid was applied to the already developed maps, and from 1998 the maps were made directly in the UTM system. In the case of updating the spreadsheet, the content was updated for the 1990s and 2000s. The last series of Polish topographic maps is a series of maps in the scale of 1:100,000 (100k LWP), developed by the military service on the basis of military maps, but with additional civil tourist content. This makes these maps interesting in the light of the research area discussed in this article. These maps are valid for the 1980s and 1990s. All Polish and Slovak topographic maps have altitudes given in relation to the sea level in the Kronstadt system.




2.8. Slovak Civil and Military Topographic Maps


In 1953, a topographic mapping of the Czechoslovak Republic (SK TM 25) was initiated. As a basic method, regarding efficiency and accuracy, the universal photogrammetric method was used, which mapped almost 70% of the entire territory of the Czechoslovak Republic. Additionally, the method of revision of previous measurements, the combined method (photoplan, measuring table), and the marginal table method were used. To fulfil the tasks and goals of the mapping, all significant geodetic, topographic, and cartographic capacities from the military and partly also the civilian sector were concentrated (approximately 20%). A new mapping of the whole territory was completed in a record short time, also on a European scale, in 1957 [73]. Military topographic maps (SK TM 25) were updated in the 1990s of the 20th century, here cited as RETM_25 (SK RETM 25) and RETM_50 (SK RETM 50). These are raster equivalents of the topographic map at 1:25,000 scale (resp. 1:50,000) [74]. The heights from this data source are shown in Appendix A in columns (23), (24), and (25).




2.9. Books and Small-Scale Map Sources


The article also analyses the peak heights given in books and maps covering and describing the entire Polish Carpathians [75,76,77]. The heights from this data source are shown in Appendix A in columns (26)–(28). The heights given in these sources are secondary to topographic maps and other tourist maps. Due to the year of publication of the books and maps, the altitude data used there probably referred to the sea level in the Kronstadt system.




2.10. Old Maps


Old maps constituted the last group of sources used in the article. The heights from this data source are shown in Appendix A in columns (29)–(33). The area of the Carpathians on the border between Poland and Slovakia was in the Austrian Empire before the World War I. Two series of maps used in the research come from this period. The Second Military Survey of the Habsburg Empire (II_MS), “Galicia and Bucovina” part, was carried out in the years 1861–1864. This series of maps contains 413 sheets and was developed by a total of 7 supervising directors, 44 surveyors and drafters, and 10 description writers [78]. Such a large number of contractors contributed to the differences between the sheets visible on their borders and in the labels on the map. Heights and distances on press studs were reported in Viennese fathoms [79] (1 Viennese fathoms = 1.896 483 840 m). The maps were developed based on triangulation measurements. The redaction of the maps used cadastral maps in a 1:2880 scale and derived scales [17]. The Second Military Survey of the Habsburg Empire provided a model for all subsequent topographic maps compiled in the area, including the Carpathian Mountains. The Third Military Survey (III_MS) (1875–1884) was carried out using geodetic-astronomical measurements at the basic reference point Hermannskögel (near Vienna). These measurements, despite their errors corresponding to the state of measurement technology of their time and the measurement techniques used, were also used in the creation of the Unified Trigonometric Cadastral Network (JTSK) Ing. Josef Křovák (1884–1951) in the 1920s and 1930s, and in the form of cadastral maps are still used today [80]. Unfortunately, the original map sheets of the third military mapping of Slovakia were destroyed during the World War II [81] and only black-and-white copies have been preserved to the present day, the readability and clarity of which is further reduced by an inappropriate combination of height hatches and contour lines.



Another source for our work was maps of the Fourth Military Survey (IV_MS), which was carried out in Slovakia in the years 1896–1897 in the High Tatras. The preserved double sheet map is also unique in that the methods of ground photogrammetry were used for the first time during the mapping. The war events of the World War I and the subsequent disintegration of the Austro-Hungarian monarchy prevented further mapping. In 1931, a double sheet map of the High Tatras from the so-called Fourth Military Survey was updated [74].



The article also derived the peak heights from 1:100,000 maps prepared by the Military Geographical Institute (WIG_100) [82]. This map series is considered to be the pinnacle of Polish cartography of the interwar period. The maps in the scale of 1:100,000 were developed in the “Borowa Góra” layout and a quasi-stereographic projection of the WIG. The maps were rich in content and geometrically correct. At the beginning of their development, these maps were based on the Third Military Survey of the Habsburg Empire, and over the years they were updated with new measurements. The reference level for altitude was the mean North Sea level in Amsterdam [72]. The last series of maps discussed in the article were non-urban maps “Karte des Deutschen Reichs 1:100,000—Grossblätter” from 1940–1941, mostly based on Polish WIG maps and supplemented with new measurements (GROSSBLÄTTER).



What is more, the altitude measurements made for old maps used different reference levels which include the sea level in Amsterdam for WIG_100 and GROSSBLÄTTER maps (about 18 cm below the sea level in the Kronstadt system for the analysed area of the Polish Carpathians) and the Trieste sea level (about 34 cm below the Amsterdam sea level) for II_MS, II_MS and IV_MS map series. It was decided not to modify height data given on old maps due to their unequal accuracy, and small influence of different reference levels on height differences (for Austrian maps about −0.5 m in relation to the sea level in the Kronstadt system).




2.11. Study Area


The research area covers 14 mountain ranges of the Polish Carpathians (Figure 1). These areas were designated taking into account the traditional division into mountain ranges (used, inter alia, in qualified tourism [83,84]) and taking into account the division into physico-geographical mesoregions (Table 1) [85]. The Carpathians are one of the highest mountain ranges in this part of the world. The state border between Poland and Slovakia runs through the Carpathian area and is 541 km long. Thanks to this, it was possible to analyse data sources from two countries. In small fragments, the border between Poland and Ukraine, as well as Poland and the Czech Republic, also runs through the Carpathian area. The Carpathians are not a single mountain range, but rather a series of adjoining and distinguishable mountain ranges. The Carpathian peaks, unlike the Alps, rarely reach the height of more than 2500 m. Researchers have studied the Carpathians from the beginning of science, which is related not only to their natural wealth [86], topography [87], but also constant changes in land use [88].



The peaks analysed in the article are mostly located in protected areas: five peaks are located in national parks or their buffer zones, another five peaks are located in landscape parks or their buffer zones; three peaks are also located in nature reserves. Only three peaks (Jaworniki, Lackowa and Lubomir) are not located in a protected area. Eight peaks are covered with forest, the rest are in open space. Some of the peaks are very popular tourist destinations (Rysy, Babia Góra), and others are not widely known (especially Jaworniki in the Sanocko-Turczańskie Mts).





3. Results


3.1. GNSS—Geodetic


The results of GNSS geodetic measurements in the article were treated as reference for other data sources. GNSS surveying has the smallest error of all the sources and methods used. The differences in height, visible in the graphs in Appendix B, were calculated according to the Formula (1):


dHi = Hi − HGNSS,



(1)




where:



HGNSS—height from GNSS surveying—Appendix A, column (1),



Hi—height measured with a given method or derived from a given source—Appendix A, columns (2)–(33).




3.2. Slovak LiDAR—Analyses


The analysis of Slovak LiDAR was performed in relation to the Polish LiDAR data and was conducted for two peaks—Rysy and Starorobociański Wierch, due to the Slovak data extent. The first step of the analysis covered determining the highest points classified as Ground in all .las datasets. For Rysy, it was necessary to limit the results to the boundaries of Poland (the Slovak peak of Rysy is higher). The highest point of Starorobociański Wierch is also located on the territory of Slovakia; however, this is a single peak expanding from Poland. The highest Ground points for particular datasets are summarised in Table 2. The digits in the names correspond to the four last digits of downloaded datasets. The location of points is presented in Figure 2, in relation to the location of summits derived from the OpenStreetMap database.



The outcomes of this analysis show high consistency between different .las datasets covering the same region. For Rysy. There is one outlier, differing by more than 20 cm from other values, which is probably a misclassification error, as the summit is a popular hiking destination among tourists during summer season. In other cases, the differences among the highest Ground points did not exceed 1 cm. The highest point in the vicinity of Rysy (LAS 0351) and a probable misclassification error (LAS 1416) were presented in CloudCompare (Figure 3)



In order to further examine the point clouds, their density was calculated in LAStools. Then, the classes of points within a radius of 1 m from the OSM summit were analysed (for Rysy the results were limited to the points located in Poland). Finally, distances between the highest point in each class and the OSM summit were calculated (Table 3).



The results for the single points and the DTM models are also presented in Appendix A and in Figure A1 in Appendix B.



The results suggest that during the ALS flights there were people or their equipment on the summit (unclassified points). LAS 1788 dataset seems to be the least affected by this factor, as there is only one unclassified point and there are no outliers. Several mistakes can be seen in LAS 0351 dataset, as there is no vegetation at all at the peak of Rysy. After these analyses, the point clouds covering the same location were merged in order to make comparisons with the Polish datasets. The final density of last-return points in the merged point clouds was 35.97 pts/m2 for Rysy and 16.29 pts/m2 for Starorobociański Wierch.




3.3. Polish LiDAR—Analyses


Polish LiDAR data were downloaded for free from the national Geoportal [65] in PL-1992 coordinate system, with KRON86-NH heights. These were two sections (one for Rysy and one for Starorobociański Wierch) which then were clipped to the same extent as Slovak data sets. Next, the point clouds were converted to .txt format and loaded to QGIS 3.10.3 as a CSV layer with known geometry. Then, the highest points classified as Ground in the area of Rysy and Starorobociański Wierch were detected (Table 4). For Starorobociański Wierch there are two values because the highest one did not correspond well to the location of the peak derived from OSM and Slovak datasets, hence it is believed to be an error.



Next, the density of point clouds in clipped extents was calculated and the analysis of points within a radius of 1 m from the peak was conducted (Table 5). RGB colour was read from the datasets to eliminate potentially misclassified points, with colours which do not appear naturally in high mountains. Such a situation was not identified, all detected Ground points were in grey shades.



The results for the single points and the DTM models are also presented in Appendix A and in Figure A1 in Appendix B.




3.4. Slovak and Polish LiDAR—Comparison


The comparison of Slovak and Polish datasets was divided into two parts—numerical and visual. The numerical comparison involved such factors as: point cloud density, analysis of the highest Ground points in the vicinity of the peak, their location (Table 6).



As can be seen in the tables, for Rysy, the highest Ground point was 2499.33 in the Slovak data set and 2500.01 in the Polish data set, which makes a difference of almost 0.7 m. This is significant, especially because Rysy is the highest mountain in Poland. Slovak data seem to be more reliable in this case, as there were four separate Slovak point clouds available for this region, and on none of them such a value was detected. Furthermore, the density of a merged Slovak point cloud is almost six times higher than in the case of Polish ALS data (SK—35.97 pts/m2, PL—6.95 pts/m2). The value in the Polish dataset is believed to be a misclassified point corresponding to tourist equipment laying at the peak. For Starorobociański Wierch the results are similar, varying only by 0.09 m, and this value is lower than vertical accuracy of the analysed datasets. In this case, the Slovak point cloud is two times denser than the Polish one.



The visual part of comparison was performed in CloudCompare. First, the point clouds for both peaks (Rysy—Figure 4, Starorobociański Wierch—Figure 5) were displayed separately and the highest Ground points were identified. This was done both with only Ground class displayed (Figure 4a and Figure 5a) and with all point cloud classes displayed (Figure 4b and Figure 5b). Then, the points representing Ground class in Polish and Slovak datasets were displayed together (Figure 4c and Figure 5c).



As can be seen in the visual part of comparison, the point clouds from Poland and Slovakia are coincident. This was also checked in CloudCompare in cloud-to-cloud module. The mean distance between all points for Rysy is 0.13 m and for Starorobociański Wierch—0.25 m. In the visual analysis, the higher density of Slovak data is clearly visible. In the case of Rysy, it seems that the lower density of the Polish data affected the process of classification as the structure of ground is difficult to identify. Furthermore, especially in Slovak datasets, it is visible that the presence of people at the summit during scanning flights may affect classification process: some important points might not be included and some of them may be misclassified. This statement can be further supported by the photo of the summit during summer season (Figure 6).



In the case of Starorobociański Wierch, significant differences can be seen in classification. The Polish point cloud contains much more points not classified as Ground—mostly as Low vegetation while the corresponding points in the Slovak dataset are classified as Ground. The terrain at the peak is various—with rocks, bare land, and grass, which makes the process of classification more difficult and may result in errors.




3.5. Smartphone GNSS Measurements


Smartphone GNSS measurements were carried out on eight peaks. Normal heights HS calculated for the mountain peaks and their deviations dHS from the height values determined by RTK (or static) method are shown in Table 7.



Due to the low quality of phase observations, float solutions were obtained for all calculated GNSS vectors. In the case of smartphone phase measurements, the obtained accuracy of height determination can be considered promising but does not allow the use of mobile phones as target devices in this type of measurement. The results for the single points and the DTM models are also presented in Appendix A and in Figure A1 in Appendix B.




3.6. Global DEMs, Databases, and Internet Sources


The results for the single points and the DTM models are also presented in Appendix A and in Figure A2 and Figure A3 in Appendix B. The mountain peak heights recorded in the PRNG database in 2016 came mainly from other data sources, including topographic maps. Therefore, similar values of differences can be seen within several series of topographic maps (compare, for example, Radziejowa and Turbacz). Comparing the positions of the peaks in PRNG with the network service provided by the Head Office of Geodesy and Cartography gave negative values of differences for all peaks. This is confirmed by the fact that the point representing the peak in the PRNG database is not located at its maximum height. This relationship is especially visible for Wysoka Skała in the Pieniny Mountains (−13.4 m). The heights of the peaks included in the Slovak ZBGIS database vary from about 1 metre to several metres. Interestingly, the largest negative value of difference was recorded for Starorobociański Wierch, which has an exposed peak without vegetation, with its maximum on the Slovak side of the border. For Internet data sources (OpenStreetMap and Wikidata), the differences in height of the peaks reach absolute values of about 2 and over 2 m. Only for some peaks (Tarnica and Turbacz), the differences do not exceed 1 m in both sources.



The results for sources using global data models SRTM and Google Earth clearly show that the peak heights are underestimated. This is due to the need to cover the entire Earth with one algorithm. The smallest differences and positive values of differences can be observed in the GLO_30. This is probably due to the fact that the model is constantly being improved. This paper uses the version published in 2021. For 6 of the 14 peaks, the height differences are larger than 4 m. Compared to other global DEM models, the difference values are both positive and negative. The biggest differences are in the model used in Google Earth because it is used mainly for data visualisation.




3.7. Civilian and Military Topographic Maps (Polish and Slovak)


The results for these data sources are presented in Appendix A and in Figure A4 and Figure A5 in Appendix B. An interesting source of data are topographic maps in which several regularities can be observed. First of all, one can see the duplication of heights in different series of maps (e.g., for Turbacz, Radziejowa, Mogielica). One can also see the use of the same heights for border peaks for Poland and Slovakia in some series of maps (e.g., for Wysoka Skała, Babia Góra). This dependence is also visible in the SK RETM 50 map, the sheets of which extend further into the depths of Poland, and Polish topographic maps were used on them (e.g., for Radziejowa). One can also see that the series of 1:50,000 maps in the PL-1992 coordinate system from the 90s and 2000s has the smallest difference values. Unfortunately, this map series did not cover the entire study area. An interesting relationship can also be observed when looking at the height differences for Radziejowa. For this peak, from a certain point (map update in the 1980s), the altitude difference drops from over 4 m to −0.3 m. This shows that the map content was updated, including the update of peak heights. Interestingly, in the latest series of 1:50,000 military maps, the wrong height appears again, which in turn proves that many data sources, including those that are already out of date, are used in their creation.




3.8. Books and Small-Scale Map Sources


The results for these data sources are presented in Appendix A and in Figure A6 in Appendix B. Book data sources are characterised by fluctuating peak height differences. It can be seen that these sources are secondary to topographic maps. It can also be noticed that the authors used many data sources when creating them. The smallest values of differences (with the exception of Lubomir) can be noted for the book “Góry Polski” from 2006. Although it is not the most recent study, most of the differences in height do not exceed 1 m.




3.9. Old Maps


The results for these data sources are presented in Appendix A and in Figure A7 in Appendix B. When analysing the differences in height for old maps, attention should be paid to the surprisingly (regarding the possibilities and techniques of that time) exact determination of heights of the peaks in the Third Military Survey of the Habsburg Empire. Some heights in the Second Military Survey were also determined accurately, but this should be considered a lucky coincidence rather than a regularity (given the errors for Turbacz and Lackowa). Maps of the interwar period and German maps from the World War II show the heights of the peaks for which the absolute values of differences usually do not exceed 5 metres (with a few exceptions, including Czupel, which was incorrectly marked on the map). It is a considerable surprise that peaks are included on the old maps that are now less known (e.g., Jaworniki), for which the heights are not always given, even on topographic maps older than 100 years.





4. Discussion


This paper presents a unique comparative study of 33 altitude data sources and its comprehensive analysis. The heights of 14 mountain peaks were analysed with reference to the authors’ own GNSS geodetic measurements. The analysis was performed within various group of data sources. The most important ones were Polish and Slovak ALS point clouds and DTM models developed on their basis, and GNSS measurements conducted with smartphones. The analysis of point clouds is unique because of the in-depth description of points, potentially representing the highest point of mountain peak. For LiDAR data, de facto multiple points were analysed in contrast to other sources, for which these were mostly single values. The analysis of so many types of data sources, including historical ones, gives a broad view of their possible different applications. Topographic maps, global DEM models, and official or open databases can provide a valuable background for more accurate sources, which highlights their importance.



Analyses of Slovak and Polish LiDAR datasets show that although the data sets are consistent, differences in height are visible. Especially for the peak of Rysy, the Polish point cloud seems to be less reliable due to probable misclassification errors regarding a relatively low density of data, which is further supported by the visual analysis. Based on the results obtained for the peaks, it can be stated that the correct point classification is of key importance in terms of retrieving mountain height values. Classification is a highly demanding process, especially in tourist areas, where the presence of people might affect LiDAR data acquisition, as it was presented for the peak of Rysy.



As has been repeatedly noted in the literature, large-area LiDAR scanning can be used to obtain information about the height of field objects [60]. However, research to date has not focused on comparing point clouds for the purposes of determining the maximum height of mountain peaks. Moreover, LiDAR scanning technology used without an in-depth analysis may lead to erroneous conclusions. In 2020, new heights of the Tatra peaks were announced, retrieved from LiDAR point clouds from the ISOK project [89]. These heights were used in new Tatra maps. The authors of the aforementioned study did not conduct an in-depth analysis of point clouds. The analysis of the heights of point clouds at the top of Rysy presented in our article proves that in such specific conditions (high tourist traffic, rocks, steep slopes), using the point cloud with a density of 7 pts/m2 is not sufficient. For the majority of peaks, the heights read from the point cloud were underestimated, which was caused by missing the LiDAR point at the highest point of the terrain. Positive values of height differences, up to 0.5 m, occur for peaks covered with high vegetation (Czupel); with tourist infrastructure, such as barriers, boards, etc. (Wysoka Skała); and with high tourist traffic (Rysy). The values of DTM heights in comparison to point clouds are smaller for individual peaks, and it can be noticed that the height decrease is greater for the peaks with positive difference values (Rysy, Czupel) than for the negative ones. This proves the minimisation of the impact of misclassified points on DTM values.



Currently, the accuracy and reliability of GNSS measurements conducted with smartphones is at the decimetre level. However, it should be noted that the use of raw GNSS measurements allows for the use of differential methods, or solutions in the PPP—Precise Point Positioning mode [52,90]. This leads to a significant increase in the accuracy of measurements compared to the methods previously used in positioning with smartphones. These methods were based on the use of an autonomous position calculated by the GNSS chipset software. This allowed for the accuracy of a few to several metres. In this study, the accuracy of determining heights of mountain peaks was obtained at the level of several decimetres (Appendix A column (6)). Such accuracy can be considered adequate to carry out a preliminary measurement, which will help to identify peaks, the height of which is significantly different from that shown in studied sources.



As for the other data sources, it should be stated that even the most recent of them do not allow for their collective application for the correct identification of the height of mountain peaks. It should be noted that the data sources described and analysed in the article are at different levels of generalisation. Drawing far-reaching conclusions about the quality of whole models based solely on the results presented in the article may lead to erroneous findings. Thus, the comparison with geodetic GNSS measurements was made to illustrate height differences with the most accurate data source. We were particularly interested in comparing other data sources in groups: topographic maps, global DEM models, databases, historical maps, etc. The conclusions that we draw are related only to the height information recorded in the individual sources, and do not refer to the quality of entire sources.



Global models usually present lower heights and the differences amount to several dozen metres. A known fact from the literature is that the absolute vertical accuracy of the SRTM model varies from a few to several metres, depending on the terrain cover [91]. This was also confirmed by this study. It should be noted, however, that there is no simple relationship between, terrain coverage and the height differences for selected models. Considering the height differences (shown in the figures), the Copernicus DEM 30 m model is considered as the best one of global models presented in this paper.



Currently available topographic maps are much more accurate in terms of the heights of the peaks, which is important because topographic maps are the source maps for tourist maps. However, their content should be approached critically, due to the possible duplication of erroneous values. The analysis of 11 series of Polish and Slovak topographic maps conducted in this paper clearly illustrated the problem of duplication of measurement errors on topographic maps. Thanks to the joint compilation of the results, the variation of height errors is also visible. For example, the height given for Turbacz is the height of an obelisk (triangulation point) located at the top. Differences smaller than one metre may result from the applied calculation methods and/or adapted rounding.



Even official databases contain peak heights with incorrect values. Thanks to including in the article less reliable data sources (open databases: OSM and Wikidata), an interesting fact could be observed—some peaks in such data sources may contain more accurate values than these presented on topographic maps or stored in other official databases. Old maps are an interesting source of data on peak heights. They give a picture of changes in measurement techniques and can be surprisingly accurate.




5. Conclusions


Although LiDAR data may potentially reflect terrain relief very well, it is hard to treat them as referential, with no background knowledge and other control analyses. ALS data may be affected by numerous factors, which may result in errors in final outcomes. These are, for example, people or other equipment in the scanning area, misclassification during data processing, low point cloud density, etc. One should always bear in mind that some summits might be covered with vegetation, which also results in higher vertical errors. We believe this method should not be used without a prior in-depth analysis of data sets, and to ensure the highest accuracy, it should be accompanied by direct measurements. However, point clouds may undeniably serve as valuable data sources, especially in times when numerous countries make these data freely accessible.



Due to the portability of smartphones, their use in mountainous conditions would be particularly beneficial. However, at present, the quality of smartphone GNSS phase measurement is insufficient to obtain high accuracy in height determination. Accuracies currently obtained are at the level of decimetres. Such accuracy allows for the use of smartphones only for the initial identification of mountain peaks, the height of which significantly differs from that indicated in the verified sources.



Summarising the research presented in the article, it should be stated that large-area LiDAR scanning and DTM models can be used in the updating of mountain peaks altitude. For particularly important peaks, such as the highest one in a given mountain range or the entire country, it is necessary to use additional GNSS geodetic measurements. Smartphone-based GNSS measurements can be used to detect gross errors in existing data sources.



The results presented in the article show that DTM models and point clouds from ALS can be used in horizontal positioning. Vertical coordinates are affected by errors depending on many factors, but also on the specificity of the mountain peak. The example of Rysy shows that even advanced classification algorithms can be unreliable in the case of peaks with increased tourist traffic. Other data sources may only be used to a limited extent. Due to the specificity of land cover, accurate GNSS surveys are still not available in many places, limiting their potential exploration by professional service robots, including field robots and personal service robots.



Future research should focus on all mountain ranges all around the globe. There are possibly other cartographic misrepresentations and inaccuracies in scores of popular peaks around the globe and rectifying erroneous information like this is vital to any mountain-focused science.
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Table A1. The peak heights in each data source. The sources are discussed and described in Section 3.
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	No
	Summit
	GNSSMeasurement
	ISOK PL Point Cloud
	ISOK PL DTM
	SK Point Cloud
	SK DTM
	GNSS Smartphone
	SRTM
	GLO_30
	



	
	
	(1)
	(2)
	(3)
	(4)
	(5)
	(6)
	(7)
	(8)
	



	1
	Rysy
	2499.0
	2500.01
	2499.38
	2499.53
	2499.13
	
	
	2469
	



	2
	Starorobociański Wierch
	2175.7
	2175.83
	2175.80
	2175.87
	2174.63
	
	2152
	2169
	



	3
	Babia Góra
	1723.6
	1723.64
	1723.59
	
	
	1723.80
	1713
	1721
	



	4
	Tarnica
	1346.1
	1345.74
	1345.72
	
	
	
	1334
	1344
	



	5
	Turbacz
	1309.9
	1309.78
	1309.77
	
	
	1309.80
	1305
	1312
	



	6
	Radziejowa
	1262.1
	1261.89
	1261.88
	
	
	1261.60
	1259
	1269
	



	7
	Skrzyczne
	1258.1
	1256.81
	1256.75
	
	
	
	1249
	1255
	



	8
	Wielka Racza
	1236.0
	1236.09
	1236.04
	
	
	
	1229
	1235
	



	9
	Mogielica
	1171.9
	1170.37
	1170.35
	
	
	1171.40
	1162
	1174
	



	10
	Wysoka Skała
	1049.3
	1049.62
	1049.26
	
	
	1049.50
	1020
	1039
	



	11
	Lackowa
	997.9
	996.82
	996.77
	
	
	998.30
	991
	1004
	



	12
	Czupel
	930.7
	931.16
	931.05
	
	
	930.70
	932
	931
	



	13
	Jaworniki
	909.2
	908.36
	908.32
	
	
	
	907
	915
	



	14
	Lubomir
	903.6
	902.51
	902.49
	
	
	903.90
	899
	908
	



	No
	Summit
	Google Earth
	PRNG 2016
	PNRG 2020 NMT Service
	Open Street Map
	Wikidata
	SK ZBGIS
	10k 65
	10k 92
	



	
	
	(9)
	(10)
	(11)
	(12)
	(13)
	(14)
	(15)
	(16)
	



	1
	Rysy
	2452
	2499.1
	2497.7
	2499
	2499
	2500
	2499.1
	2499.1
	



	2
	Starorobociański Wierch
	2150
	2175.6
	2174.4
	2176
	2173
	2172
	2175.6
	2175.6
	



	3
	Babia Góra
	1711
	
	1723.1
	1722.9
	1725
	1725
	1722.9
	
	



	4
	Tarnica
	1330
	1346.2
	1345.3
	1346.2
	1346
	
	1346.2
	
	



	5
	Turbacz
	1311
	1314.7
	1309.6
	1310
	1310
	
	1314.7
	
	



	6
	Radziejowa
	1256
	1266.5
	1261.7
	1266
	1262
	
	1266.5
	
	



	7
	Skrzyczne
	1252
	1257.0
	1256.6
	1257
	1257
	
	1257
	
	



	8
	Wielka Racza
	1226
	1236.0
	1235.3
	1236
	1236
	1234
	1235.8
	
	



	9
	Mogielica
	1168
	
	1170.1
	1171
	1171
	
	1170.2
	
	



	10
	Wysoka Skała
	1016
	
	1035.9
	1050
	1050
	1050
	1049.9
	
	



	11
	Lackowa
	989
	997.1
	996.5
	997
	997
	997
	997.1
	
	



	12
	Czupel
	931
	933.0
	930.5
	933
	
	
	930.2
	
	



	13
	Jaworniki
	906
	908.5
	908.1
	908.5
	
	
	908.5
	
	



	14
	Lubomir
	898
	904.2
	901.2
	904
	
	
	904.2
	904.2
	



	No
	Summit
	25k 65
	50k 65
	50k 92
	50k WP
	50k LWP
	100k LWP
	SK TM 25
	SK RETM 25
	



	
	
	(17)
	(18)
	(19)
	(20)
	(21)
	(22)
	(23)
	(24)
	



	1
	Rysy
	2499.1
	2499.1
	2499.1
	2499.6
	2499.1
	2499.1
	2498.4
	2499.6
	



	2
	Starorobociański Wierch
	2175.6
	2175.6
	2175.6
	2175.6
	2172.7
	2175.6
	2172.4
	2172.7
	



	3
	Babia Góra
	1722.8
	1722.9
	1723.4
	1723.4
	1722.9
	1722.9
	1724.8
	1722.9
	



	4
	Tarnica
	1346.2
	
	
	1346.2
	1346.2
	1346.2
	
	
	



	5
	Turbacz
	1314.7
	
	
	1314.7
	1314.7
	1314.7
	
	
	



	6
	Radziejowa
	1266.5
	1261.8
	
	1266.5
	1261.8
	1261.8
	
	
	



	7
	Skrzyczne
	1257
	1257
	1257
	1257
	1257
	1257
	
	
	



	8
	Wielka Racza
	1235.8
	1235.8
	1235.8
	1235.8
	1235.8
	1235.8
	1235.8
	1236.1
	



	9
	Mogielica
	1170.1
	
	
	1170.2
	1170.2
	1170.1
	
	
	



	10
	Wysoka Skała
	1049.9
	
	
	1050
	1049.9
	1049.9
	1050.1
	1049.8
	



	11
	Lackowa
	997.1
	
	
	997
	997
	997.1
	997
	996.4
	



	12
	Czupel
	930.2
	
	
	930.2
	930.2
	898.8
	
	
	



	13
	Jaworniki
	908.5
	
	
	908.5
	908.5
	908.5
	
	
	



	14
	Lubomir
	904.2
	904.2
	
	904.2
	904.2
	904.2
	
	
	



	No
	Summit
	SK RETM 50
	Encyklopedia Polskich Karpat
	Góry Polski
	Karpaty: Mapa Wakacyjna
	II_MS
	III_MS
	IV_MS
	WIG_100
	GROSSBLÄTTER



	
	
	(25)
	(26)
	(27)
	(28)
	(29)
	(30)
	(31)
	(32)
	(33)



	1
	Rysy
	2499.6
	2502
	2499
	2499
	
	2508
	2503
	2499.2
	



	2
	Starorobociański Wierch
	2172.7
	2176
	2176
	
	
	2170.6
	
	2175.6
	



	3
	Babia Góra
	1722.9
	1725
	1725
	1725
	1721.7
	1724.6
	
	1724.6
	1724.6



	4
	Tarnica
	1346.2
	1346
	1346
	1346
	1328.2
	1348
	
	1348
	1348



	5
	Turbacz
	
	1310
	1310
	1310
	1065.5
	1310.7
	
	1310.7
	1316.7



	6
	Radziejowa
	1261.8
	1266
	1262
	1262
	1266.3
	1265
	
	1265
	1265



	7
	Skrzyczne
	
	1257
	1257
	1257
	1249.7
	1250.2
	
	1250
	1250



	8
	Wielka Racza
	1236.1
	
	1236
	1236
	1233.7
	1236
	
	1236
	1235



	9
	Mogielica
	
	1170
	1171
	1179
	1169
	1170.8
	
	1170.8
	1170.8



	10
	Wysoka Skała
	1049.8
	1050
	1050
	
	1048
	1051.8
	
	1052
	1052



	11
	Lackowa
	996.4
	997
	997
	997
	1048.2
	999.5
	
	1001
	1000.6



	12
	Czupel
	
	933
	933
	933
	
	933
	
	903
	933



	13
	Jaworniki
	
	
	
	
	903.2
	910.3
	
	910
	910



	14
	Lubomir
	
	904
	912
	904
	883.3

(921.2)
	912 ?
	
	912
	912









Appendix B


Peak height differences for data sources.
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Figure A1. Height difference with GNSS surveying for point clouds, DTM models, and smartphone GNSS survey. Source: authors. 
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Figure A2. Height difference with GNSS surveying for Global DEMs, databases, and Internet sources (part 1). Source: authors. 
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Figure A3. Height difference with GNSS surveying for Global DEMs, databases, and Internet sources (part 2). Source: authors. 
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Figure A4. Height difference with GNSS surveying for civil and military topographic maps (Polish and Slovak) (part 1). Source: authors. 
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Figure A5. Height difference with GNSS surveying for civil and military topographic maps (Polish and Slovak) (part 2). Source: authors. 
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Figure A6. Height difference with GNSS surveying for book and small-scale map sources. Source: authors. 
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Figure A7. Height difference with GNSS surveying for old maps. Source: authors. 
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Figure 1. Study area—14 mountain ranges of the Polish Carpathians. Source: authors. 
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Figure 2. Location of the highest Ground points in relation to OSM (OpenStreetMap) peaks. Source: authors. 
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Figure 3. Rysy and the two highest Ground points detected in point clouds. Source: authors. 
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Figure 4. (a) The highest point on Rysy and Ground class, (b) the highest point at the peak and all other classes (black—Ground, red—others), (c) Polish (blue) and Slovak (black) datasets, Ground class. Source: authors. 
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Figure 5. (a) The highest point on Starorobociański Wiech and Ground class, (b) the highest point at the peak and all other classes (black—Ground, red—others), (c) Polish (blue) and Slovak (black) datasets, Ground class. Source: authors. 
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Figure 6. Rysy: (a) photo taken in summer season; (b) Slovak ALS point cloud with Unclassified (green) and Ground (red) points. Source: authors. 
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Table 1. Physico-geographical region classification of the study area. Subprovinces (bolded names), macroregions (italicised names), and mesoregions.
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	513
	Outer Western Carpathians
	514-15
	Central Western Carpathians



	513.4-5
	Western Beskidy Mts
	514.1
	Orawa-Podhale Basin



	513.45
	Silesian Beskid Mts
	514.12
	Pieniny Mts



	513.47
	Mały Beskid Mts
	514.5
	Tatra Range



	513.48
	Makowski Beskid Mts
	514.52
	Western Tatra Mts



	513.49
	Wyspowy Beskid Mts
	514.53
	High Tatra Mts



	513.51
	Żywiec-Orawa Beskid Mts
	522
	Outer Eastern Carpathians



	513.52
	Gorce Mts
	522.1
	Lesiste Beskidy Mts



	513.54
	Sącz Beskid Mts
	522.11
	Sanocko-Turczańskie Mts



	513.56
	Żywiec-Kysuce Beskid Mts
	522.12
	Bieszczady Mts



	513.7
	Mid-Beskidy Mts
	
	



	513.71
	Low Beskid Mts
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Table 2. The highest points in Slovak ALS datasets classified as Ground.






Table 2. The highest points in Slovak ALS datasets classified as Ground.





	
Rysy




	

	
X PL-1992 [m]

	
Y PL-1992 [m]

	
H KRON86 [m]






	
LAS 1416

	
579273.31

	
146355.86

	
2499.53




	
LAS 0351

	
579271.57

	
146354.95

	
2499.33




	
LAS 1788

	
579271.07

	
146354.57

	
2499.32




	
LAS 2157

	
579271.67

	
146355.26

	
2499.32




	
Starorobociański Wierch




	
LAS 0094

	
559714.40

	
148307.06

	
2175.87




	
LAS 0167

	
559714.44

	
148307.05

	
2175.87








Source of ALS products: ÚGKK SR.
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Table 3. Slovak point clouds density, the analysis of points within a radius of 1 m from the OSM peak.






Table 3. Slovak point clouds density, the analysis of points within a radius of 1 m from the OSM peak.





	
Peak

	
Dataset

	
Classification

	
Number of Points

	
The Highest [m]

	
Distance from the Peak [m]






	
RYSY

	
LAS 2157,

Density = 8.93 pts/m2

	
Ground

	
26

	
2499.32

	
0.7




	
Unclassified

	
8

	
2500.15

	
0.1




	
Total

	
34

	
-

	
-




	
LAS 1788,

Density = 9.75 pts/m2

	
Ground

	
31

	
2499.32

	
0.5




	
Unclassified

	
1

	
2499.34

	
0.3




	
Total

	
32

	
-

	
-




	
LAS 0351,

Density = 9.56 pts/m2

	
Ground

	
22

	
2499.33

	
0.4




	
Unclassified

	
7

	
2500.17

	
0.3




	
Medium vegetation

	
2

	
2499.71

	
0.9




	
Low vegetation

	
1

	
2499.03

	
1




	
Total

	
32

	
-

	
-




	
LAS 1416,

Density = 7.96 pts/m2

	
Ground

	
14

	
2499.27

	
0.6




	
Unclassified

	
10

	
2499.64

	
0.9




	
Total

	
24

	
-

	
-




	
STAROROBOCIAŃSKI WIERCH

	
LAS 0094,

Density = 6.18 pts/m2

	
Ground

	
24

	
2175.87

	
0.4




	
Low vegetation

	
3

	
2175.82

	
0.5




	
Total

	
27

	
-

	
-




	
LAS 0167,

Density = 6.60 pts/m2

	
Ground

	
28

	
2175.87

	
0.4




	
Low vegetation

	
2

	
2175.79

	
0.5




	
Total

	
30

	
-

	
-











[image: Table] 





Table 4. Location and height of the highest Ground points in Polish datasets.






Table 4. Location and height of the highest Ground points in Polish datasets.





	Peak
	X PL-1992

[m]
	Y PL-1992

[m]
	H KRON86

[m]
	Distance from the Peak

[m]





	RYSY
	579,271.18
	146,354.96
	2500.01
	0.5



	STAROROBOCIAŃSKI

WIERCH
	559,711.60
	148,310.39
	2175.83
	4.5



	STAROROBOCIAŃSKI

WIERCH
	559,714.01
	148,306.63
	2175.78
	1
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Table 5. Polish point clouds’ density, the analysis of points within a radius of 1 m from the OSM peak.






Table 5. Polish point clouds’ density, the analysis of points within a radius of 1 m from the OSM peak.





	
Peak

	
Dataset

	
Classification

	
Number of Points

	
The Highest [m]

	
Distance from the Peak [m]






	
RYSY

	
Density = 6.95 pts/m2

	
Ground

	
19

	
2500.01

	
0.5




	
Total

	
19

	
-

	
-




	
STAROROBOCIAŃSKI WIERCH

	
Density = 7.62 pts/m2

	
Ground

	
7

	
2175.78

	
1




	
Low vegetation

	
20

	
2175.98

	
0.5




	
Medium vegetation

	
3

	
2175.92

	
0.5




	
Never classified

	
1

	
2175.40

	
0.8




	
Total

	
31

	
-

	
-
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Table 6. Results of numerical comparison of Slovak and Polish ALS datasets.






Table 6. Results of numerical comparison of Slovak and Polish ALS datasets.





	
RYSY






	
Dataset

	
X PL-1992 [m]

	
Y PL-1992 [m]

	
H KRON-86 [m]

	
point cloud density [pts/m2]

	
number of Ground points within a 1 m radius




	
distance between points [m]




	
SK

	
579,271.57

	
146,354.95

	
2499.33

	
35.97

	
93




	
PL

	
579,271.18

	
146,354.96

	
2500.01

	
6.95

	
19




	

	
0.39

	

	

	




	
STAROROBOCIAŃSKI WIERCH




	
SK

	
559,714.44

	
148,307.05

	
2175.87

	
16.29

	
52




	
PL

	
559,714.01

	
148,306.63

	
2175.78

	
7.62

	
7




	

	
0.60
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Table 7. Measurement results obtained with the Xiaomi Mi 8 smartphone.






Table 7. Measurement results obtained with the Xiaomi Mi 8 smartphone.





	Peak
	Mountain Range
	HS [m]
	dHS [m]





	Babia Góra
	Żywiec-Orawa Beskid Mts
	1723.8
	0.2



	Lubomir
	Makowski Beskid Mts
	903.9
	0.3



	Czupel
	Mały Beskid Mts
	930.7
	0.0



	Lackowa
	Low Beskid Mts
	998.3
	0.4



	Radziejowa
	Sącz Beskid Mts
	1261.6
	-0.5



	Mogielica
	Wyspowy Beskid Mts
	1171.4
	-0.5



	Turbacz
	Gorce Mts
	1309.8
	-0.1



	Wysoka Skała
	Pieniny Mts
	1049.5
	0.2
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