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Sammanfattning 
 

Examensarbetet presenterat i den här rapporten utfördes i syfte att kartlägga vilka sensorer och 

metoder som skulle kunna vara tillämpbara inom kartläggning av snölager i den arktiska 

regionen. För att göra den bedömningen har flera olika metoder använts. Intervjuer med experter 

inom relevanta områden hölls för att göra en initial kartläggning av vilken information som kan 

tänkas ligga till grund för det efterföljande steget, en kvantitativ regressionsanalys baserad på 

information insamlad genom systematisk analys av plattformar och sensorer som används i 

kartläggning baserad på fjärranalys. I denna analys identifierades relevanta korrelationsområden 

vilka sedan kunde analyseras närmare i en ’State of the art’-sammanställning av relevanta 

publikationer för att ge en rättvisande insyn i vilka metoder som finns tillgängliga och vad deras 

respektive styrkor och svagheter är. Slutligen genomfördes en flygning i syfte att praktiskt 

bedöma vilken kvalitet man kan uppnå i snökartläggning med enkelt tillgängliga 

konsumentprodukter. Resultaten pekar på att snökartläggning med drönare är ett lovande 

komplement till vanliga, manuella mätningar. Rekommendationer för vidare studier inkluderar 

komponentspecifika undersökningar, plattformsdesign och marknadskartläggning.  
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Abstract 
 

The thesis presented in this report was conducted to identify which sensors and methods could be 

applicable in the mapping of snow stocks in the Arctic region. To make that assessment, several 

different methods have been used. Interviews with experts in relevant areas were held to make an 

initial survey of what information might be the basis for the subsequent step, a quantitative 

regression analysis based on information collected through systematic review of the use of 

platforms and sensors in mapping by remote sensing. In this analysis, relevant correlation areas 

were identified, which could then be further analyzed in a state of the art compilation of relevant 

publications to provide a fair understanding of what methods are available and what their 

respective strengths and weaknesses are. Finally, a flight was carried out with a view to 

practically assessing what quality can be achieved in snow mapping with readily available 

consumer products. The results point out that snow mapping exploration with drones is a 

promising complement to manual measurements. Recommendations for further studies include 

component-specific surveys, platform design and market mapping. 
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1. INTRODUCTION 

 

 

This chapter provides background and context for the study presented in this report. It outlines 

the external factors making the project feasible and relevant in a contemporary context. Starting 

with a short background the research problem and questions are then presented followed by the 

limitations and scope for the thesis. It is concluded with a section regarding the ethical and legal 

implications and considerations regarding the topic. 

 

 

This thesis is conducted with the purpose of examining the benefits of deploying drones in the 

arctic and alpine areas under the International Network for Terrestrial Research and Monitoring 

in the Arctic or INTERACT1. INTERACT is a research network centered around arctic activities 

aiming to achieve: 

 

“Improved measurements of terrestrial biospheric feedbacks to climate” 

 

With one of the core objectives being to: 

 

“quantify interactions of snow/ice, temperature, moisture and exchanges of energy and 

CH4/CO2 and their intra- and inter annual variability at multiple sites” 

 

As stated in the section for joint research activities on the interact website2. 

 

1.1 Background 
In recent years, the market for unmanned aerial units has been the focus of much development as 

well as of public debate, particularly regarding issues of privacy and flight regulations 

(Cavoukian, 2012). However, drones also have the potential to aid scientists when investigating 

inaccessible areas as well as fulfilling many other purposes to facilitate the gathering of mapping 

data (Salamí, Barrado and Pastor, 2014). An example of such are the research teams posted in 

arctic and alpine regions who has to fill data gaps that are inconvenient to access by other means. 

While today both manned flight, satellite imagery, and ground-based measurements (Storvold, 

Cour-Harbo and Mulac, 2012) are used in the region, it is quite possible that an intermediary 

such as low-altitude flight by small portable drones may be able to complement the data already 

available.  

 

Drones may be piloted by relatively inexperienced users compared to traditional airplanes. Data-

collection by drones can thereby provide the means for higher frequency and resolution in the 

collection of data when compared to its satellite counterparts (Donlon et al., 2012) and an 

increased accuracy in mapping capabilities (Ørka et al., 2012) while still providing far more 

coverage and access than what is possible by manual measurements by hand or from stationary 

measurement equipment.  

 

Throughout this report the nomenclatures drone and UAV3 are used interchangeably and both 

referring to remotely controlled or autonomous, unmanned flying vehicles. 

 

                                                 
1 http://www.eu-interact.org 
2 http://www.eu-interact.org/joint-research-activities/feedback-mechanisms 
3 Unmanned Aerial Vehicle 
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The arctic areas of interest are vast, inhospitable and yet of great interest e.g. when assessing 

access to fresh water reserves. Allowing for drones to cover large areas to map changes in 

topology, environmental structures and wildlife could provide a multitude of data which would 

prove useful in several fields as exemplified by the thesis on similar agricultural applications 

(Wijesingha, 2016) and the report by (Streutker and Glenn, 2006). Additionally, satellite imagery 

must be planned with regards to the orbital situation and may be obscured depending on the 

weather. Drones are versatile and easily deployable throughout various areas of the arctic region 

with the possibility of being sent out as soon as weather and time allows.   

 

An arctic researcher from Stockholm University, Gunhild Rosqvist, stated in an interview that an 

important parameter of interest when examining arctic and alpine areas is the snow-water 

equivalent (SWE) which is calculated from the density and volume of the snow. SWE is a direct 

estimate of how much water is bound in the snow and can or will be released over the melting 

phase. Having accurate measurements is, therefore, of high importance when aiming to 

appreciate supplies of fresh water, accessibility to seasonal pastures and changes to the landscape 

during melting. Additionally, it may be used when looking at interactions in macro-systems, for 

instance when constructing hydrological models as exemplified in the report from Energiforsk 

(Gustafsson, Lindström and Kuentz, 2015). 

 

1.2 Research problem 
 

This thesis will aim to outline the possibility of using UAVs as platforms for remote sensing in 

the arctic region for the purpose of snow-mapping. This will be done by examining what 

requirements are placed on the sensors used on such a platform and looking at what the strengths 

and weaknesses of a set of sensor technologies that have been identified as potentially suitable 

for the task. Following the identification of the sensors and the examination of the requirements, 

a theoretical evaluation of the different sensors and platforms will be made as well as a practical 

performance test on a selected sensor. The focus is largely placed on the application by 

commercially available drones as the main purpose is to examine the feasibility of using them in 

a research community. In such a setting, the emphasis is just as much on availability and ease of 

handling as the performance and accuracy itself as shown in (Ader and Axelsson, 2017) 

 

To perform snow-depth measurements by remote sensing, there should be reliable measurements 

sampled at least at two levels. This can be approached in two ways, either through seasonal or 

simultaneous measurements. Seasonal measurements, e.g. alternating summer and winter 

measurements, are well-suited for areas where the snow differs greatly over the year. Mapping of 

the ground structure can then be performed during certain periods and later be compared with 

measurements taken after snowfall. For simultaneous measurements, a dual sensor setup must be 

utilized as one of the sensors must measure the reflection from the top snow layer and the other 

is required to be able to penetrate through the snow mass to reach ground level. 

 

1.3 Research questions and aims 
 

The sensor reliability is of high importance to make certain that the right data can be collected at 

as high accuracy as possible. Therefore, this thesis’ aim is to examine which requirements would 

be placed on sensors used in snow-mapping. Quality of data is determined by the density, as of 

measurement points in an area seen done by (Nolan, Larsen and Sturm, 2015), as well as the 

horizontal and vertical accuracy components as they are shown to be significant for quality of the 

height data by the American Society for Photogrammetry and Remote Sensing (ASPRS) . 

 

 

The aim of this thesis is to answer: 
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• RQ1: What solutions are used today in aerial mapping and what requirements are placed on 

sensors used for snow-mapping? 

 

This first question is examined by looking at performance over snow and external requirements, 

accuracy, and resolution as well as what material characteristics of snow may influence the 

readings. The primary result regarding which airborne sensors is presented in chapters 

3.Interviews and 4.Systematic review followed by an analysis regarding the properties of snow 

and other identified external factors’ influence on the sensor performance in chapter 5.1 Snow 

and water measurements. 

 

• RQ2: Are the sensors suitable for data-collection via drones or can they be configured in a 

manner that would allow for it?  

  

This question is largely examined by looking at how remote sensing platforms are made airborne 

today and factors such as earlier use, availability, weight, and cost. It also entails looking at the 

respective fundamental strengths and weaknesses of each of the sensor technologies that are 

chosen for further examination. Initial results are presented in chapter 3.Interviews followed by 

an in-depth explanation and analysis of fundamental technologies in 5.State of the art, the 

conclusion is presented in the chapter 9. 

 

• RQ3: Is it possible to gather information about a snow-covered area from a UAV, using 

commercially available technology, to produce a dataset representative of the relative snow-

height? 

 

This question will be assessed in a practical performance trial which looks to the sensor 

performance over snow for the sensors available for testing at the time of this study. Results are 

shown in the chapter 7 and the analysis is shown in chapter 8.1 followed by the conclusion in 

chapter 9. 

 

For a more in-depth explanation of how the questions are examined see chapter 2. Methodology. 

The report is finalized with a chapter of personal impressions and reflections as to what may be 

suitable topics for future studies pertaining to the field, see 10.Future work and 

recommendations. 

  

1.4 Scope & Limitations 
 

This thesis is done as a master’s thesis at KTH, Royal Institute of Technology in Stockholm, 

Sweden. It is to be done under the scope of 30 advanced credits, corresponding to 20 weeks full-

time work as per the system used in 2017. 

 

The systematic review was limited to search in one database due to the limited time at hand. The 

qualitative study however drew from several sources. 

 

The practical testing was considered a qualitative trial as quantitative field-testing would go 

outside of the time-scope of the study.  

 

1.5 Ethics, sustainability and legal considerations 
 
The ethical concerns regarding UAV-technology is largely focused around privacy issues 

(Cavoukian, 2012). For this to be a concern however, it is reasonable to assume that it would 
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have to be intrusive in such a way that it risks exposing parts of people’s private lives. As this 

study aims towards usage in remote/sparsely populated areas it is deemed to not be a major 

concern in this form. Neither is the study likely to result in any new technology that would 

facilitate the monitoring of people.  

 

From a perspective of sustainability, the expressed purpose of the INTERACT project is 

benevolent as it aims to improve the models surrounding natural/climate models as stated above 

under introduction. On a smaller scale, any experiments shall not be disruptive of local wildlife 

or produce waste in the surrounding area. The drone used is propelled through electricity and 

will therefore not produce green-house gas emissions during flight. No parts will be left in the 

event of it dropping to the ground during flight. As the flight will be performed over the Tarfala 

research station any disturbances to wildlife should be kept at a minimum.  
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2. METHODOLOGY 

 

 

This chapter describes the methodology and methods used in this study with methodology being 

the over-arching view on which approaches are the most suitable and method being the specific 

tactics as how to achieve the methodological goals. The chapter also includes a segment which 

aims to criticize the chosen approach, bring up alternative means of studying the topic, and 

motivate why the chosen methods were employed instead of alternatives.  

 

 

This thesis will be performed as a mixed method study. As the purpose is to identify and 

evaluate sensors as a solution for snow-mapping by remote sensing, they will be assessed from 

fundamental qualities that may be derived from both written material as well as qualitative field-

testing. For the full research questions see chapter 1.3. Specific fundamentals and how they are 

evaluated are decided on and explained under Method, the chapter below. Full qualitative testing 

for all identified technologies as well as an integrated platform of those that are the most relevant 

would be of interest, but such a project would be far too costly and time-consuming to fit within 

the scope of this thesis, see previous chapter 1.4 Scope & Limitations. 

 

2.1 Research Method 
 

Throughout the project, meetings and interviews were performed with people with specific 

knowledge in different sensor techniques. Their opinions and assessments were collected and 

considered. The purpose of this stage of the project was to gather an initial foundation of 

information that could be used for further information search as well as getting right at the core 

of the experience of people in relevant fields. Concretely the interviews contributed to the 

following segments: 

 

• Laying the foundation for the structure for the systematic review (see chapter 4. 

Systematic review as well as the short summary below). 

• Contributing to a more nuanced content in the state of the art analysis (see chapter 5. 

State of the art as well as the short summary below). 

• Aiding in arranging the practical trial, for further explanation (see chapter 6. Trial 

Implementation and testing as well as the short summary below). 

 

Following the gathering of input from the interviews with the experts, a systematic review was 

conducted to expand on which techniques are in use today, if any, as well as establishing how 

they are influenced by, and their performance correlate with, relevant factors. The purpose of 

employing a systematic review for the initial information gathering stage as well as the 

quantitative part of the literature study was to include potential solutions that are not intuitive 

and may be unconsciously removed by biased selection in the qualitative literature study 

discussed below. It also allowed for performing a regression analysis to establish cross-

influences between different external and internal factors that may affect the quality of the 

sensors, for more details see chapter 4.4 Review summary and regression analysis. 

 

Thereafter, an in-depth literature examination was done for each of the identified sensors in the 

form of a state of the art analysis with a focus on the snow measurement application based on 

previous literature as well as the interviews. This later literature study was done in a qualitative 

sense, looking for possibilities and performance assessments found in previous studies as well as 



8 

 

the interviews and compiling them in relation to identified factors that may affect the suitability 

of using each technology for usage in snow measurements. See chapter 5. State of the art. 

 

Finally, a performance test of a selected sensor was held over a snow-covered area at the arctic 

research station in Tarfala in northern Sweden. The test was performed using photogrammetric 

reconstruction, see chapter 5.7 Photogrammetry, and ultrasonic sensors, see chapter  5.4 

Ultrasonic measurements. The results of the practical trial are presented in the chapter 7. Trial 

Results.  

 

The methodology proposed here was designed to pave the way for a final suggestion for a, or an 

array of, sensor(s) that may be used for measuring snow packs volume and SWE if feasible. The 

overall workflow is described in Figure 1.  

 

 
Figure 1. Process Overview Chart  
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3. INTERVIEWS 

 

 

This chapter outlines the structure and reasoning behind the gathering of information from 

expertise in related fields to further narrow the topic down and build a foundation for guiding 

the subsequent parts of the study.  

 

 

To establish a foundation for the project a number of different meetings, discussions and 

interviews were arranged with leading experts in the fields of Arctic Research, Drone Flight and 

Remote Sensing. The meetings were held in a semi-structured form to allow the interviewees to 

freely elaborate on their ideas regarding the topic. The conduct was established on the basis that 

the interviewees had far deeper knowledge in their respective fields than the interviewer and may 

therefore possess significant knowledge about surrounding topics as well. The meetings were 

kept open in general topic as several interested parties attended them for different purposes. The 

template for information extraction that was used to structure the information collected was 

composed of four main questions:  

 

1. What is the interviewees general experience when using drones? 

2. What are their views on the potential usage in arctic research and/or remote sensing? 

3. What are their views on drone performance, stability and the reliability of subsystems? 

4. Do they have experience with or recommendations for sensor-technologies concerning 

the topic of this study? 

 
The answers were intended to be used as a means of defining a useful search structure for the 

systematic review as well as providing information for the in-depth analysis of the selection of 

sensors. This information also served as a foundation in identifying search terms for the 

qualitative literature study. The results are presented below and have been rewritten and 

structured to best represent the answers provided in an efficient manner without losing essential 

information. Any personal or company information has been removed as well as information not 

related directly to the study. This is done to protect business interests of the stakeholder as well 

as the interviewees. 
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I1, Topic/Expertise: Arctic Research Applications 
 

Previous experience using drones:  

One of the technicians has access to a drone of the brand “Phantom Inspire”. The extent to which 

it has been used is unclear, but the capacity is available. Attempts have been made to interest the 

keepers of reindeer in the use of drones for monitoring, but the use seems to disturb animals, 

both dogs and reindeer, have been noted. People more closely related to the foresting industry 

may be more familiar with the topic. 

 

Views on potential usage: 

In Sweden there are no regular snow-reports produced. The information available is collected 

from a few stations loosely spread out throughout Sweden. Norway and Finland have expanded 

to more stations to increase the density and frequency of measurements. Snow-layers are not 

really realistically mapped from just satellite imagery. 

A clear potential for drone usage would therefore be to map snow-layers as it would provide the 

means to do so more frequently and with far denser coverage between measurement points. 

Satellite imagery has the potential to be used as a complimentary resource to identify the snow-

layers before the full mapping. 

Drones may also have the potential to be used to keep track of the mass balance of glaciers. 

 

Notes on drone performance: 

If possible fixed-wing drones may be preferable as they can reach higher speeds and has far 

superior range to multicopters. However, this would mean complications when considering 

regulations and the “Line of Sight”-requirement posed in legislation for drone flight. Additional 

permits would be required. 

Using GPS in combination with accelerometer could very well be sufficient for accurate 

positioning of the drone during measurements. 

 

Experience or recommendations for remote sensing: 

Laser scans over snow are not recommended due to snow being a very reflective and complex 

material which is likely to provide inaccurate results when examined by LIDAR. 

Some form of RADAR may be usable? For simultaneous measurements a dual-frequency 

RADAR may be the easiest approach with one module penetrating through the snow to ground 

level and one being reflected off the surface of the snow, would yield direct point by point snow 

to ground distance.  

Multispectrometry may be a possible way to go. 
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I2, Topic/Expertise: Photogrammetry software introduction 
 

Previous experience using drones:  

Not personally but the company in question is active in analysis software for photogrammetry 

and other GIS and remote sensing applications. Has successfully produced high quality 3D-

models based on flight photography. Has a collaboration with a company dedicated to producing 

high performance drones for use in hostile environments. 

 

Views on potential usage: 

Accuracy of models is produced on a subpixel level, making the models quality mainly 

dependent on camera quality and distance to target object. 

 

Notes on drone performance: 

None except some concern as to height of data collection, but refers to the aforementioned 

collaboration partner [see interviewee: I5] for further information on drone performance 

comments. 

 

Experience or recommendations for remote sensing: 

Extensive experience, mostly creating and using software for photogrammetric and/or 

multispectral imagery. Mainly concerned with satellite imagery and flight photography (Having 

the Swedish agency Lantmäteriet as a user of its web service). Radar may be something to 

investigate further. 

The satellites in question have a resolution of ~10 meters while flight photography may provide 

much finer resolutions. 

Raises concern for using the otherwise commonplace remote sensing sensor LIDAR over snow 

as some snow structures may causes sufficient scatter of the laser beam to nullify the 

measurement, or worse, cause incorrect readings. In the case of lack of key-points over snow 

packs, photogrammetry at close range may struggle to produce accurate results. 
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I3, Topic/Expertise: Sensors and RADAR 
 

Previous experience using drones:  

Yes, when concerned with communications, radar and radio systems. 

 

Views on potential usage: 

Positive perspective on the possibility of approaching snow measurements (as well as several 

other GIS and remote sensing applications) by UAV. 

 

Notes on drone performance: 

Good communications capability within the LoS requirement. 

 

Experience or recommendations for remote sensing: 

Extensive experience in R&D with sensor applications and RADAR systems in particular.  

For the application of snow measurements by remote sensing RADAR and ultrasonic sensors are 

discussed. For RADAR the assessment is that there may be complications regarding 

measurements in deep layers. This is mainly due to the high absorption capabilities of water. To 

reach any deeper ground layer a strong RADAR with a considerable power consumption would 

be required. A RADAR operating at 10 MHz is what would be recommended for penetrating 

snow layer. Extreme case that could be handled would reach down to 2 m snow-depth.  

For Ultrasonic sensors the judgement is that one will achieve a sharp reflection off the snow/air 

interface and therefore it is reasonable to assume that accurate measurements could be achieved. 

This in combination with accurate positioning instruments may be a way to map the snow height. 

Placement of 455 kHz transmitters on ground level was discussed as a means of estimating the 

snow density based on absorption levels. By having a UAV fly over the location of any 

preplaced sensor it should be possible. 
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I4, Topic/Expertise: Marine Research 
 

Previous experience using drones:  

Yes, have previously employed drones in attempts to take measurements from an icebreaker in 

the arctic sea. Three attempts have been made from the ship, all resulting in mechanical failure 

due to crashes. These crashes were primarily due to the ship being in motion during the flight, 

thus making the drone crash away from the boat when called back to starting point. Interest 

remains in making drone technologies available for use by researchers stationed on the ship 

however.  

 

Views on potential usage: 

The interviewees see multiple potential ways of using remote sensing and drones in their work. 

A primary objective would be to do ice recon as it is critical for the ships journey. Drones would 

be suitable due to their ability to work from higher altitudes and can from there capture views of 

the surrounding area.  

Having vertical takeoff and landing for bringing aerosol and cloud sensing units would be a 

potential area of interest as well. Currently, helicopters are being used. Temperature and 

humidity sensors are brought up by weather balloons. 

Ultrasound may be possible to use in order to map air-currents and alike. 

 

Notes on drone performance: 

Everything in the area is in constant motion due to ice-drift and water currents. Therefore, it’s 

not possible to use the same starting and landing point. GPS-units work fairly well and are 

improving, gyros may however experience disturbances close to the pole as well as due to the 

magnetic properties of the ship itself. Bringing drones away from the ship when surrounding ice 

has been allowed to solidify is an option. 

 

Experience or recommendations for remote sensing: 

     - 

 

I5, Topic/Expertise: Drone performance and use 
 

Previous experience using drones:  

Yes, design, operating and manufacturing of high performance multicopter UAV. 

 

Views on potential usage: 

Good capacity in adverse environments, successfully employed for varying tasks concerning 

remote sensing, such as monitoring hazardous areas. 

 

Notes on drone performance: 

Accurate positioning data is not an issue; the problem has been assessed by a combination of 

different sensors to ensure a high-accuracy positioning. 

 

Experience or recommendations for remote sensing: 

Yes, mainly with thermal imagery for monitoring. However, works closely with interviewee 

company I2 for GIS information and data collection. 
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Summary of Interviews 
 
The interviews introduced leads in a number of fields and applications. For remote sensing the 

following was discussed: 

• LIDAR: see I1 and I2 

• RADAR: see I1, I2 and I3 

• Photogrammetry: see I2 (I5 brief mention) 

• Ultrasonic: see I3 and I4 

• Multispectrometry: see I1 (brief mention) 

 

Temperature and humidity sensors were also mentioned but not included in the subsequent 

systematic review as they were ruled out ass irrelevant with respect to snow measurements and 

remote sensing. 

 

Topics that had to do with remote sensing in general, such as satellite measurements and green-

house gas estimation were included in the review. Such publications may still contain leads on 

sensors that could potentially be adapted for the purposes of this study. 
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4. SYSTEMATIC REVIEW 

 

 

 

This chapter outlines the first gathering of structured information from previous publications on 

related topics and which methods of gathering, information extraction and analysis that were 

used in this phase. 

 

 

The systematic review was used to map which technologies would be feasible options for a 

drone-based solution for snow-layer mapping. The primary goal of the review was to expand on 

the list of technologies used for remote sensing in general and airborne platforms, for results see 

4.3 Information Extraction: Figure 2. Sensor Occurrences in Systematic Review). An initial 

structured search was performed based on the parameters described below in 
4.1 Search Structure.  

 
4.1 Search Structure 
 

The parameters were determined based on discussions with experts in remote sensing and arctic 

research. Predetermined means of measurement were included as search terms but in a non-

exclusive way (the use of AND statements) to not filter out alternative solutions.  

 

The method used is a directed, semi-randomized, selection of publications and is used with the 

express purpose of identifying methods that may otherwise not have been brought up in the 

study. Other search terms focused heavily on the environment and other topics relevant to 

measure in the arctic such as Permafrost, Vegetation and prevalence of Green House Gases. 

Following this initial search additional literature was identified as parameters were further 

discovered. The search structure included search words for sensors identified in expert 

discussions as well as general search terms to identify possible additional means of remote 

sensing from drones that may be applicable in the intended purpose of snow measurements. 

 

The information below summarizes the full search for publications as it was made in Web of 

Science4. 

 

The information contains: 

 

• Name of Database 

• Number of search results, both pre- and post category-filtering.  

• The search terms and their configuration that was used for the search 

• The category filter selection. 

• Timespan filter selection. 

 

  

                                                 
4 www.webofknowledge.com 
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Database: Web of Science (WoS) 

 

270 publications (348 before refinement by category) 

 

You searched for: TOPIC: ((((((Arctic OR Climate) OR Environment) AND ((Data AND 

(gathering OR collection)) OR Mapping)) AND (((((Measurements OR Drone) OR Flight) OR 

UAV) OR UAS Satellite data) OR Sensor)) AND (((Topology OR Laser) OR Camera) OR 

Spectrometry)) AND (((((((Glacier OR Snow) OR Water) OR Permafrost) OR Vegetation) OR 

Greenhouse gas) OR GHG) OR Ecosystem)) 

 

Refined by: WEB OF SCIENCE CATEGORIES: ( REMOTE SENSING OR ENGINEERING 

MECHANICAL OR GEOSCIENCES MULTIDISCIPLINARY OR ENVIRONMENTAL 

SCIENCES OR AUTOMATION CONTROL SYSTEMS OR IMAGING SCIENCE 

PHOTOGRAPHIC TECHNOLOGY OR MARINE FRESHWATER BIOLOGY OR 

ENGINEERING OCEAN OR ENGINEERING ELECTRICAL ELECTRONIC OR WATER 

RESOURCES OR OCEANOGRAPHY OR BIOLOGY OR SOIL SCIENCE OR GEOLOGY 

OR METEOROLOGY ATMOSPHERIC SCIENCES OR ENGINEERING AEROSPACE OR 

GEOCHEMISTRY GEOPHYSICS OR SPECTROSCOPY OR ECOLOGY OR FORESTRY 

OR AGRONOMY OR MULTIDISCIPLINARY SCIENCES ) 

 

Timespan: All years. Indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI. 

 

4.2 Screening 
 

From the initial 348 search results 270 remained after category refinement. These were examined 

by relevance of title. Finally, a selection was made by abstract. The criteria for final selection 

was that the publications shall contain some information or study on the topics: 

 

• Remote sensing technologies 

• Drone Performance in remote sensing 

• Arctic research (emphasis on ground structure and mapping) sensors 

• GIS by remote sensing 

 

The first screening (Selection from title relevance) resulted in 61 publications that were deemed 

relevant, 9 of which were unavailable due to restrictions or otherwise removed from the source 

leaving 52 studies for assessing what sensors may be of primary interest. These were later 

examined in full to sort out those that were not comparable or were lacking in method or 

presentation of results to such a degree that they could not be used for the purpose of this study. 

 

4.3 Information extraction 
 

The remaining studies were examined for the following specific criteria: 

 

1. Sensor type 

2. Mounting platform, e.g. airplane, UAV, satellite etc. 

3. Positioning/tracking/matching system 

4. Vertical accuracy 

5. Positional accuracy 

6. Sample resolution 
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In total 27 studies could be used in regression analysis in an attempt to identify core issues 

pertaining to remote sensing. Satellite measurements were fully excluded due to using different 

systems from the studies that were not made with data collected from orbit. The subsequent 

regression analysis included examining the correlations between: 

 

• Bias for platform selection based on point-measurements as opposed to imagery and 

photogrammetry. 

• Correlation between sensor type and platform in relation to a logarithmic representation 

of the vertical accuracy. These were run separately as well as in a combined analysis. 

• The influence of the choice of platform on logarithm of geographical positioning error.  

• The influence of the choice of platform on logarithm of spatial resolution. 

• The influence of different terrain types on the logarithmic accuracy of distance 

measurements. 

 

All sources included are NOT listed under references, they are instead all compiled in   

Appendix C: Systematic Review Table along with the extracted information. Those that were 

found useful for the Literature Study below and are referenced in that chapter are however 

included in the References. 

 

Results are presented in the following sub-chapter in 8.Analysis and . The results of the review 

may however be referenced before these chapters as was deemed appropriate in the literature 

study where it is especially relevant due to being, along with the previously held interviews, the 

foundation for the selection of sensors analyzed there. 

 

All remote sensing sensor occurrences found in the publications can be found summarized below 

in Figure 2. Note; there are more occurrences than publications due to some studies examining 

multiple types, see Appendix C: Systematic Review Table for full information chart.  

 

 

 
Figure 2. Sensor occurrences in systematic review. 

 

4.4 Review summary and regression analysis 
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Regression analysis is a means of identifying correlational relationships between different 

parameters in a system. In this case such parameters may be e.g. choice of sensor type or ground 

structure. The analysis is done by setting a main parameter which may be considered the x-axis, 

e.g. means of measurement, in a Cartesian 2D reference system. Following the choice of main 

parameter, one may put another parameter as the y-axis, e.g. vertical accuracy in the same table 

to identify a possible correlational relationship. The fitting of the data is done on a linear graph 

by means of the least squares method as shown in the example image, see Figure 3, where the red 

data points are projected into a common linear graph, the blue regression line. 

 

 
Figure 3. Example of a fitted linear curve. Image taken from5 

 

The purpose of this section is to examine whether any trends and correlations can be found 

between different parameters collected from the collected literature list. This is done to see what 

factors really matter for accuracy and coverage as presented in the research questions. The 

method is best suited for quantitative analysis as it generally benefits from larger datasets. The 

results presented below contain the following: 

 

Variable: The name of the variable being run through the regression analysis with reference to 

the subject parameter. The “Intercept” parameter is indicative of the process of the regression 

analysis rather than being a chosen parameter for investigation. 

 

Parameter Estimate: The ratio and “direction” (increasing or declining) at which the chosen y-

axis parameter correlates with the chosen reference parameter. 

 

Standard Error: Standard error of the fitted correlational curve. Defined as standard deviation 

divided by the square root of the sample size. The standard error is indicative of the confidence 

in the match between sample and total population. 

 

t: In statistical examination of a data-set one may wish to check for the match to the hypothesis 

as well as the null hypothesis6. The t-value is a measurement of the relative match between the 

data and the null hypothesis, the t-value increases in value the bigger the discrepancy between 

sample data and null hypothesis is. 

 

P>|t|: Statistical significance level. P is the primary parameter of interest in this segment of the 

study as the purpose of this chapter is to see which parameters are the most clearly influential on 

good measurement results7.  

 

                                                 
5 https://sv.wikipedia.org/wiki/Regressionsanalys#/media/File:LinearRegression.svg 
6 https://www.collinsdictionary.com/dictionary/english/null-hypothesis 
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R2: Coefficient of determination, indicates how much of an independent variable can be said to 

be caused by the changing of other independent variable(s). A higher R2 indicates a “tighter fit” 

for data points along a curve, pointing to stronger correlation than at lower values. 

 

RMSE: Root Mean Squared Error of the regression analysis fitting. 

 

Reference parameter is presented for each respective section. This is done by arbitrarily choosing 

one of the variables to examine it relative to the other(s) with respect to the “results variable”, 

e.g. point-measurements and imaging with the results on the y-axis being logarithmic vertical 

accuracy. If the parameter estimate of a variable is positive it performs better than the reference 

variable, vice versa is negative. 

 

The first trials of regression analysis examined whether a general pattern between the vertical 

accuracy as dependent on the measurement capabilities of the sensor technologies. The sensors 

were grouped as either imaging- (multispectral, photography or similar) and point measurements 

(LIDAR, sonar, etc.). The analysis showed a correlation between point measurements and better 

results when compared with the imaging counterparts, see the positive parameter estimate for 

point measurements. with a semi-strong correlation with a statistical significance level of 

P=8.04%, Table 1. Stars *, indicate the levels of statistical significance7. The standard error is 

rather large in relation to the parameter estimate, roughly 55% of the parameter, indicating that a 

real value of an entire sample population may deviate heavily from the value presented from this 

sample. However, it is not enough to refute the general conclusion, namely that point-

measurements do appear to have been more accurate than image 3d reconstruction historically. 

RMSE is relatively large in relation to the intercept parameter as well, showing a large spread 

between the data and the regression line. 

 
Table 1. Parameter Estimates: Point measurement compared to imaging on logarithmic Accuracy 

Variable Parameter 

Estimate 

Standard 

Error 

t P>|t| R2 RMSE 

Intercept -2.21 0.258 -8.56 <0.0001 0.122 0.730 

Point- 

measurement 

0.567 0.310 1.83 0.0804*   

 

The second examination aimed to perform the same correlation as the previous but as a function 

of the platform carrying the sensor. As airplanes were the bulk of the sample collected they 

would function as one reference group whereas for instance the kite setup found in one study 

was deemed to be more closely related in function to low-altitude UAV. A correlation between 

using airplanes as a platform and better results when compared to UAV was found, with a 

parameter estimate of 0.647, with a statistical significance level of P=5.4%, somewhat stronger 

but rather similar levels for both Parameter Estimate, Standard Error, t-value as well as P as was 

shown in the examination of point measurements. The standard error is of similar magnitude and 

effect as in the discussion pertaining to table 1. 

 
 

 

 

                                                 
7   * = 5% < (P>|t|) < 10%, 

    ** = 0.5% < (P>|t|) < 5%, 

  *** = (P>|t|) < 0.5%. 



21 

 

Table 2. Parameter Estimates: Plane compared to UAV/Others on Logarithmic accuracy 

Variable Parameter 

Estimate 

Standard 

Error 

t P>|t| R2 RMSE 

Intercept -2.292 0.272 -8.42 <0.0001 0.1470 0.720 

Use of Plane 0.647 0.318 2.03 0.054*   

 

 

Seeing how the performance levels of both point measurements and airplanes stood out as more 

accurate against most of their counterparts it was decided to see whether the two variables may 

be intertwined as well. The extra level of analysis was performed as to not attribute one trait or 

other capabilities on false premises, e.g. one should not assume that point measurements are 

more accurate than other methods per default based on a false correlation when the platform 

preference may be the deciding factor instead. Analysis was also done for the combined use of 

platform and sensor, no clear correlation could be shown as neither level of statistical 

significance could reach even below P=0.2,  

Table 3. In the table it is also clear that the similarity between the parameters for point-

measurements and the use of plane as a platform indicate the same general correlation towards 

the use of UAV and Imaging. Therefore, it is difficult to tell which factor it is that makes the real 

difference. 

 

Seeing as 10% is the customary upper bound for asserting any level of significance at all it was 

decided that a more direct test of frequency occurrence in the sample should be performed. 
 

Table 3. Parameter Estimates: Plane usage in comparison with UAV/Others and Imaging compared to point 

measurements on Logarithmic accuracy 

Variable Parameter 

Estimate 

Standard 

Error 

t P>|t| R2 RMSE 

Intercept -2.385 0.292 -8.16 <0.0001 0.176 0.723 

Use of Plane 0.463 0.378 1.23 0.233   

Point- 

measurement 

0.328 0.364 0.9 0.376   
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To further illustrate the point made around table 3, a frequency table, Table 4, was drawn up 

showing a strong relation between selection of platform and measurement technology. Seeing as 

LIDAR measurements were the sensor of choice for 84.21% of flights by airplane and 88.89% of 

LIDAR occurrences were performed from an airplane it is not likely that one would be able to 

separate the two parameters from this sample-size. 

 
Table 4. Frequency % representation, correlation between platform and method 

Frequency  

Occurrence % 

Row % 

Column % 

Not operating from 

Airplane 

Operating from 

Airplane 

Total 

Using Imaging 

techniques 

5 

19.23 

62.50 

71.34 

3 

11.54 

37.50 

15.79 

8 

30.77 

Using Point 

measurement 

2 

7.6a 

11.11 

28.57 

16 

61.54 

88.89 

84.21 

18 

69.23 

Total 7 

26.92 

19 

73.08 

26 

100.00 

 

 

Following the examinations done for vertical accuracy it was decided to examine the resolution 

and positioning accuracy as functions of the platform, no test was performed for sensor choice in 

relation to either as it was so closely intertwined with choice of platform. The use of airplane 

showed a strong positive correlation with geographical positioning at a significance level of 

P=0.59%, Table 5. 

 
Table 5. Parameter Estimates: Plane compared to UAV/Others on Logarithmic Positioning Accuracy 

Variable Parameter 

Estimate 

Standard 

Error 

t P>|t| R2 RMSE 

Intercept -2.376 0.575 -4.13 <0.0001 0.296 1.408 

Use of Plane 2.021 0.664 3.04 0.0059***   

 

The resolution however showed opposite results with a very high level of statistical significance 

at P=0.05%, Table 6. This is likely due to the difference in flight altitude as one would not cover 

as much area in the same time with a small UAV as with an airplane. It may be attributed to 

other factors such as cost and duration of flight as well, but the altitude appears to be the most 

likely one. 

 
Table 6. Parameter Estimates: Plane compared to UAV/Others on Logarithmic Resolution 

Variable Parameter 

Estimate 

Standard 

Error 

t P>|t| R2 RMSE 

Intercept 4.507 0.679 6.63 <0.0001 0.446 1.797 

Use of Plane -3.350 0.815 -4.11 0.0005***   

 

Finally, the influence of terrain on the vertical accuracy was examined. Reference terrain was 

Urban/Field environments, this was chosen arbitrarily as the interesting feature was not to 

examine any absolute values but rather to see whether some terrains are more difficult than 
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others to reconstruct. All other terrains, including groups titled “Forest”, “Snow”, and “Water” 

were all recording to produce somewhat worse results but none achieving any noteworthy 

statistical significance with P-values never reaching below 20%. The use of airplane was all the 

stronger in comparison with a positive relation at a significance level of P=3.57%, Table 7. The 

airplane comparison was included to illustrate the differences in levels of significance and the 

point that any difference between terrains would be likely to be drowned as virtual “data noise” 

in comparison with other factors. 

 
Table 7. Parameter Estimates: Field/Urban compared to forest/Snow/Water and influence of airplane usage on 

Logarithmic Accuracy. 

Variable Parameter 

Estimate 

Standard Error t P>|t| 

Intercept -2.095 0.365 -5.74 <0.0001 

Over Forest -0.779 0.591 -1.32 0.201 

Over Snow -0.482 0.392 -1.23 0.232 

Over Water -0.221 0.361 -0.62 0.545 

Use of Plane 0.755 0.336 2.24 0.0357** 

 

4.5 Summary of analysis 
 

The following points are the primary take-away from the regression analysis performed on the 

literature collected for the quantitative analysis: 

 

There is a positive correlation between vertical accuracy and using an airplane as a platform OR 

using LIDAR/point-measurements when compared to the alternatives. The alternatives to 

airplanes are UAV and other low-altitude flight constructions. The alternative sensors are image-

based, photogrammetry etc. It is not clear if it is the sensor or the carrying platform that makes 

the difference. No correlation could be secured for the effects of difference in terrain with 

regards to the accuracy of the measurements.  

 

Airplanes consistently provided more accurate horizontal positional data. They are however 

losing to the lower altitude constructions, including UAV with regards to resolution. This may 

however be explained by the consistently different sensor setups as presented in table 4. 
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5. STATE OF THE ART 

 

 

This chapter offers an analytical perspective and a qualitative evaluation of selected sensor 

technologies based on previous studies and literature as well as introduces the issue regarding 

platform performance concerning drones. The sensor technologies are introduced and evaluated 

based on fundamental characteristics.  

 

 
5.1 Snow and water measurements 
 

The Snow-water equivalent (SWE) is an essential measurement when appreciating potential 

access to fresh water supplies around the world. This is by no means exclusively tied to the arctic 

region. It is also of paramount importance when estimating the effects of spring floods and the 

rehydration of nearby areas (Gustafsson, Lindström and Kuentz, 2015). The calculation is 

performed as: 

 

SWE=d∙Vsnow 

 

Where d is the density of the snowpack and V snow the volume. 
 

In order for the estimate to be reliable one must therefore ensure as good quality as possible for 

both parameters. This thesis will have a primary focus on estimating the volume but will touch 

upon the estimation of density in an exploratory manner, looking at other studies and their 

findings on the topic as well as discussing alternative approaches. 

 

Assessing snow height is fundamentally determining the distance between the bare ground and 

the top layer of the snow. From a UAV this can be determined by taking the differential between 

the distance from the vehicle to ground level and the distance from vehicle to top layer of snow. 

Depending on which sensors are deployed there are two main ways to approach the topic. Either 

two sensors/arrays are mounted on the drone, one for each distance to be measured. This will 

allow for instant differential calculations from almost the exact same reference point, namely the 

position of the drone. 

 

If simultaneous differential examinations are possible the data would be less prone to error 

caused by faulty height measurements in the UAVs internal positional measurement units due to 

the fact that measurements would be performed at the same time from the same point in a three-

dimensional space, adjusted for tilt and different placements on the drone. Should the approach 

of using pre-sampled topological data, such as what is available and kept updated for national 

coverage in Sweden8 be used there is instead a dependence on accurate locational and situational 

data so that the overlay between the pre-sampled dataset and the measurements are aligned 

correctly.   

 

The primary measurement needed, after establishing the ground-structure, when attempting to 

estimate snow depth from a UAV is the measurement of the top layer of snow. This can be done 

through various means such as through ultrasonic sensors, cameras or potentially by Lidar 

(Forsberg et al. 2002). From this, however, follows a range of challenges depending on the 

method chosen for retrieving the bottom layer of snow e.g. at ground level. Ways of achieving 

                                                 
8 https://www.lantmateriet.se/en/Maps-and-geographic-information/Elevation-data-/ 
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this include using pre-measured topological data, doing seasonal fly-overs with the same 

instrumentation or parallel measurements. In order to perform parallel measurements, one must 

have access to equipment which can penetrate through the snow such as radar (Giles & 

Hvidegaard 2006). The primary advantage of the dual sensor platform approach would be the 

ability to perform measurements in areas that are permanently covered (Giles and Hvidegaard, 

2006). The latter part can be mitigated to a degree, however, by maintaining accurate positional 

measurements during flight so that the data may later be put together and analyzed.  

 

This study will examine a range of different methods of distance measurement and 3D-

reconstruction of terrain and snow-packs in particular. 

 

5.2 Digital elevation models 
 

To achieve a measurement as accurate as possible of the volume the approach is always to 

construct, in one way or another, a differential digital elevation model (dDEM) or an analog 

equivalent. The latter would be achieved mainly through measuring “by hand” using 

measurement rods or site-specific collectors. The main issue with this method is its limitation on 

coverage. By achieving larger coverage, one is likely to reduce the influence of potential, local, 

larger error-factors. 

 

To create a dDEM at least two layers must be measured, being bottom- and top-layers. 

Additional layers may be added if possible to add data regarding consistency and/or control of 

previous measurements, but two are fully sufficient. However, in addition to examining density 

and volume, it is also an appreciated feature to be able to map segmentations and structures 

within a snow-packs. 

 

Drawing a point-cloud based on surface measurements is not necessarily complicated and can be 

accomplished with just about any distance measurement sensor and interpolation between the 

measurement points.  

 

5.3 UAV performance and positioning 
 

When dealing with measurements from drones it is important to keep a sufficiently accurate 

record of the drone’s position and rotation. This is done by combining a number of sensors, often 

an Inertial Measurement Unit (IMU) (Bry, Bachrach and Roy, 2012), functioning as both 

accelerometer and gyro in all directions. Thereby it is possible to adjust for an angle between the 

drone and the tangent of flat ground just beneath it. This is important as any measurement will be 

skewed if a larger angle is not accounted for as seen in Figure 4 the angle α causes a skewed view 

of what is the current distance to ground from the UAV. 
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Figure 4. Misreading distance to ground due to tilt 

 

Additionally  the macro-location on a geographical scale is given by a GPS-unit (Eltner et al., 

2016). The position may also be calibrated by using the IMU provided its reliability can be 

verified. There are other ways of improving measurements as well, such as differential GPS 

(DGPS) which uses reference stations to attenuate the effects of errors in the mobile module. 

Other means include ground-based control points (GCPs) (Eltner et al., 2016) which are 

recognizable structures that one may use to manually adjust the data. Real Time Kinematic 

(RTK) GPS is another technology not rarely used to improve precision and may be used for 

instance when mapping and locating GCPs. 

 

Restrictions of sampling times by measurement units on the drone is also affected by the 

potential speed as well as the n.o. sampling increments required at a certain position. The drone 

used to collect the measurements in this study is a DJI Phantom9. The Phantom v410, seen in 

Figure 5, can reach speeds of 20m/s and weighs 1.388kg, making it a very portable device.  

 

 
Figure 5. DJI Phantom 45 

 

 

                                                 
9 https://www.dji.com/phantom-4/ 
10 https://www.dji.com/phantom-4/info 
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Local legal regulations for drone usage can be found outlined for the arctic region in (Storvold, 

Cour-Harbo and Mulac, 2012) 

 

5.4 Ultrasonic measurements 
Ultrasonic sensors work by emitting an ultrasonic wave and measuring the time between 

emission of the signal and reception of the echo reflected off the area that is being measured. 

Provided knowledge on the speed of sound through the medium covering the distance to the 

target it is possible to determine the distance. Further analysis of the reflection strength of the 

echo may also provide some indication of the absorption level of the target. 

 

As stated by interviewee I3 ultrasonic sensors may be of interest due to them having a good 

reflection in the interface between air and snow. However, as ultrasonic waves are rather limited 

in range due to acoustic impedance mismatch in air. Rating at an impedance level of 428kg/m3s 

(Vladišauskas and Jakevičius, 2004) most ultrasonic sensors of reasonable size and cost would 

be likely to limit the UAV to flight at a short distance from the target surface. They would 

however likely produce sufficiently accurate results provided the right operating conditions. 

However, such conditions are shifting during field tests and as is stated by (Ayhan et al., 2017); 

ultrasonic sensors are prone to distortion from factors such as temperature, humidity as well as 

wind. 

 

The study published by (Gudra and Najwer, 2011) further examined the property evaluation of 

snow as a function of ultrasound attenuation in snow and the reflection coefficient to its surface, 

Figure 6. Essentially, it should be feasible to measure the density of the snows top layer with 

ultrasonic sound as the reflection coefficient appears to drop linearly in relation to decreasing 

density of the snow. This may open for layer density estimation where one would, after a 

snowfall, measure the top layer. Using these measurements in combination with volume 

estimates it may be possible to create a model over time which represents the present water 

reserve locked up in the snow. 

 

 
Figure 6. Relationship between reflection coefficient and density of snow (Gudra & Najwer 2011). 

 

Looking at the speed of propagation through the snow is also proposed in the study. However, as 

is shown in a setup gathering several different experiments, including the aforementioned by 

Gudra, (Capelli et al., 2016), this approach assumes a receiver being placed on the other end of 

the snow-layer. This would defeat the purpose of deploying data gathering by drone as it would 

likely entail some difficulty in finding earlier placed sensors once covered by snow. However, 

the reflection coefficient correlation may be of interest as it could be used over fresh snow to 
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estimate the density of the added layer of snow. This later has the potential of being used in the 

modeling of the snow structure. Measurements performed in this way will also have to be 

calibrated for surrounding temperature and pressure in order to ascertain the quality of 

measurements (Gudra and Najwer, 2011) and as stated below by (Vladišauskas and Jakevičius, 

2004): 

 

“Therefore, it is necessary to evaluate the losses in coupling medium (air) and increase of losses 

due to temperature. For example, the variation of temperature from 200C to 400C at 1 MHz 

frequency gives a loss of ultrasonic signal 8 dB/m” 

 

5.5 Radar measurements 
 

A common method to estimate distance is by using radar, and the potential of using a frequency-

spectrum that can penetrate through the snow would be a most useful feature when considering 

areas permanently covered in snow. Attempts have been made for quite some time and feasibility 

studies have shown promising results. In 2008 a study was performed in the Swiss alps regarding 

Ground Penetrating Radar, GPR. It showed promising results when concerned with estimating 

internal layering and water segmentation in a snowpack as well as snow height (Heilig, 2008). 

Heilig proceeds to state that: 

 

“Internal reflections were caused by water layers and not by density or hardness steps. In all 

spring measurements performed from above the snow surface, the snow and ground-interfaces 

could be detected in the radargrams.” 

 

However, with regards to the technology’s proposed field of use he summarizes it as still having 

a long way to go to solve issues pertaining to power supply, remote operation as well as remote 

transmission. All of which are significant factors for achieving mobility and especially when 

considering drone transport of the system. Additionally, it should be noted that a primary 

difference between the study and the proposed, drone-based, use in this thesis is the near contact 

setup used in the study by placing the 900 MHz GPR directly underneath the snow as shown in 

Figure 7. 

 
 

Figure 7. Placement of GPR in snow examination (Heilig 2008) 

 

As shown in Figure 7. the train of levers are stated to be there to move the antenna in a controlled 

manner in order to create a modulation of the signal. Or as stated by (Heilig, 2008)  

 

“A modulation is needed to distinguish reflections caused by the snow stratigraphy from internal 

antenna reflections. Otherwise the system has to be operated throughout the whole winter to 

record a modulated snow pack.” 
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Having such a system mounted on a drone or other dynamic system may well further complicate 

such a task. As the control of the movement would likely be more susceptible to disturbances 

from e.g. wind or movement control errors. 

 

Being rather demanding technology with regards to power consumption and movement control 

radar is rather common in stationary measurements or GIS-related satellites as it appears in 

several studies such as (Giles and Hvidegaard, 2006) and (Connor et al., 2009).  

 

Regarding mobility and pricing of a radar platform there are other alternatives among radar 

technologies which have been developed and tested in recent years. One study published in 2014 

aimed to test the capabilities of a newly developed FMCW Radar operating at 10GHz and 

25GHz called the SNOW MINIFMCW RADAR (Rodriguez, Marshall and Rodriguez, 2014). 

The radar presented was both lightweight at 1kg and small in volume at ~4000cm3. The price 

was not overly steep but not cheap either at 2000US$. The main takeaway from the study was 

the validation of the sensor in: “remote stations type applications tasked with tracking snow 

water equivalent in snow with up to 1% liquid water content.” As is seen in this statement, 

despite promising results, the snow that the platform is validated for is very narrow and at best 

only applicable when specific requirements regarding snow water content is concerned.  

 

Therefore, some fundamental issues remain for snow-penetrating radar. Snow, essentially being 

water in solid form, retains the highly absorbent characteristics of water with some dependence 

on how densely it is packed and the liquid water content, determined by the relative air-content 

of the packed snow. 

 

When concerned with using an FMCW radar to measure distance to the top layer of snow there 

are alternatives and examples used in previous studies. In a study performed in the Swiss alps an 

80 GHz FMCW radar was shown to achieve high levels of accuracy with errors<1 cm at 2.6 m 

reference height (Ayhan et al., 2017). The price of the radar module is also stated to be at about 

USD 100 when ordered in large quantities. Thus, it is a low-cost and accurate means of 

measuring distance between drone and snow/ground. However, it does not have the capability of 

layer mapping as other, more powerful radars would have.  

 

For the purpose of measuring snow height and properties it can therefore be concluded that in 

order to perform in-depth examinations of snowpack’s and their underlying characteristics such 

as in (Yan et al., 2017) it is more suitable to utilize manned aircraft potentially larger, fixed-wing 

drones may be utilized as well. However, for smaller, commercial drones and in particular small 

fixed-wing and rotocopter drones the smaller FMCW radars may be of greater interest. 

 
5.6 Lidar measurements 

 
As was seen in the previous chapter in the systematic review LIDAR is a common tool in 

airborne mapping and GIS applications (Chen, Gao and Devereux, 2017). It is well established 

and is frequently seen produce accurate results over a wide variety of terrains and applications.  

LIDAR works by emitting a laser pulse at a target and measuring the time it takes until the 

“echo” or reflection of the pulse is returned to a photo sensor near the emitting module. The 

distance may thereafter be calculated as the speed of light multiplied by the time of return 

divided by two:  

 

d=ct/2. 
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For easy access to reference standards the guidelines stated by the American Society for 

Photogrammetry and Remote Sensing (ASPRS) (Flood, 2004) may for instance be considered to 

be a good benchmark as they are the standard used for the experimental setup of several studies 

and agencies. The ASPRS is part of the Imaging and Geospatial Society with affiliations across 

the world, thus achieving a semi-global coverage for their standards. 

 

LIDARs are capable of capturing high-density measurements (amount of measurement points 

per m2) and operating at extremely fine accuracies, down to sub-meter levels (Hopkinson, 2007) 

at high altitudes (above 1 km). However, the modules used on airplanes are rarely in the size that 

would be suitable for a drone, especially a small commercial unit with a mere few kg carrying 

capacity. For instance, the Optech Incorporated ALTM 3100 is a LIDAR for aircraft reaching 

accuracies of 15 cm at an altitude of 1km above ground. However, the sensor head alone weighs 

in at ~23 kg11. Additionally, such larger modules are indeed designed and intended for higher 

altitudes and distances. As such they are not relevant when considering low-flying drones such 

as small multirotor UAV, for instance the DJI Phantom series. 

 

Therefore, a more probable class of performance may be the Lidar Lite v312, see Figure 8. 

 

 
Figure 8. Lidar Lite v3 

 

The sensor is small and lightweight at ~22 g and just under 40 cm3. It operates at a range of up to 

40 m at a low power rate and an accuracy of 10 cm at a distance larger than 5 m and lower than 

40 m. With a typical update frequency of 270 Hz it would produce a resolution of 13.5 

measuring points per meter working from a DJI Phantom v4 with a top speed of 20 m/s13. This is 

significantly slower than an airplane but by far exceeding the rough estimate for accuracy and 

resolution presented by (Deems, Painter and Finnegan, 2013) for airplane LIDAR data 

collection: 

 

“Typical vertical accuracies for airborne datasets are decimeter-scale with order 1 m point 

spacings.” 

 

This comment is also consistent with the material gathered in the systematic review. The Lidar 

Lite v3 is available for purchase for around USD 150 at the time of writing of this study. 

 

LIDARs have been shown to be capable of performing sub-canopy measurements in several 

studies. By using the last return of the beams reflection instead of the first it is possible to detect 

ground level even when masked by grass, trees, rocks, or similar semi-obstructing objects. This 

has been used as a means of deriving terrain models in woods and other similarly obscured areas 

                                                 
11 Optech ALTM 3100 specs04: https://www.scribd.com/document/16558192/Optech-ALTM-3100-specs04 
12 https://www.sparkfun.com/products/14032 
13 https://www.dji.com/phantom-4/info 

https://www.scribd.com/document/16558192/Optech-ALTM-3100-specs04
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as well as estimating canopy height in the same locations (Streutker and Glenn, 2006) and 

(Moeser, Morsdorf and Jonas, 2015). This is of interest when deriving a base during snow-free 

seasons as canopy will not later contribute to snow height but may well cause a premature echo 

in summer, thus overestimating the grounds relative height. Or as illustrated in Figure 9, reading 

the reflection of the virtual ground, e.g. canopy, would provide the distance d2 whereas one may 

be able to detect the full distance d by waiting for last reflection b and using the latest reflected 

pulse in an interval to filter some or all semi-covering canopy. If the canopy is fully solid such an 

approach is not feasible but neither really relevant as a solid structure will allow for snow 

accumulation on top of it. 

 

 
Figure 9. Canopy false ground measurement illustration 

 

Despite its advantages there are however some concerns regarding the use of LIDAR for the 

purpose of mapping snow layers. The primary one is the topic raised by interviewees I1 and I2, 

both stating that they do see the possibility of unreliable measurements due to scattering of the 

laser pulses on the snowy surface. Snow having a crystalline structure with a high degree of 

reflectivity as well as a high scattering volumetric index, this is also supported by (Deems, 

Painter and Finnegan, 2013), who states that the water content (dryness), density etc. may well 

influence the measurements, especially when factoring in potentially steep terrain as well (for 

more on this see previous chapter on drone performance). They summarize the complexity of the 

situation as: 

 

“snow has a significant volumetric scattering component, requiring different considerations for 

error estimation than for other Earth surface materials.” 

 

These difficulties are not necessarily seen as insurmountable as the authors proceed to state that 

the method holds great promise. 

 

5.7 Photogrammetry 
 

The photogrammetric approach to constructing DSMs is done by collecting a set of photographs 

of an area and computing a point cloud based on the differences in the photographs. Wherever 

there’s an overlap in the photographs, a range of different software are available for identifying 

tie-points and based on them constructing point clouds from the collected images and their 

metadata. The metadata must contain locational and situational data for the images to be properly 

mapped and compared. In the context of flight-photographs from a drone it is most commonly 
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mapped in GPS-coordinates calibrated in an xyz-coordinate-grid14 by the aid of straight motion 

measurements derived from either an IMU or accelerometer. Through the IMU or a gyro it is 

also important to collect the angular situation of the drone in relation to the ground i.e. in-flight 

terms; “roll, pitch and yaw”. From the constructed point-cloud a mesh can be created by different 

means of interpolation between the points. The methodology is outlined for SfM 

Photogrammetry, meaning software such as Agisoft Photoscan as well as Pix4D and numerous 

others, in the report (Eltner et al., 2016), see Figure 10. The figure highlights the ease of use for 

non-expert level user, a high level of accuracy and immense point density in comparison with the 

sensor technologies presented in previous chapters. The chart is broken into the different system 

levels identified for the process of a photogrammetric reconstruction, from image capture to the 

processed digital model. In each “system-box”, e.g. Platform or Sensor, alternative solutions for 

the system is introduced. 

 

 
Figure 10. Platform to output chart for SfM Photogrammetry (Eltner et al. 2016) 

 

Structure from Motion photogrammetry is performed by employing algorithms that combines 

and analyzes the apparent difference in shape that shifts in perspective provides. By keeping 

track of the cameras position for each picture it is possible to identify tie-points which are 

recognizable features that may be matched inter-pictorially.  

 

In practice photogrammetry can be widely applied from a range of platforms including both 

handheld, airplane, UAV, satellites and even kites, the latter shown in (Bryson et al., 2013). This 

platform versatility is mainly due to the fact that regardless of the relative resolution, the same 

                                                 
14https://www.lantmateriet.se/en/Maps-and-geographic-information/GPS-and-geodetic-surveys/Reference-

systems/Three-dimensional-systems/WGS-84/ 
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algorithms may be employed. The resolution (point density) drops with altitude in relation to the 

camera angle and pixel size as any given pixel correlates to a certain point on the measured 

target. It has been shown that both resolution and accuracy of photogrammetry at centimeter 

level is not only feasible, but has been repeatedly demonstrated when used on a UAV platform 

(Bryson et al., 2013). This is in no small degree attributed to UAVs generally having far lower 

altitudes than their airplane counterparts, the resolution and accuracy does come with some cost 

of covered area and speed in that sense. Bryson et. al. also demonstrates the usage of 

multispectral, including near infra-red (NIR) and visible light alike in their models with good 

results. 

 

As for post-processing practicality the manual positioning of an overlay DSM over a previous 

one may be facilitated for an inexperienced user as Ground Control Points (GCP) are clearly 

distinguishable on photographs rather than abstractified as is the case of point measurements. 

 

Apart from the movement and precision of the drone and the metadata, the accuracy of this 

method is mainly dependent on photogrammetric factors and the structure of the area it is 

mapping. The quality is expected to be greater in areas where there are clearly visible reference 

points that are distinguishable from their immediate surroundings with regards to color, tilt, 

height, brightness etc. Despite the pixelated format of an individual photograph it is possible to 

achieve nuances of quality better than pixel-resolution level provided a large number and good 

distribution of the photographs (subpixel-resolution requirements) (Eltner et al., 2016). 

 

Using multispectral optoelectronic sensor ADS8015 by Leica (Bühler et al., 2015) managed to 

achieve a 30 cm vertical accuracy on the accumulation of a snow packs in 2 m resolution and a 

0.25 m spatial resolution. The ADS80 is a high-end optoelectronic sensor specifically designed 

for airborne imaging. In order to be a versatile mapping tool, it is stated by the manufacturer to: 

 

“acquire perfectly co-registered image data with equal resolution in panchromatic, color and 

color-infrared.” 

 

The following year (Bühler et al., 2016) demonstrated a partially improved accuracy with SfM 

Photogrammetry with a NIR camera made from removing the filter off of a SONY NEX7 

camera. Accuracies of 0.07 m to 0.15 m root mean square error (RMSE) over meadows and 

rocks but with RMSE of 0.3 over areas covered in bushes and tall grass. The study was based on 

seasonal measurements where some were taken during summer. They acted as reference for a 

base DSM underlay towards which a DSM overlay generated by photos of the snow-covered 

ground could be examined. Verification was performed by manual measurements.  

 

The hardware necessary for basic photogrammetry are neither overly expensive nor heavy and 

usually come along with the purchase of a commercial drone. For example, the DJI Phantom is 

available with a built-in camera called FC330, specifications in Appendix A: Agisoft 

Photogrammetric Report. For the DJI Phantom the FC330 (with additional Gimbal mount) 

comes along with the drone but can be acquired separately at USD 56516. 

 

A concern raised by interviewee I2 regarding photogrammetry in the event of mapping snow-

layers would be the smoother, visually homogenous and bright nature of snow. This may prove 

difficult for the software to detect any good or even usable tie-points to begin building the 

structure. Should this be the case, there may however still be an interest in using the method for 

                                                 
15http://digital-imaging.leica-geosystems.com/downloads123/zz/airborne/ads80/brochures-

datasheet/ADS80_datasheet_en.pdf 
16 https://www.inet.se/produkt/6203187/dji-phantom-4-part-4-gimbal-camera#specs 
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building the ground-layer during snow-free periods in the regions where such weather can be 

anticipated. 

 
5.8 Sensor comparison 
 

The performance review based on an in-depth outline of the fundamental strengths and 

weaknesses of each selected sensor technology. It also brings up specifics around the suitability 

of a sensor for usage on a commercial drone or similar. A relative estimate of the suitability of 

functionality and traits is shown below in Table 8. The table is based off the literature presented 

previously in this chapter and is intended as a clarifying summary of Chapter 5. The accuracy in 

the table is the sensor accuracy i.e. the error in the distance measured, the vertical accuracy when 

measuring distance to ground from a drone. The colors in the table are to be read as follows: 

 

• Green: The sensor is performing well in studies discussed in the chapter and may be 

suitable for implementation.  

• Yellow: The sensor is performing well in studies discussed in the chapter and may be 

suitable for testing.  

• Orange: The sensor is performing well in studies discussed in the chapter and is likely to 

come across difficulties when used for the intended purpose.  

• Red: The sensor is highly likely to not work at all for the intended purpose.  

 
Table 8. Relative assessment of factors on selected means of measurement 

 
 

As discussed in each section, it appears that none of the sensor types in a suitable size for a 

commercial drone has sufficient snow penetration capability to perform direct measurements 

reliably at any sizable depth. Radar is nevertheless the stronger contestant when snow 

penetration is considered as well as when working with density measurements. However, it is far 

heavier and more expensive than any of the other solutions in relation to the accuracy. Ultrasonic 

measurements may be able to achieve some density measurements very close to the surface but 

has short range. To make a comparative examination of the sensor in relation to the other sensors 

presented in this chapter, a commercially available light ultrasonic sensor was chosen Ultrasonic 

Range Finder - MB7360 HRXL-MaxSonar-WR17. Both Lidar and Photogrammetry can work at 

long distances in very compact formats and thereby achieve good accuracy over a large area. 

However, both have components fundamental to their methods of measurement that may cause 

issues over snow. 

 

 

 

                                                 
17 https://www.electrokit.com/en/ultrasonic-range-finder-mb7360-hrxlmaxsonarwr.51267. 
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6. TRIAL IMPLEMENTATION AND TESTING 

 

 

 

The following chapter is presented to show the practical arrangements regarding platform, site, 

sensor etc. surrounding the practical testing and field-data gathering done to identify the 

strengths and weaknesses of a chosen type of sensor technology. The content describes test site, 

platform used and procedures surrounding the data gathering. 

 

 
When looking at the different methods of measuring distances and mapping surface structures there 

are several different parameters to assess, some of which are presented as subchapters in this chapter, 

e.g. choice of drone and sensor, test site availability and choice of Analysis Software. The process of 

the test is focused on photogrammetry which is further described in chapter 5.7 Photogrammetry. 

 

6.1 Drone system 
 

The photos for photogrammetric reconstruction were taken from a DJI Phantom 3. 

 

The camera mounted on the drone is of the mark FC330. The camera comes with the 

specifications presented in Table 9. Camera Specifications. The parameters are presented for 

reproducibility but will not be evaluated as stand-alone factors as no other camera is used in the 

trial for reference. 

 
Table 9. Camera Specifications18 

Camera Model Resolution Focal Length Pixel Size Precalibrated 

FC330 (3.61 mm) 4000 x 3000 3.61 mm 
1.56 x 1.56 

μm No 

 

 
6.2 Test site & handling 
 

Tarfala research station is a research facility of a few buildings situated in the Tarfala Valley in 

northern Sweden. There, arctic researchers from Stockholm University and others perform 

environmental and climate research. Due to the harsh environment, which only permits a few 

days of sample collections each month, any means of facilitating data-gathering with regards to 

coverage and accessibility were of great help. The researcher Gunhild Rosqvist made a visit for a 

practical field test possible along with user testing performed as part of the sibling-thesis of this 

project presented by (Ader & Axelsson, 2017). The study by Ader & Axelsson resulted in a 

positive response of the handling of basic drone capabilities among researchers as well as a 

proposition for a design for a water sample collector, showing the versatility of drone usage in 

research aside from just remote sensing. 

 

The flight for the practical test was performed by the thesis supervisor Tomas Gustafsson19. 

                                                 
18 https://www.dji.com/phantom-4/info 
19 Certified pilot and drone enthusiast 
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The flight path over the station covered 31100 m2 of the surrounding area at an altitude of flight 

at ~31 m.  

 
6.3 Analysis software 
 

A number of different SfM Photogrammetry softwares are listed by (Eltner et al., 2016) as seen 

in their summary of photogrammetrically based studies where they accumulated and listed the 

occurrences of varying softwares for photogrammetric reconstruction, seen below in Figure 11. 

 

 
Figure 11. Photogrammetry software usage (Eltner et al. 2016) 

 

For analysis of the flight photos and construction of DEMs and other photogrammetric 

constructs two pieces of software was used, Photoscan by Agisoft as well as Pix4D. Both were 

used under a trial license version. 

 

The reason for using dual analysis software was partly due to their respective report outputs, see 

features in the full reports presented in Appendices A and B for an overview, and ability to 

complement each other by e.g. Agisoft presenting camera displacement error graphically and 

Pix4D doing the same for number on images overlapping at all points. It was also done in such a 

way as to be able to verify the results and assert that they were not the potential result of any 

single error embedded in any of the tools. This may seem overly cautious provided that both are 

well established actors in the market of photogrammetric analysis and imagery but provided the 

small sample size of the qualitative practical testing it was deemed as preferable to ensure the 

reliability of the data collected. This applies especially due to the lack of transparency into the 

specifics of the underlying algorithms.  

 

While a basic explanation and understanding of the functionality was found and assessed it was 

still not possible to examine any source code due to proprietary reasons. Neither would it have 

been an option to construct such software solely to this project due to limitations on time and 

resources. It was however possible to receive some aid in understanding the underlying 

mechanisms of such computations from a workshop held at the office of Spacemetric AB, with 

whom initial dialogue was proposed early on to examine the quality of image analysis software. 

A representative assessed early on that such technologies are fully capable of working at “sub-

pixel accuracy”. Indicating that provided sufficient input data, 3d models can be produced of a 
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quality that is mainly dependent on the camera resolution as well as the height at which the 

camera is situated at the time of the picture. The use of Spacemetric’s software solution was an 

initial aim for the practical investigation given the high reliability and support, but due to 

restrictions on time it had to be done without it. 

 

One of the main parts of the software reports, see Appendices A and B, was intended to give an 

overview of the displacement of the drone position to see at what quality the horizontal (x & y) 

and height (z) distances are kept. From this, something can be said about the achievable quality, 

defined as the inverse of the maximum positional error presented in the reports, can be achieved 

between different flights. It should be noted that this error can be mitigated manually by refitting 

the images manually in relation to clearly identifiable ground points. 
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7. TRIAL RESULTS 

 

 

This chapter outlines the results based on the accumulated data presented in the previous 

chapters. 

 

 

The flight pattern over the Tarfala station was performed as presented in Figure 12 below, 

covering all the buildings on the station as well as some larger patches of just snow-covered 

areas. Out of the 203 original pictures, Agisoft Photoscan managed to align 142 and Pix4D 

managed 108. All images were however geolocated, showing that relevant metadata was in 

place. Seeing as Pix4D had such issues locating the images relative to each other, only Photoscan 

will be used as a measurement of the Photogrammetric performance regarding the creation of 

DSM. Flight was performed at ~31 m altitude. The full photogrammetric reports are shown in 

Appendix A: Photogrammetric report – Agisoft and Appendix B: Photogrammetric report – 

Pix4D. 

 

A table showing a comparison of the errors for the drones positioning in xyz-directions as 

calculated by Agisoft and Pix4D software based on the navigational data and image analysis are 

shown in Table 10. The table shows positioning estimates which are far larger than the pixel offset 

of the camera presented in Table 11. Therefore, we can conclude that the major point of 

improvement is likely found in better management of position mapping. This may be achieved 

manually e.g. by placing clear ground control point references towards which the positional data 

may be corrected. This is especially important since the Z-error is rather significant in relation to 

snow height. 

 
Table 10. Comparison of Photoscan and Pix4D with regards to geographical positioning 

 

Study X error (m) Y error (m) Z error (m) XY error (m) 

 

Photoscan 1.31 1.87 0.59 2.28 

 

Pix4D 1.22 1.22 2.96 1.72 

 

Ellipses indicating the uncertainty of each direction (xyz) in both Photoscan and Pix4D are 

shown below in Figure 12. The larger the error the worse, theoretically most error levels would be 

manageable from a practical viewpoint as one could realign the photographs manually. However, 

the larger the positioning error the more correctional work must be done manually after the data 

has been collected.  
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Figure 12. Uncertainty level regarding camera position for Photoscan (Left) and Pix4D (Right) 

The accuracy of the DEM generated by the software with the best achieved coverage, defined as 

the amount of area successfully reconstructed as a point cloud, is shown in Figure 12. The table 

includes the resolutions of the photographs and the reconstructed DEM respectively. In the right-

most column it also shows the root mean square of the reconstructed data points. 

 
Table 11. Resolution and accuracy of DEM made in Photoscan 

Tool m/Pixel m/Pixel (DEM)  
RMS Displacement 
in Point Cloud 

Photoscan 0.0108 0.0861 1.3 Pixel (0.112m) 

 

However, despite the good resolution and accuracy of the successfully processed sections of the 

area there are large “chunks” of area that have not been processed. When examining which areas 

are accurately depicted in the dense point clouds produced there appears to emerge a pattern of 

where the software can identify key-points. This pattern appears centered around whether there 

are distinctly distinguishable structures and contrasts present. For example, the areas at and 

surrounding the human-made constructions, i.e. the buildings were successfully reconstructed in 

the photogrammetric software. The resolution is significantly denser with identified key-points 

when compared with the areas farther away from said structures.  The areas lacking clear 

structures were not being put at a disadvantage in terms of coverage of images where more 

overlaps are considered positive for producing the 3d structures due to the possibility of more 

identifiable key-points. This is illustrated in Figure 13, where areas marked as yellow indicated 

areas that were successfully reconstructed, and red areas were largely, or even completely 

missing. A comparison is made side by side by showing the assembled image to the right and the 

corresponding reconstructed point cloud to the left. For further analysis of the implications of the 

missing areas in the figure, see Chapter 8. Analysis and  below.  
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Figure 13. Point cloud manually regionalized based on point density 
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8. ANALYSIS AND DISCUSSION 

 

 

In this chapter, the results from the different stages of information gathering are assessed in a 

subjective manner in order to arrive at a conclusion regarding what setup would be 

recommended based on the data assembled in this thesis. 

  

 
8.1 Analysis of results 
 

Despite the relatively small sample for a rather complex topic with many parameters involved, 

some relations were established in the systematic review. The most telling may be that GIS-

oriented LIDARs have historically been primarily produced to accommodate for airplane 

platforms. This comes as little surprise as drones for common use are a relatively new 

occurrence and may well imply that the adoption rate of drone usage into fields related to GIS 

has yet to catch up.  

 

The strong correlation between airplane use and poor resolution of measurements when 

compared with UAV/others appears natural as well as airplanes primarily work at far higher 

altitudes, thus increasing the distance to measured objects significantly. In addition, they also 

function at higher speeds making it more difficult to maintain a consistently high point density. 

Finally, the primary use of LIDARs will skew the results somewhat to the disadvantage of 

airplanes as imaging mapping will by their nature achieve higher density measurements unless 

specific measures are taken. 

 

Based on the analysis airplanes would however have a stronger capacity to determine their exact 

position geographically. This may be attributed to the size and carrying capacity of the platform. 

With additional carrying capacity comes the option of using better positioning systems. Such 

may be a DGPS, instead of the small modules and antennas commonly used for UAV navigation. 

 

The accuracy and resolution of the photogrammetric test shows it being a very useful technology 

with good potential, however not in the way it was employed during this test. While producing 

accurate models in all directions the positioning of the drone raises some concern. The global 

positioning is lacking with fault levels >1m. However, if there are sufficient identifiable GCPs 

one may manually fit the model in the horizontal plane when matching measurements taken at 

different times. A good use of GCPs can also be employed to calibrate the height of the drone 

when necessary. Other solutions for the positioning on a m.a.s.l.20 scale as well as in the 

horizontal plane is somewhat more complicated including more accurate GPS-tracking or by the 

use of RTK GPS in order to locate GCPs vertical positions to use them as reference for manual 

matching. It may also be possible to track the drone by RADAR or LIDAR from a ground 

position, however, such systems are likely to be less mobile and more expensive, thereby 

defeating the purpose of using drones in the first place. The vertical distance accuracy is largely 

consistent with previous studies and literature. 

 

The greatest problem is the low rate of alignment capacity in both analysis softwares, with 

neither of them reaching even 75% (See Appendices A & B). This has a potential explanation 

and remedy however. Seeing as nearly all of the area on the site that Photoscan was able to map 

to a high-density point-cloud was over the human-made constructions at the station. Based on 

                                                 
20 Meters above sea level 
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this, it seems likely that the algorithm struggles to find sufficient key-points over the 

homogenous areas of vaster snow-covered segments of the ground. A solution may be to use a 

NIR camera instead of RGB or some combination thereof. The basis for this argument is found 

in the studies by Bühler and colleagues mentioned in the sensor analysis in 5.7 Photogrammetry. 

They employ a NIR camera and can achieve far better matching and coverage. 

 
8.2 Choice of method and Experimental setup 
 

The choice of technology for the experimental setup is primarily motivated by two primary 

factors. The first one being that relatively few studies have been performed within this rather 

narrow niche. Very few studies were found to have combined both drone usage, photogrammetry 

and snow measurements based on off-the-shelf technologies. The other being that 

photogrammetry seemed to hold the most potential for fulfilling the requirements for and 

contributing to the strengths of using UAVs in snow-mapping by remote sensing. Performing 

GIS-related measurements in remote locations is a demanding task both regarding time and 

resources. As such there was unfortunately not enough capacity to do several practical 

measurements at different times under the scope of this study. Provided a larger scope it would 

likely have been beneficial to do several flyovers for comparison as well as using different 

camera types.  

 

The systematic review was subjected to rather narrow restrictions to be deemed suitable, this 

resulted in a smaller sample size than what would have been optimal. One way to improve the 

statistical results would have been to use the summary to identify further search parameters for 

several sub-topic studies in the same form. However, such an approach would be very time-

consuming and would not have fit under the time-scope of this thesis. Despite the small sample 

size, it was possible to identify some relevant relationships and confirm their statistical 

significance. The review also had the benefit of aiding in topic-narrowing and literature 

identification for the following segment of the study.  

 

The semi-structured setup of the interviews may seem too broad to provide conclusive results but 

given the varying expertise and specifics surrounding each interviewee it was deemed that this 

was the best way of establishing a foundation of knowledge for identifying and structuring the 

rest of the study’s material. 

 

Parts and software for photogrammetric 3D reconstruction and ultrasonic sensor were available 

and could be tested. The software used were Agisoft Photoscan and Pix4D as they were both 

widely used for amateur and professional photogrammetry and available under a full version trial 

license. Drone was available in the form of a DJI Phantom mark 3. The Phantom comes with a 

built-in high-resolution camera and navigation system by IMU and GPS. No extra addition was 

constructed for the platform as the primary purpose was to show whether the commercially 

available technology would be sufficient. Neither did the study include practically examining the 

performance difference between different platforms.  

 

The choice of examining photogrammetry for the practical test was made primarily due to its 

potential capabilities but also due to difficulties of acquiring a suitable radar for the study. 

Examining multiple sensors in a practical setting would likely have landed the study outside of 

the time constraints mentioned previously. This is both with regards to physical implementation 

and conversion of data into a comparable format. It is quite possible that different camera and 

drone may have yielded different results, but effort has been made to mitigate that in the analysis 

by drawing on several sources doing similar research. 
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The practical test regarding photogrammetry over snow was performed over the research station 

in Tarfala, Sweden. The remote location on one hand provided a setting realistic and comparable 

to situations in which the sensor application is intended, but on the other hand limited the 

possibility to perform quantitative testing.  

 
8.3 Verification and validation 
 

Some way of increasing the verification levels with regards to statistical significance is brought 

up in the previous section regarding both the experimental setup and the systematic review. The 

primary limit on the verification would be the time and resources at hand. The validation level 

was strengthened by looking at what is asked for by stakeholders such as I1 who wanted to 

examine the potential use of drone mounted sensors for snow measurements and are the intended 

target-group for the proposed use of the systems brought up in this study. The validation of 

choice of practical trial was further strengthened in relation to the relevance of topic and 

approach by looking at previous experiments and methods.  
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9. CONCLUSION 

 

 

This chapter provides a discussion surrounding the choice of methods and evaluates the 

experimental used as well as brings up what may have contributed to verification and validation 

of the conclusions presented in the previous chapter 

 

 

9.1 Conclusion 
 

Based on the results presented in this study the use of drones does show great promise in being a 

complementary tool in snow mapping and estimation in SWE. Some issues remaining regarding 

the vertical position of drones on a m.a.s.l. scale, but countermeasures are feasible and presented 

in 8.1 Analysis of results. The collected assessment is that drones as a platform provide a good 

middle-ground between the far-ranging capacity of airplanes and the manual “stick and ruler”- 

measurements that are manually employed and may be used in combination with either or 

separately.  

 

• RQ1: What solutions are used today in aerial mapping and what requirements are placed 

on sensors used for the purpose of snow-mapping? 

 

The interviews provided the base material and a perspective on how remote sensing may be  

employed used in conjunction with a drone. As seen from the material presented in the  

following systematic review, we see that the primary sensors presented in the interviews was 

much in line with what the review showed. Techniques used for air-borne (or in some cases 

otherwise) mapping was somewhat varying but vastly dominated by laser scans as well as to a 

degree, photo-based mapping and photogrammetry.  

 

Radar was another common occurrence but mainly had strong support from satellite platforms.  

Ultrasonic sensors were mentioned, but as was established in the state of the art review the short  

range and difficulties when presented with ultrasonic waves permeability in air generally make  

them unsuitable. However, this is true if one mainly considers traditional aerial mapping,  

i.e. from high-altitude airplanes, helicopters and satellites. It was therefore deemed that when  

faced with a low-altitude drone flight the sensors may still be a viable solution provided good  

interfacing with the snow-air surface. Ultrasonic sensors were therefore not immediately  

exempted from the rest of the study.  

 

Sensors must be able to provide a sufficient estimate of distance as well as function on a drone-

platform with regards to weight and power consumption. Additionally, they must function over 

snow, bright surfaces as well as be able to provide a good estimate of ‘true’ ground level even in 

some terrain. 

 

 

 

• RQ2: Are the sensors suitable for snow-monitoring via drones or can they be made so? 

 

None of the sensor technologies presented seems to be able to provide a full picture of 

segmentation and density in thick snow packs on the premise that it may be mounted on a 

commercial level drone. Ultrasonic sensors show some promise for density estimates on surface 

layers or thinner packs due to its linear reflection strength correlation. A small FMCW radar may 
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be possible to mount on a drone and could potentially be used to map segmentation and layering 

of snow as well as the density down to a few meters depth. The radars in a suitable range of 

products that were identified in this study were solely used from a stationary position and from 

short-range. They can therefore not be said to be suitable for such a setup but does show promise 

for further studies. Regardless, radar is by far the most promising solution for mapping snow 

layer segmentation and density of a snow-pack. 

 

Regarding snow-depth it appears as if no technology presented here could produce any direct 

measurements of depth any deeper than what is possible with the lighter radars. Therefore, when 

faced with the particularly thick snow-layers found in regions in the arctic, it seems the most 

promising to use seasonal fly-overs in much the same way as shown by Bühler et. al. If such an 

approach is used it appears that a combination of two primary technologies may be the most 

suitable, NIR-camera based photogrammetry as well as LIDAR measurements. The LIDAR 

measurements have the potential of filtering out canopy during summer season in order the 

establish a true ground level. Photogrammetry is capable of much higher resolution at very small 

differences in accuracy and may therefore be used during winter-season if a suitable camera can 

be found. Preferably, a NIR-camera could be used in combination with an RGB-camera to cover 

more of the spectrum and thus identify additional nuances and tie-points that are recognizable to 

the software. If LIDAR could be shown to produce reliable results over snow, then it may be 

used in combination with photogrammetry to calibrate the 3D reconstruction. 

 

 

• RQ3: Is it possible to gather information about a snow-covered area from a UAV, using 

commercially available technology, to produce a dataset representative of the relative 

snow-height? 

 

This research question was examined by use of a camera mounted on a DJI Phantom v4. It was 

also attempted to utilize the drone’s built-in ultrasonic sensors to receive measurements close to 

the ground during take-off and landing. Unfortunately, it was not possible to use the ultrasonic 

sensors collected data. Therefore, the practical trials results became dependent on the inertial 

measurements and the photos taken alone. The 3D model constructed from the photos matched 

the real-world scenario well as long as there were clear definable structures in the area. Over 

larger areas of snow no matching could be done. This does tell us that the drone is a sufficiently 

stable platform for measurements on a local scale. However, the deviations in xyz-directions 

were not negligible from a viewpoint of matching the data on a global scale and therefore the use 

of Ground Control Points is recommended when analyzing the data. It was also noted that a 

simple RGB camera of a fairly standard resolution was not sufficient to be able to reconstruct the 

snow-pack’s 3D structure without clear, nearby reference points. In other studies, looking at 

photogrammetry over snow it has been proven a successful method when using a camera 

working in the near-infrared spectrum. In sum, the answer to the question is yes, most probably. 

The drone itself is stable enough as long as the sensor and positioning are reliable.     
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10. FUTURE WORK AND RECOMMENDATIONS 

 

 

In this chapter the author will make the final remarks regarding the topic as well as put forward 

recommendations based on the process as to which studies and topics may be of interest to fully 

realize the suggested platform.  

 

 

Following the analysis and discussion regarding the results in the previous two chapters it would 

be recommended that in-depth studies are made into the following topics: 

 

Practical performance: 

 

Perform a segmented systematic literature review on the performance of each individual sensor 

discussed in this paper. 

 

Perform practical trial with regards to photogrammetry using a consumer grade NIR-compatible 

camera. 

 

Seasonal fly-over trials comparing LIDAR and photogrammetry from the same flight during 

summer as well as winter. Compare differential with manual snow measurements for 

verification. Recommendation is to use clearly distinguishable ground control points to align the 

datasets. 

 

Market availability in-depth analysis 

 

Systematically look at the market and identify optimal sensors for a platform for a drone selected 

based on stakeholder requirements. The integration of sensors and construction of the platform 

may be considered an additional research field in its own regard entirely as one would have to 

examine power drain, temperature tolerances etc. 

 

Consider how the market for sensors suitable for remote sensing from drone platforms is 

structured. Price structures, willingness to pay among end-users given different performance 

levels. 

 

Snow density and segmentation characteristics 

 

Perform an in-depth study on how best to characterize the density and layer segmentation in 

snow packs. Start from the perspective of a stationary density measurement station and perform a 

state of the art analysis. Examine how best to design a drone-compatible platform based on the 

state of the art analysis. Take off in the market analysis mentioned above. Design and if possible 

construct prototype platform. 

 

Data-analysis 

 

Examine exactly what post-collection treatment of the data is required, depending on the sensor 

collection recommended in the studies suggested above. How does one best merge the collected 

data into a unified set that indicates the properties of the snow-pack?  
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APPENDIX A: PHOTOGRAMMETRIC REPORT – 
AGISOFT 

 

Processing Report 

17 May 2017 
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Survey Data 

 

Fig. 1. Camera locations and image overlap. 

Number of images: 

Flying altitude: 

Ground resolution: 

Coverage area: 

    203 

    30.8 m 

    1.08 
cm/pix 

    0.0311 km² 

      Camera stations: 

Tie points: 

Projections: 

Reprojection error: 

142 

36,947 

94,861 

1.29 
pix 

    

Camera 
Model Resolution Focal Length Pixel Size Precalibrated 

FC330(3.61 mm) 4000 x 3000 3.61 mm 1.56x1.56 μm No 

Table 1. Cameras. 
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Fig. 2. Image residuals for FC330 (3.61 mm). 

FC330 (3.61 mm) 

203 images 

Type Resolution Focal Length Pixel Size 
Frame 4000 x 3000 3.61 mm 1.56 x 1.56 μm 

 Value Error Cx Cy B1 P1 P2 

F 2311.25       

Cx -57.2504 0.2 1.00 0.02 0.27 0.61 0.01 

Cy -6.41557 0.17  1.00 -0.05 0.00 0.75 

B1 -6.59158 0.14   1.00 0.02 -0.01 

P1 -0.000273495 2e-05    1.00 0.01 

P2 9.02649e-05 2e-05     1.00 

Table 2. Calibration coefficients and correlation matrix. 
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Camera Locations 

 

Fig. 3. Camera locations and error estimates. 

z error is represented by ellipse color. x, y errors are represented by ellipse shape. 

Estimated camera locations are marked with a black dot. 

x error (m) y error (m) z error (m) xy error (m) Total error (m) 

1.31416 1.87238 0.591381 2.28753 2.36274 

Table 3. Average camera location error. 

x - Longitude, y - Latitude, z - Altitude. 
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Digital Elevation Model 

 

Resolution: 8.61 cm/pix 

Point density: 135 
points/m² 

 

Processing Parameters 
General  

Cameras 203 
Aligned cameras 
Shapes 

142 

Polylines 62 
Polygons 36 

Coordinate system WGS 84 (EPSG::4326) 
Rotation angles 

Point Cloud 
Yaw, Pitch, Roll 

Points 36,947 of 43,773 
RMS reprojection error 0.188198 (1.29239 pix) 
Max reprojection error 0.570846 (25.6861 pix) 
Mean key point size 6.1402 pix 

50  m 

1.34  km 

1.38  km 

Fig. 4. Reconstructed digital elevation model. 
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Effective overlap 
Alignment parameters 

2.63695 

Accuracy High 
Generic preselection Yes 
Reference preselection Yes 
Key point limit 40,000 
Tie point limit 4,000 
Adaptive camera model fitting Yes 
Matching time 20 minutes 29 seconds 
Alignment time Dense 

Point Cloud 
52 seconds 

Points 
Reconstruction parameters 

1,954,477 

Quality Low 
Depth filtering Aggressive 
Depth maps generation time 4 minutes 34 seconds 
Dense cloud generation time 

Model 
37 seconds 

Faces 76,692 
Vertices 
Reconstruction parameters 

38,922 

Surface type Height field 
Source data Sparse 
Interpolation Enabled 
Face count 90,000 
Processing time 

DEM 
2 seconds 

Size 2,928 x 3,314 
Coordinate system 
Reconstruction parameters 

WGS 84 (EPSG::4326) 

Source data Dense cloud 
Interpolation Enabled 
Processing time 

Orthomosaic 
11 seconds 

Size 1,826 x 2,048 
Coordinate system WGS 84 (EPSG::4326) 
Channels 
Reconstruction parameters 

3, uint8 

Blending mode Mosaic 
Surface DEM 
Enable color correction No 
Enable hole filling Yes 
Processing time 27 seconds 

 
Software  

Version 1.3.1 build 4030 
Platform Windows 32 
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APPENDIX B: PHOTOGRAMMETRIC REPORT – PIX4D 

 

Generated with Pix4Dmapper Pro version 3.2.23 

 

Project hybrid 
Processed 2017-05-22 13:57:09 

Camera Model Name(s) FC330_3.6_4000x3000 (RGB) 
Average Ground Sampling Distance (GSD) 1.22 cm / 0.48 in 

Area Covered 0.0169 km
2
 / 1.695 ha / 0.0065 sq. mi. / 4.1905 acres 

Quality Check 

 
Images median of 13055 keypoints per image 

 

 
Dataset 108 out of 203 images calibrated (53%), all images enabled 

 

 
Camera Optimization 11.95% relative difference between initial and optimized internal camera parameters 

 

 
Matching median of 687.279 matches per calibrated image 

 

 
Georeferencing yes, no 3D GCP 

 
Preview 

 

Figure 1: Orthomosaic and the corresponding sparse Digital Surface Model (DSM) before 

densification. 

Calibration details 

Number of Calibrated Images 108 out of 203 
Number of Geolocated Images 203 out of 203 

Initial Image Positions 

  

Quality Report 
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Figure 2: Top view of the initial image position. The green line follows the position of the 

images in time starting from the large blue dot. 

 

 

Figure 3: Offset between initial (blue dots) and computed (green dots) image positions as well as 

the offset between the GCPs initial positions (blue crosses) and their computed positions (green 

Computed Image/GCPs/Manual Tie Points 

Positions 

Uncertainty ellipses 
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crosses) in the top-view (xy 

plane), front-view (xz plane), and side-view (yz plane). Red dots indicate disabled or 

uncalibrated images. Dark green ellipses indicate the absolute position uncertainty of the bundle 

block adjustment result. 

 

Absolute camera position and orientation uncertainties 

 X [m] Y [m] Z [m] Omega [°] Phi [°] Kappa [°] 

Mean 1.223 1.223 2.968 2.390 2.677 0.802 
Sigma 0.200 0.201 0.606 0.324 0.307 0.009 

 

 

Overlap 

 

Figure 4: Number of overlapping images computed for each pixel of the orthomosaic. 

Red and yellow areas indicate low overlap for which poor results may be generated. Green areas 

indicate an overlap of over 5 images for every pixel. Good quality results will be generated as 

long as the number of keypoint matches is also sufficient for these areas (see Figure 5 for 

keypoint matches). 

Bundle Block Adjustment Details 

Internal Camera Parameters 

FC330_3.6_4000x3000 (RGB). Sensor Dimensions: 6.317 [mm] x 4.738 [mm] 

EXIF ID: FC330_3.6_4000x3000 

 Focal 

Length 
Principal 

Point x 
Principal 

Point y 
R1 R2 R3 T1 T2 

Initial Values 2285.722 

[pixel] 
3.610 [mm] 

2000.006 

[pixel] 
3.159 [mm] 

1500.003 

[pixel] 
2.369 [mm] 

-

0.001 
-

0.002 
0.000 -

0.001 
-

0.001 

Optimized Values 2558.881 

[pixel] 
4.041 [mm] 

1960.502 

[pixel] 
3.096 [mm] 

1472.227 

[pixel] 
2.325 [mm] 

-

0.006 
-

0.003 
0.001 0.000 -

0.000 

Uncertainties 

(Sigma) 
27.278 [pixel] 
0.043 [mm] 

1.098 [pixel] 
0.002 [mm] 

2.911 [pixel] 
0.005 [mm] 

0.002 0.004 0.003 0.000 0.000 

Number of 2D Keypoint Observations for Bundle Block Adjustment 79951 

Number of 3D Points for Bundle Block Adjustment 33484 
Mean Reprojection Error [pixels] 0.214 

Number of overlapping images: 1 2 3 4 5+ 



X 

 

 

The correlation between camera internal 

parameters determined by the bundle adjustment. 

White indicates a full correlation between the 

parameters, ie. any change in one can be fully 

compensated by the other. Black indicates that the 

parameter is completely independent, and is not 

affected by other parameters. 

 

2D Keypoint Matches 

 Number of 2D Keypoints per Image Number of Matched 2D Keypoints per Image 

Median 13055 687 
Min 10101 79 
Max 17051 2690 

Mean 12949 740 
 

3D Points from 2D Keypoint Matches 

 Number of 3D Points Observed 

In 2 Images 26451 
In 3 Images 4286 
In 4 Images 1362 
In 5 Images 649 
In 6 Images 347 
In 7 Images 131 
In 8 Images 94 
In 9 Images 69 

In 10 Images 32 
In 11 Images 21 
In 12 Images 13 
In 13 Images 9 
In 14 Images 6 
In 15 Images 9 
In 16 Images 3 
In 17 Images 1 
In 18 Images 1 

F 

C 0 x 

C 0 y 

R1 

R2 

R3 

T1 

T2 

The number of Automatic Tie Points (ATPs) per pixel, averaged over all images of the camera model, 
is color coded between black and white. White indicates that, on average, more than 16 ATPs have 
been extracted at the pixel location. Black indicates that, on average, 0 ATPs have been extracted at 
the pixel location. Click on the image to the see the average direction and magnitude of the re- 
projection error for each pixel. Note that the vectors are scaled for better visualization. The scale bar 
indicates the magnitude of 1 pixel error. 

 



XI 

 

 
25 48 96 144 192 240 288 336 384 433 

Figure 5: Computed image positions with links between matched images. The darkness of the 

links indicates the number of matched 2D keypoints between the images. Bright links indicate 

weak links and require manual tie points or more images. Dark green ellipses indicate the 

relative camera position uncertainty of the bundle block adjustment result. 

 

Relative camera position and orientation uncertainties 

 X [m] Y [m] Z [m] Omega [degree] Phi [degree] Kappa [degree] 

Mean 0.059 0.056 0.068 0.151 0.133 0.056 
Sigma 0.038 0.034 0.038 0.075 0.052 0.026 

 

Geolocation details 

Absolute Geolocation Variance 

Min Error [m] Max Error 

[m] 
Geolocation Error X [%] Geolocation Error Y [%] Geolocation Error Z [%] 

- -15.00 0.00 0.00 0.00 
-15.00 -12.00 0.00 0.00 0.00 
-12.00 -9.00 0.00 0.00 0.00 
-9.00 -6.00 0.00 0.00 0.00 
-6.00 -3.00 0.00 0.00 0.00 
-3.00 0.00 50.93 48.15 47.22 
0.00 3.00 49.07 51.85 52.78 
3.00 6.00 0.00 0.00 0.00 
6.00 9.00 0.00 0.00 0.00 
9.00 12.00 0.00 0.00 0.00 

12.00 15.00 0.00 0.00 0.00 
15.00 - 0.00 0.00 0.00 

Uncertainty ellipses 100x magnified 
Number of matches 
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Mean [m]  -0.000000 0.000000 0.000014 

Sigma [m]  1.238033 0.853031 0.778591 

RMS Error [m]  1.238033 0.853031 0.778591 

Min Error and Max Error represent geolocation error intervals between -1.5 and 1.5 times the 

maximum accuracy of all the images. Columns X, Y, Z show the percentage of images with 

geolocation errors within the predefined error intervals. The geolocation error is the difference 

between the intial and computed image positions. Note that the image geolocation errors do not 

correspond to the accuracy of the observed 3D points. 

 

Relative Geolocation Variance 

Relative Geolocation Error Images X [%] Images Y [%] Images Z [%] 
[-1.00, 1.00] 100.00 100.00 100.00 
[-2.00, 2.00] 100.00 100.00 100.00 
[-3.00, 3.00] 100.00 100.00 100.00 

Mean of Geolocation Accuracy [m] 5.000000 5.000000 10.000000 
Images X, Y, Z represent the percentage of images with a relative geolocation error in X, Y, Z. 

Geolocation Orientational Variance RMS [degree] 
Omega 1.949 

Phi 2.599 
Kappa 9.332 

Geolocation RMS error of the orientation angles given by the difference between the 

initial and computed image orientation angles. 

Initial Processing Details 

System information 

Hardware 
CPU: Intel(R) Core(TM) i5-6300U CPU @ 2.40GHz 

RAM: 8GB 
GPU: Intel(R) HD Graphics 520 (Driver: 20.19.15.4390) 

Operating System Windows 10 Enterprise, 64-bit 
 

Coordinate Systems 

Image Coordinate System WGS84 (egm96) 
Output Coordinate System WGS84 / UTM zone 34N (egm96) 

 

Processing Options 

Detected Template No Template Available 
Keypoints Image Scale Full, Image Scale: 1 

Advanced: Matching Image Pairs Aerial Grid or Corridor 
Advanced: Matching Strategy Use Geometrically Verified Matching: no 

Advanced: Keypoint Extraction Targeted Number of Keypoints: Automatic 

Advanced: Calibration 

Calibration Method: Standard 
Internal Parameters Optimization: All 
External Parameters Optimization: All 

Lever-Arm Parameters Optimization: None 
Rematch: Auto, yes 

Bundle Adjustment: Classic 
 

Point Cloud Densification details 

Processing options 

Image Scale multiscale, 1 (Original image size, Slow) 
Point Density Optimal 

Minimum Number of Matches 3 

Sigma of Geolocation Accuracy [m] 0.000000 0.000000 0.000000 
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3D Textured Mesh Generation yes 
3D Textured Mesh Settings: Resolution: Medium Resolution 

(default) Color Balancing: no 
Advanced: 3D Textured Mesh Settings Sample Density Divider: 1 

Advanced: Matching Window Size 7x7 pixels 
Advanced: Image Groups group1 

Advanced: Use Processing Area yes 
Advanced: Use Annotations yes 

Advanced: Limit Camera Depth Automatically no 
 

Results 

Number of Generated Tiles 1 
Number of 3D Densified Points 10482101 

Average Density (per m
3
) 4949.96 
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APPENDIX C: SYSTEMATIC REVIEW TABLE 

 

 

 

 

 

 

 

 

 

 

See following full page table. 

 

 

 

 

 

 



XV 

 

 

Title
Author(s)

Year of Publication
U

sed sensor(s)
Airborne/O

rbital/Stationary
Accuracy (Altitude/D

istance)
Positioning Error (m

ount+
sensor)

Environm
ent/Terrain

Positioning system
Resolution (m

eas/m
^

2)

M
apping riparian condition indicators in a sub-tropical savanna environm

ent

from
 discrete return LiDAR data using object-based im

age analysis
Johansen et.al.

2010
LIDAR

Airplane
0.15m

2m
 +

 0.3m
Stream

bed and Riparian
GPS

3.98

Sm
all-footprint lidar estim

ation of sub-canopy elevation and tree

height in a tropical rain forest landscape
Clark et.al.

2004
LIDAR

Airplane
0.18m

0.57m
 +

 0.3m
Rain forest

GPS
9

LiDAR m
easurem

ent of sagebrush steppe vegetation heights
Streutker & Glenn

2006
LIDAR

Airplane
0.22m

1m
 +

 0.2m
Steppe

GPS
1.2

Com
parison of Envisat radar and airborne laser altim

eter m
easurem

ents over

Arctic sea ice
Connor et.al.

2008
Radar and Lidar

Satellite and Airplane
0.1m

1m
 +

 0.2m
Arctic

GPS
0.2

Com
parative evaluation of airborne LiDAR and ship-based m

ultibeam
 SoNAR

bathym
etry and intensity for m

apping coral reef ecosystem
s

Costa et.al.
2008

LIDAR
Airplane

0.82m
5m

 +
 6.25m

Subm
arine

GPS & IM
U

Unspecified

Subalpine zone delineation using LiDAR and Landsat im
agery

Ø
rka et.al.

2012
LIDAR and im

agery
Satellite and Airplane

0.1m
 (http://w

w
w

.isprs.org/proceedings/XXXVI/part1/Papers/PS2-28.pdf)
13m

 +
 0.21m

Subalpine
GPS

2.7

Accuracy assessm
ent and correction of a LIDAR-derived salt m

arsh digital

elevation m
odel

Hladik & Alber
2012

LIDAR
Airplane

0.2m
0.012m

 +
 0.6m

M
arshland

GPS & IM
U & RTK

9

The Global M
onitoring for Environm

ent and Security (GM
ES) Sentinel-3 m

ission
Donlon et.al.

2012
Radar

Satellite
O

ceanic
GPS (GNSS)

Carnegie Airborne O
bservatory-2: Increasing science data dim

ensionality via

high-fidelity m
ulti-sensor fusion

Asner et.al.
2012

LIDAR and m
ultispectroscopy (near IR)

Airplane
0.15m

(LIDAR) , 0.08 (post fusion)
0.18m

 +
 0.5m

Field and Forest
GPS (GNSS) & IM

U
Unspecified

Im
proving InSAR elevation m

odels in Antarctica using laser altim
etry,

accounting for ice m
otion, orbital errors and atm

ospheric delays
Zhou et.al.

2015
LIDAR

Satellite
Sea Ice

GPS

A m
ulti-sensor approach tow

ards a global vegetation corrected SRTM

DEM
 product

O
'Loughlin et.al.

2016
LIDAR

Satellite
Global

GPS & GCP

M
easurem

ent of fine-spatial-resolution 3D vegetation structure w
ith

airborne w
aveform

 lidar: Calibration and validation w
ith voxelised

terrestrial lidar
Hancock et.al.

2017
LIDAR

Airplane
0.5m

1.5m
W

oodland, Concrete and Field
GCP

2

An autom
ated m

ethod to quantify crop height and calibrate

satellite-derived biom
ass using hypertem

poral lidar
Eitel et.al.

2016
LIDAR

Satellite
Field (crops)

GPS (GNSS)

Coastal and estuarine habitat m
apping, using LIDAR height and

intensity and m
ulti-spectral im

agery
Chust et.al.

2008
LIDAR and m

ultispectral im
agery

Airplane
0.15m

1m
Coastal and estuarine

GPS & IM
U

2

Soil O
rganic Carbon m

apping of partially vegetated agricultural fields

w
ith im

aging spectroscopy
Bartholom

eus et.al.
2011

im
aging spectroscopy

Airplane
Sand and Loam

GCP (Direct georeferencing)

Identifying vegetation from
 laser data in structured outdoor environm

ents
W

urm
 et.al.

2012
LIDAR

Groundbased 
Low

 vegetation
using the local sensors

3 D laser sensing at FO
! —

 overview
 and a system

perspective
Steinvall et.al.

2004
LIDAR

Ground and Airplane
0.15m

0.1m
Urban

GPS & IM
U

10

Spatial m
apping of greenhouse gases using laser absorption

spectrom
eters at local scales of interest

Dobler et.al.
2015

Absorption Spectrom
eter

UAV
Urban

GPS & IM
U

M
apping of ice, snow

 and w
ater using aircraft-m

ounted LiDAR
Church et.al.

2016
LIDAR

Airplane
Snow

, Ice and W
ater

?

Airborne Lidar M
easurem

ents for Cryosat Validation
Forsberg et.al.

2002
LIDAR and RADAR

Airplane and satellite
0.25m

0.3
Ice

GPS
1

Spectral Resolution Requirem
ents for

M
apping Urban Areas

Herold et.al.
2003

Visible/Infrared spectrom
etry

Satellite
66.6%

66.6%
Urban

GCP

3-D Photo-M
osaicking of Benthic Environm

ents
M

adjidi & Negahdaripour
2004

Photography (O
rto Photo m

osaic)
-

Benthic

Real-tim
e Robust M

apping for an Autonom
ous Surface Vehicle using an

O
m

nidirectional Cam
era

Gong et.al. 
2008

Photography (cam
era)

Boat
M

arine
GPS & IM

U

Very-high-resolution m
apping

of river-im
m

ersed topography

by rem
ote sensing

Feurer et.al.
2008

M
ixed evaluation

Airplane and UAV
GPR: 0.3, LIDAR: 0.2, Spectral: 0.2m

, Photogram
m

etry: 0.02m
GPR: 2, LIDAR: 2, Spectral: subpixel 0.056, Photogram

m
etry: 0.0387m

Rivers
GPS RTK GCP

1 , 0.5, 100 , 100

APPLICATIO
N O

F AIRBO
RNE LIDAR IN RIVER ENVIRO

NM
ENTS:

THE RIVER CO
Q

UET, NO
RTHUM

BERLAND, UK
Charlton et.al.

2003
LIDAR

Airplane
0.3

0.22
Rivers

GPS
3.9

Com
parison of space borne radar altim

etry and

airborne laser altim
etry over sea ice in the Fram

Strait
Giles & Hvidegaard

2006
LIDAR and RADAR

Airplane and Satellite
Sam

e m
easurem

ents as 21
Sam

e m
easurem

ents as 21
Sea Ice

GPS & IM
U

Sam
e m

easurem
ents as 21

The relation betw
een Arctic sea ice surface elevation and draft:

A case study using coincident AUV sonar and airborne scanning

laser
Doble et.al.

2011
Sonar and Lidar

AUV and Airplane
Sonar: 0.15, Lidar: Sam

e m
easurem

ents as 21
N/A

Underw
ater

GPS
4

Im
age-based surface reconstruction in geom

orphom
etry

– m
erits, lim

its and developm
ents

A case study using coincident AUV sonar and airborne scanning

laser
Eltner et.al.

2016
Photography

UAV
Not specified

Not specified
M

ixed
GCP

Not specified

M
APPING CRO

P STATUS FRO
M

 AN UNM
ANNED AERIAL VEHICLE FO

R

PRECISIO
N AGRICULTURE APPLICATIO

NS
Guo et.al.

2012
Photography

UAV
Not specified

Not specified
Field (crops)

GCP
Not specified

Kite Aerial Photography for Low
-Cost, Ultra-high Spatial

Resolution M
ulti-Spectral M

apping of Intertidal

Landscapes
Bryson et.al.

2013
Photography

Kite
0.06m

 (at 50m
 height)

0.04m
Intertidal Ecosystem

s
GPS & GCP (m

easured by RTK)
1089

Low
 Pow

er Greenhouse Gas Sensors for Unm
anned Aerial Vehicles

Khan et.al.
2012

Laser
UAV

N/A
1m

-
GPS

1

Spatial Co-Registration of Ultra-High Resolution Visible,

M
ultispectral and Therm

al Im
ages Acquired w

ith a

M
icro-UAV over Antarctic M

oss Beds
Turner et.al.

2014
M

ultispectral Im
agery

UAV
0.04m

0.02m
Antarctic

GPS & GCP (m
easured by RTK)

900

UAV Flight Experim
ents Applied to the Rem

ote Sensing of

Vegetated Areas
Salam

í et.al.
2014

Laser, Spectral and Therm
al

UAV
LIDAR: 0.25m

, Spectral and Therm
al: 0.3m

0.61m
Field and Forest

GPS & IM
U

LIDAR: 20, Spectral and Therm
al: 64

Status and prospects for LiDAR rem
ote sensing of

forested ecosystem
s

W
ulder et.al.

2014
LIDAR

Airplane and satellite
N/A

N/A
Forest

GPS & IM
U

N/A

A new
 1km

 digital elevation m
odel of the Antarctic derived from

com
bined satellite radar and laser data

Bam
ber et.al.

2009
Radar and Lidar

Satellite
0.4m

N/A
Antarctic

N/A
N/A

Lidar snow
 cover studies on glaciers in the Ö

tztal Alps (Austria):

com
parison w

ith snow
 depths calculated from

 GPR m
easurem

ents
Helfricht et.al.

2014
LIDAR

Airplane
0.15

N/A
Alpine (snow

 cover)
(D)GPS

3

Snow
 depth m

apping in high-alpine catchm
ents

using digital photogram
m

etry
Bühler et.al.

2015
Photography

Airplane
0.3m

0.02m
 +

 0.25m
Alpine (snow

 cover)
(D)GPS

16

M
apping snow

 depth from
 m

anned aircraft on landscape scales at

centim
eter resolution using structure-from

-m
otion photogram

m
etry

Nolan et.al.
2015

Photography
Airplane

0.3m
0.16m

Arctic
GPS & IM

U & GCP
360

The influencec of flying altitude, beam
 divergence, and pulse repetition 

on laser pulse return instensity and canopy frequency distribution
Hopkinson

2007
LIDAR

Airplane
0.1

0.3m
Agricultural and forest

GPS & IM
U & GCP

1.5
Nitrous oxide (N2O

) em
issions from

 California based on 2010

CalNex airborne m
easurem

ents
Xiang et.al.

2013
Laser Spectrom

eter
Airplane

N/A
15m

Agricultural
s

1


