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ABSTRACT 

The albedo, or reflectivity, of seasonal snowpack directly controls the timing and 
magnitude of snowmelt and runoff. Snow albedo is affected by a large number of snow physical 
and environmental properties that vary considerably at multiple spatiotemporal scales. This 
variability introduces a high degree of uncertainty into existing modeling techniques. Models for 
snowmelt that require snow albedo can be improved by incorporating satellite measurements to 
inform and update estimates of this snow property. However, satellite measurements are 
susceptible to a multitude of error sources, which requires them to be calibrated and validated by 
means of ground-based measurements. Ground-based measurements from automated weather 
stations are often located at sparsely-distributed monitoring sites in homogeneous meadow 
environments. These spatially restricted in-situ data provide biased validation and calibration 
data that are not representative of the heterogeneous landscapes that comprise many seasonally 
snow-covered watersheds. In order to provide comprehensive validation and calibration of 
satellite albedo products, multiple near-surface measurements should be taken across large areas 
to capture the high degree of spatial variability that snow albedo can exhibit. UAV albedo 
measurements can be used to bridge the scaling gap between satellite and point-based 
measurements. Since these platforms are in a novel stage, the requisite methodologies for 
topographic correction and comparison to gridded albedo products do not exist. Additionally, 
there lacks a general understanding of the spatial scaling of albedo measurements in 
heterogeneous terrain. This research aims to develop these methodologies and provide a 
comprehensive understanding of how to deploy these platforms and properly interpret their 
measurements. We first developed and validated a topographic correction using ground-based 
measurements of snow albedo in a sloping alpine meadow. Sensitivity analyses on both ground 
validation measurements and UAV-based albedo surveys in our alpine study area highlight the 
implications of using different user-defined parameters for the proposed topographic correction 
and satellite comparison methods. Improvements to the methodology can be made in the way it 
accounts for trees, shading, and cloud cover. This research develops the initial steps requisite to 
the operationalization of UAV albedo measurements and standardization of the techniques.  
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CHAPTER ONE 

GENERAL INTRODUCTION 

Seasonal Snowpack 

In middle to high latitude regions across the globe, agriculture, ecosystems, and 

population centers rely heavily on the accumulation and melt of snow to provide water 

throughout the year (Barnett et al., 2005; Barnett et al., 2008). In many of these regions, the 

majority of precipitation falls during late fall through early spring in the form of snow. 

Snowpack effectively stores water and releases it through runoff as it melts, acting as a buffer for 

ground and surface water during the dry summer season. The total quantity of snow at the end of 

accumulation season therefore heavily influences the potential for drought conditions (Margulis 

et al., 2016). The timing and magnitude of runoff is of particular importance from a resource 

management perspective, as it determines when water will become available to different user 

groups. Additionally, natural ecosystem dynamics and associated carbon fluxes are highly 

sensitive to the timing of snowmelt processes (Ulseth et al., 2018).  

The Earth’s rapidly warming climate is altering snow accumulation and melt dynamics, 

and snow cover duration and extent are diminishing rapidly, by as much as 6 days and 13% 

respectively (Borman et al., 2018). Changes in climate, land use and population growth are all 

affecting the supply and demand of snow-water resources, leading to increased water stress in 

many regions that rely on them (Mankin et al., 2015). Improvement of current forecasting 

techniques is therefore critical in order to properly manage these resources. However, under 
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shifting baseline conditions, existing snow hydrological models are becoming increasingly 

incapable of accurately depicting snow accumulation and melt processes (Dozier, 2011).  

The techniques that are utilized to observe the driving processes of seasonal snow 

dynamics are evolving rapidly. By leveraging the new opportunities that state-of-the-science 

technologies provide, we can improve our understanding of seasonal snow processes. 

Albedo of Seasonal Snowpack 

Albedo is simply defined as the proportion of incident radiation that a surface reflects. 

The albedo of snow plays a crucial role in the dynamics of seasonal snow, as it exerts a 

significant control on the timing of snowmelt (Xue et al., 2003). The albedo of snow has a high 

degree of spatiotemporal variability, and can range from 0.9 (highly reflective, absorbing only 

10% of incident radiation) to 0.4 (highly absorptive, 60% of incident radiation). Snow albedo is 

controlled by a variety of snow physical and environmental properties. Snow grain size 

modulates albedo mainly in the infrared (Wiscombe and Warren, 1980). Grain size is a product 

of snow metamorphism, driven by radiation-induced temperature gradients in the snowpack 

(Wiscombe and Warren, 1980). Light absorbing impurities (LAI), primarily sand and carbon 

soot, decrease snow albedo with increasing concentration (Warren and Wiscombe, 1980; 

Warren, 1984). Concentrations of LAI vary spatially and temporally, and positive correlations 

with altitude have been found (Li et al., 2018). Wildfires have been shown to significantly 

increase LAI in snow, resulting in higher radiative forcing and earlier melt (Flanner et al., 2009). 

Surface roughness promotes multiple scattering of radiation, leading to decreases in albedo with 

increasing roughness height (Lhermitte et al., 2014). Other factors that influence the snow’s 

albedo are related to the characteristics of the incoming solar radiation. Snow albedo has been 
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shown to increase with solar zenith angle (Pirazzini et al., 2004) and cloud cover (Stapf et al., 

2020).  

The processes that control the albedo of snow can vary considerably throughout a single 

watershed and over the course of a single day. In winter during accumulation, the snow’s albedo 

is generally very high, as the snow surface is generally composed of fine-grained snow. Since 

wintertime snowpack tends to reflect the majority of insolation, the snow’s albedo is of minimal 

concern. Absorption of shortwave radiation near the snow surface leads to physical changes in 

snow grain size, leading to a decrease in albedo and rapid metamorphism (Adolph et al., 2017). 

At the onset of ablation, albedo diminishes rapidly due to increases in solar radiation that 

catalyze positive feedback mechanism (Aoki et al., 2003). Additionally, as snow melts light 

absorbing impurities such as sand and organic matter tend to concentrate at the surface leading to 

exponentially decreasing albedo (Gleason and Nolin, 2016). Snow albedo has the capacity to 

change rapidly over short distances and timespans, and this variability is particularly difficult to 

capture in measurements and models.  

Different Representations of Snow Albedo 

It is generally understood that albedo input into climate or land surface models should 

have an accuracy between 0.02-0.05 in order to adequately inform the models that depend on it 

(Henderson-Sellars and Wilson, 1983). Snowmelt models have traditionally represented snow 

albedo through age-based decay schemes and other simplifying parameterizations (Aoki et al., 

2003; Pirazzini et al., 2004). Parameterizations provide a computationally and data efficient 

methodology for calculating spatially distributed estimates of albedo. These models perform 

poorly under conditions that differ from those which they were developed under and often over-
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simplify the spatiotemporal variability in snow albedo (Anderton et al., 2002; Bair et al., 2019). 

Methods that assimilate direct observation of snow albedo from satellites have been shown to 

produce improved estimates of SWE when incorporated into mass balance models (Xu and Shu, 

2014; Bair et al., 2019; Kumar et al., 2020). While satellite measurements provide direct 

measurements of albedo distributed across broad regions, they are susceptible to a variety of 

atmospheric and geometric sources of error (Qu et al., 2015), and require external sources of 

validation. However, satellite measurements are generally validated by sparsely-distributed 

station-based measurements installed in homogeneous terrain. These station measurements are 

fixed in location and inherently unable to capture spatial variability at hillslope to watershed 

scales (10s – 1000s of meters). The locations of these sensors are not representative of the 

heterogeneous landscapes that comprise many seasonally snow-covered watersheds, leading to 

calibrations that are biased towards the environments of this spatially-restricted ground data 

source (Dozier et al., 2011). Airborne sensors can capture high-resolution albedo over broad 

areas, but the altitude of these measurements requires them to be atmospherically corrected, and 

they are restrictive due to the high cost of the airborne survey. The deficiencies of existing 

satellite validation measurement techniques call for new and improved methods to measure 

albedo near the surface. This need is stressed in the National Academies of Science 2017 

Decadal Strategy for Earth Observation from Space, which identified snow albedo as a primary 

targeted observable (National Academies of Sciences and Medicine, 2017). 

UAVs 

Uncrewed aerial vehicles (UAVs) provide unique capabilities in a variety of Earth 

Science applications. Platforms have a considerably lower cost of entry compared with airplanes 
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and helicopters. Since UAVs can be deployed over local to broad regions (10s – 1000s of 

meters) at varying altitudes (10s – 100s of meters), they provide observations at a unique spatial 

scale that lies in between that of ground and satellite-based observations. These platforms can 

also be deployed over terrain that is inaccessible to ground observers for logistical and safety 

reasons.  

In existing snow hydrology research, UAVs are commonly equipped with digital cameras 

to capture imagery of the surface. Overlapping imagery of snow-covered study areas allows for 

photogrammetric reconstruction of snow depth (Harder et al., 2016; Masny et al., 2021). 

Additionally, reflectance data contained in orthomosaics generated from UAV imagery has been 

used to map snow surface characteristics such as impurity concentrations (Di Mauro et al., 2015) 

and snow-covered area (Liang et al., 2017). Less commonly, snow depth has also been measured 

with UAV-based lidar (Koutantou et al., 2021) and radar systems (Jenssen and Jacobsen, 2021). 

UAVs have previously been shown to be capable of measuring snow albedo (Sproles et 

al. 2020). Since these platforms can be deployed to collect many measurements over broad 

regions, they are well equipped to capture the spatial variability of snow albedo in mountainous 

environments. Therefore, UAV-based snow albedo measurements potentially offer an improved 

source of calibration and validation data for satellite-measurements and models for snow albedo. 

Since these platforms have rarely been deployed over heterogeneous terrain, methods need to be 

developed for correcting UAV data for topography and comparing to satellite data, while 

considering the scale difference between these two different measurement sources. Additionally, 

methodologies should be agreed upon by the scientific community so that results from different 

studies can be directly comparable.  
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Research Objective, Questions, and Hypotheses 

The overarching objective of this research is to develop and implement a methodology 

for validation of satellite albedo using a UAV. This research has four overarching questions that 

are investigated using a corresponding hypothesis.  

 

Q1: Ground-based sensors that measure albedo are often deployed at fixed locations over 

homogeneous surfaces, so measurement interpretation is simple. When we deploy these sensors 

on UAVs to measure albedo over heterogeneous terrain, what factors control the measurements? 

H1: Albedo measurements over heterogeneous terrain are a function of the spatial variability of 

the surface albedo. These measurements are also dependent on altitude. 

 

Q2: How can we correct UAV albedo measurements for topography when the terrain is variable 

within the sensor field of view? 

H2: By taking a weighted average of the terrain within the sensor field of view, we can account 

for terrain variability and sensor response in the topographic correction. 

 

Q3: How can we compare UAV-measured albedo to satellite-derived albedo while accounting 

for differences in measurement scale between the two platforms? 

H3: Similar to the topographic correction, we can take a weighted average of the satellite pixels 

within the sensor field of view to compare to our UAV measurements. 
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Q4: How do different processing parameters affect the comparison of UAV-based albedo 

measurements to satellite products?  

H4: Sensitivity analyses will allow us to quantify the effects of changing processing parameters 

on these comparisons. 
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Abstract 

Snow albedo is highly variable over multiple temporal and spatial scales. This variability is more 

pronounced in areas that experience seasonal snowpack. Satellite retrievals, physically based 

models and parameterizations for snow albedo all require ground-based measurements for 

calibration, initialization, and validation. Ground measurements are generally made using 

upward and downward-facing pyranometers at opportunistically located weather stations that are 

sparsely distributed, particularly in mountainous regions. These station-based measurements 

cannot capture the spatial variability of albedo across the land surface. Uncrewed Aerial Vehicles 

(UAVs) equipped with upward and downward-facing pyranometers provide near-surface 

measurements of broadband albedo that are spatially distributed across landscapes, offering 

improvements over in-situ sensors. At the hillslope to watershed scale albedo measurements 

from UAVs taken over heterogeneous terrain are a function of the spatial variability in albedo 

and topography within the downward-facing sensor’s field-of-view (FOV). In this research we 

propose methods for topographic correction of UAV snow albedo measurements and comparison 

to gridded satellite albedo products. These methods account for the variability of surface 

topography and albedo within the sensor FOV, sensor tilt, and the directional response of 

pyranometers. We applied the proposed methodologies to UAV snow albedo measurements 

collected over an alpine meadow in southwest Montana, USA (45.23º, -111.28º). Sensitivity 

analyses were conducted to determine the effect of altering the processing FOV (PFOV) for both 

topographic corrections and comparison to coincident Landsat 8-derived albedo measurements. 

Validation from ground-based albedo measurements showed the topographic correction to 

reduce albedo measurement error considerably over mildly sloping terrain. Our sensitivity 
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analyses demonstrated that outcomes from the topographic correction and satellite comparison 

are highly dependent on the specified PFOV. Based on field observations and analyses of UAV 

albedo measurements made at different altitudes, we provide guidelines for strategizing future 

UAV albedo surveys. This research presents considerable advances in the standardization of 

UAV-based albedo measurement. We establish the foundation for future research to utilize this 

platform to collect near-surface validation measurements over heterogeneous terrain with high 

accuracy and consistency. 

1 Introduction 

The albedo of snow exerts a significant control on Earth’s energy balance and water cycle. 

In mountainous areas that experience seasonal snowpack, snow albedo is highly variable 

throughout space and time (Seidel et al., 2016). While the surface albedo of glaciers, ice sheets, 

and snow-free areas also exert a controlling influence on Earth’s climate (Ingram et al., 1989; 

Dumont et al., 2012; Shaw et al., 2021), this paper specifically addresses the albedo of seasonal 

snow at the hillslope to watershed scales (10s – 1000s of m2). The spatiotemporal variability of 

snow albedo at the seasonal timescale directly influences the timing and magnitude of snowmelt 

and runoff as well as climatic fluctuations over longer timescales (Hall and Qu, 2006). The 

transition from high to low-albedo snow at the onset of ablation can transform the surface from a 

net reflector of shortwave radiation to a net absorber, resulting in rapid melting and drastic 

changes to the climate and landscape (Wiscombe and Warren, 1980; Hall, 1988).  

Satellite retrievals, physically based models, and parameterizations for snow albedo all 

require ground-based measurements for calibration, initialization, and validation. Under a rapidly 

changing climate, empirical parameterizations will become increasingly unrepresentative of 
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current conditions (Dozier, 2011). Improvement of physically based energy balance models and 

snow albedo parameterizations is dependent on high-quality distributed measurements that 

capture the spatial variability of the surface at a variety of spatial and temporal scales, to satisfy 

the needs of individual products (Bales et al., 2006; Molotch and Bales, 2006; Rhoades et al., 

2018). 

1.1  Spatial scales of snow albedo 

Ideally, snow and hydrological models explicitly represent processes at the true scale at 

which they operate (Blöschl and Sivapalan, 1995). In order to properly inform the scaling of 

these models, measurements must be made at spatial and temporal scales that correspond to the 

process scales that drive changes in hydroclimatology (Blöschl, 1999). 

Although relatively little work has been done to quantify the scale of spatial variability of 

snow albedo, much focus has been placed on quantifying spatial scales of snow properties such 

as depth, density, and stratigraphy, and environmental properties such as elevation and radiative 

forcing (Schweizer et al., 2008). These processes that control spatial variability of snow 

accumulation and ablation directly control and respond to changes in albedo via changes in grain 

size, impurity concentration, and depth (Warren and Wiscombe, 1980; Wiscombe and Warren, 

1980; Warren, 1984). Thus, we can deduce that snow albedo varies at spatial scale(s) similar to 

these snow and environmental properties. However, scales of spatial variability of these 

properties identified in previous studies is highly dependent on the individual process, study 

location, and sampling strategy. Integral scales range from 1 m at the point scale, 1 – 100 m at 

the hillslope scale, to 100 – 1,000 m at the watershed scale (Schweizer et al., 2008; Clark et al., 

2011). Other controls on snow albedo such as impurity content and average solar zenith angle 
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can vary at broader, hemispherical scales (Cui et al., 2021). Given the wide range in process 

scales, snow albedo measurements should have the ability to deploy over local to broad regions 

in order to capture the underlying variability of this governing property. 

1.2 Temporal scales of snow albedo 

The importance of snow albedo in terms of its influence on the state of the snowpack is 

variable throughout an individual season. During the accumulation season, available solar energy 

is low and snow is metamorphosing slowly, so its albedo is of minimal importance. Maximum 

variability in albedo occurs when snow surface temperatures approach 0° C at the onset of melt 

(Aoki et al., 2003). This spatial variability in albedo is the primary control behind spatial 

differences in ablation and snow density (Grünewald et al., 2010; Wetlaufer et al., 2016). The 

importance of spatial variability in shortwave forcing on snowmelt and metamorphism 

diminishes throughout melt as spatial variability in ablation is increasingly controlled by 

advective heat transport from snow-free areas (Grünewald et al., 2010; Wetlaufer et al., 2016). 

Thus, it is critical to capture the spatial variability of snow albedo at the onset of melt. 

Additionally, snow albedo varies on a daily timescale as a function of solar zenith angle 

(Wiscombe and Warren, 1980). Diurnal fluctuations in zenith angle also influence the snow’s 

albedo through physical changes to the snowpack due to melting, sublimation, and refreezing 

(Pirazzini, 2004). Solar geometry controls the proportion of the snow surface that is shaded by 

tree cover and surrounding slopes, and therefore directly influences the land surface albedo 

(Webster and Jonas, 2018). Given that snow albedo varies at multiple temporal scales, 

measurement strategies should provide the flexibility to be deployed during critical times of the 

ablation season at multiple times within individual days. 
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1.3 Current methods of measuring snow albedo 

Spaceborne sensors such as Landsat 7 Enhanced Thematic Mapper (ETM+), Landsat 8 

(LS8) Operational Land Imager (OLI) and NASA’s Moderate Resolution Imaging Spectrometer 

(MODIS) are capable of informing spatially distributed mass balance models at a global extent 

through assimilation techniques (Xu and Shu, 2014; Bair et al., 2019; Kumar et al., 2020). 

Remotely-sensed observations provide advantages over empirical parameterizations for snow 

albedo, particularly in areas where shortwave radiative forcing dominates the energy balance 

(Molotch et al., 2004). Satellite products require complex processing to account for atmospheric 

and geometric sources of error. Additional uncertainty is introduced through narrow to 

broadband conversions, and angular modeling and spatial variability in albedo at the sub-pixel 

scale. Satellite albedo products therefore require ground-based (in-situ) albedo measurements for 

calibration and validation (Schaaf et al., 2002; Qu et al., 2015). The importance of these 

calibration and validation data are highlighted in the National Academies of Science 2017 

Decadal Strategy for Earth Observation from Space, which identifies snow albedo a primary 

targeted observable (National Academies of Sciences and Medicine, 2018). Improvement of 

spaceborne techniques for measuring fundamental snow properties is of critical importance for 

addressing the global implications of a rapidly changing climate. 

Ground-based (in-situ) measurements of snow albedo are most commonly made by taking 

the ratio of surface-reflected (K↑) to incoming (K↓) radiation measured by a pair of downward 

and upward-facing pyranometers.  

𝛼𝛼 =
(𝐾𝐾 ↑)
(𝐾𝐾 ↓)

(1) 
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Broadband pyranometers measure shortwave irradiance (~300 nm – 3000 nm), which 

composes 99% of insolation, thus the energy driving the earth system. These sensors have a 

hemispherical field-of-view (FOV), and their measurement ratio represents the bi-hemispherical 

reflectance (BHR), of a surface (Schaepman-Strub et al., 2006). Since snow reflects light 

anisotropically (Bourgeois et al., 2006; Dumont et al., 2010), this measurable reflectance 

quantity is particularly useful because it captures for the bidirectional reflectance properties of a 

surface.  

Dual pyranometers are often installed at opportunistically located weather stations that 

are sparsely distributed, especially in mountainous environments. Additionally, since these 

measurements are fixed over a single point, they inherently do not capture the spatial variability 

in snow properties that exists in complex alpine headwaters. The locational biases of these 

ground-based albedo monitoring sites inhibits their utility for informing and assessing spatially 

distributed products (Dozier, 2011). 

While the resolutions of available satellite albedo products narrowly allow for explicit 

representation of variability in snow albedo at the hillslope scale (e.g. 30 m x 30 m cell from 

Landsat 7 or 8), station measurements are restricted to the point scale. Methods for capturing 

processes between these scales are constrained by cost-prohibitive airborne surveys (Molotch et 

al., 2004; Seidel et al., 2016) and recently, uncrewed aerial vehicles (UAVs) (Ryan et al., 2017; 

Webster and Jonas, 2018). An illustrative example of the scaling differences between satellite, 

in-situ, and UAV surveys is provided in Figure 1.  
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UAVs provide the means to resolve 

the spatial variability of snow albedo at high 

resolutions from the individual hillslope to 

watershed scale, and have the flexibility to 

be deployed at critical times during the onset 

of ablation at different times within a single 

day. These spatially distributed sets of near-

surface albedo measurements can be used to 

supplement calibration and validation data 

from AWS (Burkhart et al., 2016; Ryan et 

al., 2017; Levy et al., 2018; Canisius et al., 

2019; Sproles et al., 2020). UAV-based snow albedo measurements provide the means to bridge 

the scaling gap between in-situ snow albedo measurements and satellite observations (Sproles et 

al., 2020). However, the utility of these validation measurements depends heavily on processing 

strategy.  

Measurement uncertainty in broadband albedo measurements stem from interactions 

between the sensing platform, atmosphere, and ground surface that increase in complexity as 

more variability is present within the sensor’s FOV (Henderson-Sellers and Wilson, 1983). A 

major source of error in pyranometer albedo measurements over complex terrain is topography 

(Grenfell et al., 1994; Jonsell et al., 2003; Wu et al., 2018). Since the tilt of the sensing platform 

is rarely equal to the tilt of the terrain below, the flux density of the direct solar beam will be 

different for both surfaces. To account for this difference in measured irradiance, the upward-

Figure 1: Illustrative example showing the 
difference in measurement scale between point-
based weather stations, satellite grids, and UAV 
surveys. 
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facing pyranometer measurements need to be corrected to represent the amount of energy 

received by the tilted ground surface, which requires knowledge of the slope and aspect of the 

ground surface as well as the tilt and tilt direction of the sensor (Bogren et al., 2015; Weiser et 

al., 2016). The magnitude of topographic error in albedo measurements also depends on the 

atmospheric state, adding further complexity to required corrections (Picard et al., 2020). 

Various topographic correction schemes have been proposed and implemented on albedo data at 

AWS (Grenfell et al., 1994; Weiser et al., 2016; Bair et al., 2019; Picard et al., 2020), but none 

have been applied to UAV-based measurements. Since UAV platforms acquire measurements 

over variable terrain, the topographic correction should account for this variability while 

considering directional response of the pyranometer. 

1.4 Scaling Uncertainties 

Uncertainties can arise when correcting for topography or comparing pyranometer 

measurements to satellite pixels, due to differences in measurement scale between platforms and 

surface variability (Lhermitte et al., 2014; Ryan et al., 2017b; Canisius et al., 2019). The large 

measurement footprint of pyranometers makes processing and interpretation of measurements 

difficult over variable terrain, as a single measurement is an integration of the variability within 

the sensing footprint. Moreover, this footprint is dependent on the altitude of the sensor and the 

FOV (Fig. 2) (Brock, 2001).  
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The angular response of a pyranometer can be described by Lambert’s Cosine Law, stating 

that irradiance (W/m2) received by the sensing element varies as a function of the cosine of the 

viewing angle (Brock, 2001). Since pyranometers have a near-cosine response, measurements of 

spatially heterogenous terrain do not represent a geometric average of irradiance over an area, 

but rather a weighted average that is a function of the relative albedos of different surface 

components and their spatial organization relative to nadir. Therefore, the measured albedo 

depends on the sensor’s location in x, y, and z space as well as the spatial scale of variability in 

Figure 2: Pyranometer footprint diameter over a flat surface as a function of 
FOV, for measurement altitudes of 10 m and 30 m. The corresponding fraction of 
measured radiation (secondary y-axis) at each FOV is plotted in grey. 
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albedo at the surface. Since the downward-facing pyranometer has a hemispherical field of view, 

it casts a hypothetically infinite measurement footprint on the surface. This makes it difficult to 

attribute a scale to pyranometer albedo measurements, as the field of view needs to be 

constrained to be less than 180° for the purpose of applying processing and comparing to other 

products. To date, the UAV albedo research has differed in the way they compare UAV albedo 

to satellite-derived albedo. Some have taken the point-to-pixel approach, without explicitly 

considering the FOV of the pyranometers onboard the UAV (Sproles et al., 2020). Others have 

specified an arbitrary restricted processing-FOV (PFOV) for the pyranometer data ranging from 

60° (Ryan et al., 2017) to 90° (Canisius et al., 2019) to 162° (Levy et al., 2018) in order to 

project the sensing footprint onto the ground. The studies that have defined restricted PFOVs 

have differed in the way they integrate the satellite pixels within the downward-facing 

pyranometer’s footprint. If UAV albedo measurements are to be used to validate and calibrate 

models and satellite albedo products, it is critical that processing strategies are consistent 

between studies. 

The underlying goal of this research is to provide the insights and methodologies required 

to deploy UAV albedo platforms over spatially variable terrain at the slope to watershed scale, 

process the measurements, and compare them to external satellite-based products. We address 

the research objective in three parts. (1) We first demonstrate the behavior of UAV albedo 

measurements over surfaces with spatially variable albedo, and show how these measurements 

scale with measurement altitude. (2) We then present a topographic correction that accounts for 

both the tilt of the UAV platform and spatial variability of terrain. The approach used in the 

topographic correction is leveraged in a methodology for comparing UAV albedo measurements 
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to satellite data. The topographic correction is validated with ground-based snow albedo 

measurements. Implications of altering the PFOV are determined for both the topographic 

correction and comparison to LS8 albedo measurements. (3) A sensitivity analysis is performed 

to determine topographic survey requirements for the proposed correction. This research 

provides steps towards a standardized framework for UAV albedo surveys and the 

accompanying processing workflows to ensure high measurement accuracy and allow 

interoperability of the measurement technique across different research and applications.  

2 Materials and Methods 

2.1 UAV and Sensors 

We utilized a DJI Matrice 210 V2 quadcopter (Fig. 3) to perform both snow albedo and 

Structure-from-Motion (SfM) photogrammetry surveys. When performing photogrammetric 

surveys, the UAV was equipped with a Zenmuse X5S digital camera (20.8 MP). During albedo 

flights, the UAV was equipped with upward and downward-facing Kipp and Zonen PR1 

pyranometers and a Meteon 2.0 datalogger that recorded measurements at one second intervals. 

The pyranometers were factory-calibrated within two years of deployment. These particular 

sensors are well suited for deployment on a UAV, as the casing is 3D-printed with a lightweight 

resin material and response times are reasonably fast (<0.2s). The albedo measurements are 

temperature-corrected, making these sensors ideal for use in cold environments. The sensors and 

datalogger were mounted to the UAV with 3D-printed mounts that were fabricated using 

polylactic acid (PLA) filament. 
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Before each field outing, the datalogger was synced to a computer’s time to remove any 

drift in its real-time clock. The UAV compass was calibrated in the field prior to flights to 

minimize geolocational uncertainty. Maximum flight times for this UAV in winter conditions at 

the study area (elevation 2650 m) ranged between 12 and 16 minutes, depending on temperature 

and wind speeds. Specifications for the UAV, camera, and sensors can be found in Table S1. 

2.2 Preliminary Tarpaulin Experiments 

To develop a basic understanding of how albedometer measurements of a heterogeneous 

surface scale with altitude, and to inform survey design, an experiment over a controlled 

environment was conducted (Fig. S1). UAV albedo flights were performed over a manipulated 

study area that consisted of a relatively homogeneous asphalt ground surface with an arranged 

Figure 3: UAV setup consisting of upward and downward-facing pyranometers, a 
digital camera, and a datalogger. 
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set of circular tarpaulins (Fig. 4). The dark asphalt ground surface provided good contrast with 

the higher albedos of the tarps. Our UAV equipped with a digital camera and an albedometer 

ascended slowly (vertical speed: 1 m/s, horizontal speed: 0 m/s) from the center of each tarpaulin 

setup to 50 m above ground-level (AGL) and descended at the same rate, recording albedo 

measurements every second during the ascent and descent. The premise of this field experiment 

is that as the UAV ascends, its effective footprint increases in diameter. As the effective footprint 

increases, the contribution of surface characteristics to the measured albedo varies (Fig. S1). 

Figure 4: Ground configurations for preliminary albedo scaling study. The UAV 
was flown vertically from the center of each ground configuration, taking albedo 
measurements every second. (A) Bare asphalt (B) grey tarpaulin, (C) grey 
tarpaulin with small black tarpaulin in center, and (D) grey tarpaulin with small 
black tarpaulin on side.  
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2.3 Study Area 

During March – May of 2021, UAV data was collected at “Namaste Valley” (45.2316° N, 

111.4768° W, elevation 2650 m), an alpine meadow environment located at the head of the 

Muddy Creek drainage, which flows into the South Fork of the West Fork of the Gallatin River 

in southwest MT, USA (Fig. 5a). The meadow is proximal to patches of dense conifer, but is 

largely composed of mildly undulating vegetation- and rock-free snow cover in the winter (Fig 

5b).  

Since there are a variety of solar aspects, Namaste Valley provides an ideal location to 

investigate the effects of topography and albedo heterogeneity on albedo measurements. Slope 

angles in this study area range from 5º – 20º, and slope aspects exist at all cardinal directions 

besides north. Flights were completed on three days with clear skies (March 11, March 18, and 

April 28) during the 2021 season. These field days were timed to correspond with a coincident 

LS8 pass over. Ground observations prior to UAV flights made from a handheld weather meter 

recorded maximum wind speeds of 5 m/s. The UAV platform maintained stability in all wind 

conditions encountered during the field days.  

2.4 Field Methods 

Universal Ground Control Software (V4.4) was used to pre-program missions prior to field 

days. Separate flight plans were created for photogrammetry and albedo flights. Photogrammetry 

flights surveyed the area in a cross-hatched pattern at 100 m AGL, collecting ~250 total images 

with 75% horizontal and vertical overlap with the camera gimbal fixed at a 90° tilt. 
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The target resolution for photogrammetric reconstruction was 5 cm/pixel. Prior to each 

photogrammetry survey, the camera aperture, ISO, and shutter speed were adjusted to avoid 

oversaturating highly reflective snow-covered pixels, while maintaining contrast over darker, 

tree-covered areas. The camera was set with an aperture of f-stop f/10, ISO of 100, and shutter 

Figure 5: Namaste Valley study area, southwest MT, USA, showing UAV albedo survey 
transect lines, ground validation measurement locations, and vertical UAV albedo flight 
locations. 
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speed of 1/1000 s. Nine ground control points (GCPs) were distributed evenly throughout the 

field area to provide accurate geographic control for the surveys. GCPs were surveyed in using 

an Emlid Reach RS2 Global Navigation Satellite System (GNSS) receiver. The RTK-corrected 

GNSS points had high accuracy, and geolocational uncertainty for the models had an average of 

5 cm. 

Albedo surveys consisted of both lawn-mower style horizontal transects and vertical 

ascending/descending transects over a single point. Horizontal transects were performed at 

altitudes of 10 m, 15 m, 20 m, and 30 m AGL, and were programmed to maintain consistent 

AGL altitude. These flight lines were oriented approximately E–W across the study area. This 

orientation was selected because it allowed for sampling of the most topographic variability and 

landcover heterogeneity. Vertical transects extended from 10 m – 50 m AGL and were flown 

over five locations randomly distributed throughout the study area. For all albedo flights, the 

UAV flew at a velocity of 2 m/s, and measurements were logged every second. Considering the 

response time of the sensors and the geolocational uncertainty of the onboard GNSS receiver, 

UAV measurement positional uncertainty was 1.9 m. 

Directly after flights, ground validation albedo measurements were taken using two Kipp 

and Zonen PR1 pyranometers mounted on a tri-axis adjustable tripod (Fig. 6a.). The tripod was 

fitted with a Witmotion WT901C-TTL inertial measurement unit (IMU) that streamed the 

angular orientation of the pyranometers to a mobile device. This IMU had an accuracy of 0.05° 

for pitch and roll, and 1° for yaw. Prior to departure to the field, the tripod was leveled on a flat 

ground surface with its legs fully extended. The angle offsets required to obtain this plane-

parallel leveling were recorded and replicated in the field to obtain slope-parallel albedo 
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measurements. Horizontal albedo measurements were then obtained by adjusting the tripod angle 

until the IMU read <0.8° tilt on the X and Y axes. The boom extended 1.8 m from the tripod, and 

the pyranometers were 1.5 m above the surface when the tripod axis was parallel with the snow 

surface. The tripod legs were placed on disks to ensure they remained on the snow surface. This 

minimized uncertainty due to differential penetration of the legs into the snow for the slope-

parallel measurements. Since the horizontal measurements were leveled with the IMU, they were 

not impacted by leg penetration. The pyranometers were positioned to be as far as possible from 

the tripod legs and observer, but they still obstructed the sensor FOV. These effects on albedo are 

assumed to be minimal based upon the assessment of how the UAV landing gear and data logger 

impact albedo measurements (Sproles et al., 2020) (Fig. S2). Observer and observer shadow 

were assumed to produce a consistent, albeit negligible difference in the measured reflected 

radiation as well. 

At each location, albedo measurements were recorded every second, yielding 20 – 100 

measurements at both slope parallel and horizontal positions (Fig. 6b). An RTK-corrected GNSS 

position was recorded at each validation point. Measurements were taken every 5 m along two 

predefined transects (Fig. 5) and 15 – 20 validation positions were measured on each field day 

(47 total), as time allowed. Since it was often difficult to hold the tripod perfectly stable due to 

the imbalance of the tripod setup and wind, we used an arithmetic average of the measurements 

for each sensor orientation at each position for analysis.  
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2.5 Data Processing 

2.5.1 Preprocessing 
A schematic of the data processing pipeline is provided in Figure S2. All data processing 

was performed in Python (please refer to the Data Availability Statement). Data from the UAV 

and datalogger were merged before processing. DJI flight logs were converted into .csv format 

using the DatCon 3 software (V3.1.0). Fields from the UAV flight logs and pyranometer 

datalogger were merged based on the respective timestamp.  

Since the UAV legs are non-retractable and the datalogger was mounted to the landing 

gear, these obstructions inherently affected the downward-facing irradiance measurement. To 

account for this, a side-by-side calibration of irradiance was performed and it was determined 

that the legs and datalogger reduced measured radiation by less than 2%, and the downward-

facing measurements were adjusted accordingly (Fig. S3). Sproles et al (2020) filtered albedo 

Figure 6: (A) Ground validation instrumentation consisting of upward and downward-facing 
pyranometers, an IMU, and datalogger mounted on a boom extending from a tri-axis adjustable 
tripod. (B) Slope parallel and horizontal pyranometer positionings for ground validation albedo 
measurements. Slope parallel measurements were interpreted as the true albedo of the surface. 
Horizontal measurements simulated measurement from a horizontal UAV platform, and were 
corrected for topography. 
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measurements based on a maximum tilt threshold of 5° based on tilt error analyses (Bogren et 

al., 2015). In this study we did not filter based on tilt in order be able to qualitatively assess the 

tilt component of the tilt-topography correction. 

2.5.2 Topographic Correction 
Weiser et al. (2016) present a topographic correction for fixed locations that accounts for 

sensor and ground surface tilt where 𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the true snow-surface albedo, 𝛼𝛼𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚 is the 

measured albedo, 𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the proportion of diffuse irradiance, 𝑝𝑝𝑑𝑑𝑑𝑑𝑡𝑡 is the proportion of direct 

irradiance, 𝜃𝜃𝑚𝑚 is the inclination angle of the slope, 𝜃𝜃𝑝𝑝 is the inclination angle of the pyranometer, 

and 𝜃𝜃𝑧𝑧 is the solar zenith angle.  

𝛼𝛼𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝛼𝛼𝑚𝑚𝑡𝑡𝑚𝑚𝑚𝑚 �
𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑧𝑧 +  𝑝𝑝𝑑𝑑𝑑𝑑𝑡𝑡 ∗  𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑝𝑝 
𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑧𝑧 +  𝑝𝑝𝑑𝑑𝑑𝑑𝑡𝑡 ∗  𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑚𝑚

� (2) 

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑝𝑝 and 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑚𝑚 were calculated using the sensor tilt (𝜎𝜎𝑝𝑝), sensor tilt direction (𝛾𝛾𝑝𝑝), surface 

slope (𝜎𝜎𝑚𝑚), surface aspect (𝛾𝛾𝑚𝑚), solar zenith, and solar azimuth (𝜑𝜑𝑚𝑚). 

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑝𝑝 = 𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑚𝑚𝑐𝑐𝑠𝑠𝑠𝑠𝜎𝜎𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑝𝑝 + 𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃𝑧𝑧𝑐𝑐𝑠𝑠𝑠𝑠𝜑𝜑𝑚𝑚𝑐𝑐𝑠𝑠𝑠𝑠𝜎𝜎𝑝𝑝𝑐𝑐𝑠𝑠𝑠𝑠𝛾𝛾𝑝𝑝 + 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝜎𝜎𝑝𝑝 (3) 

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑚𝑚 = 𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝜑𝜑𝑚𝑚𝑐𝑐𝑠𝑠𝑠𝑠𝜎𝜎𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝛾𝛾𝑚𝑚 + 𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃𝑧𝑧𝑐𝑐𝑠𝑠𝑠𝑠𝜑𝜑𝑚𝑚𝑐𝑐𝑠𝑠𝑠𝑠𝜎𝜎𝑚𝑚𝑐𝑐𝑠𝑠𝑠𝑠𝛾𝛾𝑚𝑚 + 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑧𝑧𝑐𝑐𝑐𝑐𝑐𝑐𝜎𝜎𝑚𝑚 (4) 

For each timestamp, the Py6s radiative transfer model (Wilson, 2013) was used to 

compute the relative direct and diffuse proportions of irradiance, and solar geometries. A 

continental aerosol profile and atmospheric profile based on location and date were used as input 

parameters for the radiative transfer model. Direct and diffuse proportions of irradiance were 

modeled for clear skies as observed in the field. The direct proportion varied between 0.51 and 

0.54 on March 11, 0.54 and 0.58 on March 18, and 0.66 and 0.67 on April 28. These proportions, 

which control the magnitude of the topographic correction, aligned well with expectations for the 

distribution of incoming radiation during winter at this field site. 
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The Weiser et al. (2016) correction equation assumes that the surface is planar, and does 

not consider terrain variability within the downward-sensor’s FOV that inherently affects the 

quantity of surface-reflected irradiance. Since UAV-based SfM photogrammetry allows for 

construction of high-resolution (< 10 cm) snow surface models, topographic corrections can be 

developed to account for the impact of variability in slope and aspect within the sensing 

footprint. We leverage this capability and propose a variation of the Weiser et al. (2016) 

correction that differs from the original in its calculation of 𝜎𝜎𝑚𝑚 and 𝛾𝛾𝑚𝑚.  

The most physically consistent approach for relating pyranometer measurements to 

surface properties is to compare each pyranometer measurement to a cosine-weighted average of 

the pixels within a defined PFOV (Jäkel et al., 2019; Malle et al., 2019; Malle et al., 2021). The 

proposed correction calculates a cosine-weighted mean of 𝜎𝜎𝑚𝑚 and 𝛾𝛾𝑚𝑚 for every pixel (n) that lies 

within the specified PFOV of the downward-facing pyranometer, which is also dependent on 

altitude (Fig. 7). For a single albedo measurement, 𝛾𝛾𝑚𝑚 used in its topographic correction is 

calculated as follows, where 𝑤𝑤𝑑𝑑 is the weighting factor of an individual pixel, 𝜃𝜃𝑑𝑑 is the incidence 

angle between an individual pixel and the sensing platform, and 𝛾𝛾𝑑𝑑 is the aspect of an individual 

pixel. 

𝑤𝑤𝑑𝑑 =
co s(𝜃𝜃𝑑𝑑)

∑ co s(𝜃𝜃𝑑𝑑)𝑛𝑛
𝑑𝑑

(5) 

𝛾𝛾𝑚𝑚 = �𝑤𝑤𝑑𝑑 ∗
𝑛𝑛

𝑑𝑑

𝛾𝛾𝑑𝑑 (6) 
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2.5.2.1 Surface Models 
For each field day, as well as a day during the summer when no snow was present, the 3D 

surface models used in the topographic correction were generated using SfM photogrammetry in 

Agisoft Metashape Professional software (V1.7.4). Snow cover often produces challenges for 

photogrammetric reconstruction due to surface homogeneity. This leads to low confidence in tie 

point positions and a noisy surface. Additionally, the bare-ground model had a rough surface due 

to short and variable vegetation. The original SfM DEMs had resolutions of ~10 cm and visibly 

contained an unrealistic amount of surface roughness. This roughness produced unrealistically 

high slopes and inaccurate aspect calculations, which combined propagated error into the 

Figure 7: Depiction of difference between the true sensor FOV and the PFOV. The 
pyranometer measurement is always influenced from the area within its 180° FOV. 
The PFOV is required to project a measurement footprint onto the ground, and 
determines the extent and weighting of raster data used in the topographic 
correction and satellite comparison. 
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topographic corrections. In order to produce smooth elevation models that could be used in a 

topographic correction, the DEMs were generated from meshes as opposed to dense clouds, and 

the models were exported at a resolution of 1 m. This relatively coarse resolution was chosen 

because it effectively smoothed out the anomalous small-scale surface roughness, and was not 

excessively detailed considering the geolocational uncertainty of the UAV. In addition to snow-

surface and bare-ground DEMs, a 10 m 3DEP DEM (USGS, 2017) is used to compare results of 

the topographic correction with the resolution and source of the elevation dataset. A 10 m DEM 

was used for this purpose as this resolution of DEM is widely available in the USA, and 

elsewhere, providing greater transferability of our methods. 

Since the high-resolution models only covered the extent of the UAV survey, the 

downward-facing pyranometer viewed terrain outside the SfM survey area, even at relatively low 

altitudes (Fig. 2). To account for this, the high-resolution models were fused with the 10 m 3DEP 

DEM to cover these external portions of the study area. This mitigates any bias between field 

days, as the extents of the photogrammetric models varied slightly between days. The generated 

surface models were used to derive the topographic parameters for the tilt-topography correction. 

2.6 Trees and tree shading 

SfM has a difficult time reconstructing the geometry of trees, and overall there is high 

uncertainty regarding the anisotropic reflectance of trees and other significantly heterogeneous 

surfaces (Strahler et al., 1999). Therefore, topographic data from these areas should not be 

included in the topographic corrections of pyranometer measurements over snow, and the 

radiance signal from these portions of the scene should not be corrected. Moreover, since the 

albedo of tree-shaded areas is mainly a function of the magnitude of tree shading as opposed to 
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snow physical properties (Malle et al., 2021), interpretations of the physical controls on 

measured albedo depend on the ability to partition measurements based on fractions composed of 

trees and shading. This partitioning was out of the scope of this research, and the implications are 

discussed in Section 4.5. 

2.7 Validation Measurements 

The tilt-topography correction was first applied to the ground-based validation 

measurements. Ground measurements were corrected using the SfM snow surface models 

generated for each day as these models account for the greatest amount of terrain variability and 

were anticipated to produce the highest-accuracy corrections. The ground albedo measurements 

taken parallel to slope represent the closest approximation of the true albedo of the surface (Wu 

et al., 2018). The ground measurements taken at the horizontal plane position were corrected for 

topography and validated against the uncorrected slope-parallel measurements. These two sets of 

measurements are most comparable for validation purposes because each horizontal 

measurement had a corresponding slope-parallel measurement with a nearly identical projected 

footprint and sky view factor. 

2.8 Satellite Comparison 

The UAV measurements were topographically corrected and compared to synchronous 

LS8 OLI-derived albedo. LS8 Tier 1 top-of-atmosphere (TOA) reflectance was corrected for 

topography using a c-correction (Teillet et al., 2014), which has been demonstrated to have the 

highest accuracy over variable snow-covered landscapes (Meyer et al., 1993; Traversa et al., 

2021). The satellite imagery was masked for cloud cover using the Google Earth Engine simple 
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cloud score threshold of <0.2. Albedo was calculated based on TOA reflectance using the 

equation (Liang, 2001): 

𝛼𝛼 = 0.356𝑏𝑏2 + 0.130𝑏𝑏4 + 0.737𝑏𝑏5 + 0.085𝑏𝑏6 + 0.072𝑏𝑏7 − 0.0018 (7) 

This equation was selected because it has been shown to have higher accuracy than other 

Landsat albedo algorithms (Naegeli et al., 2017; Traversa et al., 2021). 

LS8 measurements were compared to UAV albedo measurements by taking the cosine-

weighted average of LS8 pixels within the PFOV of the downward-facing sensor (Fig. 7). 

3 Results 

3.1 Field of view 

3.1.1 Validation of topographic correction with ground point measurements 
The ground-based albedo measurements taken at the horizontal position were corrected for 

topography and compared with the measurements taken parallel to slope. A sensitivity analysis 

was conducted to determine the impact of PFOV on the topographic correction from 47 ground 

positions (3918 total measurements) at the Namaste Valley field area taken on three clear-sky 

days. Each measurement was corrected using PFOVs of 60° – 178° at 5° intervals at a fixed 

altitude of 1.5 m. The PFOV specified in the topographic correction determines the contributing 

area for the calculation of the terrain parameters, although the real field of view of the sensor is 

always hemispherical. Since these measurements were taken very close to the surface (1.5 m), 

there is minimal terrain variability incorporated in the sensor’s footprint for a majority of the 

measurement locations. The mean absolute error for the uncorrected horizontal measurements as 

compared with the slope-parallel measurements was 0.05 (Fig. 8a). This error plots on a 

horizontal line in Fig. 8a because it is not processed and therefore not dependent on the specified 

PFOV. Overall the topographic correction reduced absolute error of albedo by 0.02 – 0.03 (Fig. 
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8a). It is apparent that the PFOV negligibly affects the absolute error for these measurements, 

and there was a slight increase in absolute error for high PFOVs (155° – 178°). Although the 

differences in absolute error with different PFOVs were very small, there was an observed 

tendency of decreasing mean absolute error with increasing PFOV from 60° – 150° that becomes 

visible when the y-axis is enhanced (Fig. 8b). At PFOVs greater than 150°, absolute error 

increases abruptly and exhibits a high degree of variability.

 

Figure 8: (A) Absolute error of the topographically corrected horizontally-positioned ground 
measurements at different PFOVs. The mean is shown with a solid blue line and the blue shaded 
area represents one standard deviation. Mean absolute error of uncorrected horizontal 
measurements is shown with a dashed grey line. (B) The same data from (A) with a reduced y-
axis extent to highlight the decrease in absolute error from 60° – 150° PFOV, and abrupt increase 
in absolute error from 150° – 178° PFOV. 
 
3.1.2 UAV Vertical Transects 

An additional FOV sensitivity analysis was conducted on the UAV vertical transect data 

collected over snow at Namaste Valley on April 28, 2021. A total of 384 albedo measurements 

from 5 vertical transect locations were corrected for topography at varying PFOVs and compared 

with LS8 albedo. Due to lengthy processing times, these data were corrected using PFOVs from 

60° – 178° at 10° intervals. For any given PFOV, these measurements incorporate more terrain 
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and albedo variability than the ground validation measurements since they were taken at much 

higher altitudes (20 m – 70 m). Increasing the PFOV in this analysis has two effects on the 

results. It both increases the amount of terrain incorperated into the topographic correction, and 

alters the number and spatial weighting of LS8 pixels that were averaged and compared to each 

pyranometer measurement. Raw error, calculated as the difference between LS8 albedo and 

topographically corrected UAV albedo, was positive (~0.05) and consistent for PFOVs of 60° to 

130° (Fig. 9).  

From 130° to 160° raw error decreased to mostly negative values and was relatively 

consistent and negative (-0.1) at PFOVs greater than 160° (Fig. 9). Decreasing RMSE of the 

UAV measurements as compared to LS8 was observed with increasing PFOV until it reached a 

Figure 9: Violin plot displaying the raw error of UAV albedo data from vertical transects, as 
compared with Landsat 8 albedo (primary y-axis). Each violin (yellow) represents the 
distribution of this error for all vertical transect measurements processed at a specific PFOV (x-
axis). The dashed grey line shows the RMSE (secondary y-axis) between the topographically 
corrected UAV data and LS8 data for all PFOVs. 
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minimum at 140°, after which point the RMSE increased abruptly, peaking at 0.109 at a PFOV 

of 178° (Fig. 9).  

The methodology for topographic correction and comparison to LS8 was designed to 

account for changes in measurement scale with altitude. Therefore, the comparison between 

UAV and LS8 albedo should show no dependence on altitude. To identify any potential altitude 

dependence, linear regressions were performed between altitude and raw error for the datasets 

processed at different PFOVs. 

Figure 10a shows the relationships between raw error and altitude for a select number of 

PFOVs, and regression statistics for all PFOVs can be found in Table S2. From PFOVs of 60º – 

130º, error was positive and increased with measurement altitude. For these smaller PFOVs, the 

projected footprints were focused over the high-albedo meadow area (Fig. 10b). R2 for the linear 

regression was 0.43 at 60º and decreased consistently along with the slope of the line to ~0º and 

r2 = 0 at a PFOV of 140º. At PFOVs greater than 140º, error was negative and increased with 

altitude. At these higher PFOVs, projected footprints covered broad areas with considerable tree 

cover (Fig. 10b). R2 and the slope of the fit line both increased consistently from 0 at 140º PFOV 

to a slope of 0.002 and r2 = 0.44 at a PFOV of 178º. Although all correlation coefficients were 

relatively low, there appeared to be a tendency towards increasing correlation and dependence of 

error on altitude as the PFOV got further away from 140º in either direction. 
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3.2 Topographic data source and albedo survey 

Based on results from the field of view sensitivity analyses, 4,562 albedo measurements 

from the lawn-mower style albedo surveys were topographically corrected using a PFOV of 

140º. These surveys demonstrate what an operational validation survey might look like. These 

survey data were also used to assess the performance of the tilt-topography correction relative to 

Landsat-8 albedo, and to compare how the hypothetical survey results vary when different 

topographic data sources are used. 

Figure 10: (A) UAV error, as compared with Landsat 8 albedo for the vertical transect data as a 
function of UAV altitude AGL. Subplots show the vertical transect UAV albedo data 
topographically corrected with varying PFOV. Solid black lines represent the linear regression 
on the data from each scatterplot, highlighting the altitude-dependence of the satellite 
comparison at different PFOVs. The correlation coefficients (r2) are displayed for each line. 
Regression statistics for this data at the full range of tested PFOVs can be found in Table S2. (B) 
Map displaying the extent of the projected footprints (in red) at three different PFOVs for a 
single vertical transect measurement point (30 m AGL) located in the center of the study area. 
Elevation contours are displayed in black at a 20 m interval. 
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On March 18, uncorrected albedo was highest (0.96) in the western half of the study area 

where the surface has the highest solar exposure, and was lowest (0.43) on the eastern portion of 

the study area that bordered trees and tree-shaded snow (Fig. 11a). The topographic correction 

lowered albedo on the western, solar-aspect slopes, and slightly increased albedo over the eastern 

portion of the study area that was composed of low-sloping (<8°), south-west aspects (Fig. 11b). 

For the 20 m AGL flight on all field days, overall, uncorrected albedo was unrealistically high. 

The topographic correction lowered the spread of values to align more closely with the range of 

LS8 albedo (Fig. 11c). UAV albedo also measured a larger range of values than LS8 at this 

altitude. 

A Kruskal-Wallis test compared the UAV albedo data that were corrected using different 

topography sources (as compared with LS8 albedo). A p-value below 0.05 (Table S3) indicates 

that the difference in the means between the two compared corrections is statistically significant. 

Results indicate that the SfM snow-surface and bare-ground models produced a negligible 

difference in corrected albedo for all altitudes on all field days (Fig. 12). The UAV albedo 

corrections that utilized the 3DEP 10 m DEM had significantly higher RMSE compared to LS8 

albedo than the corrections with SfM models at 10 m AGL for all three dates (Fig. 12). At survey 

altitudes above 15 m AGL, the 3DEP 1/3 Arc Second corrections consistently produced albedos 

that were statistically indifferent to the measurements corrected with the snow surface SfM 
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model (Fig. 12). Agreement between the 3DEP corrections and the bare ground SfM corrections 

tended to be greater at higher survey altitudes as well. 

Figure 11: (A) Uncorrected UAV albedo survey at 20 m AGL on March 18, 2021. (B) UAV 
albedo data topographically corrected (PFOV = 140°) using the 1 m SfM snow surface model for 
March 18. LS8-observed albedo is shown in semi-transparent yellow-orange. (C) Box plot 
comparing uncorrected UAV albedo, UAV albedo topographically corrected (PFOV = 140°) 
using the three different surface models, and LS8 albedo. UAV measurements were collected at 
20 m AGL on March 11 (time = 10:50 MT, 𝜃𝜃𝑧𝑧 = 63°), March 18 (time = 9:50 MT, 𝜃𝜃𝑧𝑧 = 58°), and 
April 28 (time = 10:40 MT, 𝜃𝜃𝑧𝑧 = 38°). 
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4 Discussion 

4.1 Ground-based validation measurements 

Ground-based measurements provided validation for the proposed topographic correction. 

The mean absolute error of albedo in uncorrected ground-based measurements was considerable 

(0.05), considering the acceptable error threshold for albedo inputs into general circulation 

climate models (Henderson-Sellers and Wilson, 1983). After correction, error was reduced to an 

average of 0.02, indicating that a considerable portion of this error was due to topography. We 

can conclude that topographic corrections for albedo measurements are necessary in mildly 

sloping terrain (<20°), and that the proposed correction performed well for the range of slope 

angles and aspects in the study area. The remaining error can potentially be explained by field-

of-view interference by the platform and observer, or imperfect alignment of the slope-parallel 

measurements to the slope and aspect of the surface directly beneath the sensors. Performance of 

this topographic correction is uncertain in steeper terrain, as it was validated on slopes <20°. In 

steeply sloping terrain, radiation reflected from the surrounding environment would impact the 

relative diffuse and direct proportions of irradiance. Radiation reflected from surrounding slopes 

Figure 12: RMSE of corrected (circles) and uncorrected (squares) UAV albedo data as 
compared with LS8 albedo at different survey altitudes on each field day. Colors indicate the 
surface model used in the topographic correction. 
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was not accounted for by the radiative transfer model and could introduce error into the 

correction over steeper terrain.  

Without correction, the effect of topography can potentially mask the true spatial 

variability in snow albedo. It was observed that uncorrected albedo was unrealistically high over 

slopes with a lower average solar incidence angle. On these slopes the snow generally 

experiences faster metamorphism leading to increasing grain sizes and lower albedo. In this case 

the unrealistically high measured albedo would mask the effect of snow grain metamorphosis. 

PFOV sensitivity analysis of the topographically-corrected ground measurements provided 

valuable insights into the dependence of the correction on this user-specified parameter. It was 

anticipated that the topographic correction would increasingly reduce error as the PFOV was 

expanded to incorporate more terrain visible to the pyranometer. It is important to note that given 

the low height of the sensors above the ground (1.5m), the footprint never incorporated much 

topographic variability. As a result, increasing the PFOV minimally affected the calculated 

terrain parameters and topographic correction. The apparent decrease in absolute error from a 

PFOV of 60° to 150° observed in the ground measurements was marginal, yet robust (3918 

measurements). The subtlety of this decrease was expected due to the nature of the terrain, but 

anticipated to be steeper for the UAV albedo data. Since the sensors onboard the UAV were 

deployed at much higher altitudes, their footprints incorporated a higher degree of terrain 

variability. 

The abrupt increase in error observed for PFOVs above 150° was likely a function of 

extending the footprint to areas that were obstructed by trees and not actually contributing to the 

signal, which is something the viewshed algorithm did not account for. Additionally, shaded 
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snow cover does not need to be corrected for topography since the irradiance in these areas is 

completely diffuse. Since the calculation of the terrain parameters within the projected footprint 

did not exclude shaded areas, their terrain would have been incorporated into the topographic 

correction. The energy entering the sensors from these peripheral areas is also impacted by the 

imperfect cosine response of the sensors. 

4.2 Field of view: UAV vertical transects 

Results from the PFOV sensitivity analyses of the vertical transect data aligned with 

observations from the ground validation measurements. Both analyses reported minimal RMSE 

in UAV albedo at PFOVs around 140°. For the vertical transect data, the reduction in RMSE 

with increasing PFOV up to 140° was likely a function of two things: (1) more terrain within the 

pyranometer FOV was accounted for in the topographic correction and (2) more Landsat pixels 

were incorporated into the weighted average of LS8 albedo. The reduction in RMSE with 

increasing PFOV was greater for the vertical transect data than the reduction in RMSE observed 

in the ground validation data. This was likely because the vertical transect UAV albedo 

measurements (20 m – 70 m AGL) incorporated more terrain and variability than the ground 

validation measurements (1.5 m above the snow surface). The RMSE of the vertical transect 

measurements were also dependent on the cosine-weighted LS8 albedo (also determined by the 

PFOV). Increasing the PFOV allowed for more variability in albedo to be accounted for in the 

LS8 weighting and averaging. 

Abrupt increases in RMSE were observed past 140° PFOV. RMSE increases were 

observed to occur at lower PFOVs for measurements made closer to trees. This demonstrates the 

need to incorporate shading and trees into the viewshed algorithm and topographic correction. 
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Theoretically, as the PFOV increases, RMSE should continue to decrease, and we anticipate that 

this would be observed if trees were accounted for. 

There were some clear patterns in altitude dependence of the satellite comparison with 

different PFOVs. The raw error of UAV albedo with respect to LS8 albedo increased with UAV 

altitude at small PFOVs. Since the vertical transects were focused over the snow-covered 

meadow (high albedo), the UAV incorporated an increasing portion of lower albedo surfaces 

(trees and shaded snow) into its albedo measurements at higher altitudes. With a low PFOV 

(60°) the LS8 albedo weighting did not include these lower albedo areas surrounding the snow-

covered meadow (Fig. 10b), resulting in a weighted LS8 albedo values that were too high. At the 

PFOVs nearing 180°, the raw error of UAV albedo with respect to LS8 albedo tended to 

decrease with increasing UAV altitude. This phenomenon can be explained by tree shading, 

where trees would have blocked areas with lower albedos from the sensor’s view. Since the 

viewshed algorithm did not account for tree shading, the pixels used for the weighted Landsat 

average included these areas that the sensor could not see (Fig. 10b). This issue would have been 

particularly pronounced for measurements made at the lowest flight altitudes, and decreased in 

significance as the UAV ascended above tree-level. The observed patterns between raw error and 

altitude at the lowest PFOVs were clearly driven by the spatial variability in the surface 

characteristics of this specific field area. At the highest PFOVs, the observed tendencies were a 

result of the inability of our method to account for trees. 

Minimal dependence of RMSE between UAV and LS8 albedo was found at a PFOV of 

140°. At this PFOV a balance was struck between incorporating too many as opposed to not 
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enough pixels for both the topographic correction and weighting of LS8 pixels (Fig. 10b). 

Therefore, this PFOV was used in the subsequent analysis of the topographic data source. 

4.3 Topographic data source 

Topographic correction reduced the RMSE between UAV albedo and LS8 albedo for the 

lawnmower UAV surveys at all altitudes regardless of the topographic correction data source at a 

PFOV of 140° (Fig. 12). The only exception was for the flight at 10 m on April 28 that was 

processed with the 3DEP 1/3 arc second DEM, where the change in RMSE was negligible. It is 

important to note that the LS8 albedo product provides a good approximation of the true surface 

albedo, but is also susceptible to error. Therefore, discrepancies between the UAV and satellite 

data cannot be attributed solely to issues with the UAV data processing. However, given that the 

two data sources underwent two completely different processing workflows and agree well 

overall, both methodologies indicate that they are performing well.  

The SfM snow surface models were assumed to produce the highest-accuracy correction of 

the UAV albedo data. However, it was observed that the differences between UAV albedo 

corrected using the snow surface SfM models and the bare-ground SfM models were not 

statistically significant. We conclude that a single bare-ground SfM surface model at a 1 m 

resolution is sufficient for correcting UAV data at all altitudes in this alpine meadow.  

The UAV albedo data corrected with the 3DEP 1/3 arc second DEM showed highest 

disagreement with the bare-ground and snow surface SfM models at lower flight altitudes (10 m 

– 15 m). At these altitudes, the UAV measurements were likely influenced by terrain variability 

that the coarser DEM was not able to resolve. At flight altitudes above 15 m, the 3DEP DEM 

surface produced topographic corrections that were statistically indifferent to those produced 
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with the SfM elevation surfaces. At these higher altitudes, the small scale (1 m – 10 m) terrain 

variability did not considerably impact the UAV albedo measurements. These results indicate 

that a 3DEP 1/3 arc second DEM can be used to correct UAV albedo data for topography when 

flying at sufficiently high altitudes (20 m – 30 m) in this study area. 

4.4 Field Area Disturbances 

On each field outing, the fresh snow was disturbed by ski tracks when GCPs were placed. 

Additionally, prior to April 28, the field area was disturbed by snowmobile tracks. These tracks 

had a very low roughness height (<5 cm) and were not visible in the 1 m SfM surface models. 

Ground-based measurements were taken at locations far enough away from the tracks to mitigate 

any error induced by them. Moreover, given their low roughness height with respect to the 

footprint of even the ground-based measurements they were assumed to negligibly affect the 

measured albedo. 

4.5 Limitations and future work 

Topographically heterogeneous non-snow objects such as trees, rocks, and cliffs will be 

present in most mountainous field areas. Since shaded snow-covered areas beneath trees do not 

receive direct irradiance, their measured albedos do not require topographic correction. This 

partitioning of the correction was out of the scope of this research. The failure to account for 

tree-shading likely resulted in overcorrection of the UAV measurements taken proximal to the 

forested area, and introduced error in the topographic correction and comparison to LS8 albedo 

at PFOVs > 140°. Future work could utilize a downward-facing fisheye camera in addition to a 

downward-facing pyranometer (Webster and Jonas, 2018; Jäkel et al., 2019) to effectively 

account for these areas during topographic correction and satellite comparison. 
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Clear-sky weather is quite rare in many mountainous regions during the winter. Moreover, 

cloud cover exerts a non-negligible control on shortwave forcing and the energy balance as a 

whole (Stapf et al., 2020). Cloud cover inherently affects the proportion of direct irradiance and 

thus the impact of topography on UAV measurements. Therefore, the radiative transfer model 

should account for rapidly-changing cloud cover and its impact on the proportions of irradiance 

components. This could be accomplished ideally with a pyrheliometer and a shaded upward 

facing pyranometer to continuously measure the individual irradiance components. A less 

expensive approach could utilize a fisheye camera to capture hemispherical sky view imagery, 

from which cloud cover could be automatically quantified (Roupioz et al., 2015) and related to 

pyranometer measurements to approximate the effects of clouds on incoming irradiance (Pfister 

et al., 2003). 

Future work should build upon the findings of this research by addressing the 

aforementioned uncertainties, and applying the methodology over broader, more variable terrain. 

Our results are not necessarily restricted to snow covered areas. The same physical principles 

behind the topographic correction and satellite comparison apply to non-snow surfaces. Attempts 

should be made to deploy the platform over fractional snow cover and snow-free landcover. 

The comparison of UAV data to LS8 served multiple purposes. Primarily, this comparison 

demonstrated a methodology of comparing UAV albedo measurements to an external spatially 

distributed albedo product. The PFOV sensitivity analyses demonstrated the disparity of possible 

outcomes of such a comparison that is entirely dependent on the specified PFOV. In order for 

UAV albedo measurements to be comparable across studies, and to provide dependable 

validation of spatially distributed albedo products, an optimal PFOV needs to be determined and 
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agreed upon. We provide the necessary first steps to accomplishing this, and identified that tree 

cover was the primary inhibiting factor in doing so.  

The RMSE calculations between UAV and Landsat albedo were intended to serve as a 

baseline estimate of the agreement between the two datasets, as opposed to a validation of one or 

the other. It was apparent that after topographic correction, LS8 and UAV albedo measurements 

agreed quite well, and best when the PFOV was 140°. Since the ultimate goal of this work is to 

provide robust validation for satellite albedo measurements, a comparison of UAV albedo 

measurements to a high-quality measurements source is required. UAV or airborne hyperspectral 

imagery would provide the means to adequately validate these measurements. 

4.6 Survey recommendations 

This research provided a demonstration of a potential configuration for a UAV albedo 

validation survey using a lawn-mower pattern. Although this pattern is standard for various UAV 

survey applications, it may not be optimal for capturing a comprehensive representation of 

spatial variability in snow albedo. Since the platform collected an albedo measurement every 

second (~2m), there was a much higher measurement density in the long direction of the 

transects. Such bias could be removed by filtering points to provide equal spacing, but this would 

reduce the measurement density. If future surveys are conducted in a circular or spiraling pattern, 

the small measurement spacing can be preserved while sampling equally in all horizontal 

directions. 

Measurement altitude is accounted for in the weightings of terrain parameters for 

topographic correction and satellite pixels for comparison. Therefore, UAV albedo survey 

altitude can be variable. The preliminary tarpaulin experiment demonstrated that the spatial scale 
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of observed variability increases with flight altitude. In order to observe small scale (1 m – 10 m) 

variability in albedo, the UAV should be flown at the lowest possible altitude. The minimum 

feasible flight altitude exists where obstacles can be successfully avoided and the snow surface is 

unaffected by the turbulence of the UAV rotors. From observations in the field this minimum 

flight altitude was determined to be ~10 m when fresh snow was present at the surface. As flight 

altitude increases, the observed variability will be progressively smoothed out as the sensing 

footprint increases. 

With regards to requirements for topographic data sources, we found that high resolution 

(1 m) SfM surface models produced the highest-accuracy topographic corrections overall. 

However, at our field site a coarser (10 m) DEM can also be used to correct for topography as 

long as the UAV is flying above 15 m AGL (Table S2). Given that UAV surveys are limited by 

battery life, time spent collecting photogrammetry imagery over the sloping snow surface should 

instead be put towards collecting imagery over trees, to allow for their surfaces to be 

incorporated in the processing methodologies. 

5 Conclusions 

This research presents considerable advances in the operationalization of UAV-based snow 

albedo measurement. UAV platforms are capable of bridging the scaling gap between in-situ and 

satellite-based snow albedo measurements, and we provide the requisite methodologies to 

accomplish this. We demonstrated the capabilities of this specific UAV platform to collect 

albedo measurements in alpine headwaters. Insights gained in the field and during analyses can 

be used to guide future UAV albedo survey designs. 



52 
 
The presented methods for data processing consider the unique pyranometer response and the 

dependence of UAV albedo measurement scale on altitude. It can be concluded that in order for 

UAV-based snow albedo measurements to be directly comparable across different research, it is 

critical that processing strategies are consistent. Through sensitivity analysis we determined that 

the PFOV exerts a dominant control on the outcome of topographic correction and comparison to 

gridded satellite products. Improvements to the existing methodology to account for tree cover 

will allow for the identification of an optimal PFOV that can be standardized across research 

applications. 

The capability of UAV-based remote sensing platforms is progressing rapidly. These 

systems provide the unique opportunity to observe earth system processes at high resolutions 

across broad areas for a fraction of the cost of airborne surveys. In order to harness the full 

potential of these novel systems the community needs to maximize interoperability of methods 

and data between different research and applications. This research provides the necessary first 

steps in standardizing UAV-based albedo measurement, so that future work can build upon the 

platform to answer critical science questions. 
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CHAPTER THREE 

GENERAL CONCLUSION 

Albedo is a fundamental snow property that directly controls the melt dynamics of 

seasonal snowpack. Modeled predictions for snow melt and runoff are highly dependent on their 

ability to represent the spatial variability of snow albedo. Satellites provide direct observations of 

snow albedo that inform modeled representations, improving the subsequent energy balance 

calculations that rely on them. Specifically, these satellite measurements provide direct 

observations of the spatial variability of snow albedo that exists in heterogeneous mountainous 

headwaters. A considerable amount of uncertainty exists in satellite-based snow albedo 

measurements because they are generally validated with sparsely-distributed point-based 

measurements at weather stations. This Master’s Thesis demonstrated a methodology for 

deploying UAVs to measure snow albedo in alpine headwaters to provide an improved source of 

validation data for satellite products.  

The UAV platform and sensor configuration utilized was robust, handling windy, cold, 

snowy, and high-altitude conditions with relative ease and stability. The configuration is 

straightforward to assemble and deploy, with a much lower cost of entry as compared to an 

airborne survey. All of this is promising evidence to promote the upscaling of UAV albedo 

surveys to validate satellite products in an operational context. In addition to demonstrating the 

physical capabilities of the UAV platform, our analyses addressed the primary uncertainties in 

interpreting, processing, and comparing these data to satellite products that currently exist in the 

research community. The driving research questions were addressed through statistically robust 
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techniques, and the resulting methodologies present considerable advances in capacity of UAVs 

for validating satellite albedo measurements.  

 

Q1: Ground-based sensors that measure albedo are often deployed at fixed locations over 

homogeneous surfaces, so measurement interpretation is simple. When we deploy these sensors 

on UAVs to measure albedo over heterogeneous terrain, what factors control the measurements? 

H1: Albedo measurements over heterogeneous terrain are a function of the spatial variability of 

the surface albedo. These measurements are also dependent on altitude. 

 

Through a set of controlled experiments, the effects of altitude and spatially variable 

albedo on UAV measurements were qualitatively assessed. These preliminary UAV albedo data 

showed that albedo measurements are most highly influenced by the albedo of the surface 

directly beneath the downward-facing pyranometer, and that this area of highest influence 

expands as measurement altitude increases. 

Observations from these experiments aligned with expectations given the cosine response 

of the pyranometer. This step provided a unique visualization of sensor characteristics that is not 

available in current literature, since these sensors are rarely deployed over spatially variable 

landscapes. The results from this analysis were also critical in developing an understanding of 

the sensor response that was utilized in subsequent development of topographic correction and 

satellite-comparison techniques. 
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Q2: How can we correct UAV albedo measurements for topography when the terrain is variable 

within the sensor field of view? 

H2: By taking a weighted average of the terrain within the sensor field of view, we can account 

for terrain variability and sensor response in the topographic correction. 

 

Building on insights gained from the controlled experiments, a topographic correction 

was developed to account for the influences of altitude and spatially variable terrain on snow 

albedo measurements. The correction considers the cosine response and wide FOV of the 

pyranometers, and accounts for sensor tilt onboard a mobile UAV platform. Comprehensive 

ground measurement at our alpine study area validated this correction to produce meaningful 

reductions in measurement error with respect to the generally accepted albedo error threshold for 

modeling purposes.  

The ground measurement platform was unique in that it allowed for sampling at a variety 

of angles, and for attribution of angular orientation to each measurement. These capabilities of 

the platform were necessary in order to properly validate this topographic correction, and 

showcases a novel methodology for ground-based snow albedo surveys. Measurements made at 

higher altitudes from the UAV demonstrated the scalability of the proposed topographic 

correction methodology to higher measurement altitudes that incorporated a spatially broad area 

of influence.  
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Q3: How can we compare UAV-measured albedo to satellite-derived albedo while accounting 

for differences in measurement scale between the two platforms? 

H3: Similar to the topographic correction, we can take a weighted average of the satellite pixels 

within the sensor field of view to compare to our UAV measurements. 

 

When projecting the UAV measurement footprints onto the ground, they covered 

multiple LS8 pixels, even at low (10 m) measurement altitudes. In order to resolve the scaling 

difference between the two measurement platforms, each UAV measurement was compared to 

aggregated LS8 pixels within the downward-pyranometer’s footprint. To properly aggregate the 

LS8 measurements, we leveraged the same knowledge of sensor response that determined the 

framework of the topographic correction. We demonstrated this method for satellite comparison 

with UAV albedo data from vertical transects and lawnmower style surveys at our winter study 

area. The proposed methodology for comparison of UAV to satellite-measured albedo is 

physically consistent with the angular response of the pyranometer, and is adaptable to UAV 

measurement at any flight altitude.  

 

Q4: How do different processing parameters affect the comparison of UAV-based albedo 

measurements to satellite products?  

H4: Sensitivity analyses will allow us to quantify the effects of changing processing parameters 

on these comparisons. 
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Through sensitivity analyses we demonstrated that the outcomes of topographic 

correction and comparison of UAV to satellite albedo data are highly dependent on the spatial 

scale attributed to the UAV measurements during processing. Identification of an optimal spatial 

scale to attribute to the UAV albedo measurements was not entirely possible. However, it was 

observed that increasingly accounting for the wide field of view of the UAV measurements 

tended to improve results. The limiting factor in identifying an optimal spatial scale was the lack 

of a method to account for tree cover in the proposed methodologies. The identified limitations 

are not physically or cost prohibitive, and can be implemented in future work by building from 

the methodology and code base supplied in this research. 

Sensitivity analyses preformed on the topographic data source used in the corrections 

provided implications for future UAV albedo survey requirements. Critically, it was determined 

that publicly-available digital elevation models provide sufficient representation of the landscape 

to properly topographically correct the UAV albedo data in mildly-sloping terrain. This 

knowledge promotes the focusing of UAV photogrammetry surveys to model the physical 

structure of non-snow areas that introduce uncertainty into the measurements (e.g. tree canopy). 

This research has advanced the capacity of UAVs to measure snow albedo, and its 

implications are widespread. We demonstrated a novel methodology for deploying UAVs to 

measure albedo over spatially variable terrain, and provide a correction for topography that 

appreciably enhances the usability of this data. With regards to satellite comparison, the 

methodology demonstrated here is powerful in that it is not restricted to LS8 and can be applied 

to compare UAV measurements with any modeled or observed gridded albedo product. These 

measurements can be used for the direct validation of existing parameterizations and physical 
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models for snow albedo, and for development of new modeling approaches. Additionally, this 

methodology does not necessitate snow cover and can be employed over different landcovers 

where albedo plays a dominant role in surface processes. The methods proposed in this research 

bring the quality of UAV albedo data near a state that is ready to be used to answer critical 

science questions. Spatially distributed measurements of UAV-based snow albedo can be used to 

improve our understanding of the spatial variability of snow albedo and its driving processes 

from the slope to watershed scale.  

UAVs and their applications are still in the early stages of development, but are 

anticipated to keep advancing in their capability. This work represents a critical, but intermediary 

advancement in this rapidly evolving field. 
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Figure S1: Measured albedo as a function of altitude for the preliminary tarpaulin experiments 

 

The vertical albedo flights over different tarpaulin configurations provided insights into 

sensor response and its dependence on surface albedo variability and sensor height (Fig. 8). For 

the flight above bare asphalt, albedo started very low (0.09) as the reflected signal was mostly 

coming from asphalt, and increased moderately and nonlinearly with increasing altitude as the 

downward-facing pyranometer increasingly incorporated more reflective surfaces. For the flight 

above the grey tarp, albedo started higher (0.23), and stayed constant for the first few meters 

before dropping off quickly as dark asphalt came into view. The flight above the grey tarpaulin 

with the small black tarpaulin in the middle showed low albedo (0.12) at the lowest altitudes. As 

altitude increased, albedo increased quickly up to 0.19 at 2.8 m AGL, as the higher-albedo grey 
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tarpaulin made up an increasing portion of the signal. Albedo then began to quickly decrease 

until 15 m AGL as the asphalt would have made up an increasing proportion of the signal. For 

the flight above the grey tarpaulin with the small black tarpaulin on its perimeter, albedo started 

off with values very close to that of the plain grey tarp (0.22), remaining relatively stable for the 

first few meters. Albedo then dropped off quickly and slightly below that of the plain grey tarp to 

a local minimum at 14 m, and slowly increased with altitude up to 50 m. By 25 m, the albedos of 

all four configurations were indistinguishable from each other. 

The vertical flights above the different tarpaulin configurations indicate that measured 

albedo is a function of the spatial variability in surface albedo, the contrast in albedo between 

different surface types, and measurement altitude. Measurements taken closer to the ground were 

biased towards the albedo of the surface directly beneath the UAV, whereas measurements taken 

at the highest altitudes were most heavily influenced by the average albedo of the overall 

landscape. This scaling effect is logical, and is assumed to be considerable in snow-covered 

environments given the wide range of possible albedos associated with trees, rocks, and snow. 

The methodology for topographic correction and comparison of UAV albedo data presented in 

this research accounts for the spatial variability of the terrain and surface albedo. Additionally, 

the proposed method accounts for changes in measurement scale with altitude.  
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Figure S2: Calibration data quantifying UAV landing gear and datalogger effect on 

downward-facing pyranometer measurements. 

 

All pyranometers were factory calibrated within two years of use. When installed on the 

UAV, the downward-facing pyranometer’s FOV was partially obstructed by the UAV landing 

gear and datalogger. Therefore, an additional “field” calibration was required to account for the 

consistent bias that these obstructions would have had on the downward-facing measurements. 

The “field” calibration consisted of an unobstructed pyranometer and a pyranometer obstructed 

by UAV landing gear and the datalogger facing upward in an open field. Side-by-side 

measurements were recorded every minute throughout an 8-hour period. Based on a linear 
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regression fit to the calibration data, downward-facing pyranometer measurements were 

corrected by a factor of 1.0196 to compensate for the obstructions. 

 

 

Figure S3: Workflow detailing the processing and topographic correction of the field data. The 

names of the Python scripts handling each component of the processing chain are provided. 

Python code for the workflow can be found at https://github.com/GEOSWRL/UAV-albedo.  
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Table S1: Specifications for UAV and sensors. 

 

 

  

UAV DJI Matrice 210 V2 

Maximum payload 1.45 kg 

Maximum flight time (w/ max payload) 24 min 

GPS accuracy Vertical: 0.5 m, Horizontal: 1.5 m 

Radiometers Kipp and Zonen PR1 Pyranometers (x 2) 

Mass  145 g (each) 

Spectral bandwidth 310 – 2700 nm 

Field of view 180° 

Response time (95%) < 0.2 s 

Directional response (up to 80° for 1,000 

W/m2 beam) 

<20 W/m^2 

Imaging payload Zenmuse X5S 

Mass 461 g 

Focal Length  15 mm 

Effective Pixels 20.8 MP 
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Table S2: UAV albedo data from the vertical transect flights were topographically corrected and 

compared to LS8 albedo measurements at PFOV increments of 10°, from 60°–178°. Linear 

regressions were fit to UAV measurement error (with respect to LS8) as a function of altitude.  

This table shows the linear regression statistics. 

 

PFOV (°) Slope y intercept r2 

60 0.001417 0.00359646 0.430294 

70 0.00136 0.0059853 0.447629 

80 0.001278 0.009288423 0.456689 

90 0.00115 0.014332157 0.44314 

100 0.000933 0.02237895 0.369928 

110 0.000665 0.03057117 0.223798 

120 0.000502 0.030486108 0.105119 

130 0.000317 0.022232744 0.022026 

140 1.47E-05 0.005727574 2.57E-05 

150 0.000209 -0.048604739 0.004574 

160 0.001364 -0.147303723 0.221112 

170 0.001729 -0.16904798 0.486389 

178 0.001545 -0.16307311 0.443205 
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Table S3: Kruskal-Wallis test (KW) p-values for topographically corrected UAV data. The test 

compares the distribution of 3 groups of data for each date and survey altitude: (1) UAV albedo 

corrected with SfM snow surface model, (2) UAV albedo corrected with SfM bare-ground 

model, and (3) UAV albedo corrected with a USGS 3DEP 1/3 arc-second DEM. A p-value < 

0.05 (in bold) indicates that the difference between the means of the compared groups is 

statistically significant. 

 

 

 

 

 

 

 p-value for KW between Group A – Group B 

Date Flight Altitude 

(AGL) 

Snow Surface 

SfM – Bare-

ground SfM 

Snow Surface 

SfM – 3DEP 1/3 

Arc Second 

3DEP 1/3 Arc 

Second – Bare-

ground SfM 

Mar. 11, 2021 10 m .154 .123 .023 

15 m .147 .071 .001 

20 m .109 .66 .047 

Mar. 18, 2021 10 m .602 .14 .047 

15 m .544 .385 .153 

20 m .391 .305 .07 

Apr. 28, 2021 10 m .352 .021 .001 

20 m .304 .092 .009 

30 m .819 .098 .065 
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