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ABSTRACT. Surface reflectance determines how much solar radiation is retained, making it a
critical component of the Earth’s energy and water balance. Several satellites,
including Landsat and Sentinel-2, measure surface reflectance; however, the limited
temporal resolution and spatial resolution of these satellites introduce uncertainties,
especially in areas of high temporal and spatial variability such as mountainous re-
gions dominated by seasonal snowpack, trees, and fluctuating slopes. Unoccupied
aerial vehicles (UAVs) provide a platform for frequent measurement of surface reflec-
tance with user-selected coverage during critical times of snowpack change. UAVs
can enable higher spatial resolution than satellites while covering a larger spatial area
than in situ, tower-based sensors. We present the design and calibration of a custom
UAV-based radiometer system for validating the shortwave infrared Landsat
Operational Land Imager Band 7 and Sentinel-2 MultiSpectral Imager Band 12 sur-
face reflectance measurements. Two sensors enabled surface reflectance correc-
tion: an upwelling radiation sensor was designed to measure scene-reflected
radiance [W/(m?sr)], and a downwelling radiation sensor was designed to measure
incident irradiance [W /(m?)]. Both radiometers were constructed with single-pixel
photodiodes and custom bandpass filters to match the spectral range of Landsat
Band 7 (2110 to 2290 nm), and the half-angle field of view of the upwelling system
was designed and measured to be 3.43 deg. When flown 120 m above the ground,
this comesponds to a ground swath diameter of 14.39 m, a spatial resolution over four
times finer than the 30 m Landsat Band 7 pixel. Radiometric and temperature cal-
ibrations reduced uncertainties for both sensors. The custom radiometer was flown
ona UAV in alignment with a Landsat 9 satellite overpass in Southwestern Montana,
United States (45.23 deg, —111.48 deg). The resulting airborne measurements were
used to assess the implications of surface topography on radiometer-measured
reflectance, where the preliminary airborne measurements indicated a significant
correlation between surface reflectance variability and slope angle.
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1 Introduction

Snow reflectance, the ratio of reflected irradiance to incident irradiance on a snowy surface,
directly influences Earth’s climate' and is a primary component of the energy balance of the
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snowpack, influencing hydrological cycles and the timing and availability of water resulting from
seasonal runoff.>* Fluctuations in snow reflectance have been estimated by satellite imagery
from sensors such as the Operational Land Imager (OLI) instruments on Landsat 8 and 9, as
well as the MultiSpectral Imager (MSI) on Sentinel-2; however, uncertainties in satellite retriev-
als of snow reflectance propagate to uncertainties in climate and water runoff models.*® The
uncertainties can arise due to measurement error and noise, as well as limited temporal resolu-
tion, atmospheric variability, and sub-pixel spatial variability.

Although satellite retrieval uncertainties can be reduced by in situ measurements that pro-
vide frequent validation for satellite-based measurements of snow reflectance, these station-
based methods are not always representative of the surrounding terrain. Vegetation, snow cover,
and reflectance can vary greatly within the 10 to 30 m scale of a satellite pixel, whereas station-
based sensors are limited to the point scale.”* Unoccupied aerial vehicles (UAVs) provide a plat-
form for frequent measurement of snow reflectance with custom coverage during critical times of
snowpack change—such as after a snowfall event or at the onset of ablation—and can be
deployed multiple times throughout a single day to capture diurnal changes in surface reflec-
tance. UAVs also enable measurements with higher spatial resolution than satellite-based sensors
while covering a larger spatial area than in situ methods.” >’

Hyperspectral imagers offer a unique solution that provides not only higher spatial res-
olution when flown on a UAV but also higher spectral resolution than the multispectral bands
on satellite-based sensors such as OLL. For this reason, UAV-based hyperspectral imagers have
been used for the validation of satellite-based snow products in the visible and near infrared
wavelength regions.”?! Due to the higher cost associated with short-wave infrared (SWIR)
sensors, few hyperspectral imagers are commercially available with spectral ranges that extend
into the SWIR, limiting validation measurements for OLI Band 7, the second SWIR channel
(SWIR2). The SWIR2 band extends the spectral range of broadband snow albedo retrievals, has
been used to differentiate between clouds and snow,”” and appears to be indicative of snow
grain size.’ In addition to snow applications, the SWIR2 band has been used to measure mois-
ture content in soil and vegetation?7 and to map mineral deposits for improved resource
management.?%2

To advance the UAV-based validation of SWIR?2 satellite snow retrievals, this paper presents
the design and calibration of a custom UAV-based OLI Band 7 replica radiometer (UBRR), along
with airborne surface reflectance measurements from the system that were compared to satellite-
based surface reflectance retrievals from Landsat 9 OLI Band 7. Although the custom sensor
presented in this paper was designed for the validation of satellite-based snow products, it could
also be deployed to validate satellite surface reflectance retrievals of vegetated and rocky
landscapes.

This paper builds on work initially reported in an SPIE Proceedings conference paperm;
however, the scope of the conference paper has been expanded in accordance with the SPIE
publication po]jcy.3] Compared with the previous conference paper, this paper includes an
updated system design that features onboard temperature sensors, results from an airborne data
collection campaign, and a discussion of the airborne surface reflectance measurements and sys-
tem limitations.

2 Radiometer Design and Calibration

2.1 System Design

The Landsat 8/9 OLI Band 7 sensor has a center wavelength of 2200 nm, a spectral bandwidth of
200 nm, spatial resolution of 30 m, and a 12-bit dynamic range.’> These satellite-based sensor
specifications were used to inform the optical and electrical design of the UBRR system. The
UBRR system used two sensors to measure surface reflectance: an upwelling radiation sensor
measured the radiance reflected from the scene [W /(m?%sr)), and a downwelling radiation sensor
measured the irradiance incident on the scene [W/m?|. Both sensors used independent, single-
pixel photodiodes (Hamamatsu InGaAs PIN photodiode, G12183-030K, Shizuoka, Japan) elec-
trically connected to separate high-gain, low-noise amplifiers (Hamamatsu Amplifier, C4159-
03). The weight of the airbome system was limited to 5 kg according to the maximum payload
specifications of the UAV (Vision Aerial Vector Hexacopter33).
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2.1.1 Optical design

The spectral range of UBRR replicated Landsat 8/9 OLI Band 7 using custom bandpass filters
designed and fabricated by Materion Corporation, the manufacturer of the original OLI Band 7
spectral filters. A single filter was used in each detector assembly, and each filter had a
manufacturer-specified average transmittance of 97.1% across the spectral range of 2110 to
2290 nm.

The optical design goal of the UBRR system was to achieve a measurement footprint area
with higher spatial resolution than Landsat OLI Band 7 while covering the greatest number of
satellite pixels per UAV flight. This was achieved by flying at the maximum FAA flight altitude
of 120 m above ground level, with a minimum half-angle field of view (FOV) of 3.576 deg. This
flight altitude and FOV corresponded to a circular ground footprint with a diameter of 15 m, one-
quarter of the footprint of an OLI Band 7 pixel. In addition to the flight height, the FOV was also
informed by the sampling rate of the UBRR system, where the sensor circuit was specified to
have a bandwidth of 15 kHz, but the total system sampling rate was limited to a lower value by
the flight computer. The sample period that was comfortably achieved by the embedded com-
puter for sampling the detectors, temperature sensors, and GPS was 4.0 s, limiting the UAV flight
speed to 3.6 m/s for the collection of proof-of-concept measurements, where the circular meas-
urement swaths were adjacent to one another. Accordingly, the upwelling radiation sensor was
constructed using a lens assembly designed to achieve a half-angle FOV of 3.576 deg. All optical
designs and simulations were completed in Zemax OpticStudio.

The minimum entrance aperture of the UBRR system was determined through radiometric
analysis, where the detector area, noise equivalent power, and electrical bandwidth were used to
estimate the signal-to-noise ratio (SNR) of the system corresponding to common lens sizes:

T,(RSR)L;AIAQ
NEP,\/Af

where T', was the optical transmittance of the filters and lenses in the optical assembly, RSR was
the relative spectral response of the system, L ;A1 was the expected radiance in the optical band-
width of the bandpass filter, AQ was the detector throughput, NEP, was the noise equivalent
power of the detector, and Af was the electrical bandwidth of the preamplifier circuit.

Although larger lens diameters corresponded to higher SNR values, a lens diameter of
25.4 mm was selected because this diameter achieved an SNR of 133, which met the design
specification SNR of > 100, without the additional cost and weight of a larger lens. Off-the-
shelf lenses were used to minimize the cost of the system; however, the desired FOV could not
be achieved with a single off-the-shelf lens due to the detector size and entrance aperture diam-
eter. To maximize the FOV and throughput of the system, the largest commercially available
SWIR detector was selected: a photodiode with a 3-mm photosensitive area. When simulated
with a single commercial lens, the largest achievable half-angle FOV was 3.24 deg without
producing a spot size that exceeded the photodiode active area. To achieve the desired
FOV, a three-lens system was designed and optimized to focus on and off-axis rays on the
photosensitive area of the photodiode (Fig. 1). The final design consisted of an objective lens
with a diameter of 25.4 mm and a focal length of 150 mm (Thorlabs LA1433-D, Newton, New
Jersey, United States), a custom spectral bandpass filter (Materion Corporation, bandpass
region from 2110 to 2290 nm), and a field lens assembly composed of a lens with a diameter
of 25.4 mm and a focal length of 25 mm (Thorlabs LA1951-D), and a second lens with a
diameter of 12.7 mm and a focal length of 15 mm (Thorlabs LA1540-D). This optical design
achieved a spot size with a diameter of 3.0 mm in simulations, meeting the 3 mm specification
required for the photodiode.

Although the upwelling radiation sensor assembly was designed with a narrow FOV, the
downwelling radiation sensor was designed to measure the total direct and diffuse solar radiation
across the full-sky hemisphere. This was accomplished using a piece of 220 grit ground glass
(Thorlabs DG10-220) to create a diffuser in front of the photodiode, resulting in a full-angle FOV
approaching 7 steradians (the projected solid angle of a hemisphere). A custom spectral bandpass
filter was also included between the ground glass and photodiode to match the spectral range of
the upwelling radiation sensor.

SNR = (1)
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Fig. 1 Zemax OpticStudio design for the upwelling radiation sensor, including on-axis rays in blue
and 3.576 deg off-axis rays in green (representing the desired half-angle field of view of the sys-
tem). The dotted line on the far right represents the image plane. The optical system consists of
three lenses and a spectral bandpass filter and was optimized for a spot size less than the photo-
sensitive area of the photodiode.

2.1.2 Electrical design

The UBRR system was designed to use a low-cost Arduino Giga embedded computer that
enabled concurrent measurements of the signal from the upwelling and downwelling photo-
diode amplifiers using onboard 16-bit analog-to-digital converters. To map airborne surface
reflectance measurements to specific locations at a field site, the Arduino was connected to
an Arduino MKR GPS shield to store GPS data (timestamp, latitude, longitude, and altitude).
Due to temperature-dependent photodiode responses (Sec. 2.2.3), two temperature sensors
(HiLetGo DHT22) were integrated into the system as well. A temperature sensor was mounted
inside the lens tube of the downwelling radiation sensor, and a second temperature sensor was
mounted adjacent to the upwelling radiation sensor. Arduino code was written to continually
save photodiode measurements, GPS location information, and temperature sensor measure-
ments to a USB drive at a time interval specified by the user, where the fastest sampling period
of 4.0 s was used in this study.

The photodiode assemblies, GPS antenna, and temperature sensors were integrated with
the Arduino through a custom printed circuit board (PCB) designed to mount directly on top
of the Ardiuno and interface with its input and output pins (Fig. 2). The PCB included power
and switching circuitry to power the Arduino, photodiode amplifiers, GPS antenna, and tem-
perature sensors from the UAV batteries. A DC-to-DC converter was included to convert the

Input Power from UAV || Temperature Sensor Power and Signal Upwelling Sensor Power
(DC Barrel Connector) (Soldered Pins) (Screw Terminal Connector)

. SRPESTAS SR IRS SEHENNS
-

Upwelling Detector Signal
(BNC Connector)

54 mm
Downwelling Detector Signal

(BNC Connector)

GPS Power and Signal
(5-pin Connector)

102 mm Downwelling Sensor Power
(Screw Terminal Connector)

Fig. 2 PCB designed to interface with the Arduino Giga, photodiode amplifiers, temperature sen-
sors, and GPS antenna to power the individual system components from the UAV batteries and
interface the sensor signals with the Arduino Giga analog inputs. The PCB was 102 mm long and
54 mm wide, matching the dimensions of the Arduino Giga and allowing for direct mounting to the
Arduino embedded computer.
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15 V source from the UAV to 15 V to provide the bias voltage necessary to power the photo-
diode amplifiers. The PCB was also designed to connect the photodiode signal from each
amplifier to the internal analog-to-digital converters on the Arduino via overvoltage protec-
tion circuitry.

The total weight of the assembled UBRR system was 1.60 kg, with the downwelling radi-
ation sensor weighing 0.55 kg, and the upwelling radiation sensor and accessory electronics
weighing 1.05 kg. The total weight of the system fell within the maximum payload specification
of 5 kg for the Vision Aerial Vector He::(ace;pter.33

2.2 Characterization and Calibration

The UBRR system stored measurements from the upwelling and downwelling radiometers as
uncalibrated values digitized by a 16-bit analog-to-digital converter. For accurate data processing
and comparison with other systems, such as the Landsat 8/9 OLI Band 7 sensor, calibration to a
unit-based scale was required. Therefore, a radiometric calibration was performed to convert the
digital numbers of the upwelling radiation sensor to radiance (W /(m?%sr)], and the downwelling
radiation sensor to irradiance [W/(m?)] (Sec. 2.2.2). Approximating snow as a Lambertian
reflector, surface reflectance was then computed as the ratio of upwelling radiance to downwel-
ling radiance:

Lupwell ing = Ldark Lupwelling - Ldark

= = Fome : @
Pscene Ldownwelling - Ldark Edum—;!mg- - Ldark

where L pycning 18 the reflected radiance of the scene measured by the upwelling radiation sensor,
L gownwelling 18 the downwelling radiance, Lgqq is the dark signal corresponding to the upwelling
and downwelling radiation sensors, Egownwelling 18 the downwelling irradiance measured by the
downwelling radiation sensor, and x is the projected solid angle into which the irradiance is
scattered by the surface.

2.2.1 Field of view characterization
Following the optical assembly of the upwelling and downwelling radiation sensors, the FOV of
both sensors was experimentally verified. This was accomplished by mounting each sensor on a
rotation stage in front of an integrating sphere, illuminating a secondary aperture with a diameter
of 1 cm to approximate a pinhole. The upwelling sensor was mounted 1 m from the pinhole,
where the measured signal strength from the integrating sphere limited the distance. Similarly,
the downwelling sensor was mounted 36 ¢cm from the pinhole to maintain adequate signal
strength. The full-angle FOV of the downwelling radiation sensor was anticipated to be nearly
180 deg; therefore, measurements were taken in 5-deg increments [Fig. 3(a)]. Conversely, the
FOV of the upwelling radiation sensor was expected to be much narrower, so measurements were
taken in 0.5-deg increments [Fig. 3(b)].

Assuming the FOV to be defined by the angle at which the signal was reduced to 10% of the
maximum signal at normal incidence, the half-angle FOV of the downwelling radiation sensor
was measured to be ~59.4 deg after interpolating the FOV measurements at a resolution of
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Fig. 3 Experimentally derived field of view of (a) the downwelling radiation sensor measured in 5-
deg steps and (b) the upwelling radiation sensor measured in 0.5-deg steps
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0.05 deg [Fig. 3(a)]. Using the same FOV definition and interpolated resolution, the half-angle
FOV of the upwelling radiation sensor was measured to be ~3.4 deg [Fig. 3(b)].

2.2.2 Radiometric calibration

A radiometric calibration was performed for each radiometer to convert uncalibrated digital
numbers to radiance (upwelling radiation sensor) and irradiance (downwelling radiation sensor).
The calibration was completed by measuring the known radiance output of an integrating sphere
(Labsphere V3ND-NNNN-NNSL-NS00-0000, North Sutton, New Hampshire, United States).
The radiance of the sphere was controlled by a variable aperture that was set to six different
positions. For the spectral range of the bandpass filters in the UBRR system (2110 to
2290 nm), these positions corresponded to exposing the system to radiance values ranging from
0.0452 to 6.712 [W/(m?sr)]. In each position, the output radiance was measured with the
upwelling and downwelling radiation sensors for three photodiode amplifier gain settings
(“low,” “medium,” and “high”), averaged across 50 samples. From these measurements, a linear
relationship between digital number and radiance was determined for each gain setting for the
upwelling radiation sensor. Similarly, a linear relationship between digital number and irradiance
was determined for each gain setting for the downwelling radiation sensor by multiplying the
radiance of the Lambertian source by a projected solid angle of z. The linear fit for both sensors
for the gain settings used during the outdoor field campaign discussed in Sec. 2.3 produced R?
values greater than 0.99.

2.2.3 Temperature calibration
Although the radiometric calibration measurements were completed at room temperature, the
UBRR system could be deployed on a UAV in a wide range of temperatures. During snow mea-
surements, the temperature was expected to range from approximately —10°C to 5°C, where
colder field conditions exist, but sensor deployment was limited by the minimum operating tem-
peratures of the UAV and photodiode amplifiers. To maintain an accurate radiometric calibration,
the temperature dependence of each sensor was assessed over the range of —10°C to 40°C, sup-
porting the possibility of summer measurements as well. This temperature characterization was
completed in a controlled thermal chamber for amplifier gain settings that aligned with those
used during the field campaign presented in this study (“medium” gain setting for both sensors).
The radiation sensors were pointed directly toward a halogen light source mounted outside the
thermal chamber. The stability of the external halogen source was evaluated throughout the dura-
tion of the measurements using a pyranometer (Li-Cor Pyranometer 54977, Lincoln, Nebraska,
United States) with a temperature dependence of +0.15% per °C maximum that was accounted
for in post-processing.

Measurements were recorded by the upwelling and downwelling radiation sensors every
60 s for ~7 h, where the temperature of the chamber was incremented in 5°C steps from
—10°C to 0°C, then 8°C steps from 0°C to 40°C. The temperature of the chamber was monitored
by its internal thermometer and an independent thermocouple placed inside the chamber. While
temperature measurements from both sensors were in agreement, the thermocouple measure-
ments were used due to their proximity to the radiation sensors. The duration of each temperature
step was the sum of the time required for the chamber to reach the desired temperature and an
additional 30-min period to allow the devices to reach thermal equilibrium. The temperatures
measured by the thermocouple, along with the corresponding radiation sensor measurements, are
shown in Fig. 4. Upwelling radiation sensor measurements collected before 8:03 MST were
removed because the sensor orientation was adjusted for better alignment with the light source
at 8:02. The X's along the temperature plot indicate the times at which the temperature and signal
data were extracted to calculate a relationship between signal and temperature for each radiation
sensor. These individual points were selected because they were representative of the temperature
of the devices once they reached thermal equilibrium, rather than the ambient air temperature.

The upwelling and downwelling radiation sensors both exhibited a decreasing signal with
increasing temperature, where a —20°C change from room temperature produced an 11.79%
change and a 63.02% change in the signal of the upwelling and downwelling radiation sensor,
respectively. A second-order polynomial was used to relate the change in radiometer signal to the
temperature of each sensor. Seven temperature values ranging from —5°C to 40°C were used for
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Fig. 4 Upwelling and downwelling radiation sensor signals (blue) and thermal chamber temper-
ature (orange) measured by a thermocouple mounted near the radiation sensors. The X's indicate
points that were selected to relate the temperature to the radiation sensor signal for temperature
correction of the UBRR system.

the upwelling radiation sensor, and eight temperature values ranging from —10°C to 40°C were
used for the downwelling radiation sensor. The second-order fits produced R? values greater than
0.99 for both the upwelling and downwelling radiation sensors.

2.3 Field Methods and Testing
The UBRR system was flown on a UAV in alignment with a Landsat 9 overpass in Southwestern
Montana, United States, on April 7, 2025. The study site, Namaste Valley (45.2316°N, 111.4768°
W, elevation 2650 m), is located at the head of the Muddy Creek drajnage,T which flows into the
upper reaches of the Gallatin River, a tributary of the Missouri River (Fig. 5). In winter, the site is
a snow-covered alpine meadow containing several stands of conifer trees. The variable topog-
raphy of this open meadow allowed for assessment of Landsat retrievals over a variety of illu-
mination angles and has been used in previous UAV-based snow albedo studies.”®

The UAYV flight was completed on April 7, 2025, at 17:03 UTC, corresponding to a calcu-
lated solar elevation angle of 40.68 deg.’* The UBRR system was rigidly mounted to the UAV,
with the upwelling radiation sensor and embedded computer mounted beneath the UAV chassis,
the downwelling radiation sensor mounted on top of the UAV chassis, and the GPS antenna
mounted to a ground plane on top of the UAV [Fig. 6(a)]. All UAV flights were conducted
by a pilot certified with an FAA Part 107 license. Following manual takeoff, the UAV autono-
mously flew a predetermined survey pattern at a speed of 3.6 m/s. This flight speed was selected

111.512°W 111.492°W 111.472°W

() Namaste Valley Study Site | £

45.245°N

45.236°N

45.227°N

T111.512°W 111.492°W 111.472°W
Fig. 5 Flight area at the Namaste Valley field site in southwest Montana, United States.
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45.2316°N

Upwelling Sensor

(@)

Fig. 6 UBRR system flight configuration. (a) UAV mounting configuration with the upwelling radi-
ation sensor and embedded flight computer mounted rigidly beneath the UAV chassis, and the
downwelling radiation sensor mounted rigidly on top of the UAV. (b) Flight path of the UBRR sys-
tem overlaid on UAV-based RGB imagery captured during April 7, 2025, UAV flights, where the
green arrows indicate the direction of UAV flight, and the red circles correspond to footprints of
UBRR system measurements.

to align with the fastest system measurement period of 4 s that was used throughout the flight to
capture measurements without spatial overlap, such that each circular footprint was directly adja-
cent to the next [Fig. 6(b)]. Following completion of the flight, the UAV was placed on a reflec-
tance target (Group 8 Technology Type 822) specified to have a reflectance of 11% over the
spectral range of the UBRR system. The measured reflectance of the target was calculated using
the upwelling and downwelling radiation sensor measurements [Eq. (2)] and then cross-
referenced with the manufacturer-specified reflectance to empirically validate the airborne
measurements collected at the field site.

To assess the relationship between surface reflectance and surface topography, a second
UAV flight was completed to collect airborne topographic measurements using a commercial
lidar system (YellowScan Mapper+) rigidly mounted to the UAV. The UAV flight path for the
lidar measurements also followed a predetermined survey pattern, but unlike the UBRR system,
the lidar system was flown at a speed of 8 m/s based on manufacturer guidelines. Four ground
control points were collected to correct the lidar data using an Emlid Reach RS2 Global
Navigation Satellite System (GNSS) receiver.

3 Results

3.1 Surface Reflectance from UBRR
To account for the influence of air temperature on the raw digital numbers collected by the UBRR
system, the temperature calibration discussed in Sec. 2.2.3 was applied to correct the digital
numbers to room temperature (21°C), corresponding to the temperature at which the radiometric
calibration was performed. The calibration was independently applied to each photodiode meas-
urement based on temperature measurements made by the upwelling and downwelling temper-
ature sensors, all collected at the same interval (every 4.0 s) throughout the flight. Next, a
radiometric calibration was applied to convert the temperature-corrected digital numbers to radi-
ance or irradiance for the upwelling and downwelling radiation sensors, respectively. The surface
reflectance was then calculated as the ratio of the upwelling radiance to the downwelling irra-
diance [Eq. (2)].

Each UBRR surface reflectance value corresponded to a geographic coordinate measured by
the GPS antenna. Based on the measured FOV of the upwelling radiation sensor assembly, the
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Fig. 7 Surface reflectance retrievals from (a) the UBRR system corresponding to a UAV flight on

April 7, 2025, overlaid with Landsat 9 Band 7 satellite pixels and (b) Landsat 9 OLI Band 7 cor-
responding to an ascending overpass on April 6, 2025.

Table1 Summary of surface reflectance statistics included in the box-and-whisker plot [Fig. 8(a)]
for the UBRR sensor and Landsat 9 OLI Band 7. The statistics were calculated across the full
spatial extent of the field site, where the median indicates the median surface reflectance, Q1
is the 25th percentile surface reflectance, Q3 is the 75th percentile surface reflectance, and the
minimum and maximum are the minimum and maximum non-outlier surface reflectances.

Sensor Median (%) Q1 (%) Q3 (%) Minimum (%) Maximum (%)
UBRR 10.10 9.40 11.15 6.93 14.68
Landsat OLI Band 7 9.76 9.56 9.88 8.81 10.01

on-ground circular swath of each upwelling measurement was assumed to have a diameter of
14.39 m at the UAV flight height of 120 m. Therefore, each surface reflectance measurement was
mapped to a circular area with a diameter of 14.39 m centered on the measured latitude and
longitude coordinates [Fig. 7(a)]. This mapping did not account for local changes in surface
elevation; however, such changes were small in comparison to the size of the footprint.
Table 1 presents a summary of the surface reflectance statistics for the UBRR system presented
in Fig. 7(a), where the median reflectance measurement was 10.10%, with a range of 7.75%. The
processing pipeline was validated through measurements of the reflectance target in the field,
where the UAV-based Band 7 system measured the reflectance of the 11% reflectance target to be
12.41% following the UAV flight (using an average of 10 measurements, with a standard
deviation of 0.02%).

3.2 Surface Reflectance from Landsat 9 OLI Band 7

Landsat 9 OLI Band 7 surface reflectance measurements (Collection 2 U.S. Analysis Ready
Surface Reflectance Data) were acquired from an ascending overpass with clear skies on
April 6, 2025, at 18:12 UTC (Path: 39, Row: 28). UAV data were acquired 1 day after the over-
pass, 69 min before the time of the overpass the preceding day. An ascending Landsat overpass
also occurred on April 7 (the day of the UAV flight); however, the imagery was obscured by
evenly distributed clouds and therefore not used for comparison with the UBRR system.
Although April 7 was cloudier than April 6, the ground and meteorological conditions were
otherwise very similar across the two-day period: the ground was snow-covered, no new snow
had fallen, the temperature on April 6 increased from —7.8°C to 8.9°C throughout the day, and the
temperature on April 7 increased from —6.1°C to 10°C.
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To compare the same area between the UBRR system and satellite-based measurements
from Landsat 9 OLI Band 7, the satellite surface reflectance products were cropped to the region
of the UAV flight, where Landsat pixels with less than 50% coverage from the UBRR system
measurements were removed, leaving 41 satellite pixels (Fig. 7). Table 1 presents a summary of
the surface reflectance statistics for the Landsat 9 OLI Band 7 retrievals presented in Fig. 7(b),
where the median reflectance measurement was 9.76%, with a range of 1.19%.

3.3 Spatial Variability

The FOV of UBRR was selected to measure surface reflectance with higher spatial resolution
than Landsat 8/9 OLI Band 7 to ultimately assess the implications of enhanced spatial resolution
in snow-covered areas. The differences in spatial variability of surface reflectance captured by
UBRR versus Landsat 9 OLI Band 7 were evaluated and visualized using box-and-whisker plots
[Fig. 8(a)], where the percentile, minimum, and maximum values contained in the plots are pre-
sented numerically in Table 1. The spatial variation in the surface reflectance measurements was
also evaluated by calculating the percent difference between the UBRR system surface reflec-
tance values and the Landsat 9 OLI Band 7 retrievals. The percent difference was calculated for
each UBRR system surface reflectance measurement and its corresponding Landsat surface
reflectance measurement using the satellite pixel containing the majority of each UBRR pixel:

) _
Percent Difference = 100 = * (PuBRR ~ PLandear) .

3

PUBRR + PLandsat

where ppanas Was the surface reflectance retrieved from Landsat 9 OLI Band 7, and pygrr Was
the surface reflectance measured by the UBRR system. The UBRR surface reflectance measure-
ments varied up to +46.9% and —27.0% with respect to the Landsat OLI Band 7 measure-
ments [Fig. 8(b)].

To relate the spatial variation in surface reflectance measurements to the spatial variation in
the scene, the surface topography of the field site was evaluated using elevation measurements
captured by the UAV-based lidar with 50 cm resolution, where the elevation and slope angle were
plotted for the same area as the previously determined Landsat pixels (Fig. 9). The black regions
in Fig. 9 correspond to areas containing trees that were removed prior to analysis.
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Fig. 8 (a) Box and whisker plots for the UBRR surface reflectance measurements and the Landsat
9 OLI Band 7 surface reflectance retrievals, where the red lines mark the median, the bottom of the
boxes are the 25th percentiles, the top of the boxes are the 75th percentiles, the whiskers re-
present the range of nonoutlier data, and the points represent outliers. (b) Circular UBRR system
pixel footprints showing percent difference and direction of difference between each UBRR surface
reflectance measurement and the corresponding Landsat 9 OLI Band 7 surface reflectance
retrieval using Eq. (3), where negative values indicate that the UBRR system measured a lower
reflectance value than Landsat 9 OLI Band 7.
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Fig.9 (a) Elevation of the field site terrain contained within the 41 satellite pixels as measured by a
UAV-based commercial lidar. (b) Slope angle calculated from the elevation measurements, where

black areas correspond to regions containing trees that were masked out from elevation and slope
angle measurements.

3.4 Topographical Dependence
To determine whether the surface reflectance measurements between the UBRR system and
Landsat 9 OLI Band 7 diverge more in areas with variable surface topography, the percent differ-
ence measurements were compared with the average slope angle and the standard deviation of
the slope angle contained within each satellite pixel. Regions with tree canopy were removed
from the elevation and slope data by creating a mask to remove slope angles greater than 28 deg.
The relationship between surface reflectance and surface topography was initially evaluated by
plotting the percent difference between the UBRR system and Landsat 9 OLI Band 7 surface
reflectance retrievals with respect to the average slope angle contained within each pixel
[Fig. 10(a)], and with respect to the standard deviation of the slope angle within each pixel
[Fig. 10(b)]. In both scatter plots, the red lines represent lines of best fit that were intended
to provide a qualitative reference. To provide a quantitative measurement, a Pearson correlation
was used to determine the strength of the relationship between surface reflectance variability
and surface topography.

To meet the assumption of the Pearson correlation that all data were normally distributed,
a Box-Cox power transformation™ was applied to both the average slope values (with a
lambda value of —2.144) and the standard deviation of the slope values (with a lambda value
of —0.478). Similarly, a Yeo-Johnson transformation®® was applied to the surface reflectance

Percent Difference (%)
Percent Difference (%)

2 3 4 5 6
Average Slope (degrees) Standard Deviation of Slope (degrees)

(a) (b)

9 10 11 12

Fig. 10 Percent difference between UBRR system surface reflectance measurements and
Landsat 9 OLI Band 7 surface reflectance retrievals with respect to (a) the average slope angle
within each of the 41 satellite pixels, and (b) the standard deviation of slope angle within each of the
41 satellite pixels.
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percent difference values (with a lambda value of 0.961). The relationship between surface re-
flectance percent difference values and surface topography was then assessed using a Pearson
correlation, where a critical value of 0.001 was selected to formulate conclusions based on the
resulting p-values. Using the transformed data, a Pearson correlation coefficient of 0.9651 and
0.5735 (both with p-values < 0.001) was calculated for the relationship between the percent
difference in surface reflectance measurements and the average slope angle, and the standard
deviation of slope angle, respectively. The correlation results indicated that the null hypothesis
could be rejected and that a statistically significant relationship existed between the percent dif-
ference values and the average slope values, as well as the standard deviation of slope values
within each satellite pixel, such that steeper slope angles and higher slope variability correlated to
larger differences in the surface reflectance measurements between the UBRR system and
Landsat 9 OLI Band 7.

4 Discussion and Conclusions

4.1 Spatial Variability

The UBRR system was designed to be flown on a UAV, enabling custom coverage and achieving
higher spatial resolution than Landsat 8/9 OLI Band 7. This allowed the UBRR system to mea-
sure smaller surface regions with increased sensitivity to changes in the scene and surface topog-
raphy. The difference in spatial resolution is demonstrated in Fig. 7(a), which shows multiple
UBRR pixels contained within each satellite pixel. Figure 7 also presents the surface reflectance
measurements for both UBRR and Landsat 9 OLI Band 7, where the median reflectance meas-
urement from UBRR was 10.10%, and the median reflectance measurement from Landsat was
9.76%. This elevated value from UBBR was consistent with the results from the empirical val-
idation, where the UBRR system measured the reflectance of an 11% reflectance target to be
12.41%, though the day difference in collection times between the UBRR system and the satellite
retrievals could have also contributed to this difference. In addition, the range of UBRR surface
reflectance measurements presented in Fig. 7(a) was much larger than the range of satellite sur-
face reflectance retrievals presented in Fig. 7(b), indicating that higher spatial resolution enabled
more variability to be captured in the surface reflectance measurements.

Some spatial variation, such as the elevated UBRR reflectance measurements on the west
side of the field site in Fig. 7(a), could be explained by areas of tree cover [Fig. 6(b)], where, in
the spectral range of Band 7 (2110 to 2290 nm), coniferous trees typically have reflectances on
the order of 10% to 20%,”” whereas snow typically has reflectances on the order of 5% to
15%.%% Other regions of spatial variation, such as on the north and south edges of Fig. 7(a),
correspond to locations where the UAV made 180 deg turns to continue the survey flight pattern.
In field campaigns where the goal is to measure snow reflectance with minimal uncertainty, such
measurements should be masked out using a margin dependent on the flight configuration; how-
ever, all measurements were presented in Fig. 7(a) to demonstrate the measurement variability
due to changes in the pitch and roll of the UAV.

The larger variability in UBRR reflectance measurements in comparison to satellite retriev-
als was also demonstrated in Fig. 8(a), where the median reflectance values captured by the
UBRR system and Landsat satellite were in close agreement, but the range of UBRR reflectance
values represented by the whiskers far exceeded the range of satellite reflectance retrievals. The
spatial trends of the differences in reflectance values between the UBRR system and Landsat 9
OLI Band 7 were presented in Fig. 8(b), where the UBRR system measured reflectance values
higher than the satellite retrievals on the west side of the field site, but measured reflectance
values lower than the satellite retrievals in the middle and on the east side of the field site.
This spatial trend visually aligned with the surface topography of the field site in Fig. 9, where
regions with steeper slope angles tended to align with areas where the difference in reflectance
measurements between UBRR and Landsat 9 OLI Band 7 was the greatest.

4.2 Topographical Dependence

The qualitative association between the percent difference in Fig. 8(b) and the surface topog-
raphy in Fig. 9 was further evaluated by plotting the percent difference as a function of slope,
where a linear relationship was presented between the percent difference and average slope
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[Fig. 10(a)], as well as the percent difference and standard deviation of slope [Fig. 10(b)]. This
visual interpretation was supported by the results of a Pearson correlation. The correlation con-
firmed that the percent difference between surface reflectance values had a statistically significant
linear relationship with the surface topography, quantified by the average slope angle and the
standard deviation of the slope angle contained within each satellite pixel.

The results of the preliminary UBRR measurements aligned with the expectation of topo-
graphic dependence based on previous broadband, airborne albedo measurements at Namaste
Valley conducted by Mullen et al.”; however, additional UAV-based campaigns are required
to collect data during a variety of snow and illumination conditions to conduct a thorough assess-
ment of the magnitude of the relationship between UBRR surface reflectance measurements and
slope angle. In addition, the results from the comparison of the UBRR measurements and the
Landsat 9 OLI Band 7 measurements suggest that increased spatial resolution produced greater
variability in surface reflectance measurements that were not captured in satellite imagery. This
aligns with the findings of Skiles et al.,” who demonstrated that the higher spatial resolution
obtained using UAV-based hyperspectral imagery produced snow reflectance measurements with
higher variability, and is consistent with others who have used UAVs to achieve higher spatial
resolution than satellite-based sensors.”*'*2

4.3 System Limitations and Future Work

The surface reflectance measurements from the UBRR system were more variable at the edges of
the flight area, where the UAV made 180 deg turns to continue the survey flight pattern
[Fig. 7(a)]. Turns in the flight path increased the tilt angle of the UAV and led to changes in
the measured upwelling and downwelling signals due to the rigid mounting geometry of the
sensors. Although select pixels with higher variability at the edges of the flight area can be
excluded in processing, the dependence on UAV tilt angle was magnified during validation mea-
surements with direct solar illumination. The UBRR system measurements from April 7, 2025,
were collected in cloudy conditions, where scene illumination was more diffuse; however, mea-
surements collected on March 3, 2025, in direct solar illumination conditions showed variations
in the measured surface reflectance values based on the direction of UAV flight introduced by the
pitch and roll of the UAV while in motion. The variations in measured surface reflectance due to
the changing viewing angle were larger than those introduced by surface topography, and there-
fore, the data from March 3, 2025, were not used in this study.

Although a properly sized gimbal was not available for this study, the tilt angle dependence
of the sensor, due to both UAV turns at the end of each pass and changes in flight direction, could
be reduced in future studies by mounting the upwelling assembly on an electronically stabilized
gimbal. Without a gimbal, measurement uncertainty in future field campaigns could also be
reduced through data collection from the UAV inertial measurement unit to provide real-time
UAV pitch, roll, and yaw data for improved correction of sensor tilt angle. Future measurements
are also expected to benefit from using topographic and angular corrections adapted from meth-
ods presented by Mullen et al.” that will reduce uncertainties attributed to solar illumination
angle, scene topography, UAV flight direction, and sensor tilt.

The FOV of the downwelling radiation sensor was an additional limitation of the UBRR
system as it limited possible flight times and locations to periods when the solar zenith angle
was within the FOV. Increasing the FOV of the downwelling radiation sensor would allow the
system to be used for all but the most extreme solar zenith angles throughout the winter months;
however, increases in the FOV lead to spectral shifts in the bandpass filter caused by an increased
angle of incidence. In the configuration presented here, the photodiode viewed a projected solid
angle of 30.1 deg, corresponding to an estimated 162 nm shift in the peak transmission wave-
length, shifting the center wavelength from 2200 to 2038 nm for the greatest angles of incidence.
However, the steepest incidence angles that would produce the maximum estimated shift in
wavelength were only present at the edges of the sensor, such that spectral smearing outside
of the spectral range of Landsat 8/9 OLI Band 7 only accounted for a small portion of the sensor
response.

In future deployments, the spectral shift could be reduced by placing an iris directly in front
of the downwelling radiation sensor photodiode to restrict the angles of incidence on the sensor.
However, this will limit the range of sun angle conditions in which the UBRR system can operate

Journal of Applied Remote Sensing 017501-13 Jan-Mar 2026 * Vol. 20(1)



Hamp et al.: Short-wave infrared radiometer for airborne validation of satellite.-..

and reduce the SNR of the reflectance measurements [Eq. (1)]. Additional tradeoffs exist in the
spatial resolution of the UBRR system. The design presented here achieved an on-ground meas-
urement swath of 14.39 m, one quarter of the Landsat 8/9 OLI Band 7 measurement swath, but
even higher spatial resolution could be achieved with a narrower FOV, where narrowing the FOV
would reduce the SNR as well [Eq. (1)].

The development, calibration, and validation of a low-cost UAV-based OLI Band 7 replica
radiometer system presented here can be replicated by others to collect UAV-based surface reflec-
tance measurements and sets the stage for future field campaigns to collect surface reflectance
measurements across a variety of snow and solar illumination conditions. These next steps are
anticipated to provide a more robust dataset to build on existing topographic corrections to
reduce uncertainties in UAV-based measurements, and ultimately support continued progress
toward minimizing uncertainties in satellite-based surface reflectance retrievals of snow.
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