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Fig. 1 Components and observing mode of the BRDF measurement system
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Fig. 2 Ground-based synchronous measurement system. (a) Ground-based spectrometer measurement system; (b) shading board;

(¢) solar radiometer; (d) all-sky imager
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Fig. 5 Surface features of field targets at different scales. (a) Satellite observation; (b) UAV observation; (c) ground observation
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645 0.228 0. 209 —0.030 0.257 0.119 —0.005 0. 260 0.095 0
858 0.281 0.236 —0.033 0.312 0.125 —0.004 0.316 0.108 —0.002
1240 0.355 0. 236 —0.029 0.372 0.145 —0.010 0. 380 0.143 —0.007
1640 0. 409 0.236 —0.027 0.443 0.116 —0.007 0.437 0.133 —0.003
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Fig. 11 Spatial distribution maps of ANIF at the 555 nm, 858 nm, and 1240 nm bands
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Fig. 12 Changes in atmospheric environment during the measurement period. (a) Change of AOD with time;(b) change of cloud with
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Table 4 Model coefficients after diffuse light correction
2021-07-28 2021-07-29 2021-07-30
Band /nm
Jio S Jaeo Jiso S Jio Siso S Jiso
469 0.084 0.131 —0.022 0.089 0.101 —0.016 0.091 0.083 —0.011
555 0.151 0.217 —0.040 0.156 0.174 —0.032 0.165 0.135 —0.018
645 0.233 0.280 —0.051 0.241 0.239 —0.042 0.245 0.187 —0.031
858 0.293 0. 354 —0.062 0.303 0.274 —0.050 0. 307 0.226 —0.037
1240 0. 359 0.379 —0.069 0.371 0.289 —0.053 0.371 0.274 —0.041
1640 0.426 0.249 —0.037 0.426 0.283 —0.051 0.426 0. 249 —0.038
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Fig. 14 Relative bias of simulated reflectance values for different bands of BRDF models obtained on different days. (a) (b) Model bias
on July 28th and July 30th before and after diffuse light correction; (c) (d) model bias on July 29th and July 30th before and after

diffuse light correction

1528001-9



5318 3L
555 nm i Bt , HoAth % B 5 A0 X 22 Y (B AR TE 3% LN .
M 1A ] LA T8 SR E S ,7 A 29 H 5 30
H A3 (80 22 F BB 2, BR T 555 nm 3 B, Hofth I BE A
A 25 S ARAE 120 AN . BRI PR E &8 51k
R 1E J5 19 BRDF #5579 4% 35 BE 19 AH X 0 22 249 #R 76 5%
PLPN AR X i 22 4 o 22 06 3% DL, Ul B 285 18 A%
IEJG AN R R B BRDF BRIk 45 & H AR BRDF

2021-07-28

180°

1240 nm
0°
1.25
1.20
1.15
1.10 &
1.05
1.00
0.95
0.90

210°

180°

180°

15

2021-07-29

1240 nm

% 43% F 15H1/2023 £ 8 B/HFFIR

FEAE HS e H AR R ) SO RRAE 5 I R PR TE G

& 15 2 18 516 A% IE 5 3 K BRDF # R 4 23 i) 43
A 25 SRR 78 SEAS IE 2 05, 24 K BH R T A o 30°
Ab, AN ] KB 70 ) ANTF 8 0 5K T A 0°~40° 2 [
B 245 8] 4 A B IR AR, o AR, A6 W R T AR o 407~
50°KF,7 H 28 H B ANIF{E 3 &, 1 7 H 30 H B ANIF
[ERSZNS

2021-07-30

50 30°

150°

18 6 IF J5 555 nm . 858 nm . 1240 nm i1 B (1 ANIF %5 [i] 445 [

Fig. 15 Spatial distribution maps of ANIF at the 555 nm, 858 nm, and 1240 nm bands after diffuse light correction
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F 5 ANIE] H A TS BRDF A5 543 B i) AR AU ST A (B AR X i 25 S HARME2E G831 3R
Table 5 Statistical analysis of the relative bias and standard deviation of simulated reflectance values for different bands of BRDF

models obtained on different days

Diffuse-correction between July 30th &. July 28th (no-  Diffuse-correction between July 30th &. July 29th (no-

Band /nm correction) correction)
Average relative bias /% STD of relative bias /% Average relative bias /% STD of relative bias /%
469 3.953(8.135) 2.288(4.180) 1.528(4.493) 0.807(2.241)
555 4.509(5.877) 2.626(3.595) 2.632(4.304) 1.418(2.442)
645 2.496(7.691) 1.323(4.318) 1.196(5.088) 0.777(2.861)
858 2.456(6.787) 1.306(3.773) 1.161(4.736) 0.788(2.647)
1240 2.038(4.031) 1.212(2.067) 1.271(2.933) 0.885(1.628)
1640 2.183(4.030) 1.268(2.084) 1.144(2.822) 0.900(1. 555)
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Abstract

Objective The bidirectional reflectance distribution function (BRDF) is a crucial parameter for satellite sensors to conduct
vicarious calibration of pseudo-invariant calibration sites (PICS). Low-altitude self-rotating unmanned aerial vehicles
(UAVs) have become a convenient and efficient approach for acquiring BRDF data of these sites. When the surface's
directional reflection characteristics in outdoor conditions are measured, it is not possible to control the illuminance solely
in the non-incident direction. The target is illuminated by direct sunlight and atmospheric scattered light, introducing a
certain level of systematic error in BRDF measurement. Conducting in situ measurements through UAVs with multi-angle
observation and spectral data shows significant potential for building more accurate BRDF models for PICS. We propose a
BRDF modeling method based on joint observations of ground-based and aerial dual spectrometers, and diffuse plate
observations to eliminate the influence of diffuse light. The compact and lightweight drone platform, which is not limited
by terrain, makes it suitable for measuring various complex terrains. Simultaneously, the ground-based spectrometer can
continuously measure changes in the illumination field. The combined observations of the ground-based and low-altitude
UAYV instruments can eliminate the interference caused by diffuse light irradiation in BRDF modeling and substantially

improve accuracy.

Methods The synchronized BRDF observation system includes an airborne spectral measurement system, a ground-
based spectrometer measurement system, a solar radiometer, and a whole sky imager. The low-altitude UAV carries a
spectrometer to obtain site spectral data at multiple angles within a 50 m radius hemisphere. Meanwhile, the ground-based
spectrometer is employed to synchronously measure the diffuse reference panel, continuously recording changes in the
illumination field and site spectral data under diffuse illumination. The radiative luminance is measured by a ground-based
spectrometer, and the BRDF is calculated by dividing the bidirectional reflectance factor (BRF) by =. In outdoor
measurement environments where the lighting conditions are not unidirectional, the hemisphere-directional reflectance
factor (HDRF) is introduced as a substitute for calculation. When the sky is clear and there is almost no diffuse scattering
(low aerosol optical thickness, without clouds), the influence of diffuse light can be ignored and HDRF is approximately
equal to BRF. The target and reference panel’s measured radiance data from the UAV and ground-based spectrometers are
combined with the observation geometry between the sun and the viewing angles to calculate the site's multi-angle
reflectance. By synchronously measuring the radiance of the target surface and the reference panel with airborne and
ground-based spectrometers and considering the observation geometry between the sun and the viewing angles, the ratio of
the two can be calculated. As a result, the site’s multi-angle reflectance can be obtained to eliminate measurement biases
caused by variations in solar irradiance during the measurement. When affected by diffuse light, the target reflectance is
corrected by subtracting the corresponding diffuse light luminance from the surface target and the ideal reference panel to
achieve diffuse light correction. Based on the Ross-Li kernel-driven semi-empirical model, the multi-angle reflectance data

are fitted by the least squares method to obtain the optimal site BRDF model.

Results and Discussions The Wuhai West Desert in the Ulanbuh Desert is selected as the PICS target for the BRDF
measurement experiment using the UAV-ground synchronized system. A total of 17 sets of airborne multi-angle spectral
measurement data in three consecutive days are adopted for BRDF modeling analysis. Before calculating the surface multi-
angle reflectance, it is necessary to calculate the wavelength shift between the two spectrometers to avoid measurement
errors caused by the instruments themselves. The wavelength shift result is the offset corresponding to the minimum
spectral angle between the two spectrometers after wavelength translation and is also employed for data preprocessing.
The data from all observation sessions are organized and substituted into the model fitting calculation of Eq. (9) to obtain

the model coefficients. By fitting the three-day measurement data, the BRDF model parameters at 469 nm, 555 nm,
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645 nm, 856 nm, 1240 nm, and 1640 nm are obtained, as shown in Table 3. Due to the differences in atmospheric
conditions on different dates during the experiment, diffuse light correction is performed, and the obtained BRDF model
coefficients are shown in Table 4. The experimental result proves that the mean relative deviation of the BRDF model at
each wavelength band after diffuse light correction is within 5%, and the relative standard deviation is within 3%. Finally,
the interference of the field BRDF modeling under diffuse light illumination is eliminated and the modeling accuracy is

improved.

Conclusions We propose a method for BRDF modeling based on ground-UAV dual spectrometer joint observation.
When diffuse panel observation is utilized, the diffuse light influence can be eliminated. It measures the BRDF
characteristics of the selected PICS and leverages a spectrometer carried by a UAV to obtain multi-angle spectral data from
low-altitude measurements of the site. Simultaneously, ground-based spectrometer synchronous measurements are
conducted to continuously record changes in the illumination field and eliminate deviations in spectral reflectance
calculations caused by the lighting environment changes during the measurement. Based on the Ross-Li kernel-driven semi-
empirical model, BRDF models for different atmospheric environments are built, and the effects of different atmospheric
conditions on BRDF inversion in outdoor environments are analyzed. Through measurement data from the ground-based
spectrometer under diffuse illumination, the BRDF model is corrected for diffuse light. Experimental results show that the
proposed method can eliminate the interference of diffuse light illumination in the BRDF modeling of the PICS and

improve accuracy.

Key words bidirectional reflectance distribution function; unmanned aerial vehicle; dual-spectrometer; bidirectional

reflectance distribution function modeling; diffuse light correction
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