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Abstract 

Albedo is an important parameter in radiation balance, energy balance, atmospheric correction of remote sensing data and weather 

forecasting models. The values of albedo of agricultural area vary with changes in biophysical parameters at different phenophases of 

the crop. Spectral and broadband albedo of visible-infrared bands for wheat canopy was estimated with numerical and spectral 

integration of hemispherical directional reflectance factors (HDRFs). The HDRF measurements on wheat were acquired at 54 view 

angles (6 azimuthal planes × 9 view zenith angles) to cover the hemispheric span up to 60° view zenith at 7-8 days’ interval during 

early growth stages to physiological maturity. Canopy and atmospheric parameters were measured parallel to HDRFs of the crop. 

The spectral and broadband albedo of wheat varies in decreasing pattern with advancement of growth stages. Visible-infrared albedo 

of crop was maximum at early growth stages (tillering and booting; 0.23) and minimum at late growth stages (late milking and 

dough; 0.15).  The albedo values retrieved from HDRF in this investigation can be useful for phenophase specific applications in 

cropland fluxes algorithms, crop phenotyping, regional climate modeling and other remote sensing studies. 
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Introduction 

Albedo is the key radiometric quantity parameter that 

plays an important role in radiation balance studies and 

atmospheric general circulation models. Albedos of the 

natural surfaces are governing parameters of the energy 

budget of the area. Climate models need surface albedo 

values with very small absolute error (Sellers, 1993; Jin 

et al.,2003). Meanwhile, albedo values over vegetated 

surfaces like agricultural areas depend on crop grown 

and its growth phase. Crop canopy albedo can be also 

useful to determine water use by transpiration (Blum, 

2005), climate change mitigation in geoengineering 

approach (Carrer et al., 2018; Ridgwell et al., 2009; 

Singarayer et al. 2009; Imamoğlu and Sertel, 2016; 

Ülker et al., 2018), energy balance algorithms, crop 

phenotyping and parameterization of cropland energy 

fluxes. Canopy albedo reported to vary with genetic 

variation in many studies (Serban et al. 2012; Febrero et 

al. 1998; Hatfield and Carlson, 1979). Crop breeding 

efforts to increase crop albedo can help to improve crop 

performance in drought and heat stress conditions by 

reducing transpiration and canopy temperature. Crops 

like wheat go through distinct canopy architectural 

changes during crop life cycle and markedly influence 

the canopy reflectance and its anisotropy (Lunagaria and 

Patel, 2017). The spectral albedo strongly depends on 

crop type, age of the crop and season (Iqbal, 1983). So, 

crop phenophase specific albedo values can be useful to 

studies on radiation and energy balance, 

evapotranspiration flux estimation, regional climate 

modeling, climate change biogeoengineering, 

atmospheric correction of remote sensing data and crop 

stress detection. 

On the ground, broadband albedo can be measured by 

albedometer, consisting upward looking and inverted 

pyranometers. Albedo measurements using airborne and 

spaceborne platforms cannot be used for accurate 

measurements for small surfaces (Pinty et al. 2001). 

Besides, most of these sensors measure albedo at 

discrete wavebands. Also, most natural surfaces like 

crop canopies behave as non- Lambertian reflector. So, 

remote sensing estimated albedos using a single nadir or 

off-nadir angle observations which do not represent true 

albedo. Kimes and Sellers (1985) reported that albedo 

estimated from nadir gave error as great as 45% as 

compared to estimates from multi-angle observations. 

Thus, the ‘true’ albedos can be derived using 

bidirectional reflectance distribution function (BRDF) 

and the albedos are mathematically defined as weighted 

integrals of the BRDF (Wanner et al.,1997). The 

broadband albedo is further integration of the spectral 

albedo over the spectral range.  

Ranson et al. (1991) have computed albedo of bluegrass 

field and bare soil (fine-loamy, mixed, mesic 

Fluvaquentic Dystrochrept) from the spectral 
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bidirectional reflectance factor (BRF) measurements by 

two techniques; numeric integration and fitting of an 

empirical equation.  Peltoniemi et al. (2010) computed 

land surface hemispherical albedos of several targets 

using the BRF library of the Finnish Geodetic Institute 

(FGI). Some other researchers (Jacob et al. 2002; Eck 

and Deering, 1998; Irons et al.,1988) also used ground-

based, airborne and spaceborne multiband BRF data to 

compute albedo of agricultural targets. 

This paper is aimed to compute spectral and broadband 

albedo values of wheat canopy at different phenophases 

in visible-near infrared (VNIR) spectral range using 

hemispherical directional reflectance measurements. 

Wheat crop was considered in this study as the crop has 

large acreage than any other crop over the world. The 

canopy architecture of wheat changes dramatically at 

different phenophases during life cycle (Lunagaria and 

Patel, 2017) of the crop and leads to change in albedo. 

Thus, evaluation of magnitude of changes in albedo with 

changes in canopy parameters at different phenophases 

of wheat is attempted in the study. 

Materials and Methods 

Experimental setup 

A field goniometer resembling well-known FIGOS 

(FIeld GOniometer System; Sandmeier and Itten, 1999) 

with 4 m diameter installed at Anand Agricultural 

University, Anand (22.538 °N Latitude, 72.981 °E 

Longitude, 45.1 m above mean sea level) was used for 

spectrodirectional measurements. According to 

Schaepman-Strub et al. (2006), in-situ measurement 

under clear sky condition is hemispherical directional 

reflectance factor (HDRF) as BRF involves infinitesimal 

small quantities and cannot be measured. Though, BRF 

term is also established in literature and erroneously used 

in many studies (Sandmeier and Itten, 1999; Chopping, 

2000; Susaki, et al. 2004). Wheat (Triticum aestivum L.) 

crop (cultivar Gujarat Wheat 496) was chosen as target 

crop and sown in circular plot of 5 m diameter under the 

field goniometer (Figure 1) during November to April 

months of year 2011-2012.  Row effect in directional 

observations is prominent in line sown agricultural crops 

due to azimuthal asymmetry (Lucht and Roujean, 2000). 

Meanwhile, line sowing is most common in wheat 

growing regions and row spacing 22.5 cm is 

recommended spacing for wheat at most parts of India. 

Wheat has shallow root system and individual plant 

stand in broadcasting results in lodging particularly in 

sandy loam soil at experimental region. So, azimuthal 

symmetry was achieved by sowing the crop in concentric 

rows with row spacing 22.5 cm.  

Measurements 

Hemispherical directional reflectance observations were 

acquired by mounting spectroradiometer FieldSpec 

HandHeld (Analytical Spectral Devices, Inc., USA) with 

a 3.5° instantaneous field of view (IFOV) on the field 

goniometer system. The spectrodirectional 

measurements were acquired in a spectral range of 325 

nm to 1075 nm with a spectral resolution of 1.0 nm. The 

IFOV of 3.5° projects circular GIFOV (Ground projected 

instantaneous field of view) of 12.22 cm diameter at 

nadir. With an increase of view zenith angle, GIFOV 

becomes elliptical and extent increase towards foreword 

direction. 

Figure 1. Schematics of the spectro-goniometer setup. 

The GIFOV (24.5 cm) was maximum at 60° view zenith 

angle along the azimuthal plane of observation. In all 

instances, the spactroradiometer observes only 12.22 cm 

arc of the circular wheat rows so the effect of a circular 

plant stand will be negligible. To scan hemispheric 

coverage, HDRFs were measured with this 

spectrogoniometeric setup at resolutions of 30° and 15° 

in azimuth (φ) and zenith () angles, respectively at time 

around solar noon (12:38) on clear and haze-free days. 

To ascertain clear atmosphere, aerosol optical thickness 

and columnar water were monitored using Microtops II
®
 

Sunphotometer. In case of albedo measurement under 

such prominent direct illumination, HDRF observation 

approximate BRF and the albedo can be referred as 

‘black sky albedo’ (Lucht et al., 2000). The 

measurements were made at 7-8 days’ interval from 

early growth stage (tillering) to dough stage of wheat. 

Comprehensive methodology and phenophase wise 

results on reflectance anisotropy using these data sets are 

explained in Lunagaria and Patel, 2017. Illumination 

geometry (solar zenith (i) and azimuth (φi) angles) for 

the experimental site was computed with algorithm 
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given in Reda and Andreas (2003). Canopy biophysical 

parameters (chlorophyll, mean leaf inclination angle, 

LAI, and plant height) were measured parallel to 

spectrodirectional measurements. Chlorophyll was 

measured by SPAD meter (TYS-A; Zhejiang Top 

Instrument Co., Ltd., Zhejiang, China) and the non-

dimensional SPAD converted to µg cm
-2

 by calibration 

coefficients of the meter (Lunagaria et al. 2015). LAI-

2000 Plant Canopy Analyser (LI-COR, USA) was used 

to measure LAI and mean leaf tilt angle non-

destructively. Plant height was measured with ruler 

scale.  

Computation of albedo using HDRF 

Surface albedo is defined as the fraction of incident solar 

radiation reflected both in all directions above the 

surface and over the whole solar spectrum (Pinty and 

Verstraete, 1992). So, albedo is the ratio of total radiance 

reflected by a surface in any direction within the 

surrounding hemisphere to the total incoming irradiance. 

The spectral albedo 𝛼𝜆 can be computed by the

integration of the observed HDRF 𝜌(𝜆, 𝜃s, 𝜑s, 𝜃r,𝜑r)
over the hemisphere (Kimes and Seller, 1985; Sandmeier 

and Itten, 1999). 

𝛼𝜆

=
1

π
∫ ∫ 𝜌(𝜆, 𝜃s, 𝜑s, 𝜃r,𝜑r) cos 𝜃r sin 𝜃r d𝜃r d

π
2

0

2π

0

𝜑r

(2

) 

Where, θ is zenith angle and φ is azimuth angle. 

Subscript s is for solar and r is for remote sensor. To 

estimate 𝛼𝜆 from HDRFs, numerical integration was

performed over the full range of hemispheric coverage 

involving eleven view zenith angles and six azimuth 

angles (Figure 2). The method is adopted after Irons et 

al.,1988, Ranson et al., 1991 and Grover et al.,2000 as: 

𝛼𝜆 =  
1

π
∑ 𝜌

6

𝑗=1

(𝜆𝑖 , 𝜃𝑗) ∆Ω𝑗 (3) 

Where, 𝜆𝑖 is a wavelength from spectral range 325 nm to

1075 nm and  ∆Ω𝑗  is the projected solid angle of the

partition of the 2π sterdian angle. The hemisphere 

(represented as 2π sterdian solid angle) has been 

partitioned into six solid angles which project as annular 

rings on the horizontal surface (Figure 2). So, annular 

rings represent the discrete portion of the projected solid 

angle (∆Ω) with the representing measurement points for 

each azimuth angle.  Each j
th

 angle can be envisioned as 

a hollow out cone defined by range of zenith angles.  

∆Ω𝑗 =  π (sin2𝜃𝑗 − sin2𝜃𝑗−1) (4)

Where, 𝜃𝑗is the zenith angles

(0°,7.5°,22.5°,37.5°,52.5°,65.7°,90°) for  j=1,2,3,4,5, 6, 

7.  

Figure 2. Projection of the hemispherical points used in the integration scheme. 

Each projected solid angle was multiplied by the mean 

HDRF within the solid angle (i.e. mean of HDRFs 

measured in a particular annular ring of solid angle; 

Figure 2). 

�̅�𝑗 =  ∑
𝜌(𝜆𝑖 , 𝜃𝑗

∗, 𝜑𝑘)

𝑚

𝑚

𝑘=1

(5) 

Where 𝜃𝑗−1<𝜃𝑗
∗<𝜃𝑗, 𝑚 is the number of HDRF values

(12) in the respective annular solid angle ring. Mean 

HDRF ( �̅�𝑗 ) of twelve HDRF values (m)were used in

each annular rings except the innermost ring (∆Ω1) as the

measurements were acquired in six azimuthal planes. Six 

nadir HDRF measurements were averaged for the 

innermost ring.  The annular rings represent the discrete 
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portion of the projected solid angle (∆Ω) with 

measurement points for each azimuth planes. The 

HDRFs for the outermost ring (between zenith angles 

65.7° to 90°) were extrapolated using spline 

interpolation from the measured values (ranging from 

forward 60° to backward 60°) of the same azimuthal 

plane. Thus, the spectral albedo was computed as a 

product of �̅�𝑗 and ∆Ω𝑗 summed over the eleven solid

angles. Since, mathematically the albedo is irradiance 

weighted integral (average) of the BRDF (Wanner et al., 

1997). Solar irradiance flux weighted numerical 

integration of the spectral albedo (𝛼𝜆) over the visible

spectral range was performed for narrowband to 

broadband albedo (𝛼𝜆𝑖

𝜆𝑛) conversion. Broadband albedo

values for different wavebands were computed by 

defining wavelength intervals (𝜆𝑖 to 𝜆𝑛) for spectral

integration. 

𝛼𝜆𝑖

𝜆𝑛 =  
∑ 𝛼𝜆𝑖

 𝑆𝑖
𝑛
𝑖=1

∑  𝑆𝑖
𝑛
𝑖=1

(6) 

Where, 𝑆𝑖 is solar irradiance flux of the wavelength 𝜆𝑖.

Downwelling solar irradiance flux for the spectral range 

of 325 nm to 1075 nm was computed using the 

SBDART (Santa Barbara DISORT Atmospheric 

Radiative Transfer) model (Ricchiazzi et al., 1998) for 

time of hemispherical directional reflectance 

measurements. Measured aerosol optical thickness and 

water column were used as inputs of SBDART to 

simulate solar irradiance spectrum for the time of 

observations. A more accurate MODTRAN 3 solar 

spectrum was selected in SBDART. 

Results and discussion 

Canopy parameters and irradiance 

The surface albedo depends on the solar zenith and the 

three-dimensional structure of vegetation canopy (Yang, 

et al., 2001; Schaaf et al., 2002). Measured canopy 

biophysical parameters, soil moisture status and solar 

zenith angle at the time of observations are given in 

Table 1 for phenophases of wheat. There was less than 

7° change in solar azimuth angle during HDRF 

measurements acquired in 17-20 minutes near solar 

noon. Solar zenith of time of observation in a day was 

changed about 10° during the observed growth stages in 

the crop cycle. Irradiance flux spectra for the location 

and the time of HDRF observations were simulated and 

used for narrowband to broadband albedo conversion. 

The mean irradiance flux with standard deviation is 

depicted in Figure 3.  

Table 1. Total chlorophyll, leaf area index, leaf angle, crop height, and soil moisture status at different phenophases of 

wheat. 

No. Phenophase Chlorophyll (μg 

cm
-2

) 

LAI Mean leaf 

angle (°) 

Height 

(cm) 

Soil moisture 

(%) 

1 Tillering 36.9 3.93 48 46 4.2 

2 Booting 41.9 4.49 52 53 6.5 

3 Heading 44.9 4.71 56 85 3.5 

4 Flowering 46.0 4.96 55 95 9.0 

5 Early Milking 44.1 4.52 58 96 2.8 

6 Late Milking 50.8 4.10 58 96 3.1 

7 Dough 47.5 3.35 58 96 6.4 

Figure 3. SBDART simulated downwelling irradiance flux at the time of hemispherical directional measurements 

during different phenophases of wheat. Dark line is mean spectra with standard deviation representing all simulations 

for different time of observations. 
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The canopy parameters show prominent changes at 

different phenophases during the wheat life cycle. This 

clearly indicates that a single albedo value may not be 

valid to represent changing reflectance magnitude and its 

anisotropy at different stages of crop life.  

Spectral albedo (𝜶𝝀)

The spectral albedos derived from HDRF measurements 

for different growth stages of wheat are depicted in 

Figure 4. Spectral albedos of tillering and booting phases 

were nearly identical except in green and near-infrared 

(NIR) wavelengths. At these phenophases, albedo values 

were also maximum for blue, green and NIR. The 

spectral albedos at these phases might be result of low 

transmission from relatively horizontally distributed 

(leaf angle 48°-50°) canopy with low photosynthetic 

absorption (chlorophyll 36.9 μg cm
-2

). 

Figure 4. The spectral albedo of wheat at different phenological phases. 

Table 2. Spectral albedo of optimal hyperspectral bands at phenophases of the wheat. 

𝛼𝜆 Tillering Booting Heading Flowering Early 

Milking 

Late Milking Dough 

𝛼490 (blue) 0.026 0.026 0.020 0.019 0.018 0.018 0.024 

𝛼520 (green 1) 0.049 0.046 0.034 0.032 0.031 0.030 0.038 

𝛼550 (green 2) 0.083 0.079 0.053 0.049 0.047 0.044 0.056 

𝛼575 (green 3) 0.063 0.060 0.042 0.04 0.039 0.038 0.051 

𝛼660 (red 1) 0.025 0.026 0.021 0.021 0.022 0.024 0.035 

𝛼675 (red 2) 0.023 0.024 0.019 0.018 0.020 0.022 0.033 

𝛼700 (red edge 1) 0.083 0.079 0.057 0.053 0.053 0.052 0.070 

𝛼720 (red edge 2) 0.246 0.239 0.166 0.157 0.144 0.133 0.156 

𝛼845 (NIR) 0.613 0.620 0.479 0.499 0.437 0.391 0.389 

𝛼905 (NIR peak 1) 0.617 0.622 0.482 0.500 0.441 0.399 0.395 

𝛼920 (NIR peak 2) 0.614 0.619 0.478 0.495 0.438 0.397 0.392 

𝛼975 (NIR moisture

sensitive) 

0.549 0.542 0.393 0.401 0.359 0.333 0.333 

There was a marked decrease in spectral albedo of the 

NIR spectra as the booting stage approached and earhead 

emergence occurred. This was in accord with the 

prominent increase in canopy height (53 cm at booting to 

85 cm at heading) and increase of leaf angle (from 52° to 

56°) and chlorophyll (41.9 μg cm
-2 

to 44.9 μg cm
-2

).  The 

spectral albedo was found to decrease gradually during 

peak vegetative growth stages, particularly in NIR 

wavelengths. Similar to early growth stages, late milking 

stage and dough stage also showed identical NIR albedo 

pattern. Red band at the dough stage showed the high 

spectral albedo values as the photosynthetic absorption 

decreased with senescence. The decline in chlorophyll 

content from late milking to dough (50.8 μg cm
-2

 to 47.5 

μg cm
-2

) also in agreement with this result. Optimal 

hyperspectral bands for agricultural crop characterization 

has been determined by Thenkabail et al. (2002). The 

spectral albedos at the central wavelengths of these 

optimal spectral bands are given in Table 2 for different 

wheat growth stages. 

Broadband albedo 

The broadband albedo values were computed for blue, 

green, red and NIR bands as well as full VNIR (325nm – 

1075 nm) spectral region (Table. 3). The broadband 

albedos for all bands showed a decreasing pattern with 
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advancement of the growth stages from early growth 

stages to milking stage. In general, the trend pattern is 

inverse to the chlorophyll content and canopy structure 

parameters (LAI, leaf angle and plant height) recorded at 

different phenophases (Table 1). 

Table 3. Broadband albedos at different phenophases of wheat for blue, green, red and NIR bands as well as complete 

VNIR spectral region. 

𝛼𝜆𝑖

𝜆𝑛 Tillering Booting Heading Flowering Early 

Milking 

Late 

Milking 

Dough 

𝛼325
520

(blue) 

0.024 0.024 0.018 0.016 0.015 0.015 0.019 

𝛼521
620

(green) 

0.063 0.060 0.042 0.040 0.039 0.038 0.050 

𝛼621
690

(red) 

0.030 0.030 0.024 0.023 0.024 0.026 0.038 

𝛼691
1075

(NIR) 

0.525 0.527 0.398 0.410 0.362 0.327 0.329 

𝛼325
1075

(VNIR) 

0.232 0.231 0.174 0.176 0.158 0.147 0.150 

The broadband albedo values were found to rise 

relatively in red and green bands at the dough stage. As 

the VNIR albedometer/sensor was not available to 

measure direct albedo values parallel to 

spectrodirectional measurements, computed broadband 

albedos were not validated. 

Conclusions 

Hemispherical directional reflectance (HDRF) 

measurements of wheat canopy were acquired during the 

crop growth cycle using field spectrogoniometeric setup. 

Measurements of crop growth parameters, soil moisture 

and atmospheric condition were also made parallel to the 

HDRFs. Spectral HDRF measurements and simulated 

irradiance flux were used to compute spectral and 

broadband albedos for different phenophases of wheat. 

Spectral albedos of wheat canopy decrease gradually 

with changes in canopy parameters with advancement of 

phenophases, particularly in NIR. Early growth (tillering 

and booting phases) and late growth stages (milking and 

dough phases) show identical NIR albedo patterns. The 

broadband albedos values for all bands showed decrease 

with advancement of phenophases from early growth 

stages to milking stage. The VNIR albedo of wheat is 

maximum at early growth stages (tillering and booting; 

0.23) and minimum at late growth stages (late milking 

and dough; 0.15). Phase wise albedos can be used for 

surface flux algorithms of wheat field, wheat 

phenotyping, regional climate models and wheat 

modeling.  
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