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Abstract — The paper quantitatively explores, in terms of 
roughness indices, the effect of soil surface irregularities on the 
diurnal variation of the broadband blue-sky albedo of a large 

range of soil properties. Field studies were carried out on 
cultivated and uncultivated soil surfaces in Poland and Israel that 
vary in roughness and brightness. It was found that these 
irregularities, formed by different agricultural equipment and 

modified by rain or sprinkler irrigation, can be quantified by two 
roughness indices. Soil roughness not only affects the overall level 
of the diurnal variation of the albedo, but also affects the 

intensity of the diurnal increase from the solar zenith angle (θθθθs) at 

the local noon to about 75°-80°. The roughness indices are 

variables that precisely determine only the albedo at the local 
solar noon of soils with the same color value. If the contents of 
soil organic carbon and calcium carbonate are treated as the 
dominant variables, combined with one of the indices, these three 

variables together would significantly describe the albedo at the 
local solar noon of all soil surfaces. The soils, with their high 

irregularities, showed almost no rising values of albedo at a θθθθs 

lower than 75°, while the smooth soil surfaces exhibited a gradual 
increase of the albedo at these angles. It is concluded that the 
roughness indices provide sufficient means to accurately describe 

the diurnal variation of the albedo of a wide range of surfaces, 
disregarding other soil properties. 

 
Index Terms — Soil albedo, diurnal albedo variation, field 

measurements, soil surface roughness, soils in Poland and Israel.  

I. INTRODUCTION 

Albedo is defined as the fraction of the incident solar 

reflective radiation in the range of 0.3-3 µm, and it integrates 

the surface reflectance over all view directions [1]. 
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Martonchik et al. [2] recommend distinguishing between the 

terms broadband albedo and narrowband (spectral) albedo 

depending on whether the albedo characterizes the entire solar 

reflective spectrum or only a part of it, respectively. The blue-

sky albedo approximates the albedo measured in outdoor 

conditions, where a surface is illuminated by the direct solar 

irradiance and diffuse irradiance scattered by the atmosphere. 

The broadband blue-sky albedo of the Earth’s surfaces varies 

mainly as a function of the surface roughness, brightness, and 

moisture. The albedo values in the range of 0.05-0.15 refer to 

dark-colored, wet rough soils, as well as coniferous forests; 

0.15-0.25 represent crops and natural vegetation, including 

deciduous forests; values between 0.35-0.4 relate to light-

colored, dry and smooth surfaces; and the extremely high 

values of 0.8-0.95 refer to fresh deep snow [3, 4]. On a 

regional scale, in the mid-latitudes, the albedo of the surface 

varies substantially between seasons. This quantity is the 

highest in the winter due to snow cover, and the lowest in the 

spring when the snow abruptly melts before vegetation 

emerges. Lukes et al. [5] noted that albedo in the boreal zone 

varies significantly due to forest management practices linked 

with forest density. Baumgardner et al. [6] reported that the 

albedo of crops with less than 15% vegetation cover was 

similar to the albedo of the bare soils on which the crops grew. 

When the vegetation covered less than 40%, the crops’ albedo 

was controlled by both the vegetation and soils. The albedo 

gradually increases as vegetation matures, and decreases in the 

autumn when deciduous trees lose their leaves and vegetation 

dies or becomes senescent [7]. Throughout the growing 

season, the albedo of cereals increases as a function of plant 

height, leaf area, and canopy cover. After maturation during 

senescence, their albedo increases again [8]. In lower latitudes, 

especially in dry lands, soil albedo is higher than that of 

vegetation. Vegetation cover on light-colored soils reduces the 

albedo, while on dark-colored soils, it increases the albedo [9]. 

The brightness of bare soil is mostly determined by the 

content and quality of soil organic matter (SOM) [10]. The 

higher the proportion of the humic acid to the fulvic acid in 

the SOM (expressing the SOM quality) and the higher the 
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SOM content, the lower the broadband blue-sky albedo of 

bare soils. 

The albedo of a bare soil with a given proportion of SOM 

changes dynamically, mainly as the consequence of its 

moisture and roughness variation. Generally, an increase in 

soil moisture causes a decrease in the soil spectral reflectance 

[11, 12, 6]. The soil reflectance drops significantly if the soil 

water content increases from the hygroscopic capacity to the 

field capacity [13, 14, 12]. A further increase in the soil water 

content to the full saturation causes no change in the soil 

reflectance [14, 12] or causes its slight increase [15, 16]. The 

darker the soil color value, the lower the soil albedo [17, 4]. 

The reflectance of light-colored residues may be considerably 

larger than that of dark-colored soil surfaces, reducing the 

amount of solar radiation that is absorbed by the soil surfaces 

[18]. 

The albedo of bare soils is also strongly dependent on their 

roughness. The spectral reflectance of bare soil increases with 

a decrease in the soil particle size of disturbed soil samples in 

laboratory conditions [19, 20, 13, 21]. Studies under field 

conditions proved that the decrease of soil aggregate and clod 

size results in an increase in the soil spectral reflectance. 

Smaller aggregates have a more spherical shape, but larger 

ones have an irregular shape with a higher number of inter-

aggregate spaces and cracks, where the incident light is 

trapped [22]. The irradiation that strikes rough bare soils is 

multiply reflected between their particles and aggregates, and 

therefore, as the surface roughness increases, the probability 

that reflected solar radiation is absorbed by the surface 

increases. Soil surface irregularities are some of the most 

unstable soil properties. These irregularities are the highest 

after plowing, and they progressively decrease with rainfall 

[23, 24]. Obukhov and Orlov [10] mention that unstructured 

soil reflects 15 to 20% more radiation than do soils that have a 

well-developed structure. Matthias et al. [25] reported that 

when a relatively smooth, fine sandy loam was ploughed, its 

albedo decreased by 25%. Conversely, after a rain, Potter et 

al. [26] observed an increase of about 25% in the narrowband 

albedo of a bare soil in the wavelength range of 0.4-1.35 µm. 

The sequential wetting and drying of aggregates may create a 

crust around them, reducing the soil roughness. Cipra et al. 

[27] and Baumgardner et al. [6] reported a higher reflectance 

for crusted soil than for soil with a broken crust. Kondratyev 

and Fedchenko [28] found that this crust developed on soil 

clods with diameters from 5 to 15 cm, resulting in an increase 

of soil reflectance of about 10-15%. Matthias et al. [25], while 

investigating how soil surface roughness influences the 

reflectance of dry and wet cultivated soils, found that the 

albedo was 27, 18, 10, and 8% lower for dry rough-plough, 

disk, disk–disk, and seedbed treatments, respectively, as 

compared with the albedo of smooth soil. 

The broadband blue-sky albedo, characterizing the intrinsic 

properties of a surface, varies with the solar zenith angle (θs), 

so the quantity varies throughout the day, as well. The albedo 

of Earth’s surfaces is higher in the early morning and evening 

than at midday. Monteith and Szeice [29] showed that bare-

soil albedo increased from 0.16 to 0.19 when θs increased 

from 30° to 70°. Kondratyev [30] mentioned that during the 

morning, when θs decreased from 60° to 10°, the albedo of dry 

rocky and loamy soils decreased from 0.22 to 0.14 and from 

0.34 to 0.21, respectively. Pinty et al. [31] and Oguntunde et 

al. [32] discussed the variation of the narrowband and the 

broadband albedos of cultivated soils. They found higher 

albedo values as θs increased. Lewis and Barnsley [33] 

simulated the narrowband albedo of alkali flats and bare soils, 

and Wang et al. [34] analyzed the albedo over 30 desert 

locations, using Moderate Resolution Imaging 

Spectroradiometer (MODIS) data, and concluded that the 

albedo of these surfaces varied significantly at a relatively 

high θs. Cierniewski et al. [35], investigating the diurnal 

variation of the broadband blue-sky albedo of cultivated and 

uncultivated soil surfaces developed from the same silty 

material in the Israeli Negev Desert, found that the albedo of 

the extremely rough ploughed surfaces only rose slightly at θs 

values lower than 75°, while the curve of the extremely 

smooth uncultivated surfaces increased throughout the 

analyzed θs ranges. Moreover, the albedo of these smooth 

surfaces was two times higher than that of the rough ones. 

When the broadband blue-sky albedo is plotted versus the θs, 

it shows a characteristic U-shaped curve on a sunny day [36]. 

Sometimes, the diurnal albedo variation is asymmetrical 

around the solar noon. The asymmetry is usually associated 

with the period following the formation of dew or is the result 

of changes in the atmospheric conditions during the day [37]. 

The higher the proportion of the diffuse radiation component, 

the lower the albedo for a given value of the sun’s elevation. 

Generally, as cloud cover increases, diffuse radiation 

increases, and the role of the illumination angle diminishes. 

When the sky is completely overcast, the radiance distribution 

is almost even with its weak monotonic drop from the zenith 

to the horizon. 

This paper reports the results of studies aimed at 

quantitatively describing the effects of soil surface 

irregularities on the diurnal variation of broadband blue-sky 

albedo (α). This objective was achieved by using the data 

collected on cultivated and uncultivated soil surfaces in 

Poland and Israel. 

II. METHODS 

The test sites were selected in the Wielkopolska region in 

Poland and the Israeli Negev Desert, as well as on 

uncultivated desert surfaces in the Negev. The sites include 

both dark-colored soils and light-colored ones, each with their 

distinct properties that significantly influence their reflectance 

features, as well as their overall α. The soils are characterized 

by different levels of surface roughness, due to a variety of 

cultivation practices and affected by various types of 

agricultural equipment, such as planters, plows, disk harrows, 

pulverizing harrows, and smoothing harrows. The relations 

between the diurnal variation of the soil surfaces’ α and their 

roughness were determined on the basis of the data collected 

during 2011-2013, from April to September, on 81 and 6 plots 
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with cultivated soils, in Poland and Israel, respectively, as well 

as on 12 plots with uncultivated desert soils in the Negev. 

These data were supplemented by a much smaller dataset of 

the similar data collected earlier in August 2008 in the Israeli 

Negev on two plots with plowed soils and one uncultivated 

desert plot. Parts of these cultivated plots in Poland and Israel 

were also tested, as modified by rainfall and sprinkler 

irrigation, respectively. All of the cultivated plots tested in 

Poland and Israel were concentrated in five and three fields, 

respectively. The uncultivated plots in Israel were centered 

around two places. The coordinates of all of the tested sites, 

along with the respective cultivating practice and irrigation 

method, are listed in Table I. The latitude of these sites and the 

dates when the soil albedo was recorded determined the 

minimum solar zenith angle (θsm) at which the diurnal blue-

sky albedo variation was collected on the plots. The formula, 

90° - θsm, defines the range of the θs within which the diurnal 

soil albedo was collected for each plot. The width of the θs 

range in Israel, 70°-75°, was much larger than that in Poland, 

where it reached values of 43°-61°. 

The α of the studied soil was measured by albedometers LP 

PYRA 06 in a spectral range of 0.335 – 2.8 µm under clear-

sky conditions when the surfaces were air-dried. The 

instruments, consisting of one down-facing and one up-facing 

LP PYRA 03 pyranometer, were installed on a tripod 1 m 

above the ground. DaqPRO 5300 data loggers recorded the 

albedo data from the local noon to sunset in one-minute 

intervals. To control the sky clarity during the less stable 

weather in Poland, photographs of the sky were taken in the 

same intervals, using a 12.2 MP Canon EOS 450D camera 

equipped with a Sigma circular 4.5 mm fisheye lens. 

The roughness of the cultivated and uncultivated soils was 

investigated on their representative plots as revealed by stereo-

photographs taken with the same camera with a Canon EFS 

18-55 mm lens. The photographs of soil surfaces with the high 

roughness were taken from 1.5 m height, using the focal 

lengths between 25 mm and 35 mm and giving the average 

size of the pixel between 0.22 mm and 0.31 mm as the result. 

While, the smooth surfaces were taken from 1 m height, the 

shorter, 18-25 mm, focal length was used, providing the 

average size of the pixel between 0.21 mm and 0.28 mm.  

 The camera, placed 1.5 m above the ground, moved along 

the leveled construction supported by two tripods. The 

photographs of all the plots were taken together with 

horizontal slats with a millimeter scale located on the surface. 

Three-dimensional images of the plots, as well as the X, Y, Z 

coordinates of the pixels that imagine the irregular surface of 

the plots, were generated by the PCI Geomatica OrthoEngine 

10.2 software. These coordinates allowed the creation of 

digital elevation models (DEMs) of the tested plots using the 

TNTmips 2012 software. 

The physical and chemical properties of the studied soils 

that have a significant influence on their albedo level, such as 

soil texture and the content of the soil organic carbon, calcium 

carbonate (CaCO3), and “free” iron (Fe2O3), were analyzed at 

the laboratory of the Department of Soil Science and Remote 

Sensing of Soils, Adam Mickiewicz University in Poznań. The 

textural composition of the soil surface material was analyzed 

using a hydrometer, the organic carbon content by Walkley 

Black’s method, the calcium carbonate equivalent by Piper’s 

method, and the total “free” iron oxide by the CDB method 

described by Mehra and Jackson [38]. 

 

 

TABLE I 

GENERAL INFORMATION ABOUT THE STUDIED SITES AND THEIR ALBEDO DATA 

 

 

 

Site 

symbol 

Year of 
Coordinates Information about the studied plots  

collection 

In Poland: 

P 
2011 

52°27'49''N, 16°56'29''E 1P (47), 1Hd (46)  

B1-4 52°34'53''N, 16°38'26''E 4P (30), 4P+w (29), 4Hp (29), 4Hs (44), 4Hs+w (37) 

B5-6 

2012 

52°35'53''N, 16°38'02''E 2P (32), 2Hd (31), 4Hs (33), 2Hs+w (31) 

B7-9 52°35'52''N, 16°38'04''E 3P (32), 3Hd (31), 6Hs (33), 3Hs+w (31) 

B10 52°35'50''N, 16°38'05''E 1P (32), 1Hd (31), 1Hs (33), 1Hs+w (31) 

C1-6 
2013 

52°38'33''N, 15°59'43''E 4Fp (29), 3Fp+w (30), 2Hs (29), 3Hs+w (30) 

DL1-6 52°44'43''N, 16°51'15''E 2P (35), 4P+w (35), 2Hd (35), 4Hd+w (35-41), 2Hs (35-41), 4Hs+w (35-41) 

In Israel: 

K1 2008 30°51'26''N, 34°47'09''E 1P (15), 2Hd+w (15), 2Ds (16) 

K2 

2012 

30°51'38''N, 34°47'20''E 1P (19), 1P+w (19), 2Ds (20) 

A  30°59'06''N, 34°42'15''E 1P (19), 1Hd (19), 1Hs (19), 1Ds (19) 

D1 30°51'37''N, 34°47'17''E 4Ds (20) 

D2 30°51'54''N, 34°47'33''E 3Dr (20), 1Ds (20) 

The information includes the number of the diurnal albedo sets collected inside the specified sites on the following plots: desert natural smooth (Ds) and rough 

(Dr), and cultivated formed by a planter (Fp), plow (Pd), disk harrow (Hd), pulverizing harrow (Hp), or smoothing harrow (Hs). When the surface of a cultivated 

plot was modified by rain or irrigation, its symbol was complemented by “+w”. The minimum solar zenith angle θsm (in degrees) for each plot is listed in 

parentheses. 
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III. RESULTS 

The studied soils, located in the sites specified in Table I, were 

classified by the World Reference Base for Soil Resources 

2007 [39]. The properties of their surface horizons were 

analyzed in the laboratory and are presented in Table II. The 

dark-colored soils that were studied in Poland, the Hg, Hc, and 

Hx that developed from loamy sand (LS), belong to the 

Phaeozem WRB major reference group. Their low color value, 

4 in the soil Munsell color system, mainly results from their 

relatively high soil organic carbon (SOC) content, ranging 

from 1.2 to 2.54%, the absence of CaCO3 and the content of 

Fe2O3, varying from 0.14 to 0.27%. The color value of the 

remaining soils studied in Poland, Qb, Qbe (developed from 

sand (S)) and G, Lc, Lv (developed from S, loamy sand (LS) 

and sandy loam (SL)), belonging to the Arenosol major group 

and the Gleysol and Luvisol groups, respectively, is higher, 

reaching numbers of 5 and 6. These soils, compared to the 

Phaeozem, contain less of the SOC by an average of about 1% 

and, on average, quite similar quantities of Fe2O3, equaling 

about 0.2%. The color value of the soils investigated in Israel, 

the Xs developed from loam (L), the Xc developed from SL, 

and the Rc developed from SL, classified as the Calcisol and 

Regosol, respectively, reaches even up to 7. They contain a 

similar amount of the SOC, but more than 20-30% of the 

CaCO3 of the light-colored soils tested in Poland. This high 

carbonate content basically determines the fact that they have 

a higher color value than that of the light-colored soils studied 

in Poland. 

 

TABLE II  

PROPERTIES OF THE SURFACE HORIZONS OF THE STUDIED SOILS CLASSIFIED ACCORDING TO THE WORLD REFERENCE BASE FOR SOIL RESOURCES 2007 

SOC – soil organic carbon; S – sand, LS – loamy sand, SL – sandy loam, L - loam 

 

The shape of all the tested plots was computed from their 

digital elevation models (DEMs) with approximately 1 mm 

horizontal and vertical spatial resolutions, using two 

roughness indices, HSD and T3D. The HSD expresses the 

height standard deviation of a soil surface area within its 

delineated basic DEM unit [40], while the T3D is the ratio of 

the real surface area within the DEM unit to the flat horizontal 

area of the unit [41]. The greater the irregularities of the soil 

surface shape, the higher the values of the roughness indices. 

The surface shape of the studied plots, formed by smoothing 

harrows (Hs) and both pulverizing harrows and disk harrows 

(Hp and Hd), were characterized by their average HSD, lower 

by about 5 times and 2.5 times, respectively, than those related 

to the freshly deeply plowed surfaces (Pd) (Fig. 1). Comparing 

the average HSD of the plots formed by these harrow tools to 

the HSD related to the surfaces shaped by a planter (Fp), these 

relations were expressed by numbers two times higher, 10 and 

5, respectively. These relations were otherwise characterized 

by their T3D parameter. The plots that were freshly formed by 

the Pd are described by the T3D as the most irregular with its 

number higher by about 20%, compared to the surfaces shaped 

by the Fp. The T3D indicated that the surfaces formed by the 

Hd and Hp tools did not exhibit similar irregularities. The T3D 

described the surfaces shaped by the Hp with a clearly higher 

number than the Hd. A stormy rainfall significantly reduced 

the irregularities of the plots C1-4 formed by the Fp located on 

the Qb soil developed from S. Their average HSD and T3D 

indices dropped by about 70 and 20%, respectively. The 

similar heavy rainfall that appeared on the Lv, developed from 

a fine soil material as SL on the plots DL1-2 formed by the Pd 

and Hs, caused less of a decrease in their irregularities. The 

reduction of their HSD irregularities was about 20 and 35%, 

while their T3D reduction was about 5 and 3%. The natural 

desert rough (Dr) and smooth (Ds) soil surfaces were 

characterized by the average HSD and T3D indices, similar to 

the cultivated surfaces shaped by the Hs and treated by those 

tools modified by rain (Hs+w). Obviously, instantaneous α 

values of the dark-colored soils were lower than the α values 

Site 

symbol  

Sand 

 % 

Silt 

 %  

 Texture 

SOC 

% 

CaC03   

% 

Fe2O3 

% 

Munsell 

dry soil 

color 

Soil unit name 

 

Soil 

Clay

% by USDA 

unit 

symbol 

 In Poland:  

P 92 6 2 S 0.32 0.65 0.20 10YR6/3  Brunic Arenosol Qb 

B1 90 8 2 S 0.74 0 0.16 10YR5/2 Brunic Endogleyic Arenosol Qbe 

B2 88 10 2 S 0.94 0 0.15 10YR5/2 Gleysol G 

B3 83 14 3 LS 1.35 0 0.14 10YR4/2 Gleyic Phaeozem Hg 

B4 78 15 7 LS 1.20 0 0.19 10YR4/2 Cambic Phaeozem Hc 

B5-6 73 25 2 LS 2.54 0 0.27 10YR4/2 Calcic Phaeozem Hx 

B7-9 76 21 3 LS 1.86 0 0.27 10YR4/2 Cambic Phaeozem Hc 

B10 74 22 4 LS 1.65 0 0.39 10YR5/2 Cutanic Luvisol  Lc 

C1-6  95 4 1 S 0.81 0 0.25 10YR5/3 Brunic Arenosol Qb 

DL1-6 74 15 11 SL 1.15 0 0.39 10YR5/2 Vertic Luvisol Lv 

 In Israel:  

K1 46 42 12 L 0.73 29.9 0.44 10YR7/4 Calcisol (Siltic) Xs 

K2 50 41 9 L 0.34 24.2 0.23 10YR7/4 Calcisol (Siltic) Xs 

A  73 22 5 SL 0.44 17.9 0.25 10YR7/4 Calcisol (Aridic) Xc 

D1-2 65 29 6 SL 0.36 25.3 0.29 10YR7/5 Regosol (Calcaric, sceletic) Rc 
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of light-colored soils, as shown by examples referring to the 

Phaeozem (Hg) and Calcisol (Xs) collected in Poland at the 

B3 site (Fig. 2a) and in Israel at the K1 site (Fig. 2b), 

respectively (Table II). All 102 datasets of the diurnal 

variation of the α were analyzed as the function of θs. These 

plots demonstrated a very slight or gradual increase of the soil 

albedo between the θsm (at the local noon) and about 75°-80° 

of the θs. Above these θs values, the α increase was rapid, 

reaching 1 near sunset. 

 
Fig. 1. Average and standard error (vertical bars) values of the HSD and T3D 

roughness indices with respect to the diurnal albedo slope ( Sα), computed for 

the analyzed plots: desert natural smooth (Dr) and rough (Dr), and cultivated 

formed by a planter (Fp), plow (P), disk harrow (Hd), pulverizing harrow 

(Hp), or smoothing harrow (Hs). When the surface of a cultivated plot was 

modified by rain or irrigation, its symbol was complemented by “+w”.  N 

describes the number of plots examined in each category. 

 

The relation between the α and θs of the datasets from the 

local noon to sunset was quantitatively described by: 










++
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where a, b, c, and d are parameters. This equation was 

individually fitted to each of these datasets by the TableCurve 

2Dv5.0 Systat Software with their root mean square error 

(RMSE) and coefficients of determination (r
2
) in the ranges of 

0 - 0.02 and 0.78 - 0.99, respectively. Equation (1) enables us 

to predict the half diurnal variation of α in the theoretically 

full range of the θs from 0° to 90°. To allow a comparison of 

the diurnal variation of the α  in different datasets, α values 

were calculated with respect to the α at the local noon, 

denoted hereafter as α0. Examples of the half diurnal 

α datasets (Fig. 2) show that their α0  depends not only on the 

color value of the soils, but also on their surface roughness 

caused by a specific farming practice and the modification 

caused by water (Fig. 3, Table III).  

To evaluate how strongly the roughness indices and the other 

soil properties of the tested surfaces fit the model, the 102 

samples were randomly split into calibration and validation 

subsets, 70 and 30%, respectively. The soil properties in both 

subsets were similar (Table IV).  

 
TABLE III 

PARAMETERS OF EQ. (1) DESCRIBING THE DIURNAL VARIATION 

OF α  FOR THE PLOTS PRESENTED IN FIG. 2, COMPLEMENTED BY 

ITS CHARACTERISTICS, α0 AND Sα , DESCRIBING THE OVERALL 

LEVEL AND THE SLOPE OF THEIR VARIATION, RESPECTIVELY 

*) Symbols of the plots, natural or formed by the farming tools, are explained 

in Fig. 2. 

 

 
 

Fig. 2. Variation of half diurnal broadband blue-sky albedo for different 

treatments: (a) the dark-colored soil, Phaeozem (Hg) in the site B3, formed by 

the plow (Pd), disk harrow (Hd), and smoothing harrow (Hs), and these tools 

additionally modified by rain (Pd+w, Hs+w); (b) the light-colored soil, 

Calcisol (Xsk) in the site K1, natural, uncultivated (Ds) and formed by the Pd 

and the Hd, modified additionally by sprinkler irrigation (Hd+w). 

Plots* a b c d r2 RMSE αs  0α  

Site  B3 

Pd -2.190 -0.0119 0.0258 1.51E-06 0.98 0.005 0.00001 0.1119 

Pd+w -2.041 -0.0115 0.0239 -9.76E-07 0.96 0.010 0.00008 0.1299 

Hp -2.102 -0.0105 0.0244 -1.04E-05 0.99 0.003 0.00035 0.1222 

Hs -1.943 -0.0088 0.0224 -3.01E-05 0.99 0.004 0.00081 0.1433 

Hs+w -1.891 -0.0077 0.0213 -3.77E-05 0.99 0.002 0.00109 0.1509 

Site K1 

Pd -1.456 -0.0114 0.0165 2.12E-06 0.97 0.012 0.00005 0.2332 

Pd+w -1.124 -0.0115 0.0127 7.33E-06 0.99 0.008 0.00010 0.3249 

Ds. -0.891 -0.0098 0.0102 -9.73E-06 0.99 0.005 0.00094 0.4101 
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Fig. 3. Digital elevation models (DEMs) of soil surfaces generating the 

diurnal α courses presented in Figure 2, along with their profiles and HSD and 

T3D roughness index values. 

 

The smallest dataset of α versus θs relates to the site B3 and 

contains only about 200 of their pairs, of plowed and modified 

by rain (Pd+w) measurements, since they were interrupted by 

clouds. The α0 of the dark-colored Phaeozem, freshly plowed 

(Pd), as compared to the same soil formed by the smoothing 

harrow and additionally washed by rain (Hs+w) is 33% lower, 

and the α0  of the light-colored Calcisol (Pd), as compared to 

the same uncultivated soil (Ds), is 66% lower.  

 
TABLE IV  

MEAN AND STANDARD DEVIATION (IN PARENTHESES) VALUES OF SOIL 

PROPERTIES FOR CALIBRATION AND VALIDATION SUBSETS 

 Calibration, N=71 Validation, N=31 

sα 0.00040 (0.00044) 0.00041 (0.00047) 

α0 0.183 (0.096) 0.185 (0.105) 

T3D 1.19 (0.20) 1.20 (0.22) 

HSD (mm) 12.33 (13.21) 13.06 (11.71) 

Sand (%) 76.5 (12.3) 75.1 (12.8) 

Silt (%) 18.1 (10.1) 19.7 (10.5) 

Clay (%) 5.4 (4.0) 5.2 (3.9) 

CaCO3 (%) 4.6 (9.8) 6.6 (11.4) 

SOC (%) 1.16 (0.59) 1.15 (0.67) 

Fe2O3 (%) 0.28 (0.09) 0.27 (0.09) 

 

Consequently, when investigating the relationship between the 

soil color value and the soil α0 in larger populations of the 

studied soils, the relation was analyzed in their two separate 

groups, consisting of: (i) 22 extremely rough plots formed by 

the planter (Fp), deeply plowed (Pd), plowed and then 

modified by rain or sprinkler irrigation (Pd+w); and (ii) 47 

extremely smooth ones, formed by smoothing harrows (Hs) 

and by the Hs washed by rain (Hs+w), as well as natural desert 

smooth soil surfaces (Ds) (Fig. 4). When the soil color value 

was higher, the overall α0 level of the soils was also higher, as 

was evident in our analysis and confirmed statistically by their 

r
2
, reaching about 0.63 for the extremely rough plots and 0.9 

for the extremely smooth ones. 

 

 
Fig. 4. Relationship between the soil color value and the overall albedo level 

α0 of: i) the extremely rough soils on plots formed by the planter (Fp), deeply 

plowed (Pd), plowed and then modified by rain or sprinkler irrigation (Pd+w), 

and ii) the extremely smooth ones, formed by smoothing harrows (Hs) and by 

the Hs washed by rain (Hs+w), as well as natural desert smooth soil surfaces 

(Ds). 

 

Fig. 5 shows how the roughness of all the studied plots formed 

by these agricultural instruments and also modified by rain or 

sprinkler irrigation, described by the HSD (Fig. 5a) and T3D 

(Fig. 5b) indices, affects their overall α0 level. If the relation, 
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described with the exponential function c
bHSDa +=0α or 

c

DbTa 30 +=α , was limited to only 21 plots, with cultivated and 

uncultivated soils all of the same color value, as those studied 

in Israel, the roughness indices would significantly (P < 0.01) 

describe these relations. 

 
Fig. 5. Relation between the roughness of the studied plots, expressed by their 

(a) HSD and (b) T3D shape indices, and the overall level of their diurnal α 

variation, expressed by their α0. NS stands for not significant. 

 

The higher correlation value of HSD, along with the ratio of 

performance to deviation (RPD), indicates that this function is 

better than T3D. According to Chang et al. [42], the RPD>2 

characterizes relations that can be accurately predicted. The 

plots studied in Poland, where soil color values range from 4 

to 6, did not show that these indices are sufficient to precisely 

describe their correlation with the α0 (Fig. 5a, 5b). However, 

analyzing the data collected in Poland and Israel together 

reveals that adding the SOC and CaCO3 data improves the 

prediction of α0 (Fig. 6a). This is confirmed by the low RMSE 

and the RPD of above two for both calibration and validation 

subsets (Fig. 6a and 6b). The relative RMSE (RRMSE) 

implies that the estimation error of α0 reached only about 17% 

of the α0  mean value. 

It was found, as shown in Fig. 2, that the roughness of all of 

the plots also affects the intensity of the increase of the diurnal 

α from θsm (at the local noon) to a θs of about 75°-80°. The 

rough soil surfaces, with their high irregularities, show almost 

no rising values of the α at a θs lower than 75°, while the 

smooth soil surfaces exhibit a gradual increase of the α at 

these angles. The increase of the intensity of the α is 

determined by the slope of the α increase  (Sα) as a function of 

θs: 

( )
( )

50

50

S sm

sm

s
θ

α

α α
θ

= °
−

=
° −

         (2) 

The minimally rising values of the α at the specific θs range 

are clearly related to the plots freshly formed by the Fp and 

Pd, as well as shaped by the agricultural equipment and 

additionally modified by rain or sprinkler irrigation, with their 

average HSD and T3D values lower than 15 mm and 1.4, 

respectively (Fig. 1).  

 
Fig. 6. Measured versus predicted α0 for the calibration (a) and the validation 

(b) subsets when the soil organic carbon (SOC), calcium carbonate (CaCO3), 

and the T3D index were used as estimators. 

 

On the other hand, the gradual increase of α  in this θs range 

referred to the cultivated plots formed by the other 

abovementioned farming tools and also modified by rain and 

irrigation, as well as the uncultivated plots with desert soils. 
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This gradual increase was especially strong on the plots 

shaped by the Hs and Hs+w, as well as on the uncultivated Ds 

ones. Comparing the averaged roughness of the studied plots, 

described by the HSD and T3D parameters, with the averaged 

values of the slope of the albedo’s increase, shown in Fig. 1, it 

is evident that these numbers are inversely connected. The 

relations between their Sα and the HSD and T3D are described 

by the exponential functions 
b

aHSDs =α and 

c

DbTas 3+=α (Fig. 7), respectively, as values relating to the 

entire individual plots.  

 
Fig. 7. Relation between the diurnal albedo increase ( Sα) for the plots studied 

in Poland and Israel and their surface shape indices: (a) HSD and (b) T3D. 

 

It was found that the relations were described with relatively 

high and significant coefficients of determination, r
2
 = 0.75 

and 0.67, respectively. Using these exponential functions to 

describe these relations separately for the soils tested in 

Poland and Israel, it was found that these two relationships are 

so similar that they do not justify the use of a common 

equation. The calibration and validation results for that 

relation, presented in Fig. 8, show the high significance level 

(P < 0.01) and the RPD values above two in both subsets. It 

suggests that the increase of the diurnal albedo of the soils 

measured at a θs lower than 75° is primarily the result of the 

surface roughness and is independent of other soil properties. 

However, in this case, the RRMSE exceeds 50% of the mean 

value of the slope of the albedo’s increase (Fig. 8). 

 
Fig. 8. Comparison between the measured and predicted Sα of the studied 

soils for the calibration subset (a) and the validation one (b), if only the HSD 

index is used as the estimator. 

III. DISCUSSION 

The Albedo trends affect the surface energy balance and, 

hence, local and regional climates throughout the year. Thus, 

the role of the albedo in environmental biophysical processes, 

associated with the energy transfer between soil, vegetation, 

and atmosphere, is significant. If a smoothing harrow treats a 

plowed or harrowed rough soil surface, its albedo increases. 

Although the incoming solar radiation does not change, its 

lower adsorption leads to a lower amount of energy available 

at its topsoil, and consequently, the soil surface temperature 

drops. This surface emits less long-wave radiation. The 

emissivity of this surface also decreases if the soil water 

content of the drying soil surface decreases. The lower the 

water content in the absence of a shallow water table in a soil 

profile, the lower the soil water evaporation; therefore, the 
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surface temperature gradually rises. A deeper understanding of 

these processes will enable us to develop better models for 

regional climate changes at spatial and temporal scales. 

Because the processes are analyzed in the diurnal cycle, as 

well as over wider time ranges, such as monthly, seasonal and 

yearlong, the average diurnal surface albedo seems to be a 

helpful basis for modeling [43]. Henderson-Sellers and Wilson 

[44] and Sellers et al. [45] determined the accuracy 

requirement of albedo for the global models as ±5% and ±2%, 

respectively. The preliminary results of these studies that 

discussed the impact of soil roughness on the diurnal soil 

broadband blue-sky albedo variation, based on just a few 

Israeli and Polish examples of the soil α datasets, were earlier 

used to predict the average diurnal α of bare soils, smooth, 

moderately rough, and rough, throughout the year at a given 

latitude, between 75° S and 75° N [35]. 

Currently, the Earth’s surface albedo and its components are 

mainly observed by satellite technology. Satellite radiometers 

are not able to measure directly the broadband blue-sky 

Earth’s surface albedo. The anisotropic, non-Lambertian 

distribution of the re-radiation of soil and other Earth surfaces 

must be inferred through a series of manipulations of the raw 

remote sensing reflectance data [46]. More than an effective 

elimination of the influence of the non-equally distributed 

radiation from the surface during a satellite passing is 

required. Knowing that the albedo varies during the day, it 

seems that more attention should be focused on the time of the 

satellite’s acquisition of the albedo, which would correspond 

to its average diurnal value. Cierniewski et al. [47], using the 

preliminary results of these studies related to the moderately 

rough soils, calculated the optimal time for their average 

diurnal albedo observation using satellites on the sun-

synchronous orbits, and also assessed the usefulness of some 

of the satellites for this purpose with errors lower than ±2%. 

IV. CONCLUSIONS 

These studies that aimed to describe the effects of soil 

surface irregularities on the soil diurnal broadband blue-sky 

albedo variation were conducted on a large range of soil 

properties in Poland and Israel. It was found that these 

irregularities, formed by different agricultural equipment and 

modified by rain or sprinkler irrigation, can be quantified by 

two roughness indices, HSD and T3D. Soil roughness not only 

affects the overall level of the diurnal variation of the albedo, 

but also affects the intensity of the diurnal increase from the 

solar zenith angle at the local noon to about 75°-80°. The HSD 

and T3D indices are variables that precisely determine only the 

albedo at the local solar noon of soils with the same color 

value, such as those studied in Israel. If the content of SOC 

and CaCO3 are treated as the dominant variables, combined 

with the HSD, these three variables together significantly 

describe the albedo at the local solar noon of all the soil 

surfaces studied in Poland and Israel. The soils, with their high 

irregularities, showed almost no rising values of albedo at 

solar zenith angles lower than 75°, while the smooth soil 

surfaces exhibited a gradual increase of the albedo at these 

angles. It was found that the HSD variable is sufficient to 

accurately describe the slope of the albedo’s increase of all the 

soil plots investigated in Poland and Israel, disregarding other 

soil properties. 

These quantitative dependencies require further studies on 

other examples of soil surfaces. They would allow us to 

consider the impact of the soil roughness effects not only in 

relation to soil surfaces generally defined as smooth, 

moderately rough and rough, as has been done until now, but 

also in terms of their precisely defined roughness using their 

roughness indices. 
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