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Abstract
Smoothing soil surfaces, which had previously been deeply plowed, increases their albedo, which results in a lower amount 
of shortwave radiation being absorbed by their surface layer. Those surfaces emit less long-wave radiation too, leading to 
a reduction in their surface temperature, which can affect the climate. This paper quantitatively estimates the highest pos-
sible amount of shortwave radiation that could be reflected throughout the year from bare soils on arable land in the most 
extensive agricultural regions, where major crops are cultivated, on six of the Earth’s continents. The estimation refers to 
the highest levels of soil radiation occurring during clear-sky conditions without any clouds when the surfaces that had 
been conventionally tilled were bare for several days or more after the day of planting and were air-dried in two extreme 
roughness states: those formed by a plow and a smoothing harrow. The annual dynamics of reflective shortwave radiation of 
the bare soils were obtained using vectorized and rasterized geostatistical data sets about the areas of the soils and periods 
when they were bare, as well the spectra of the soil units that occupied the majority of these areas. Adding together all of 
the diurnal amounts of shortwave radiation reflected from the bare soils for each of the regions in the world, it was found 
that their radiation peak, appearing on the 140th days of the year, can reach about 22 EJ/day for soils treated by a plow, and 
a further 3 EJ/day when they are smoothed by a smoothing harrow.

Keywords Annual variations · Bare soil albedo · Shortwave radiation · Soil roughness

Introduction

Arable lands, according to the meaning of the Latin word 
“arabilis” as capable of being plowed (Oxford English Dic-
tionary 2013), are discussed in this study as the Earth’s land 
surfaces which are treated by a plow and other agricultural 
tools for growing crops. These surfaces resulting from 
human activity consist of two components: bare soils and 
crops with different reflectance of incident solar reflective 
spectrum in the range of 0.3–3 µm. Soils show a gradual 
increase in their reflectance in the visible and near-infrared 
with increasing wavelength, up to around 1.4 µm. Mean-
while, crops during the growing seasons at the beginning 
of the near-infrared range display a sharp increase in reflec-
tance. The reflectance of both the components in the further 
range of the spectrum (1.4–3 µm) remains unchanged or 

gradually decreases. The difference between spectral reflec-
tance of soils and crops affects the reflectance of arable lands 
as whole objects comprising these two components. Rechid 
et al. (2005) reported that an increasing share of crop cover 
increased the broadband blue-sky albedo (α) of arable fields 
with dark-colored soils. α defines the ratio of the amount 
of radiance reflected by a surface to the incident upon it, 
the direct solar irradiance and diffuse irradiance scattered 
by the atmosphere in the entire solar reflective spectrum. 
The upwelling and down welling radiations are integrated 
over the whole hemisphere across a given wavelength range 
(usually visible) (Martonchik et al. 2000; Schaepman-Strub 
et al. 2006). The overall α level of the arable lands with 
dark-colored soils in mid-latitudes in the spring, after the 
snow has melted and before vegetation emerges, is about 
0.05–0.15 (Oke 1987; Dobos 2017). Baumgardner et al. 
(1986) reported that the α level of arable land with crop 
cover lower than 15% was like α of bare soils on which 
crops were growing. When the cover was between 15 and 
40%, α of the arable lands was controlled by both of their 
components, the soil and the crops, and when the cover was 
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above 40%, mainly by the crops. During the growing season, 
with the maturation of crops such as cereals, with increasing 
height and leaf area, the overall α level of the land increases 
to around 0.25, and when the cereals finally mature to har-
vest, α of the land increases again (Dexter 2004; Song 1999). 
The α level of arable lands with light-colored soils, from the 
moment when crops have not germinated, yet until their area 
is completely covered by the crops, can decrease from about 
0.4–0.35 to 0.25.

Arable lands in conventional tillage are uncovered with 
crops when their surfaces are being prepared for the sowing 
of cultivated plants or after the plants have been harvested. 
The overall α level of bare soils is mostly determined by the 
contents of soil pigments, such as soil organic matter (SOM) 
(Obukhov and Orlov 1964), carbonates  (CaCO3), and iron 
oxides  (Fe2O3) (Mikhaylova and Orlov 1986). The higher 
the content of SOM and  Fe2O3, and the lower content of 
 CaCO3, the lower the α level. Cierniewski et al. (2017) used 
examples of different soils studied in Poland and Israel to 
show that their overall α level can be sufficiently accurately 
predicted by their SOM and  CaCO3 content, also taking into 
account the state of their roughness.

The contents of the aforementioned soil pigments are 
soil properties, which remain fairly constant, in contrast 
to the roughness and moisture of cultivated soil surfaces, 
which are treated as the most dynamically changing soil 
properties. In general, an increase in soil-surface moisture 
causes a decrease in the overall α level. If the soil water 
content decreases from the full saturation to the field capac-
ity (FC), the α level does not change or decreases slightly 
(Cierniewski 1993; Music and Pelletier 1986; Vinogradov 
1983). The most dramatic increase in the α level appears 
when the water content decreases from the FC to the hygro-
scopic capacity (HC). If the decrease in water content is 
continued below HC, the increase in α becomes slight or 
unnoticeable (Baumgardner et al. 1986; Idso et al. 1975). 
However, it should be emphasized some soil surfaces, espe-
cially those not developed from heavy materials, where the 
groundwater table is not shallow underneath quickly dry 
out after rain events, reaching the air-dry moisture state and 
increasing their overall α level.

The roughness of soil surfaces has a similarly strong 
effect on their overall α level as the effect of their surface 
moisture. This influence depends on the illumination condi-
tions described by the solar zenith angle (θs), the proportion 
of the diffuse radiance, and the cloud cover. In clear-sky 
conditions, i.e., without any clouds, α of bare soils, as well 
as other natural and man-made objects due to the irregularity 
of their surfaces, increases with increasing θs. As early as the 
1960s, Monteith and Szeice (1961) reported that α of bare 
soil increased in the afternoon from 0.16 to 0.19, while θs 
increased from 30° to 70°. Kondratyev (1969) noticed that, 
in the morning, when θs decreased from 80° to 25°, α of dry 

stony and loamy soils decreased from 0.22 to 0.11 and from 
0.34 to 0.17, respectively. Pinty et al. (1989) and Oguntunde 
et al. (2006) also reported an increase in the narrowband and 
broadband albedo of cultivated soils. Bare soil α achieves 
its lowest value at local solar noontime when θs reaches its 
minimum. Meanwhile, the highest α value, approximately 1, 
is observed at sunrise and sunset. If the diurnal α variation is 
plotted against θs, it shows a characteristic U-shaped curve 
(Roxy et al. 2010). Sometimes, the curve is asymmetrical 
around solar noon due to the formation of dew or changes in 
weather conditions during the day. The higher the proportion 
of the diffuse radiation component, that is also the effect of 
greater cloud cover, the weaker the influence of the θs vari-
ation on α of these objects.

The spectral reflectance of bare soils increases with a 
decrease in irregularities (Bowers and Hanks 1965; Orlov 
1966; Piech and Walker 1974). Reducing the size of soil 
aggregates and clods results in increasing the spectral reflec-
tance of soils. Larger aggregates, less regular and spheri-
cal in shape, with deeper spaces between them, absorb 
more of the reflective radiation reaching them than smaller 
aggregates with more rounded shapes and shallower spaces 
between them (Mikhaylova and Orlov 1986). The irradia-
tion is reflected multiple times between these aggregates and 
clods. When their size decreases, the probability of radiation 
absorption decreases (Coulson and Reynolds 1971).

The roughness of soils refers to their irregular surfaces 
composed of soil particles, aggregates, clods and stones 
of various sizes, and their directional and non-directional 
spread (with random distributions), creating a specific micro-
relief configuration of arable lands formed by agricultural 
tools. Decades ago, variations in soil-surface height could 
only be measured in one direction using a profile meter with 
needles or a chain set (Gilley and Kottwitz 1995). Nowa-
days, the variation can be automatically recorded using laser 
scanners along single or multiple straight lines, allowing 
the analysis of soil-surface irregularities with about 1 mm 
horizontal and vertical spatial resolutions in a two-dimen-
sional or three-dimensional space, respectively (Thomsen 
et al. 2015). Recently, the analysis of soil roughness in the 
three-dimensional space has been based on methods that use 
photographs of the studied soil surface taken from over a 
dozen directions using a digital camera which is either hand-
held or attached to a monopod that moves around the area of 
interest (Heng et al. 2010; Rieke-Zapp and Nearing 2005; 
Gilliot et al. 2017). These methods allow for the creation 
of digital elevation models (DEMs) of the studied surfaces, 
which are the basis for calculating the roughness indices of 
soil surfaces. The height standard deviation (HSD) is the 
most common index for describing the soil-surface rough-
ness (Ulaby et al. 1982; Marzahn et al. 2012). Boiffin (1986) 
proposed the use of the turtle index, which expresses the 
ratio between the actual length of the soil-surface profile 
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and the projected horizontal length of this profile. Later, 
Taconet and Ciarletti (2007) modified the reference of the 
index to a two-dimensional space, defining it (T3D) as the 
ratio of the real surface area within its basic DEM unit to its 
flat horizontal area.

Cierniewski et al. (2018a) studied deeply plowed (Pd) 
soils of different textures in Poland, France and Israel which 
were covered by large clods with diameters of up to tens 
of cm, described by the HSD and T3D indices as reaching 
30–60 mm and 1.5–1.6, respectively. The soils treated by 
smoothing harrows (Hs) had aggregates with a size below 
1 cm, their HSD reached about 8 mm, and their T3D values 
were below 1.1. The overall α level of the soils formed by 
Pd compared to the same soils, but treated by Hs was about 
20–33% lower. Drops of rain or water droplets created by 
sprinklers reduced the irregularity of the soil surfaces. The 
raindrop energy physically disintegrates soil aggregates 
and rearranges soil particles creating soil crust, a thin layer 
forms on the soil surface after high-intensity rainfall (Ben-
Dor et al. 2003; Eshel et al. 2004; Goldshleger et al. 2001, 
2004). After drying, the surface α value clearly increases. 
De Jong et al. (2011) reported that α of crusted soil surface 
was from 8 to 40% higher than of non-crusted soil surfaces. 
Kondratyev and Fedchenko (1980) reported that the crust, 
which is formed around soil clods as a result of repetitive 
wetting and drying, resulted in an increase of 10–15% in 
the spectral reflectance of soils. Cierniewski et al. (2015), 
analyzing the diurnal α variation for bare cultivated soils 
in Poland and Israel, under clear-sky conditions, found that 
the soil’s roughness not only affected the overall level of α, 
but also the steepness of its rise from θs at local solar noon 
to about 75°. Soils which are deeply plowed or treated by a 
planter showed almost no rise in α values at θs lower than 
75°, while the same soils smoothed out exhibited a gradual 
α increase at these angles.

α of the Earth’s surfaces or their components, such as bare 
soils, is used to describe the energy transfer between soil, 
vegetation, and the atmosphere and to model the environ-
mental biophysical processes associated with this phenom-
enon on the regional and global scales (Ben-Gai et al. 1998; 
Schneider and Dickinson 1974). Smoothing rough soils, 
which had previously been deeply plowed, increases their 
albedo, which results in a lower amount of shortwave radia-
tion being absorbed by their surface layer. These surfaces 
also emit less long-wave radiation, leading to a reduction in 
their temperature, which can affect the climate (Davin et al. 
2007). In view of the α variations of bare soils discussed 
above, as well as the statement of Sellers et al. (1995) about 
the acceptable error lower than ± 2% of α of the Earth’s land 
surfaces for modeling climate changes on a global scale, the 
use of their average diurnal (αd) values or the averaged val-
ues over longer periods of several days, a month, a season, 
or a year for this modeling seems to be more useful than the 

use of instantaneous α values (Grant et al. 2000; Cierniewski 
et al. 2014). So far, the αd values of bare soils have also been 
used to estimate the annual dynamic of shortwave radiation 
reflected from bare soils as a consequence of the smooth-
ing of previously plowed and disk-harrowed fields in Poland 
(Cierniewski et al. 2017) and reflected from arable lands in 
Israel (Cierniewski et al. 2018b).

Using the soils with various properties collected in 
Poland, Israel and France, Cierniewski et al. (2018a) pro-
posed equations that can be used to calculate αd values of 
soils with specified roughness, depending on θs, using their 
laboratory reflectance spectra and their roughness indices 
predicted as a result of shaping their surfaces by specific 
agricultural tools. The accuracy of the equations expressed 
by the coefficient of determination and root mean square 
error was estimated at 0.91 and 0.03, respectively. Having 
these equations, and also using laboratory reflectance spectra 
of bare soils stored in a soil database as well as geostatisti-
cal data sets describing the spatial distribution and acreage 
of bare soils, where major crops are cultivated, the annual 
dynamics of shortwave radiation reflected from bare arable 
lands in Europe was estimated (Cierniewski et al. 2018c).

The goal of this study was to use the above-mentioned 
equations to estimate the highest possible amounts of short-
wave radiation that could be reflected throughout the year 
from bare arable lands on global scale in the most extensive 
agricultural regions on six of the Earth’s continents, where 
major crops are cultivated. It was assumed that the highest 
levels of soil radiation would occur during clear-sky condi-
tions when the surfaces that had been conventionally tilled 
were bare for several days or more after the day of planting 
and were air-dried in two extreme roughness states: those 
formed by a plow (Pd) and those formed by a smoothing 
harrow (Hs).

Materials and methods

The study areas are arable lands in the largest agricultural 
regions of the world, where major crops are cultivated 
according to the Major World Crop Areas and Climate Pro-
file (USDA 1994). For a clear presentation of the annual 
dynamics of shortwave radiation reflected from bare soils of 
these arable lands on a global scale, they have been aggre-
gated into six possible large continental super-regions, 
whose names result from their location on specific conti-
nents of the Earth. These are:

• Africa (AF) covering 5 regions: North-western (AFnw), 
Western (AFwe), Central (AFce), Eastern (AFea), South-
ern including Madagascar (AFsm);

• Asia (AS) divided into 10 parts: the former republics of 
the Soviet Union in Central Asia (Kazakhstan, Uzbeki-
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stan, Kyrgyzstan, Turkmenistan, Tajikistan) (AScr), the 
Middle East and Egypt (ASme), China and Mongolia 
(AScm), Western India (ASwi), Eastern India (ASei), 
Southern India (ASsi), Indonesia and Malaysia (ASim), 
Japan and South Korea (ASjk), the Philippines (ASph) 
and South-East Asia (ASse);

• Europe (EU) split into 4 parts: the European Union and 
its associated countries (Switzerland and Norway), plus 
the countries of the former Yugoslavia outside the Euro-
pean Union, divided into 3 sub-regions: Western (EUwe), 
Central (EUce) and Southern (EUso), and the Russian 
Federation with the former republics of the Soviet Union 
(Belarus, Ukraine, Azerbaijan, Armenia, Georgia) 
(EUrr);

• North and Central America (NA) including 8 regions: 
Canada (NAca), the United States (West (NAwe), Mid-
west (NAmw), Northeast (NAne) and South (NAso)), 

Mexico (NAme), Central America (NAce) and the Car-
ibbean (NAca);

• South America (SA) covering 3 regions: Brazil (SAbr), 
the Andean States (SAas) and the Southern Cone (SAsc);

• Oceania (OC) comprising 3 regions: Australia (East 
(OCae) and West (OCaw)), New Zealand (OCnz) 
(Fig. 1).

Geostatistical data sets were used in a multistage pro-
cedure to achieve the goal of the study (Fig. 2). In the first 
stage of the procedure, the areas of major crops present in 
each region were located, and the periods and amount in 
which the arable soils were not covered by any vegetation 
sufficiently to change their spectral characteristics were 
determined. The data set of the geographic distribution of 
crops (Monfreda et al. 2008) is a collection of several raster 
images, each consisting of pixels measuring 5 × 5 arc min-
utes (around 10 by 10 km, depending on latitude), covering 

Fig. 1  Division of the world into the agricultural super-regions. Colored abbreviations—names of the regions as in Study Areas and Methods 
section
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the Earth’s land areas (Table 1). For each of the 13 major 
crops, a separate raster file was provided, and each pixel rep-
resented the number of hectares, in the year 2000, that were 
being utilized for the cultivation of a particular crop within 
the pixel. Delimiting the maps to each of the regions listed 
above and totaling the values of hectares from the pixels 
lying inside them allowed the composition of the crops being 
cultivated in those regions to be determined. In addition, 
the central point of agricultural lands for each region was 
located; this was used to extract the average temperatures 
and irradiance occurring in each region.

The periods when arable lands were not covered by vege-
tation (sufficiently to change its spectral characteristics) were 

found by combining the aforementioned geographic distribu-
tion of crops with The Crop Calendar Data Set (Sacks et al. 
2010). The crop calendar contains data related to planting 
days for major crops around the world (also with a resolution 
of 5 × 5 arc minutes). For all of the 33 regions listed above, 
the number of hectares being used for the cultivation of any 
given plant was added up separately for each possible plant-
ing day of each crop. The result of this operation was a list 
of the days in the year when each crop is planted, together 
with the specification of the area it occupies. To find the 
periods in which the soil remained bare after planting, it was 
necessary to predict the plant development. Baumgardner 
et al. (1986) stated that soil starts to demonstrate vegetal 

Fig. 2  General flowchart of the procedure

Table 1  Auxiliary data set used 
in the procedure

Name Source

Farming the planet: 2. Geographic distribution of crop areas, yields, physiological 
types, and net primary production in the year 2000

Monfreda et al. (2008)

Crop planting dates: an analysis of global patterns Sacks et al. (2010)
Global temperature data sets https ://ncar.ucar.edu
Digital Soil Map of the World FAO/UNESCO (2007)
Global Land Cover Map GlobCover (2009)
Global Soil Spectral Library ISRIC

https://ncar.ucar.edu
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characteristics when crops start to cover more than 15% of 
the soil surface. Plant phenological changes were simulated 
by the amount of Growing Degree Days (GDD) needed to 
reach the development stage (covering over 15% of the sur-
face). The GDDs were calculated by adding up the aver-
age daily temperatures, which are above the threshold for a 
given crop, based on averaged data from a 10-year period 
(1990–2000), obtained from the National Center for Atmos-
pheric Research (https ://ncar.ucar.edu). For the major crops 
analyzed in this paper, the threshold temperature values, as 
well as the amount of GDDs that should be accumulated, 
were found in the papers of Miller et al. (2001), Worthing-
ton and Hutchinson (2005) and Lee (2011). The distribu-
tion of the GDDs through the year was calculated for all 
the regions, which—along with the planting days—allowed 
the delimitation of the time windows during which the soil 
under a particular crop would stay bare. By adding up all 
of the windows related to all of the major crops and their 
planting date combinations occurring in a region, the annual 
cycle of occurrence of bare soils for the region was obtained.

In the second stage, the soil units present in the arable 
lands within each region were found. The soil units were 
classified as major soil groupings according to the Digital 
Soil Map of the World (FAO/UNESCO 2007), which was 
superimposed on areas classified as croplands, according to 
a global land cover map (GlobCover 2009). For each region, 

the composition of areas occupied by the major soil group-
ings was obtained.

The third stage of the procedure involved finding the 
averaged soil reflectance spectra for all of the regions. First, 
the soil units covering at least 5% of arable area in each 
region were selected. The soil database of the International 
Soil Reference and Information Centre (ISRIC) was used to 
find the spectra of the major soil groupings in the regions 
(Fig. 3). The ratios of the major soil units were calculated for 
each region, and the reflectance spectra belonging to those 
units were extracted. A weighted averaged spectrum for each 
region was found, with the extracted spectra averaged by 
weight related to the share of the particular soil unit within 
arable lands. The spectra relating to the analyzed regions 
located within the super-regions were then averaged, weight-
ing them according to the area of arable lands.

In the fourth stage, the annual variation of the averaged 
diurnal soil albedo (αd) for each region was calculated using 
the set of three equations proposed by Cierniewski et al. 
(2018). The first equation:

describes the overall α level of the soils with given rough-
ness at θs = 45° (α45), where T3D is roughness index defined 

(1)
a45 = 0.33 − 0.1099T3D − 5795.4d574 − 510.2d1087

+ 7787.2d1355 + 12161d1656 + 6932.8d698,

Fig. 3  Location of the soil samples used in the study

https://ncar.ucar.edu
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in “Introduction”, and d together with its associated number 
stands for soil reflectance data transformed to its second 
derivative for a specified wavelength in nm. Those wave-
lengths were selected from laboratory reflectance spectra (in 
the range between of 400 and 2500 nm) based on 153 soil 
samples collected in Poland, Israel, and France. The α values 
of studied soil surfaces (�

�s
) under θs < 75° were calculated 

using the second equation:

where s
�
 is the slope of the α rise relative to θs under 

θs < 75°, and HSD is another roughness index also defined 
in “Introduction”. Assuming that α of the soil surfaces at 
θs = 90° equals one, and having their �

�s
values calculated for 

θs < 75°, their half-diurnal α could be fitted for the θs range 
from 0° to 90° using the third equation:

where a, b, c, and d are fitting parameters. The half-diurnal 
α distributions were individually fitted for all of the regions. 
For the averaged diurnal α analyzed using the above equa-
tions, two roughness states of the soil surface were con-
sidered, formed by Pd and Hs. The roughness statistics 
expressed by the previously mentioned indices were as fol-
lows: HSD: 25 mm and 5 mm and T3D: 1.5 and 1.05 for Pd 
and Hs, respectively (Cierniewski et al. 2018).

In the fifth stage, the �
�
s
 distributions of the soils repre-

senting the regions in the full θs range were transformed to 
the function of solar local time (SLT) for every tenth day 
of the year for the centers of the regions. Those simulated 
αd variations were then averaged, and the annual αd varia-
tion was obtained by interpolating values for the missing 
days.

In the sixth stage, the annual variance of the reflected 
solar energy for soils formed by Pd and Hs was calculated. 
First, the annual variation of incoming shortwave radia-
tion  (Rid) in clear-sky conditions for each region had to 
be approximated. Once again, the amount for each region 
was based on its center. The theoretical amount for a unit 
of area was calculated using equations proposed by Allen 
et al. (1998). Multiplying  Rid by αd and the area of the bare 
soils on that day resulted in the total amount of reflected 
shortwave radiation from a region  (Rrd). Performing that 
process for every day of the year gave the annual distribu-
tion of reflected solar radiation, obtained for soils formed 
by both Pd and Hs. The difference in reflected radiation 
due to increased albedo resulting from the smoothing of 
previously plowed soil surfaces was also calculated. For 

(2)
�
�
s
= �45

[

1 + s
�

(

�
s
− 45

)]

,

s
�
= 6.26 × 10−7 + 0.00043(HSD)−1.418,

(3)�
�s
= exp

(

a + c�s

1 + b�s + d
(

�s

)2

)

,

ease of presentation, the  Rrd values were added together 
for the regions belonging to the same super-region.

Results

Thirteen cultivated plants are distinguished as the major 
crops in these analyzed super-regions (Table 2). All the 
crops grown in AF, listed in this table, occupying the total 
area of nearly 903,000 km2. Maize, sorghum, millet, and 
cassava occupy over 73% of this area. Similarly, a full list of 
these crops is present in AS. In total, they cover an area over 
2.5 times larger: 2,389,000 km2. Wheat dominates across 
almost 40% of this area and, together with maize and cot-
ton, covers over 65% of arable land of the largest continental 
super-region. The list of major crops in the EU area contains 
one less item, covering an area of 1,386,000 km2. The crops 
covering the largest area—wheat (almost 47%), together 
with barley and maize—occupy almost 78% of the area. The 
list of major crops in NA and SA includes 13 crops. Almost 
74% of the total area of NA, exceeding 982,000 km2, is cov-
ered by either maize (over 40%) or wheat (almost 34%). 
The largest share in the area of arable land in SA, with over 
566,000 km2, belongs to soybeans (almost 43%) and maize 
(29%). Only 15% of this area is covered by wheat. The list of 
major crops in the smallest super-region, OC, includes only 
6 crops. Their cultivation occupies 180,000 km2. The largest 
part, over 77% of this area, is covered by wheat.

The areas of major soil groupings and their share in 
each of the super-regions are shown in Table 3. Luvisols 
and Arenosols represent more than 50% of the total AF 
area. With the addition of Vertisols, Regosols, Lithosols, 
and Cambisols, this number increases to above 76%. The 
AS area is more divers in terms of soils. Five major soil 
groupings—Lithosols, Cambisols, Gleysols, Luvisols, and 
Histosols—occupy almost 59% of its total area. Two major 
soil groupings, Charnozems and Cambisols, cover almost 
50% of the EU area, and with the addition of Luvisols and 
Histosols, this combined share increases to a cover of over 
74%. Two soil units other than those previously mentioned—
Kastanozems and Luvisols—cover more than 55% of the NA 
area. With the addition of Phaeozems and Yermosols, they 
account for 82% of this area. In SA, two soil groupings—
Ferralsols and Phaeozems—cover almost 50% of the area. 
Three major groupings—Luvisols, Arenosols, and Kasta-
nozems—increase its total area to almost 77%. Two group-
ings—this time, Luvisols and Planosols—cover over 50% 
of the OC area. Solonetz and Vertisols expand its total area 
to over 81%.

The average reflectance spectra representing the major 
soil groupings within AF, AS, EU, and NA are similar to 
each other, especially for wavelengths above the near-infra-
red (Fig. 4). Average spectra relating to the soil units in OC 
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and SA show about 20% and 35% higher reflectance than the 
spectra mentioned above.

The annual distributions of the bare soil areas (Ad) in 
each continental super-region, presented in Fig. 5, are the 
result of the aggregation of the bare soil units related to the 
individual major crops cultivated in all agricultural regions 
analyzed within it. Due to the large extent of the majority 
of the six analyzed super-regions in terms of latitude, the Ad 
values prepared for planting the major crops there, listed in 
Table 2, were found over wide periods.

The AF super-region is located in both hemispheres of the 
Earth. Due to the dominant crop areas in agricultural regions 
located in the Northern Hemisphere, the largest Ad values 
in AF result from the cultivation of soils there. These Ad 
values occur in spring and summer, between 31 March, and 
20 April and between 30 May, and 23 August, reaching in 
these periods around 10 April and 4 July about 150,000 km2 
and 350,000 km2, respectively. The Ad values in south of 
AF in the same seasons, but between 11 November and 5 
January the following year do not excess 70,000 km2/day. 
The large Ad within AS occurring from 14 February to 9 
June are mainly the results of their cultivation in the agri-
cultural regions of China, as well as the Middle East and 
Egypt. Two large Ad peaks, reaching almost 600,00 km2 and 
700,000 km2 around 5 April and 25 May, respectively, are 
results of the soil cultivation happening in Western India and 
the former republics of the Soviet Union in Central Asia. In 
the summer, up to 18 August, there is a third large Ad with its 
peak around 19 July, resulting from the planting of crops in 
the three regions of India (Southern, Western, and Eastern). 
In autumn and winter, from 11 November to 15 January 
of the subsequent year, a smaller Ad with its peak around 
16 December was found, resulting from the cultivation of 

soils in the above-mentioned regions of China, India, and 
the Middle East.

The large Ad within the EU area occurs between approxi-
mately 9 February and 9 June. It is possible to distinguish 
four broad maxima within this period. The first, reaching 
around 6 March almost 130,000 km2, corresponds to its 
southern agricultural region (EUso). The second maximum, 
reaching 31 March about 180,000 km2, refers to the EUso 
and western (EUwe) regions of EU, as well as the region 
including the Russian Federation and the former European 
republics of the Soviet Union (EUrr). The third and fourth 
maxima, which occur around 10 May and 25 May, reaching 
almost 300,000 km2 and about 450,000 km2, respectively, 
refer mainly to the EUrr and the Central EU region (EUce). 
In addition to the spring peaks of Ad in EU, there are also 
peaks between the 230th DOY (18 August) and the 290th 
DOY (17 October) with summer–autumn maxima below 
200,000 km2, which are mainly related to the regions of 
EUrr and EUce.

Ad within the NA area was established between 20 April 
and 9 July with its peak around 20 May reaching almost 
300,000 km2. Soil from the Midwest regions of the United 
States and soils in Canada have the greatest impact on 
their total area. In the autumn, from around 7 October to 
26 November, Ad reached about 200,000 km2. The soils in 
Canada have the greatest impact on this area during this 
period.

The largest areas of arable land in the SA are found in 
Brazil in the Southern Hemisphere, and the largest Ad occurs 
there in spring. From 2 October to 21 November, these areas 
total an average of 70,000 km2, and then up to 16 December 
they rise sharply, reaching their peak, at almost 500,000 km2 
around 6 December. Mostly, the soils of Brazil determine the 
areas during this period. In summer, around 25 January, they 
reach 100,000 km2, mainly due to the soils in the countries 
of the Southern Cone.

The largest total Ad values in the OC belong to the Aus-
tralian regions and were found in autumn. Between 15 and 
30 May, the area reaches about 12,000 km2. By around 
19 June, it doubles to 25,000 km2. At the turn of autumn 
and winter, around 14 July, it is about 5000 km2, and by 3 
August, it is about 2000 km2. From spring until mid-sum-
mer, from 16 November to 15 January, the area of bare soils 
is on average 5000 km2.

The diurnal amount of shortwave radiation reaching 
specific places on the Earth in clear-sky conditions  (Rid) 
depends on the day of the year and the latitude at which it is 
located. Due to the large extents of the analyzed six conti-
nental agricultural super-regions in relation with latitude, the 
annual variation of maximum  Rid is illustrated based on the 
examples of the centers of two selected agricultural regions 
located in the Northern Hemisphere, in Africa’s AFwe 
near the equator (11.22°N, 8.50°E) and at medium-average 

Fig. 4  Spectra of averaged soils within the analyzed super-regions, 
with the number of averaged samples and the standard deviation of 
the averaged reflectance value of the spectra representing the soils of 
6 continents
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Fig. 5  Annual bare soil (Ad) distribution for all regions, aggregated by the super-regions
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latitudes in Europe’s EUrr (49.96°N, 34.67°E), as well as 
the center of one region in the Southern Hemisphere in 
SAbr (23.75°S, 52.00°W) (Fig. 6a). As the examples show, 
the higher the latitude, the greater the annual variation of 

the  Rid. On the shortest day of the year, at the beginning 
of the astronomical winter,  Rid reaches about 6 TJ/km2/
day, 17 TJ/km2/day, and 23 TJ/km2/day in EUrr, SAbr, and 
AFwe, respectively, and at the longest day, at the beginning 

Fig. 6  Annual variations for Western Africa, Former Soviet Union 
and Brasil in: a diurnal amount of incoming shortwave radiation 
 (Rid), b accumulation of growing degree days (GDD) for four base 
temperatures, c extents of bare soils in a given day of year, d aver-

age diurnal albedo (αd) of the averaged bare soils formed by a plough 
(Pd) and a smoothing harrow (Hs) and e total amount of reflected 
shortwave radiation  (Rrd) for soils formed by Pd and Hs
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of the astronomical summer, about 32 TJ/km2/day, 33 TJ/
km2/day, and 28 TJ/km2/day, respectively. This annual vari-
ation of  Rid also affects the annual dynamics of αd of the 
bare soils located there. The accumulation of the GDDs 
for the regions, calculated for base temperature values of 
0, 5, 8, and 10 °C, is used to determine the periods of bare 
soil, as presented in Fig. 6b. Ad of the presented regions, 
obtained by combining the planting dates and the GDDs, 
is shown in Fig. 6c. Assuming that in the centers of the 
analyzed regions—EUrr, AFwe, and SAbr, there are soils 
characterized by the reflectance spectra which are the effect 
of averaging all soil spectra within the region (in proportion 
to the area of soils occurring there), the annual variation of 
αd of these bare soils in these regions can be characterized, 
as shown in Fig. 6d. It was found that, on average through-
out the year, αd of the averaged soils within EUrr, AFwe, 
and SAbr smoothed by Hs is higher by about 20%, 15%, 
and 10%, respectively, compared to the same soils previ-
ously plowed using Pd. In the spring, when these averaged 
soils are bare in both hemispheres, the highest αd values, 
between 0.61 and 0.67, refer to the soils in SAbr with their 
higher overall reflectance level (Fig. 4). αd of the averaged 
soils in this period reaches values between 0.37 and 0.42 
within AFwe, and 0.30 and 0.36 in EUrr. These αd values 
of the analyzed soils also allow an approximation to be 
made of how much more shortwave radiation  (Rrd) can be 
reflected from them as a result of smoothing by Hs only. It 
was found that these increases in the amount of  Rrd with 
regard to incident radiation could reach about 1.8%, 1.3%, 
and 1.8% within EUrr, AFwe, and SAbr, respectively. Mul-
tiplying the above αd values by the Ad peaks of these soils 
formed by Pd and Hs, the target maxima amounts of  Rrd 
radiation that could be reflected from them in their air-dried 
state in clear-sky conditions were evaluated for the centers 
of the regions (Fig. 6e). These  Rrd amounts for the EUrr, 
AFwe, and SAbr regions, with their Ad maxima reaching 
about 370,000 km2, 270,000 km2, and 220,000 km2, can 
reach values in the range 3.7–4 EJ/day, 2.7–3.2 EJ/day, and 
4.2–4.5 EJ/day, respectively.

Data describing the  Rrd variations within the super-
regions resulting primarily from the maximum Ad values of 
soil surfaces formed by Pd and Hs are presented in this order 
below (Fig. 7). The peaks of  Rrd in the AF area, occurring 
around 10 April in spring and 9 July in summer, were evalu-
ated at about 1.2 EJ/day and 1.5 EJ/day, and 3.5 EJ/day and 4 
EJ/day, respectively. The  Rrd maxima in the spring and sum-
mer in the southern AF region, occurring from 11 November 
to 5 January of the following year, were estimated at about 
0.7 EJ/day and 0.8 EJ/day, respectively. The largest peaks of 
 Rrd within AS appearing in spring around 10 April and 25 
May were assessed at about 6 EJ/day and 7 EJ/day, and 8.5 
EJ/day and 10 EJ/day, respectively. The third summer  Rrd 
peak, occurring around 19 July, was predicted at about 4 

EJ/day and 4.5 EJ/day for Pd and Hs, respectively. The four 
peaks of the  Rrd developing in the EU area in the winter and 
spring can reflect the following amounts of  Rrd: (1) about 0.9 
EJ/day and 1.1 EJ/day; (2) 1.8 EJ/day and 2 EJ/day; (3) 3 EJ/
day and 3.5 EJ/day; and (4) almost 5 EJ/day and 5.8 EJ/day. 
It was assessed that the spring  Rrd peak in NA can reflect 
about 7 EJ/day and almost 8.5 EJ/day, while the autumn peak 
can reflect only 0.25 EJ/day and 0.3 EJ/day. The spring  Rrd 
peak in SA was estimated at about 5.5 EJ/day and 6.3 EJ/
day, while for the summer peak, it was estimated at about 
1 EJ/day and 1.2 EJ/day. It is predicted that the autumn  Rrd 
peak in OC, occurring around 4 June, can reach 0.15 EJ/day 
and 0.25 EJ/day, while during the summer, around the 10th 
DOY, it can reach 0.03 EJ/day and 0.05 EJ/day.

The annual variation of shortwave radiation from bare 
soil, concerning arable land used for the cultivation of major 
crops (typical for a specific agricultural region), was esti-
mated on the scale of the entire globe, adding up the values 
of  Rrd obtained for the six analyzed super-regions, day by 
day (Fig. 8). In this way, it was established that the largest 
amounts of  Rrd occur between 31 March and 19 July with 
their peak around 15 May reaching about 22 EJ/day and 
almost 25 EJ/day for soils formed by Pd and Hs, respectively. 
Therefore, simply smoothing previously plowed soils in this 
peak period could increase their  Rrd by up to 3EJ/day. Sig-
nificantly lower amounts of  Rrd, in the range 8–10 EJ/day, 
8–9 EJ/day, and 7–8 EJ/day, can be expected around 7 April, 
4 July, and 6 December, respectively. Smoothing these soils, 
in comparison with the same soils being plowed, increases 
their  Rrd by about 1–1.5 EJ/day during these dates.

Discussion

The first approximations of a quantitative estimation 
of shortwave radiation reflected from bare arable lands 
illuminated at clear-sky conditions, concerning Poland 
(Cierniewski et  al. 2017) and Israel (Cierniewski et  al. 
2018b), based on extracting their changing areas during the 
year from Landsat 8 images. It was found that these areas 
reach two maxima in spring and late summer in Poland 
and one maximum in summer until early autumn in Israel. 
Maxima of shortwave radiation reflected from air-dried bare 
arable lands in Poland were assessed at about 200 and 295 
PJ/day for soils in Poland formed by Pd and Hs, respectively, 
using the content of soil organic carbon carbonates stored 
in the Polish soil databases. The values for soils in Israel, 
calculated from their reflectance spectra stored in the Israeli 
Soil Library, were about 13–14 times lower than in Poland, 
mainly because of the 35 times smaller area of arable lands 
in Israel, but 1.8 times higher shortwave radiation reflected 
from 1 km2 of the soils in Israel when maximum radiation 
is incident on them. The dynamics of shortwave radiation 
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reflected from bare arable lands in Europe (Cierniewski 
et al. 2018c) was estimated using vectorised and rasterized 
geostatistical data sets (using the same procedure as in this 
study) to determine the variation of their areas in a year, sat-
ellite data from the Spinning Enhanced Visible and Infrared 
Imager instrument (König et al. 2001), as well as thousands 
of soil reflectance spectra stored in the European Land Use 
and Cover Area frame Survey soil database to calculate the 
radiation reflected from them in changing cloud conditions 
during the year.

The estimation of the amount of shortwave radiation 
reflected from arable lands on a global scale, proposed in 
this study, takes into account the diversity of their spec-
tral reflectance resulting from the spatial variation of soil 
cover, assuming that they are in two extreme roughness 
states formed by Pd and Hs and they are air-dried and illu-
minated under clean skies. The results of research carried 
out in Poland, Israel, and France on 153 plots treated by 
various agricultural tools (Cierniewski et al. 2018a) were 
used here. These plots were located on soils belonging to 
the 9 major soil groupings occupying 54% of the total area 

Fig. 7  Reflected shortwave radiation  (Rrd) from the surfaces of the super-regions formed by a plow (Pd) and a smoothing harrow (Hs)
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of arable lands in the world classified into 24 soil major 
grouping (listed in Table 3). The roughness of the arable 
land in the world was characterized using the mean values 
of the HSD and T3D indices (mentioned in “Materials and 
methods”) obtained from 49 to 58 plots formed by Pd and 
Hs, respectively. It was assumed that these tools everywhere 
produce similar effects.

The estimation does not include all the arable lands with-
out crops, because it refers only to the major crops in the 
analyzed agricultural regions. It has been simplified to con-
ditions, where the reflectance of bare soils is the highest, 
barring the presence of soil crusts. It uses data, which is 
relatively easy to access. The time range of the various data 
sets used spans 13 years, with the geographic distribution of 
crops from the oldest, in the year 2000, to the newest – an 
area under conservative tillage—from 2013. However, it was 
assumed that agriculture, especially in the major regions, is 
relatively unchanging over time. The authors of this assess-
ment realize that in future approximations, the results will 
be more precise when it is possible to use data describing 
the real annual variation of the soil arable areas across whole 
continents and their irradiation in the clear-sky and in differ-
ent degrees of cloudiness, as well as obtaining knowledge on 
the actual state of the soil surfaces.

Not all areas of arable lands on a global scale presented 
here, established for the major crops using the geostatistical 
data sets, relate to their cultivation under conventional till-
age—the situation when soils prepared for planting crops 
are bare for several days. In some parts of the areas, the 
practices of agricultural conservation (including zero tillage) 
are applied, minimizing the mechanical disturbance of the 
soil. Consequently, when crops are planted, residues of the 
previous crops cover the soils in varying degrees. To obtain 
information on how much the soil areas obtained, using 
geostatistical data sets should be reduced to characterize 

bare soils under conventional tillage, and statistical data 
obtained from AQUASTAT published by the FAO (http://
www.fao.org/nr/aquas tat/) were used. The data refer to 
54 countries that reported what proportion of their arable 
lands were subject to agricultural conservation practices in 
2013–2017. The arable lands within these countries repre-
sent 73% (10,358,000 km2) of the total arable land area in 
the world (14,259,000 km2) in 2015. In the case of arable 
land, the areas established for the major crops in the Euro-
pean Union have been reduced in a similar way as in the six 
continental super-regions, although the data obtained from 
Eurostat for this area were directly distinguished as referring 
to “conventional tillage” (Cierniewski et al. 2018c).

Conclusions

The procedure used in this research project allowed the 
quantification of the annual dynamics of shortwave radiation 
reflected from arable soils at two extreme states of rough-
ness resulting from the use of a plow (Pd) and a smoothing 
harrow (Hs), before the planting of major crops. It concerns 
the largest agricultural regions of the world—when the soils 
are not covered by crops and plant residues to an extent that 
can significantly change the bare soil’s reflectance features. 
The preliminary results refer here to limited and, therefore, 
simplified conditions when the analyzed soil surfaces are 
air-dried and reach their highest reflectance during clear-sky 
conditions.

It was found that the highest peak of shortwave radia-
tion  Rrd reflected from the soils formed by Pd and Hs in 
Africa occur in summer, reaching there about 3.5 EJ/day 
and 4 EJ/day, respectively. In Asia (AS), Europe (EU), North 
America (NA), and South America (SA), the highest  Rrd 
peaks appear in spring, reaching there the following values 
for lands shaped by Pd and Hs (Table 4). In Oceania, this 
highest  Rrd peak, appearing there in autumn, was estimated 
for such shaped soil surfaces at 0.15 EJ/day and 0.25 EJ/day.

Adding together all the  Rrd values predicted for each of 
the continental super-regions, day by day, it was found that 
the highest  Rrd value, occurring around 20 May, reaches 22 
EJ/day for soils treated by Pd, and when they are smoothed 
by Hs, their  Rrd increases by about 3 EJ/day to 25EJ/day.

In the face of evidence of the progressive global warm-
ing of the Earth’s climate, forming of arable lands under 

Fig. 8  Global amount of reflected shortwave radiation  (Rrd) from all 
of the analyzed regions

Table 4   Maxima diurnal 
amount of shortwave radiation 
reflected from arable lands 
formed by a plow (Pd) and 
smoothing harrow (Hs) within 
Asia (AS), Europe (EU), North 
America (NA), and South 
America (SA)

Agri-
cultural 
tool

Radiation in EJ/day 
for the super-regions:

AS EU NA SA

Pd 8.5 5 7 5.5
Hs 10 5.8 8.5 6.3

http://www.fao.org/nr/aquastat/
http://www.fao.org/nr/aquastat/
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conventional tillage with the lowest possible roughness is 
one of the actions against this warming. We do not have suf-
ficient competence to assess whether the amount of antici-
pated shortwave radiation absorbed and reflected from bare 
arable soils (depending on their roughness being the result 
of agricultural practices), with changing areas throughout 
the year, could have a noticeable impact on the climate on a 
global scale. Perhaps, the results of this first approximation 
may be interesting for climatologists who are able to reliably 
assess this factor.
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