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Abstract

Abstract

Arable land around the worlbas al2%share of the global land are@his thesis was
created as a part of a projeatmed at estimation aghortwave radiation reflected from those
surfaces according to various scenarios based on the farming mefhlodthesis was created
as a part of a projeaimed at estimation o$hortwave radiation reflected from those surfaces
according to various scenarios based on the farming methtidskey element was the
estimation of the bare soil area, defined for its spatproperties, as the area of arable land
not covered by vegetatioan more thanl5%on its surfaceln conventional agriculturgduring
the period immediately following the planting of crops, the soil stays bare until the newly
planted cropsreach definel above share of surface coverhis work focuses on estimating
the periods of bare soil that occur after the planting of 13 major crops at the global scale;
those selected crops are wheat, maize, barley, sorghum, soybeans, millet, cotton, rapeseed,
grounchuts, potato, cassava, rye, and sugar beet. The supplementary objective of the study
was to determine which soil groupings, and in what proportions, weaee during those
periods. Arable land, divided into extensive agricultural regions located on dire&ats, was

analyzed.

The estimation of bare salicreagewas performed based on publicly available spatial
datasets including the distribution of arable land in the world, crop calendars containing
planting dates and the geographic distribution of cropse arable land in the world was first
divided into agricultural regionsnspired by the division proposed by United States
Department of AgricultureFor each region, average daily temperatures were used to predict
plant growth stages. For each crop witha region, the planting date was used as the
beginning of the bare soil period, which ended when it reached a stage where at least 15% of
the surface was covered by vegetation. The aggregatedge concerning every cropithin
any given region resulteid an annual variation of bare soil area. The acreages of soil grouping
used in agriculture for any region were then extracted based on the location of arable land
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Abstract

The global annual variation of bare soil area shows thatrnttaimum level occurs
around the 140th day of the year (DOY) (middle of May), influenced primarily by the planting
of crops occurring in the northern hemisphere. Up to 1.5 millioddéreoil surface stays bare
at that time. Centered on that maximum is a jpet of bare solil lasting for almost four months,
between the 92nd DOY and the 200th DOY (early April and end of July), when two lesser
maxima were observed, of around 900,000 and 700,008 kespectively. The equivalent of
that period, resulting from plaimg in the southern hemisphere, starts around the 330th DOY
(middle of November) and lasts for about a month, reaching almost 400,080Tkre other
distinguishable episode of bare soil in the southern hemisphere was noted between the 15th
and the 25th DO (second half of January) when its area reached 100,080 km

Asia is the super region with by far the largest area of arable land and consequently, it
sports the highest acreage of bare soil. During the aforementioned maximum in the northern
hemisphere acurring around the 140th DOY, the Asian super region contributes around
700,000 km of bare soil, which is almost half of the bare soil area for the whole northern
hemisphere at that time, withLithosols Cambisols and Gleysolsbeing the major soll
groupings that stay bare. In Europe, two distinct periods of bare soil were found; during the
first, starting around the 40th DOY (middle of February) and lasting until the 150th DOY (end
of May), the steady increase of the bare soil area lasts until the 1@ (middle of May)
when it reaches almost 500,000 Knafter which a rapid decline was observed. The second,
manifesting two and a half months later, lasts between around the 230th and the 290th DOY
(middle of August to middle of October), and exceedsZ1®0n A. CHeNozemsCambisols
and Luvisolsare dominant soil groupings on arable land in Europe. Similar trends, related to
the European bare soil areasere found in the North American super region, where a period
of maximum bare soil area occursatd spring, and a second period, characterized by a much
smaller area, followghe main one three months later. The maxima coincide with the
aforementioned ones in Asia and Europe, reaching 300,0G@kbare soil around the 140th
DOY. Similar to Europthe second period sports a much smaller bare soil area, short of
30,000km?. The dominant soil groupings in agricultural use in North America are
KastanozemsLuvisols and ChernozemsAfrica is a super region whose area is divided
between both northern ad southern hemispheres, which shows in the annual variation of its

bare soil aa. Three distinct periods were found there, the major one around the middle of a
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year lasted for about two and a half months, between the 167th and the 230th DOY (middle
of Jure to middle of August) with thbare soil area being up to almost 400,000°kiithe other

peak occurs about a month and a half earlier, between the 95th and the 115th DOY (roughly
the month of April) and is characterized by a bare soil area exceeding D280 The last
notable episode of bare soil in Africa manifests itself between the 317th DOY and the 10th
day of the following year (middle of November to the middle of January), with the area of soil
uncovered by vegetation reaching almost 100,000%.khuvisolstogether with Arenosols
followed byVertisols are the most extensively farmed soil groupings in Africa. The majority
of arable land in the southern hemisphere is found in the South American super region, which
is reflected in the annual variatioof bare soil area, which is similar to that of the whole
southern hemisphere. The maximum lasts for around two weeks, between the 330th and the
345th DOY (end of November to the middle of December), when almost 500,6@ &nable

soil is bare. A secdiary peak was observed between the 15th and the 30th DOY (second half
of January), sporting around 100,000 %af bare soil areaFerrasolss the most commonly
farmed soil grouping in the region, followed Bhaozemsand Luvisols In Oceania, the
maximumarea of bare soil slightly exceeds 25,00F kon about two weeks in the first half of
June, followed by a rapid decline. A secondary period is characterized by a longer duration but
the smaller area, lasting between the 313th and the 14th DOY (middlevamber to middle

of January) with about 5,000 Knof arable land which is not covered by vegetation at that
time. Luvisolsare the dominant soil grouping under cultivation in Oceania, followed by

PlanosolsSolonetzandVertisols

The obtainedvariations of bare soil areas together with the corresponding share of
soil groupings for all regions were used in other work in order to estimate the amount of
shortwave radiation reflected from those surfaces according to various scenarios based on

the farming methods.
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Introduction

1. Introduction

1.1. Arable land

1.1.1. Arable land around the world

Arable land can be defined in a couple of ways; according toCk#rd English
Dictionary(2013), the word arable comes from the Latin wangbiliss Y SIF yAy 3 al of
L 26SRé YR RSaONAROSa tFyR OFLIo6fS 2F 6SAy3
used by the Food and Agriculture Organization of the United Na{iBA®) as well aghe
World Bank (2018js quite different; according to them, arable land is land under active
cultivation of agricultural crops. In that sense, the former definition refers to potential, and
the latter to the actual usef land. For this thesis, arlbland is defined as per the FAO. Arable
land is made up of two components: vegetation in various development phases and bare soil.
Globally, just short of 40% of land (about 50 millior?kim used for some kind of agricuiéy
arable land makes up about 29% of all agricultural E&A&O, 2018)with the rest made up of
pastures (68%) and permanent crops (3%). Therefore, about 12% of total land area in the
world was arable in 2015, a figure that is steadily growing every (Warld Bank 2018not
without consequences for the natural environme(foleyet al, 2005) The geographic
distribution of arable land corresponds to fertile soils and suitable clim@&snankutty,

2000) with the major agricultural regions of the world being: the Corn Belt in theednit
States, the Ganges floodplain, the wheatrn belt in Europe, the Pampas in Argentina as well
as wheat belts in AustraligMonfreda, Ramankutty and Foley, 2008) contrast, croplands
are generally absent in very dry or datlimates, like deserts, highly elevated zones, and in

higher latitudes.

1.1.2. Historical chages in arable land

Changes in global arable land over the last three centuries (XVIII to XX) were analyzed
by Ramankutty and Foley (1999} was a period of rapid expansion of agriculture, first in

Europe and soon after in North America angs&a. Since around the year 1850, exponential

12



Introduction

growth of arable land was observed in Africa, Sant Central Americas, Southeast Asia and
Australia. During those three centuries, China observed steady growth of its cropland area.
Even though the total @a of croplands increased substantially in the 20th century, the
cropland base (average area of cropland per person) has diminished from arourfth(péb
person to 0.3%a per persor{Ramankuttyet al., 2002) More recently Beddowet al. (2010)

have looked at the changes in the cropped area for the years 1960 to 2000, and the
overarching theme is a reduction of cropped area in temperate regions, with a simultaneous
increase in tropical regions. That trend is eg@el to continue as the growing global
population, expected to reach about 10 billion pesjly 205QUnited Nations, Department

of Economic and Social Affairs, 2017; Thateted., 2018) will lead to an ineeasing demand

for food (Regmi, Takeshima and Unneveh®09; Foleyet al., 2011; Tilmaret al, 2011;
Alexandratos and Bruinsma, 2012; Valiral., 2014) Dietary changes induced by the growing
average wealth, especially enincreasing demand for meat and dairy products, will require
even more farmed lan@Trostle, 2008Godfrayet al., 2010; Senker, 2011; Toulmin, 20123

will an expanding interest in biofug{$he Royal Saaty, 2008; Cassidst al., 2013; Littlejohns

et al,, 2018) However, changes in the area of arable land are not uniform around the world.
The overall trend is that arable land is increasing in tropical regions while diminishing in
temperate onegRamankuttyet al., 2002) Currently, the gratest potential for an increase in
arable area exists in Tropical Africa and Northern South Améigangh and Dudal, 1987)
mostly at the expense, unfortunately, of tropical rain fae@Carvalhcet al,, 2001; Skolet

al., 2006) Regarding the longer perspective, however, at the end of the 21st century the
changing climate is predicted to hinder the potential for agriculture in those tropical regions

while improving the conditions for agriculture at higher latitug@amankuttyet al., 2002)

M®PmMPo ® ! NI afobclihdtey RQa A Y LJ

Various authors have analyzed the historical anthropological land cover changes and
related climate respons@Brovkinet al,, 1999, 2006; Diffenbaugh and Sloan, 2002; Matthews
et al, 2003, 2004; Gibbardt al., 2005; Davin and Nobkucoudre, 2010)Duiing the last
centuries, the dominant land cover change was the transformation of forests into croplands
(Ramankutty and A. Foley, 1999; Htial., 2010; Meiyappan and Jain, 20 1®jth 15% to 30%
of forests already converted to cropldror pasture, predominantly in temperate regions of
Eurasia and North Amerid¢&oldewijk, 2001)Land cover change is considered to be one of

13
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the major culprits of environmental changPefries, Foley and Asner, 2004, Faewl., 2005;
Turner, Lambin and Reenberg, 200The past and ongoing transformation of forests into
croplands has a direct effect on surface physical properties, chiefly on its albeftte{ined

as the ratio between reflected and incoming radiatiathin the shortwave 0.0 ®n > Y
portion of the solar spectruriCoulson and Reynolds, 1971; Oke, 188#)d on its roughness

and evapotanspiration(Balaet al., 2007; Davin, de Nobl&®ucoudré and Friedlirsgein, 2007;
Bonan, 2008; Davin and NoblBucoudre, 2010) Compared to forests, cropland is
characterized by higher average annual but lower evapotranspiration and surface
roughness. The increasadhas a cooling effect, which is especially pronouhicetemperate

and boreal regions due to the difference betwearvalues of forest and croplands being
amplified by the presence of snow in wint@etts, 2000) On the other hand, warming due

to reduced evapotranspiration is strongest in tropical regions, especially during the dry season
(von Randowet al, 2004; Davin and Nobkucoudre, 2010) Taking those cooling and
warming processes together, the net effect of the replacement of forests by croplaedssse

to be cooling, especially in higher latitudgalaet al., 2007) However, when arable land is

bare, thea can be lower than that of forests.

1.2. Soll

MOPHDOMD . NB az2rAfQa foSR2

As was mentioned earlier, arable land is comprised of two components, vegetation
cover and bare soil, that feature in various proportions throughout the year. During periods
when arable land lies bare without vegetation, d&slepends mostly on the colorf the soil,
as well as its roughness and moisture content. If plants cover less than 15% of a surface, the
a values are similar to the af the soil lying beneath them. When vegetation covers between
15% and 40% of a surface, thgs determined by bothsoil and crop, and when vegetation
cover increases to more than 40%, the surface inherits the spectral properties of the crop
(Baumgardneet al., 1986) When the surfacea is controlled by a soil component, the major
factor influencing it is the soil color determined by the presence and quantity of SOM and
other soil pigments, like carbonates (Café@ndiron oxides (Fg€s) (Mikhajlova and Orlov,
1986) Raising the content of SOM andBGgtends to lower the soil while increasig the
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content of CaCgleads to lighter soil and lowea values Besides soil color, which tends to
remain stable over time, the surfaceis also controlled by more dynamic soil properties,
surface roughness, and moisture. Soil moisture is defined as the water contained in the
unsaturated soil zonéHillel, 1998) Increasing the soil moisture tends to make soil darker and
therefore to lower itsa. However, if the groundwater table lies dekeneath the soil surface,

then the surface quickly reaches -gined moisture state and thea rises againA surface
reaches the lowesa when moisture content increases to the field capacity, with a further
rise in moisture having no additional signifitaffect on the surface level(Liu, Wang and

Fu, 2008) Going theother way, the surface reaches its highestevel when the moisture
decreases from field capacity toygroscopic capacity, where further drying of the surface

stops having a significant effect on thdevel.

The roughness of soil surfaces is anothestda influencing the surface that is
considered dynamic over time. The roughness of soil surface is related to its irregularities
caused by factors like soil texture, aggregate size and shape, infiltration, rock fragments, land
management and vegetatiotover(Thomseret al., 2015). In actively farmed arable land it is
predominantly a product of soil treatments and tools that were used on a given surface.
Reducing the size of soil aggregates and smoothing out irregularities tend to increase the
overalla level of a surface. $surfaces that have large, irregular aggregates, separated by
deep spaces between them tend to absorb a higher amount of incoming radiation compared
to surfaces sporting smaller, smoother aggregdtdskhajlova and Orlov, 1986)he impact
of surface roughness on the salis dynamic and changes together with illumination
conditions, namely by the proportion of diffuse and dir@atident radiation, the severity of
cloud cover and solar zenith anglgs). The rate of change aftogether with changingswas
reported byMonteith and Szeicgl961),Kondratyev(1969),Pinty, Verstraeteet al. (1989),
Oguntunde, Ajayi, and Gies€2006),Cierniewski et al. (20H and Cierniewski, Ceglarek et
al. (2018). If most of the incoming radiation is direct (clear sky conditions), therathevel
rises together with increasings, reaching its maximum just after sunrise dmefore sunset.
Consequently, during the local solar noon, whgsis the lowest during the day, the minimal
values ofa are observed. That rate of thee value rise depends on the roughness of a surface,
where smooth surfaces observe a rapid increasa tbgether with rising gs, whereas for
very rough surfaces the level remains mostly unchanged during the day. Higher proportions
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of diffused solar radiation (especially when cloud cover is high) tend to diminish the effect of
changinggs on the surfacea .The surface roughness affects therefore both the initial level of

the surfacea as well as the rate of its change with the changingsof

Taking into account the three soil surface properties (color, roughness, and moisture
content) described in the présus subsection, theange ofa dyring local noohtends to be
0.050.15 for rough, wet and darkolored soils, and 0.38.4 for smooth, dry and light
colored onegOke, 1987; Dobos, 2006)

1.2.2. Classification of soils

Soil classification is an attempt to group soils that share similar properties (biological,
chemical and pysical) into units that can be mapped. A number of soil classification systems
has been developed over the years, and the emphasis on classificatemon has gradually
shifted from the genetic approach to using soil properties as a base for diffatiefi
between soil units. Many countries have developed national soil classification systems, most
notably the United State€Soil Survey Staff, 1975 ussigLevet al., 2001) Fance(Baizeet
al., 1995) Australia(Isbell, 2016)BraziEMBRAPA, 2006nd PolandPolskie Towarzystwo
Gleboznawcze, 2011Qver time, a consensus about the classifigatdd major soil units that
should be distinguished has been developed, taking several stages into account. Early soll
classifications focused on séirming factors and environment, dividing classified soils into
zonal (determined mainly by climate andgetation) and azonal (determined mostly by
parent material and timekrategories. Subsequent systems focused on the processes (e.g.,
leaching, salinization, ferrallitization or accumulation) occurring in the soil, characterized
roughly by soil properties.t&ting with the 7th Approximation of the USDA (United States
Department of Agriculture) Soil Taxonomy, the modern approach to soil classification was
conceived, where soil properties had to be precisely defined and quantified in order to define
diagnosticsoil horizons. Postmodern soil classification can be distinguished, making use of
statistics and fuzziness, and include numerical classification systems. The objective of the
latter system is to minimize withinlass variance while betweesiass variances maximized,
based on some objective criteria. It can, therefore, be summarized by stating that the
development of soil classification systems evolved, from being preconception driven and

arbitrary, into objective information of soil unit6AO, 2019)
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1.2.3. Contemporary soil classification systems

Among the current, most widely and globally used soil classification systems are: the
USDA Soil Classification System, also called Soil Taxonomy; the&JNEASLCO Soil

Classification System; dnthe World Reference Base; and they are briefly summarized below.
1.2.3.1. USDA Soil Classification System

The USDA Soil Classification System has its roots in the late fifties when it was
conceived by the Soil Conservation Service of the United Statesridesnt of Agriculture.
The system was subject to several approximations, starting with the 7th Approximation, which
F FGSN) O2y&aARSNI 0fS NB@AaA2Zya ¢l & LlzofAaKSR
Classification for Making and Interpreting’AS6  { d¢BIib $réeva Staff, 1975)The system
sports multiple categories of classification, in hierarchical order. From the most general,
highest categories to lower, more detailed categories those are: order, suborder, great group,

subgroup, familyand series, anchey are briefly described below.

Ordersare the highest category in the Soil Taxonomy. Currently, there are 12 distinct
soil orderqSoil Survey Staff, 1998&jp from 10 when the system was introduced. The soils are
classified into orders based on the existence or lack thereof of major diagnosteohsror
features displaying the forming process. The processes themselves are not distinguished at
that level; the distinction is based on markers left by processes that are dominant factors in
the formation of soil. Classification at this level is useful in understanithe global patterns

of soil distribution.

Subordersare one hierarchical level below orders and currently include 64 variants,
with various soil orders being divided into a varying number of suborders. The basis of this
division changes between diffeme soil orders; however, they are focused on soil moisture
regimes and diagnostic horizons. The suborder level also tries to distinguish important

properties that influence soil genesis.

Great Groupssit at one level below suborders, numbering more thd&® 3ndividual
great groups. Whereas order and suborder levels are quite generic and do not allow for

detailed consideration of more than a few of the most important horizons, at the great group
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level all the horizons present are taken into account. Temioeeaand moisture regimes are

considered as properties of a soil, as well as a cause of said properties.

Subgroupsnclude more than 2,400 distinct variations. In contrast to orders, suborders
and great groups that focus on features or properties dominant in a given soil unit, subgroups
emphasize the description of secondary soil properties. The processes descrthatllavel
include either processes that are dominant in other orders, suborders or great groups, or

those properties that are ariteriafor any soil unit above subgroup level.

Familiesare a somewhat unusual level, created with the intent to both greunol
subdivide the soils belonging to higher categories. The main principles behind family level
were the usefulness for growing plants and the management of soil. Examples of such families
include particlesize, mineralogy, cation exchange activity, and semperature among
others. A given soil unit can belong to various families, depending on which properties were

used for classification.

Seriesmake up the lowest, most homogenous category level, with over 19,000
individual series identified in thElnited States alone. The differentiae used at this level are
generally the same as in the previous ones; however, the range of values for selected
properties is narrower than those used in families and other higher levels. Similar to the
families level, tis division has mostly pragmatic meaning, focused on interpretative

applications of a system.
1.2.3.2. The FAQJNESCO Soil Classification System

The system of soil classification proposed by ENIESCO was an attempt at making
a truly international and uwersal system. The system was developed in 1974 in order to
create a soil map of the worlFA@QUNESCO 1974his system was not supposed to replace
any national systems, but to provide a common framework for the transfer of experience,
making a firse 3SNIDASS 2F GKS ¢2NIRQa az2iaf FyR G2 LJ
those reasons, the system is relatively simple and the soil units are broad. When it was first
conceived, the FA(QUNESCO system had two levels; the first level comprised 26 Major Soi
Groupings and the second level consisted of 106 Soil Units. FAO has been revising the system

since it was published; the revision of 1988 increased the number of units to 28 and 153 in the
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1st and 2nd level, respectively (FAO 1988). Soil Subunits, tre tikerarchical level was
introduced to the system in the 1990 revision; however, at that level the subunits were not
defined, but guidelines about naming and identification were provided instead. The
introduction of this system has led to the creation afglobal map of soil, at a scale of

MYp nnn nnn GKFGX f0K2dzZ3K GSNE ISYSNIft sz gl 2

around the world.
1.2.3.3. The World Reference Base

Building on top of and replacingghexisting FAQUNESCO Soil Classtima System
as an international standard, the World Reference Base (WRB) was first presented in 1998 as
an attempt to correlate local and national syste(RAQUNESCO 1988 esides being bed
on the FAQUNESCO system, the WRB was also heavily influenced by Soil Taxonomy, and the
French and Russian national soil classification systems. The WRB started as a tool for
correlating soil resource information at a world scale; it subsequently became atdefabal
soil classification system. Since its inception, the WRB has seen a couple of revisions, the
second edition appearing in 2006 and the third and current edition in 2014. The WRB is a two
level hierarchical classification system, the first levelrsgp32 Reference Soil Groups (RSG)
and the second is constructed by combining RSG with qualifiers that allow for more precise

characterization of soil.

1.2.4. Remote sensing of soils

Remote sensing (RS) is the art of getting information about an objétou
interacting with it directly. In soil science, the sources of remotely sensed information are
sensors carried by satellites, airplanes and recently unmanned aerial vehicles or drones
(Melesseet al., 2007) The principles of RS aitee detection and discrimination afbjects by
measuring radiant energy reflected or emitted by the surfésggarwal, Q06) The radiation
reflected or emitted from soil depends dhe range of its chemical and physical properties,
so it is possible to discriminate between different soil surfaces and properties based on that
radiation (Mulder et al., 2011; Dewitteet al., 2012) Among the soil propertieshat are
estimated using RS are soil quali@bade and Lal, 201,330il moisture(Lakshmi, 2013; Das
and Paul, 2015)oil fertility (Duet al., 2009; Tintet al., 2015) soil salinity(Metternicht and
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Zinck, 2003; Asfaw, Suryabhagavan and Argaw, 20 I&)currences of bare s@¢Dematteet

a> wnndpT [A FYR [/ KSYX HamnT [/ ASNYASgaiAsz YN
/ SAT I NB1 | YR Y. Thera Sc\NiRedydds bf Fesolutiomig :RPatial (how fine

details can be distinguishdd photos), temporal (observation frequency; how often photos

are taken in the same area), spectral (ability to define fine wavelength intervals), radiometric
6rtaz2 OFlffSR O2yGNradT GKS aSyaz2NBRQ FoAf Al
reflectance), andingular (the capacity to observe the same area from different angles); and

each sensor has to balance them due to technical limitations. The main-tfhdebetween

spatial and spectral resolution; a high spatial resolution is associated with low apectr
resolution. The use of RS in gathering information about soil on a global scale is limited due to
most methods being developed and calibrated for regional sc@édf et al, 2015) The

accuracy deterioration of RSatiods at the global scale is attributed to sensoise(Phillips

et al, 2009) and topographic and atmospheric distortio(iRichter and Schlapfer, 2002)

A common way of obtaining useful informatidrom remotely sensed images is
through spectral indice§Xue and Su, 201That try to capture vegetation properties as a
single value. Coming back to the fact that different surface features imatlyeir spectral
response, propemanipulation of spectral channels can highlight desired feat({hescet al.,

2008; Kuzucu and Balcik, 201&jmong the most widely used satellite data are those obtained
from the family of Landsat satellites, from which various indices are de(Wednoteet al.,

2016) Among tlese are Normalized Difference Vegetation Index (NDVI), Enhanced Vegetation
Index (EVI), Soil Adjusted Vegatatindex (SAVI) or Normalized Difference Moisture Index
(NDMI). NDVI is probably the most wkitown and widespread of the spectral indices; it
combines response from red and neafrared bands to estimate the amount of vegetation

for a given pixe(Rouse, Haas and Deering, 1978YI is functionally similar to NDVI as it is
also used for studying vegetatiphowever, in addition to the two bands used in NOBllie

band is also used. Whereas NDVI is chlorophyll sensitive, EVI cares about the structural
properties of canopy and leaf areas, making the two indices complementary. A version of EVI
that omits blue band has been proposglianget al., 2008)in order to extend the usabiyi of

the index to the images of the first satellites that lacked blue band. SAVI is a modified version
of NDVI that introducesan adjustment factor to the formula, skwn to minimalize the

influence of solil brightness on the index variat{btuete, 1988)NDMI was deveped in order
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to monitor changes of water content in vegetation, making use of mefaared and
shortwave infrared spectral band&ao, 1996)The increasing availability of sensors with very
high spetral resolution prompted the development of hyperspectral indi¢€senkabail and
Lyon, 2011) Taking advarmtge of narrower spectral bands allows for the distinguishing of
plant species and various stress factors inhibiting their groflRbberts, Roth and Perroy,
2011)

1.3. Types of agulture

In this section, conventiondill, reducedtill and naotill agricultural practices related
to soil preparation are listed and explained briefly. The factor differentiating these tillage
regimes is the share of the surface covered by crop residige tillage. Tillage refers to the
mechanical preparation of soil and includes practices such as plowing, harrowing, cultivating
or rototilling. Reduction of tillage practices and an increase in residue cover tends to diminish

soil erosion.

1.3.1. Convational and intensive agriculture

In conventional agriculture, less than 15% of plant residue cover remains after
planting. Conventional tillage generally involves plowing and harromeading to a rough
surface. This tillage type genesaléads to numeous tillage trips, resulting in substantial fuel
consumption and carbon emissi®nrhe techniques employed in this tillage method are based
on mechanical soil manipulation, starting with plowing and subsequent harrowing. These
operations result in the logening and aeration of the top layers of the soil, mixing nutrients,
plant residues, and organic matter, as well as the removal of weeds. The intensive till is an
extreme version of conventional agriculture, characterized by numerous field operations, as
well as usage of tools such as the disk or chisel plow, the rolling basket or soil cutter. In
conventional tilling methods, bare soil occurs mostly around the dates of planting and
harvesting. The soil stays bare before the planting as it is being prefardéde sowing of
crops; after planting it stays bare for as long as the crops take to develop; the soil is also bare
after the harvest. The soil is at increased risk of wignad waterbased soil erosion during

those periods.
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1.3.2. Reduced tillage

Reducd tillage is an intermediate step between conventional and conservation tillage.
In this system, between 15% and 30% of residue remains on the sy@ad€ 2004)A
reduction in tillage can be achieved tye reduction in the number of tilling trips and the
implementation of multifunction farming tools. Tillage operations are reducednly those
deemed necessary under given conditio(fSajri, Majumdar and Sharma, 2009)and
preparation and seeding are combined into one operation, and plowing is often eliminated.

Thesoil erosiorcaused by wind or rain is reduced due to the crop residue left on the surface.

1.3.3. Conservation agriculture

Conservation agriculture (CA), however, is becoming ever more popular, and under
such a regime, occurrences of bare soil are minimali@elpschet al., 2010; Friedrich,
Derpsch and Kassam, 2012)order to achieve CA benefits, more than 30%mefsoil surface
must remain covered by crop residue after any tillage and plgntiperations(CTIC 1993)

The focus is put on avoidirige mechanical disturbance of soil, keeping soil cover and using
varied cropping system@assam, Derpsch and Friedrich, 2014 )onservation systems the
soil erosion due to water and wind is diminished, thecumulation of SOM in the soil is
increased and soil biological activity is enbed(Busariet al,, 2015) Weed control is usually
achieved by the use of herbicides. Thadlowing tillage methods are classifiainder CA: no

tillage, reduced tillage, mulch tillage, and ridge tillage.

1.3.3.1 M tillage

In the most radical form of CA, the #tilage system the soil is left undisturbed from
harvest to planting, barring nutrient injections. The need for tillagavsided by directly
depositing a seed in the soil, made possible by using special seeding equipment such as seed
drills and seed openers that create soil openings only of sufficient width and depth to allow
proper seed coveragé€Midwest Plan Service, 2000Notill agriculture often uses crop
rotation as an additional form of weed control. Due to permanentdesion the soil, carbon
sequestration is improved compared to conventional agriculture and SOC accumulation in the

soil is increase@Stagnari, Ramazzotti and Pisante, 2009; @bai, 2012)
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1.3.3.2. Mulch tillage

The mulch till is another variant of CA in which the soil surface is disturbed by tillage
and crop residue is mixed with the soil, leaving some amount adueson the surfacéSCSA
1987) It is usually achieved by replacing chiseiygdpsweep cultivators or diskiltivators by
moldboard or disk plows in tillag@al, 2016) The effect is that the residue is buried only

shallowly, maintaining good aeration in the soil.
1.3.3.3. Ridge tillage

In ridge tillage, crops are planted on ridges formed by shallow cultivation equipment
during the preceding and current planting seasons. The soil is left undisturbed between
harvest and planting, barring eventual nutrient injectiofGajri, Majumdar and Sharma,
2009) The crop residue remasnin the rows between the ridges. Ridge tillage is especially
favorable on level fields, in soils that have poor drainage and are therefore often to(bWet
et al, 2012)

1.4. Crops

1.4.1. Major farming crops

Among many plant species existimgnature, humans mostly cultivate less than 70 of
them, a staggeringly low number in comparison to natural ecosystems, with estimates of over
100 species of trees alone found within onectare of tropical rain forestgFowler and
Mooney, 1990; Perry, 1994Among those crops, there are 12 cereal crops, 23 vegetable
crops, and some 35uts and fruits. Taken together, cultivated areas of just wheat, maize, rice,
and barley constitute over half of the totaliltivated areas in the worl(Leff, Ramankutty and

Foley, 2004)

1.4.2. Geographic distribution of major farming crops

The first attempts at mapping the global geographic distributtbmajor crops were
made by theUnited States Department of Agricultdd®int Agricultural Weather Facility
(USDA/JAWHRH 1981 with revisions in 1987 and 1994. The authors divided the world into

major agricultural areas and provided data about growth cyclea,aamd yield of selected
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crops, aggregating data coming from censusesghérlate 1990sa new approach arose; the
census data began to be fused with maps of agricultural land cover obtained from satellite
imagery(Ramanktty and Foley, 1998; Frolkimg al., 1999; Hurtiet al.,, 2001) The geographic
distribution of major cropsvas prepared by.eff, Ramankutty, and Folé&y 2004 Using such

an approach presents dafar 18 crops.The authors use census data from various countries
andthe FAO and combine it with thglobal land use dataséRamankutty and Foley, 1998)
This approach has led to a gridded map, where each cell shenaréa under cultivatin for

each of the selected cropbleistermann(2006) created a datet showing distributions of 17
crops. Like Leff before him, he fused census data at various administiatais with a land
cowver map, but instead of showing fractions of the farmed area under,aeilts in his dataset
show just the dominant crop in each cell. In 200®nfreda, Ramankutty, and Foleysed a
similar approach of fusing census data wathupdated global croplandhap (Ramankuttyet

al., 2008)producing gridded maps for 175 crops (M&lsoincludingtheir average yields in
addition to the farming area. Based on tiM3 dataset, combined with crop calendars
supplemented by the FA®ortmann et al(2008) develope@ dataset showing the monthly
farming area of 26 irrigated cropso Tecord the monthly irrigated and rainfed crop areas
around the year 2000 (MIRCA2000), thmbal dataset was subsequently developed by
Portmann, Siebert et 82010). In this version, the authors foeuson distinguishing between
rainfed and ifrigated farming areas, again presenting data in monthly periods.Qlbbal
AgroEcological Zones (GAEZ) dataset was created by théHgsBeet al., 2012) combining

the existing M3 dataset with socieconomic data such as population densityd location of
markets. This dataset provides infoation on area, yield, and production for 23 crops,
separating rainfed and irrigated ones. The most recent attempt at mapping geographic crop
distribution in the year 2000 is the spatial production allb@a model (SPAM), proposed by
You et al(2014). The SPAM extends the methodology used in M3 and MIRCA by incorporating
informed prior spatial distribution of crop areas into tle@tropy-based model, creating a
dataset of 20 major crops, disaggregated into four classes ihjgit irrigated, highinput
rainfed, lowinput rainfed and subsistencéVood-Sichra, Joglekar, and Y{®016) published

an updated crop distribution database2005 based on SPAM. Beyond updating the year, the
main differences compared to the previous SPAM datasetarencreased number of

analyzed crps from 20 to 42 and improvements to the entropy equations. All of the gridded
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models mentioned above have a cell size of 5 arc min, which equals to aroukich @2the

equator.

1.4.3. Plant development and growing degree days

Phenology is the study ohe life cycle of plants and animals, and in the case of crops
is mostly concerned with the dates of first occurrences of bud burst, leaf expansion, flowering,
fertilization, fruiting, seed dispersal and germination in their annual dfgdaner, 19980ne
way of monitoring and predicting phonological phaseshrough the use of growing degree
days (GDD)McMaster and Wilhelm, 1997)GDD is a cumulative measure of heat
accumulationgalculated using average daily temperatures #rmelbaseline temperature that

differs among various crops (eq. 1).

'$$ —— Y (1)

where Tax and Tin are maximum and minimum daily air temperatures, angselis the
baseline temperature for a given crop. For days when GDD was a negative value, it was set to

zero instead.

1.4.4. Crop calendars

Crop calendars are an attempt at showing optimal planting and harvesting dates of
crops in particular regiond&AQO, 2010)Timing of sowing and harvest affects thegiation of
crop growth and yields and on the impact of croplands on water and energy balawoee,
Kucharik and Foley, 2004he selection of crop planting datis a balancing acglanting too
early might lead to frost damage during flowering and increthgeriskthat the crop will use
up available moisture before the reproductive stage begins, whereas planting late can lead to
heat stress during therop maturing phas€Ortiz, Tapley and Santen, 2012yop calendars
are usually created using either satellite remote sendidgang, Friedl and Schaaf, 2006;
Roerirk et al,, 2011; Youet al,, 2013)or by compilingdata from observers around the world
(e.g, USDA 2006; FAO 201Bdth approaches have their limitations; the case of remotely
sensed datahe ground resolution is typically 1 km or greater, which happens to bedacse
to distinguish between individual crops in many parts of the world, whereas the scale of the

observations is usually presented at a natieleadel, and commonly in graphic format. To the
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al., 2010) Those authors compiled data from six sources, mostly from the aforementioned
FAO and USDA datasets to produce calendars covering planting and harvesting d#&es of
individual cropsThe resulting calendars present data at the national level, with some large

countries being divided into sufational units, and relate to the late 1990s and early 2000s.

1.5. Aim of the study

This work is focused on estimating the occurrences of maximum areas of bare soil
resulting from the planting of major crops throughout theay on arable land, as well as
acreages of major soil groupings that are without vegetation. Bare soil was defined as having
less than 15% of the surface covered by plants. Periods of bare soil were estimated starting
with the planting dates of crops obtaed from the planting calendar and ending when the
crop covered the aforementioned proportion of surface. The plant phenological development
was estimated using GDD accumulation starting at the day of planting. The global aspect of
the problem was tackledy dividing the globe into six super regions, which were further
divided into subregions. The result of this work, described in a later chapter was a world
divided into 33 regions, and for all of them, maps showed the location of their croplands,
togetherwith the annual variation of bare soil area, divided into soil groupings according to
FAQUNESCO classification. Additionally, for each region, the area under cultivation for each
of 13 major crops was summarized while excluding areas under conservationltage. This,
in turn, allowed the estimation of potential shortwave solar radiation that could be reflected
from arable land throughout the year, according to various scenarios concerning farming

practices, taking into account thee of the bare soil.
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2. Study area and methods

In this chapter, the way that the study area was divided into regions and the procedure
leading to obtaining annual bare soil area for each of them is explained. The procedure is also

summarized in the flowchart presented below (Figure Maps throughout ths thesis were
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Figurel. Flowchart illustrating the steps taken in the procedure.

2.1. Selection and creation of agricultural regions

The study area encompasses all of the arable land in the world, as delimited on
oGeographic distribution of global agdiltural lands in the year 206qRamankuttyet al.,
2008) In order to aickle the global aspect of the studlge agricultural lands were first divided
into agricultural regions. That divisisvasinspired by thedivision proposed by USDA in Major
World Crop Areas and Climatic Profiles and was further subdivided into smaller regions. The
regions were selected in such a way as to contain continuous agricultural lands. In the first
step, the farmel areas related to each of the 13 major farming cr@jenfreda, Ramankutty

and Foley, 2008yere summed for each pixel of tlearth. Those selected cropgere barley,
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cassava, cotton, groundnuts, maize, millet, potato, rapeseed, rye, sorghum, soybeans, sugar
beet, and wheat. The arable areas for all of those crops were stored in raster files, where each
pixel was the size of 5 arc minutes. Using ArcMap softweos ESRI, all of those 13
aforementioned rasters were summed, producing one raster showing a farmed area all in
pixels covering the whole earth. The polygons representing the regions were drawn on top of
a map of the summed farmed area. In the next staipof the previously mentioned maps
showing the farmed area of each of the selected major crops were divided by the regions in
such a way that for each region one dataset for each major crop was obtained. Additionally,
the geographical center of each agrltural region was selected, in order to be used in a
further step. The final division encompasses 33 regions, which for ease of presentation were

grouped together into six super regions on a continental scale.

2.2. Applying crop calendars to regions

The procedure performed in the following steps was repeated for all of the regions.
TheCrop planting dates: an analysis of global pattedasaset, published bypacks et ain
2010 was introduced in the next step, and will henceforth be called crop calerde crop
cdendar presents data about planting and harvesting dates, among other things, for 19 major
crops, including the 13 that were selected for this work. The planting dates dataset that will
be of use in this step was presented in the form of rasters, wherh ealt shows data about
the average planting day of the crop of interest in a given area, separately for all of the crops.
Those calendars were transformed into a vector dataset, where polygons were created
spanning continuous regions with the same plagtaate. Using ArcMap, the farmed area of
each crop was superimposed on the planting date from the crop calendar related to that crop.
Then, by applying a zonal statistic tool, with each distinct planting date serving as a zone, all
of the pixels with a faning area within such a zone were summarized. The example of this
procedure is shown in Figure 2. As each of the pixels contained information about the farming
area of a given crop within the said pixel, by summing pixels found within each zone, the
numberof hectares on which a crop is planted on a particular date in the region was obtained.
That step was repeated for each crop present in a given region. The final result of this
operation was a table, showing dates of planting together with the area bplagted,

separately for all of the crops.

28



Study area and methods

maize Planting day "“sum of hectares ]
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136 R Z s \// 23 |65.5 Eastern Africa 873.76

ne e o 24[101.5 Eastern Africa 1176899.21
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5 \'.\ (\:'i/u-" s 2 % 27 |357.5 Eastern Africa 122.63
ot ' kT /182, 28[105.5 Eastern Africa 17644675
€. /:"" 825 Lo 2940.5 Eastern Africa 837370.45

3 } 2 30274 Eastern Africa 184400.74

& TN 31{90 Eastern Africa 1552010.02

) 32[227.5 Eastern Africa 559.09

: / 33(15.5 Eastern Africa 545711.67

L~ ,J 182 34|88 Northwestern Africa 2117

Legend ~ e 3 35/136.5 Northwestern Africa 613.08
Regon borders 274 N S 36 (61 Northwestern Africa 158.42
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1 ® ¢ 2215 3845.5 Northwestern Africa 257281.53

Figure2. An example of combining calendar planting dates with farming aredafned area of maize in hectares, each
pixel represents area being farmed; Bhe crop calendar converted iatpolygons, the numbers inside refer to the day of
year in which the maize is plante@ export of data into tabular format, where each unique instance of planting date

within region is summarized together with the total area of maize being planted ordthat

2.3. Predicting the periods of bare soil

In this work, periods of bare soil were assumed to start with planting and stay that way
until a crop develops enough to cover a significant portion of the surface (15%), thereby
changing the spectral propeess of the field. In order to predict the rate of phenological
development, growing degree days were implemented. GDD is based on heat accumulation
and is calculated based on average daily temperatures. At this stage of the procedure, the
average daily temgratures for each day of the year, measured over the period of ten years
(199@;2000) were estimated. The temperatures were obtained from the National Center for
Atmospheric ReseardPNCAR, 2018pr the centers of the regions, which were sakxtduring

the first step. Consequently, for each dafythe year, the mean temperatures from terear
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periods were averaged, resulting in an aahaourse of average daily temperatures for each

region. Using théormula:

'$$ — Y (1)
where Tmaxand Tmin are the maximum and minimundaily temperatures, respectivelyand
ThaselS @ baseline temperature required for phenological processes, and is related to the crop
in question and obtained from the works Bfiller, Lanier, and Brandt (200Dee (2011and
Worthington and Hutchinson (2005)he GDD value for any day cah be lower thanzero,
so for days when the average daily temperature was below the baseline, the GDD was set to

zera The annual GDD course was obtained by cumulating values for each subsequent day.

2.4. Estimating annuabbe soil variation

In this step, the periods for when the agricultural land stayed bare of vegetation after
planting were calculated. In the three papers mentioned in the previous paragraph, besides
finding the baseline temperatures for the cropse numbker of GDD required by the crops to
reach their phenological phases was also found. Having the planting dates together with the
farmed area for each crop, the annual accumulation of GDD was added to the table. For each
unique planting date and crop combinan, the number of GDD required for a crop to reach
a phenological stage sufficient to cover the surface by at least 15% was added to the already
accumulated GDD on that day. This value was used to find a date matching that number of
accumulated GDD, whiclwas considered as a date when soil stopped being bare due to
planting the given crop on a given date. This step resulted in recordinetieds of bare soill
together with their areas. Performing this step for every crop present in a given region and
afterward summinghe farmed areas related to those periods resultedistainingthe bare
soil course for the whole region.

The impact of conservaticagriculture was also taken into account. Since the database
containing a farmed area of major crops makesdistinction about the type of agriculture,
the impact ofconservation agriculture on the area of bare soil was estimated in a thiege
procedure. First, all of the farmed areas in a region were summed giving a total farmed area
in a region. Next, takpg the area under CA from the worksérpsch et al. (2010lriedrich,
Derpsch, ad Kassam (2012nd data from EUROSTAT the proportion of CA to total farmed

area in each regionvas calculated. Afterward, the bare soil area was multiplied by the
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proportion of the surface being farmed in a conventional way, effectively subtracting the area
under CA.

2.5. Major soil grouping areas in the regions

In this step, the composition of soil used in agricultunaits within each region was
obtained. Two datasets were used in this procedure, the Digital Soil Map of the World (DSMW,
FAQUNESCO 200Z&ndthe globd land cover majArinoet al., 2012) The DBIW is a global
sol map in vector format, presenting soil units classified accordingheoFAQUNESCO
system att & Ol £ S 0R0F GlabGoper is a raster map with a resolution of 800
containing 22 land cover types. In order to delimit soils to croplands, threeeslassm
GlobCover were selected: Pda&ioding or irrigated croplands, Rainfed Croplands and Mosaic
Cropland (570%)~kegetation which taken together cover 12% of the land surface. Those
three classes served as a mask to extract the area occupied byutarsoil units within the
extent of all of the regions. This was achieved in ArcMap, employing the Intersectheol
soil units within the extent of the mask and a region were selected, then using the calculated
geometry area of each, the soil units veetalculated.This step was repeated for all of the

regions. The proportion &FFAQUNESCO soil units at a major soil grouping level was required

in further steps of the project, of whidhis thesis is one part.
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3. Results

3.1. Regionalization of the studsea

The study area was divided into 33 regions, which will be presented after aggregation into
SiX super regions at a continental scale. The regions selected for the procedure are listed
below:

1 Africa (AR) consisting of five regions: NorthwestefAFnw), Western (AFwe), Central

(AFce), Eastern (AFea), Southern including Madagascar (AFsm);

1 Asia (AS) being the largest super region, this was split into ten parts: the former
republics of the Soviet Union in Central Asia (Kazakhstan, Uzbekistan, &rgyzs
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 ®utheast Asia (ASse);

1 Europe (EW) made up of four parts: the European Union and its associated countries
(Switzerland and Norway), plus the countries of the former Yugoslavia outside the
European Union, divided intiiree subregions: Western (EUwe), Ceh{aUce) and
Southern (EUso0), and the Russian Federation with the former republics of the Soviet
Union (Belarus, Ukraine, Azerbaijan, Armenia, Georgia) (EUTrr);

1 North and Central America (NAJivided into eight regions: Canada (NAca), the
United States (WagNAwe), Midwest (NAmw), Northeast (NAne) and South (NAso0)),
Mexico (NAme), Central America (NAce) and the Caribbean (NAca);

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

1 Oceania (O@)which includes 3 regions: Australia (East (OCae) and West (OCaw)),
New Zealand (OCnz) (Figure 3).
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3.2. Global annual variation of bare soil

The annual variation of bare soil as a result of the planting of barley, cassava, cotton,
groundnut, maize, millet, potato, rapeseed, rye, sorghum, soybsagar beet, and wheat is
presented in Figie 4. The maximum of almost & millionkm? is reached arounthe 140th
day of the year (DOY) and is flanked by two peaks, one of around 900,6@deamding the
maximum aroundhe 95th DOY and the other one occurring after the maximum around the
180th DOY and reaching about 700,008 (Figure 4). This period, related to summettie
northern hemispherg is then followed by a period of relatively low amount of less than
200,000 knof bare soil starting around the 220th DOY and lasting until the 3Rk, when
the amount of bare soil rises again, to just short of 700,008Which is related to the planting

happening mostly in the southern hemisphere.
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Figure4. Annual variation of the bare soil area on a global scale.

Globally, among the 13 crops included in this work, the largest farmed area belongs to
wheat, followed by maize, taking 34% and 21%, respectively (Table 2). After these, barley is
farmed on 8.5% of analyzed land, sorghum and soybeans each making justfsbfidrt then
millet and cotton having each around 5%. Rapeseed is being farmed on shy of 4% of the area,
groundnuts on a little more than 3%gllowed by other crops, right up to the moment that

their development covers more than 15% of the surface, whighalso listed.Note thd in
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cases of millet and groundnuts those periods were estimated only as a number of days, as the

GDD values were not found.

Tablel. Both relative and absolute areas being farmed for 13 major crops, and baseline and

target GDD values used to predict periods of bare soil after planting.

Area GDD

Crop (%) (thousands k@  baseline (°C) target

Wheat 34.6 2218.78 5 1701 220
Maize 20.8 1334.02 10 264 476
Barley 8.5 541.64 5 145184
Sorghum 5.9 376.63 10 5001575
Soybean 5.8 369.21 10 2501300
Millet 5.1 327.61 NA 3545 (days)
Cotton 4.9 313.11 0 400
Rapeseed 3.7 240.09 8 411 463
Groundnuts 3.3 208.49 NA 21728 (days)
Potato 3.0 190.01 8 5001 600
Cassava 2.1 135.90 10 2201300
Rye 1.4 88.91 5 1701200
Sugar beet 1.0 62.62 1 335476

The soil units used for agriculture presented here are classified according i FAO
UNESCO on the 1st level (Table 2). The soil unit most commonly used in agriculivrsals
covering over 16% of arable land, and can be found on every continent. With its good
drainage, rich nutrient content and mixed mineralogy, it is suitable for a wide range of
agriculture.Chernozemare one of the most fertile soils, rich in humus, phospts, ammonia
and have high moisturstorage capacity and are the second most used soil in agriculture,
making up just more than 10% of arable land. The third most widely farmed type of soil is
Lithoso] found predominantly in mountainous regions, with alst 10% coverage of arable
land. Even thoughithosolsare shallow, poorly mineralized soils, they can be productive and
fertile (Tekwa and Shehu, 201Qambsolsisthe fourth most commonly found soil grouping,
with a share of almost 10%. Thase characterized by favorable aggregate structure and high

guantities of weatherable minerals, making them very desirable for agriculture. They occur in
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a range of climates, most notably in temperate and boreal regions that were covered by
glaciers as wdl as in regions with active geologic erosiéastanozemss a soil grouping
characterized by rich humus and calcium content, found mostly in dry climates. Making up
over 6% of arable land, they are commonly used in agriculture but usually requireiamigat
Gleysolsare an example of azonal soils present in nearly any climate, found in depressions and
low landscape. Naturally occurririgleysolsare wet soils, but after artificial drying, they are
fertile and useful for agricultureArenosolsare sandy sis, characterized by poor water
holding capacity and are poor in nutrients. Nonetheless, they can be productive if treated with
proper fertilization and are herefore farmed on around 5% of arable larfdhaozems,
constituting over 4% of arable land, aralwable in agriculture for their rich content of humus

and calciumFluvisolss another example of azonal sall, in this case, found in alluvial deposits
along rivers and lakes, which cover short of 5% of the arable land surface. The high fertility of
alluvial soil is known to humanity since the beginnings of agriculiiezosolghat are found

on over 4% of arable land is a soil grouping found in arid climates, with the potential to be
highly fertile if proper irrigation is implemented\crisolsnake up &out 4% of arable land,
occurring mostly in humid, tropical regions. They are acidic soils rich in clay content, adopted
for the farming of acidolerant crops. They make up around 6% of global arable Medisols

are a product of vertical mixing of $qgarticles due to repeating patterns of wetting and
drying. With their high level of nutrients, they have potential to be fertile, but require
intensive management due to high clay content. They make up less than 4% of arable land.
Similar to the aforemetioned XerosolsYermosolsiound on about 3% of arable land, is a soll
grouping found in arid climates, with high fertility if irrigatdeerrasolsare characteristic red

soils found most often in tropical, humid climates. Their color and name are bettretult of

the high content of metal oxides, principally iron and aluminum. In global agriculture, they
make up around 3% @frable landHistosolswhich is found on about 8% of arable land, is

a soil grouping rich in organic mattétitosolsis thesoil group that is found mostly in tropical

and subtropical areas, and perhaps the most fertile soil group in such regions; despite
frequently low quantities of phosphorus, these can be productive if properly mandded

last two soil groupings that hawseshare in globarable lanchigher than 1% arRegosaand
PodzoluvisolsAll the other soil units were found in less than 1% of arable land globally, but

their contribution to arable land in particular regions can be higher.

36



Results

Table2. Absolute and relative areas of major soil groupings

found onarable land at the global scale.

Soil Area

Grouping (%)  (thousands kR
Luvisol 16.93 1078.9
Chernozem 10.12 645.2
Lithosol 10.06 641.3
Cambisol 9.43 601.15
Kastanozem 6.35 404.9
Gleysol 5.43 346.2
Arenosol 4.69 299.2
Phaeozem 4.33 276.2
Fluvisol 4.30 273.9
Xerosol 4.28 272.8
Acrisol 4.04 257.3
Vertisol 3.90 248.8
Yermosol 3.08 196.5
Ferrasol 2.85 181.5
Histosol 2.55 162.5
Nitosol 1.80 115
Regosol 1.64 104.8
Podzoluvisol 1.40 89
Solonetz 0.86 54.9
Planosol 0.76 48.4
Podzol 0.51 32.8
Rendzina 0.28 18.1
Andosol 0.20 12.7
Ranker 0.19 12.4
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3.2.1. Northern hemisphere

The entirety of arable land found in the super regions of Europe and North America,
all of the Asian regions except ASim, parts of the SAas from South America and the whole
African region of AFnw with parts of AFce and AFea are encompassed in the northern
hemisphere. The annual variation of bare soil area of arable land (Figure 5) founat in th
delimitation is dominated by an episode starting on the 92nd DOY and ending on the 200th
DOY (beginning of April until end of July). Three distinct peaks are noticeable during that
period, the highest one on the 140th DOY (second half of May) coinuidlesextensive
planting in Europe, Asia and North America resulting in almdsmillion km? of bare soil.
Almost 900,000 kriof arable landis bare aroundhe 100th DOY (beginning of April) as a
consequence of planting primarily in Asia and Europe. &kedf the three major peaks
achieves just short of 750,000 between the 185thand the 196h DOY (first half of July),
caused primarily by planting in Asia and reinforced by planting in arablddaatéd in parts
of Africa lying in the northern hemibkpre.

Wheat is the crop with by far the largest share of area dedicated for its cultivation,
with almost 40% of analyzed land sporting this plant (Table 3). A bit over half of that area is
used for maize with a share of over 20%; halving this area aiy&is gs the share of land used
for the cultivation of barley (9%). Plantations of cotton, sorghum, and millet occupied similar
areas of land between them, each found on about 5% of arable land in the northern
hemisphere. A significant share of the area waso dedicated to rapeseed, potatoes
groundnuts and soybeans with a share of around 4%, 3%, 3%, and 2%, respectively. Rye,
cassava, and sugar beet were present but each of these was farmed on less than 2% of the
analyzed area.

Similar to the results fothe whole globe, the most common soil grouping used in
agriculture isLuviso] with over 15% of arable land in the northern hemisphere belonging to
that grouping (Table 4Chernozemare also used extensively, with an eighth of arable land
encompassed byhat grouping, largely due to Europe and North AmeriCambisolsand
Lithosolsboth have a share of about 11%, followedKystanozemand Gleysolghat occupy
around 7% of arable land in the northern hemisphere. Similar shares of about 4% were
observed forXerosols, Fluvisoland Acrisols while Yermosols, Vertisols, Histosols, Phaozems

and Arenosolsachoccupied around 3% of that area. The remagnsoil groupings had an
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individual share of lower than 2%, whitdanosolsvere not found at all on arable land in this

hemisphere.
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Figure5. Annual variation of bare soil area of aralded in he northern hemisphere

Table3. Area and share of major crops on arable

land in the southern hemisphere.

Major Area Area
crop (thiLrjnSz?ndS (%)

Wheat 1960 37.6

Maize 1063.9 20.4
Barley 487.1 9.4
Cotton 279.8 54
Sorghum 266.6 51
Millet 241.6 4.6
Rapeseed 229 4.4
Potato 176.5 3.4
Groundnut 164.2 3.2
Soybean 123 24
Rye 87.8 1.7
Cassava 67.8 1.3
Sugar beet 61.8 1.2
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Table4. Area and share of major soil groupings on

arable land in thesouthern hemisphere.

Sail Area Area
groupings (thil:;?nds (%)
Luvisol 813.65 15.62
Chernozem 645.2 12.39
Cambisol 595.85 11.44
Lithosol 585.8 11.25
Kastanozem  362.35 6.96
Gleysol 345.5 6.63
Xerosol 238.45 4.58
Fluvisol 230 4.42
Acrisol 223.8 4.30
Yermosol 187.5 3.60
Vertisol 181.3 3.48
Histosol 162.5 3.12
Phaeozem 157.5 3.02
Arenosol 154.35 2.96
Podzoluvisol 89 1.71
Nitosol 82.8 1.59
Regosol 63.2 1.21
Podzol 32.8 0.63
Rendzina 18.1 0.35
Solonetz 14.1 0.27
Ferrasol 11.45 0.22
Andosol 7.9 0.15
Ranker 6.2 0.12

Planosol 0 0
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3.2.2. Southern hemisphere

Arable land in the southern hemisphere spreads over the majority of the South
American super region, southern parts of Africa, the whole of Oceania and the ASim region in
Asia.Compared to the acreage of bare soil in the northern hemisphere, the maximal area of
bare soil is over three times smaller, reaching 400,000e&tween the 335th and the 346th
DOY (first half of December)(Figure 6). That peak is preceded by a perioteaking acreage
of bare soil that starts around the 275th DOY (beginning of October) during which the area
slowly rises to about 100,000 Kroy the 327th DOY (second half of November) after which it
quickly skyrockets to the aforementioned maximum, resgitprimarily from the planting of
maize in South America, after which it falls again. The other distinct peak occurs between the
15th and the 25th DOY (second half of January), with the bare soil area at that time just below
100,000 kr. Other instances fobare soil were spotted around the middle of the year,
between the 141st and the 170th DOY (middle of May to middle of June), caused mostly by
the planting of wheat in Australia.

Three major crops dominate the agriculture of the southern hemispherezenaiheat
and soybeans, each of them with a share of arable land of over 20% (Table 5). Maize, which is
the crop with the greatest area under cultivation in this hemisphere is planted primarily in
South Americaand Africa, while the share of wdat is elevated by extensive farming in
Oceania, with large areas also in SoAtherica and Oceania. Sorghum and Millet are farmed
on about 10% and 7%, respectively, both largely due to farming areas in Afrigee ldrthe
northern hemisphere, signdar areas are dedicated to the cultivation of cassava (about 6%),
mostly in Africa but also in South America. A similar area of about 5% is used for growing
barley, mostly in Oceania. The farming of groundnuts results in their shaagabfe land
reachingabout 4%, largely due to Africa. The last major crop with a significant share of arable
land is cotton, farmed both in Africa and South America.

As in the case of the northern hemisphere, thevisolsaare the most donmant major
soil grouping in agriculter, making umlmost 30% of arable land in the southern hemisphere
(Table 6).Ferrasolswith a share of almost 20% is the second most common grouping,
recognized for its characteristic reddish color, especially common in South ArdgBcasols
andPhaozemshaverespective shares of about 16% and 13%, the former mostly in Africa while

the latter is found extensively in Argentingertisols Lithosols,and Planosolsdhave each a
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share of between 10% and 5%, wiilevisolsKastanozems, RegolsandSolonetall occupy
similar areas, with a sharef just below 5%. The remaining arable area is divided almost
equally betweenXerosols, Acrisoland Nitosols,each with a share of over 3%, and the
remaining soil units have a minuscule sharermosols, Rankers, Cambisols, Andoaals,
GleysolsThe soil groupings not listed above were not found within arable land in the southern
hemisphere; those ar€hernozems, Histosols, Podzosols, PodzoluasdlRendzinas
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Figure 6. Annual variation of bare soil area of arable land in the southern hemisphere.

Table5. Area and share of major crops on arable

land in the southern hemisphere.

Major Area Area
crop (thil;fz?nds (%)
Maize 270.2 22.6
Wheat 258.8 21.6
Soybean 246.2 20.6
Sorghum 110 9.2
Millet 86.1 7.2
Cassava 68.1 5.7
Barley 54.6 4.6
Groundnut 44.3 3.7
Cotton 33.4 2.8
Potato 13.5 11
Rapeseed 111 0.9
Rye 1.2 0.1
Sugar beet 0.8 0.1
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Table6. Area and share of major soil groupings on

arable land in the southern hemisphere.

Soil Area Area
groupings (thifni?nds (%)
Luvisol 265.25 29.47
Ferrasol 170.05 18.89
Arenosol 144.85 16.09
Phaeozem 118.7 13.19
Vertisol 67.5 7.50
Lithosol 55.5 6.16
Planosol 48.4 5.37
Fluvisol 43.9 4.87
Kastanozem 42.55 4.72
Regosol 41.6 4.62
Solonetz 40.8 4,53
Xerosol 34.35 3.81
Acrisol 335 3.72
Nitosol 32.2 3.57
Yermosol 9 1.00
Ranker 6.2 0.68
Cambisol 5.3 0.58
Andosol 4.8 0.53
Gleysol 0.7 0.07
Chernozem 0 0
Histosol 0 0
Podzol 0 0
Podzoluvisol 0 0
Rendzina 0 0

43



Results

3.3. Africa

The continent of Africa is a great landmass that comprises an area of around 30 million
km?, of which 38% igsed for agriculture; however, most of that is used as pasture for grazing
2F OFGGOES YR 20KSNJ FYyAYIlIfasz | ydouddzientofy:'z 27F
the continent is over 8,000 km, spanning both northern and southern hemispherestimgsul
in a diverse range of climates. The African continent was divided into five agricultural regions
(Figure 7):

1 Northwestern (AFnw) also called the Maghreb, concentrated around the
northwestern coast of Africa. The farming areas in this region are falowg the
Atlantic and Mediterranean coasts, and in the south are bordered by the immense
Sahara desert;

1 Western (AFwa) the western region consists of land found along the Gulf of Guinea,
bordered in the north by the Sahara, and is flanked in the eashbytropical rain
forest of central Africa;

1 Central (AFce)this region is occupied predominantly by tropical rain forests and is
therefore not favorable for agriculture. The notable exception to this is the Congo River
and arable land can be found along it;

1 Eastern (AFea)a region spanning eastern Africa, bordered by the Sahara in the north,
and in the south by the lakes Tanganyika and Malawi;

1 Southern, including Madagascar (AFsrtt)e southernmost region delimited in Africa.
Bordered in the north by the cerdl and eastern regions, it is the only African region
located fully in the southern hemisphere.

The variation of bare soil in the whole of the African region (Figure 8) is dominated mostly
by the major crops farmed on the continent (Table 3). Those aigensorghum, and millet,
each consisting of about 20% of the analyzed crops in the region. Other crops farmed in
significant numbers include cassava, groundnuts, and wheat, with shares of 10%, 9%, and 8%,
respectively. Cotton and barley are farmed onward 4% of arable land each, while soybeans
and potato on about 1%. Due to the continent stretching over northern and southern
hemispheres, as well as the equatorial region, there are three distinct peaks of bare soil
throughout the year. The most notablene reaches around 350,000n? and starts around

the 150thDQY, increases until the 190th DOY and then decreases until the 230th DOY,
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together lasting for more than two and a half months, with the largest area of bare soil lasting
for around three weeks fnm the 180th to the 193rd DOY. Another considerably smaller peak
of around 120,000 krlasts for close to a month, from the 90th to the 115th DONe last
notable peak is the smallest of the three, reaching close to 60,060dmd was found starting
around the 318th DOY and lasting all the way to the 3rd day of the following year. This last
peak is attributed mostly to the southern region and to spring planting around that time. The

contribution of particular crops to those values is presented while amaygach region in

detail.
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Figure7. Arable land in Africa super region divided into regions.
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Figure8. Annual variation of bare soil area in Africa super region.

Table7. Area and share of arable land of major crops

farmed in Africa

Major crop Area
(thousands
k) (%)
Maize 211.1 23.4
Sorghum 190.8 21.1
Millet 171.5 19
Cassava 93.2 10.3
Groundnut 79.9 8.8
Wheat 68.4 7.6
Cotton 34.9 3.9
Barley 34.7 3.8
Soybean 9 1
Potato 8.4 0.9

350
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3.3.1. Northwestern Africa

Agriculture is limited in northwestern Africa, found only along the Mediterranean and
Atlantic coasts in any significant acreage, being limited by the Sahara Desert and Atlas
Mountains (Figure 9). Most of the arable land in this region belongs to eitheoddo or
Tunisia, with both countries practicing CA, but only on 8,000 and f©8@0fespectively, so it

has no significant influence on the bare soil variation (Figure 10).
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Figure9. Distribution of arable land in thorthwestern Africa region.

The major soil groupings used for agriculture in AFnwCanebisolsoccupying almost
a third of arable land, followed bluvisolsand Kastanozemseach taking about 14%, then
XerosolsFluvisolsandVertisolswith 11%, 8%, ah6% area coverage, respectively (Figure 11).
The remaining 15% is split between nine more soil groupings, none of which occupy a
significant portion of arable land in the region. Among the analyzed crops, all but cassava was
found being farmed (Figure 12)he overwhelming majority of arable land is used for farming
of two cereals, wheat (60%) and barley (33%), followed by much smaller aneeszef (3%)
and potatoes (2%). The remaining 2% is split between all the other exmeptcassava. The
point usal for obtaining average daily temperatures used to calculate GDD was located at
34°north and 5%ast, which is located in the Moroccan agricultural heartland, somekib0
south ofthe Strait of Gibraltar. Those dailyd(average daily temperaturg¢escilate between

15°C in winter and 25°C in summer, making the accumulation of GDD quite rapid, therefore
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resulting in brief periods dbare soil (Figure 13). The biggest share of the area is dedicated to
farming wheat, which is sown as early as theldBOY however, the majority of wheat is
sown between the 91st and the 94th DQY, resulting in almost 70,06@kbare soil at that

time. The planting days of barley are similar to those of wheat, with some barley being planted
around the 46th DOY, but most bbay is planted between the 80th and the 88th DOY, one to
two weeks before the planting of wheat. Those two crops explain most of the bare soll
variation in the region, with the wheat taking longer to develop. Around the time the crops
are planted, wheat rquires around three weeks to cover bare soil, while barley takes around
two weeks. The first bump of bare soil found around the 45th DOY is slightly reinforced by the
sowing of maize, which happens mostly around the 46th DOY with the crop taking around
eight weeks to cover the surface. The majority of potatoes are planted around the 76th DOY,
and with them taking about ten weeks to cover the surface, they raise the bare soil maximum
found on the 95th DOY slightly. The effect of the remaining crops on raglmare soil

GBI NAFGA2Y A& Ffyvy2ad ySItAIA0fSPd ¢KS NBIA2Y Q3

bare soil variation is relatively small.
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Figurel0. Annual variation of bare soil area in Northwestern Afriggion.
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Figurell. Share of major crops in the Northwestern Africa region.
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Figurel2. Share of major soil groupings in the Northwestern Africa region.
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Figurel3. Average dailyemperatures and resulting annual GDD accumulation calculated for four baselines in the
Northwestern Africa region.
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3.3.2. Western Africa

The AFwe has the highest acreageaadble land of all the African regions, having
almost as much land dedicated agriculture as all the other African regions combined.
Separated from the AFne region by the Sahara Desert, arablegmbefound in thegeneral
vicinity ofthe Gulf of Guinea, along the Niger River, in the northern parts of Nigeria and along

the Gaml| River in the western part (Figure 14). No instances of CA were reported in this

region.
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Figurel4. Distribution of arable land in the Western Africa region.

The most common soil groupings used in agriculture in AFwe (Figure ll5)h\asels
followed byArenosolsand Regosolswhich occupy around 37%, 19% and laf%rable land
in the region, respectively. The other two notable soil urdate Lithosolsand Vetisols
covering 9% and 6%. The other soil units were only found to occupy small areas. Between the
major crops analyzed, two that are farmed on the most arable land are millet and sorghum,
farmed on 30% and 26% of analyzedble land. Both crops are cets that are well suited
to the suldropical climate, characterized by decenbdght resistance and tolerance for high
temperature conditions. About 15% of arable land is dedicdtethe cultivation of maize,
followed by groundnuts and cassava, both witl10% share of the area. The area used for
planting cotton makes up around 5%, and soybeans and wheat, with a share of about 1% each,
round up the list (Figure 16). The average daily temperatures were obtained from a spot

f 20 4GSR |G ™H cwhighzdidlde td theRextensive &yticaltiral region located
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in northern Nigeria. With the region located so close to the equator, the temperatures were
somewhat stable throughout the year, ranging between 22°C and 32°C, which resulted in
rapid GDD accumation (Figure 17). The variation of bare soil in the AFwe region (Figure 18)
is dominated by two crops: millet and sorghum. The main period when soils are bare as a
result of planting occurs between the 150th and the 230th DOY, reaching its peak around the
187th DOY, reaching 255,000%at its maximum. The beginning of that period is marked with
the planting of maize and cassava, as well as first batches of millet and sorghum. The planting
of millet occurs on various days during that period, with the laf#anting observed on the
212th DOY, with the majority of millet being planted between the 167th and the 185th DOY,
and requiring from 35 to 40 days to cover the surface. The planting pattern of sorghum in the
region is similar to that of millet, with ptéing occurring between the 152nd and 213th DOY,
the biggest share is planted on the 167th DOY. Sorghum was found to take similar, albeit
slightly less time to grow than millet, with the field staying bare between 28 and 34 days after
planting. That big &a of bare soil is preceded by a smaller peak found between the 90th and
the 112th DOY, reaching almost 50,000°kor around 20% of the biggest peak. That earlier

period of bare soil is caused primarily by the planting of maize, groundnuts, and cassava.
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Figurel5. Share of major soil groupings in the Western Africa region.
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Figurel6. Share of major crops in the Western Africa region.
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Figurel18. Annual variation of bare soil area in the Western Africa region.
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3.3.3. Central Africa

The AFce has the smallest aggeaf arable land found among the African regions. The

region is located around the equator and almost entirely covered by tropical rain forest. Most

of the arable land is found around the Congo River and its tributaries, with a notable

concentration aroud the cities of Kinshasa, Mbilayi, and Bangui (Figure 19). CA was not

found to be practiced in the region.
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Figurel9. Distribution of arable land in the Central Africa region.

Over half of the arable land in the region is campd ofNitosols with their share of
51% of arable land, the highest of any region. Rankers are the next soil unit, constituting 21%
of arable land; worth noting is the fact that AFce is the only agricultural region where Rankers
were found to be farmedThe composition of soils is rounded off BgrrasolsLithosols
LuvisolsandGleysolswhose contribution to arable land is around 6% Ferrasolsand 5%
for each of the remaining three (Figure 20). Among the analyzed crops, almost half of the
arable land was dedicated to the cultivation of cassava, which has a share of 47%. About a

third of arable land is occupied by maize, a share of 33%. Grotmdne farmed on about

13% of arable land in the region, with a remaining couple of percent split between cotton,

sorghum, and millet, taking around 3%, 2% and 1%, respectively (Figure 21). The point which

served for the acquisition of average daily tempel dzNJB & I

g1l a

f20F 0SSR
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which is in the southern part of the region in the middle of the biggest concentration of arable
land. With its location so close to the equator, average daily temperatures are very stable
throughout the year, scillating between 22°C and 28°C; therefore the accumulation of GDD
has a very linear shape (Figure 22). In the annual variation of bare soil in the region three peaks
can be distinguished (Figure 23). The biggest area of bare soil occurs between th®©@40th

and 3rd day of the following year, reaching up to 16,006,kand is caused primarily by the
planting of cassava, which takes about three weeks to develop and end the bare soil period.
The other two significant peaks occur around the middle of the.y€he first lasts between

the 160th and the 186th DOY and is caused mostly by sowing cassava, and reinforced by the
sowing of groundnuts, maize and sorghum. Together, the bare soil area in this period reaches
up to 11,000 kri The last significant peak @ars around a month and a half later, between

the 213th and the 258th DOY. At that time, the soil stays bare after the planting of groundnuts
on the 213th DOY, followed by the planting of maize around the 227th DOY. When those two

periods overlap, the areaf bare soil reaches 14,000 Km
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Figure20. Share of major soil groupings in the Central Africa region.
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Figure21. Share of major crops in the Central Africa region.
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Figure22. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Central

Africa region.
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Figure23. Annual variation of bare soil area in the Central Africa region.
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3.3.4. Eastern Africa

The acreage of agriculture in the AFea region is second only to AFwe in the continent.
The region stretches from the arable land of southern Sudan in the north all the way to Lake
Malawi in the south. The western border rests on the line of lakes, frora Bdibert in the
north to Lake Tanganyika in the south. The arable land is more dispersed in the region, the
highest concentration is found in a belt spanning southern Sudan and Ethiopia, with other
significant concentrations located around the African Greakes, primarily around Lake
Victoria. Arable land also occupies eastern parts of the region, along the Somali Basin,

however in lesser concentration that previously mentioned zones (Figure 24).
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Among the soil units found in arable land (Figure 25), the most widespread are
Arenosolsand Vertisols with a share of 22% and 19%, respectivBlgosolsoccupy around
10%, whileCambisolsand Lithosolsare bothfound on 8% of arable land. The remaining soll
units that have significant shares ar@visols Acrisols,and Ferrasols with their respective
shares of 6%, 6%, and 5%. Between the analyzed crops (Figure 26), the largest area was
dedicated to farming sorghm, making up 33% of arable land in the region. A quarter of the
area was used for planting maize (24%), followed by millet with a share of 15%. The remaining
crops were farmed on a smaller area; those were 8% groundnuts, followed by wheat and
cassava withh% each, and cotton and barley rounding off the list, each occupying close to 3%.
Average temperatures used for estimating annual GDD accumulation were extracted from a
point located at 12° north and 33° east, right in the middle of the biggest concentrat
agriculture in the region. The mean daily temperatures ranged between 22°C and 32°C, very
similar to ones in AFwe. The accumulation of GDD was therefore rapid and stable throughout
the year (Figure 27). The shape of the annual variation of barénstbié region (Figure 28)
consists of one big and sharp peak, as well as a period of a gradual increase in bare soil area.
The maximum peak reaches about 90,00 lamd occurs between the 182nd and the 214th
DOY. The peak is caused by the planting ofteorg millet, and groundnuts, all of which occur
at a similar time. Out of those, the biggest area was covered by sorghum, which takes around
32 days to cover the surface, followed by millet, which takes one week longer, and groundnuts
taking a similar timéo sorghum. The other period of bare soil spans around three months,
between the 75th and the 160th DOY, and has an irregular shape, rising and falling repeatedly,
reaching around 40,000 knat the maximum. The majority of crops farmed in the region are

planted on various days throughout this period.
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Figure25. Share of major soil groupings in the Eastern Africa region.
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Figure26. Share of major crops in the Eastern Africa region.
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Figure27. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the Eastern
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Figure28. Annual variation of bare soil area in the Eastern Africa region.
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3.3.5.Southern Africa and Madagascar

AFsm is the last region included in the African super region. The borders of AFwe and
AFea limit the northern extent, while oceans envelop the region from the other sides.
Compared to other African regions, the area of ardhled is in the middle, smaller than in
AFea and larger than in AFnw. The arable land is spread around the region, with the higher
concentration found in the eastern parts of South Africa, close to the capital of Pretoria. Other
significant regions includéhe southwestern tip of the continent, around the city of Cape
Town, at the Zimbabwean highlands, around Lake Malawi. In Madagascar, agriculture is

concentrated around eastern and northern coasts (Figure 29).
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Figure29. Distribution of arable land in the South Africa and Madagascar region.

The most commonly farmed soil unit in the region (Figure 3Quigsols which
occupies 34% of arable land, followedAwenosolghat are present on 20%-:luvisolsan be
found on around 16%f farmed land, withFerrasolsand Cambisolgounding off the list of
major soil units with their shares of 8% and 7%, respectively. Over half of the analyzed arable
land in the region is dedicated to the cultivation of maize, which occupies 55% ofdthsio
crop in the region comes even close to that value, with the next being cassava with its 13%

share. Shares of the remaining crops are expressed in single digit values, those are wheat 7%,
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groundnuts and sorghum 6% each, millet 5% and cotton 4% (F@Lxe Mean daily
GSYLISNI §dzNB& 6SNB SEGNI OGSR FNRY | LAyl 20
the biggest agricultural concentration found within the region, between Pretoria and Lesotho.
The average daily temperatures range between 11°@ 26°C (Figure 32). The annual
variation of bare soil (Figure 33) is characterized by a stable rise in area, starting around the
281st DOY, reaching its maximum around the 335th DOY, and steady falling until bare soil
disappears around the 40th day of tf@lowing year. The beginning of this period correlates

to the planting of maize on the 281st DOY and is regularly reinforced by additional batches of
maize planting, happening all the time until the 15th day of the following year. The peak,
occurring on he 335th DOY results from the planting of maize and sorghum on this date. A
significant portion of arable land is bare following the planting of cassava on the 350th DOY.
Maize planted on the aforementioned dates was found to take between four and fivksvee

to cover the surface, sorghum taking a bit longer, between five and six weeks, and for cassava

planted at the end of the year it was two and a half weeks.
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Figure30. Share of major soil groupings in South Africa anddgascar region.
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Figure31. Share of major crops in South Africa and Madagascar region.
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Figure32. Average daily temperatures and resulting annual GDD accumulation calculated for four basebioethiAfrica

and Madagascar region.
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Figure33. Annual variation of bare soil area in South Africa and Madagascar region.
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3.4. Asia

The Asian continent is by far the largest super region and contains the highest area of

arable land required to support its humongous and constantly growing population. The

continent extends 8,70Bm from north to south and 9,70Km from west to east, spanning a

range of environments and clirtes. Over half of the land surface (53%) is dedicatexbtoe

kind of agricultural activity, divided into pastures, permanent crops and arable land. The latter

occupies around 30% of agricultural land or 15% of the total land area. The Asian continent

was divided into ten agricultural regions (Figure 34):

T

Formerrepublics of the Soviet Union in Central Asia (ASar)andlocked region,
O2yaAradAay3a 2F FINroftS flFyR o0St2y3aay3a G2
Pakistan;

Middle East and Egypt (ASmeyhich technically encompasses parts of northern
Africa, butEgyptian agriculture is geographically closerMaldle Eastern than to
Northwestern Africa;

China and Mongolia (AScma region with extensive acreage of arable land, especially
in the eastern parts;

Western India (ASwi)a region including western parts the Indian subcontinent,
Afghanistan and Pakistan, characterized by a hot and dry climate;

Eastern India (ASeiXhe eastern part of the Indian subcontinent, including countries
situated on the southern slopes of the Himalayan Mountains; the climate Isere
predominantly humid, subtropical,

Southern India (ASsi)this region encompasses parts of the Indian subcontinent south
of ASwi and ASei, including the countries of Bangladesh and Sri Lanka. The effect of
the monsoon on climate is strongest in this ragio

Indonesia and Malaysia (ASimthe arable land in this region is dispersed between
numerous islands, dominated by the tropical season with rain all year round;

Japan and South Korea (AS$jlgriculture in Japan suffers from land shortage;
however, whatarable land is available is intensively cultivated,;

Philippines (ASph)was distinguished as a separate agricultural region, as the climate
is divided into wet and dry periods. The arable land is disjointed, as the country is

situated on more than 7,000 &hds;
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1 Southeast Asia (ASsebhis region focused around the Indochinese Peninsula includes

mainland parts of southeastern Asia.
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Figure34. Arable land in the Asian super region divided into regions.

Each of the major crops analykwas found to be cultivated in the Asian super region
(Table 8). Among them, the largest share of the area was dedicated to wheat, which occupied
almost 40% of analyzed arable land. The area occupied by maize is about twice as low, as it is
cultivated on18% of arable land. The next two crops occupy significantly lesser areas; those
are cotton and millet, with a share of about 8% and 6%, respectively. Areas, where
groundnuts, barley, rapeseed, sorghum, and soybeans are sown are similar, each of them
occupyng around 5% oarable land. The list is closed off by crops that have a share of area
lower than 1%; those are cassava, sugar beet, and rye. The planting days of those crops are
responsible for the variation of bare soil area within the super regioruf€ig5). The Asian
super region stretches both into the northern and southern hemispheres; however, the
majority of arable land is located in the northern one. When analyzed as a whole, there are
only around three months during the year when bare soil hasg from planting crops is
almost nonexistent, in the period between the 231st and the 318th DOY. Three peaks of the
area of bare soil were found between the spring and summer period, the biggest one around

the 140th DOY, preceded by one around a momhd a half earlier, on the 90th DOY and
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followed by a smaller one two months later, around the 196th DOY. One, although way smaller
peak can be distinguished on the 334th DOY, relating to planting around that time in southern

parts of the region, includinthe Indian subcontinent.

Table8. Area and share of arable land of major crops farmed in. Asia

Area
Major Crop (thouszands (%)
km?)
Wheat 943.3 39.5
Maize 428.5 17.9
Cotton 184.9 7.7
Millet 143.4 6
Rapeseed 132 55
Groundnut 117.2 4.9
Sorghum 1154 4.8
Barley 115.3 4.8
Soybean 102.7 4.3
Potato 72.3 3
Cassava 19.1 0.8
Sugar beet 11.9 0.5
Rye 19 0.1
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Figure35. Annual variation of bare soil area in Africa super region.
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3.4.1. The formerepublics of the Soviet Union in Central Asia

The AScr is one of the few completely landlocked regions, and a unique region in the
Asian super region. Such conditions result in a low amount of annual rainfall and big amplitude
of temperatures throughout e year. The arable land situated in northern Kazakhstan
suffered erosion and nutrient loss as a consequence of the Virgin Lands Campaign initiated by
Nikita Khrushchev in the 1950s. The climate conditions make the region more favorable for
herding cattlethan farming, and so the majority of the agricultural area in the region is used
as pastures. Nonetheless, there are still considerable amounts of arable land, especially in

northern Kazakhstan, but smaller areas can be found in each of the countriee(B&u
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Figure36. Distribution of arable land in the Asian region of Former republics of the Soviet Union.

There is no soil unit used in farming that has an overwhelming majority in the region
(Figure 37); rather there are fiveis groupings that have a share of between 13% and 20%;
those are, ordered by decreasing shar€siernozems, Kastanozems, Gleysols, Lithaswds
Xerosols Together, those soil units have a share of about 80%. Two more soil units were
distinguishedYermaolsandFluvisolseach with a share of around 7%. Among the cultivated
major crops (Figure 38), the biggest area by far is dedicated to the cultivation of wheat, which
is almost 70%. The other crops farmed in the significant area are cotton and baitleyg w

share of almost 15% and 12%, respectively. Potatoes and maize are each farmed on less than

70



Results

w2 2F FNXoftS fFyRe 'ff (GKS 20KSNJ ONRLIAQ AYR
GSYLISNF GdzNBa 6SNBE SEGNI OGSR TRRBYy dKSI aRAyaK
located in northern Kazakhstan. During the coldest months, mean temperatures can be as low
as-17°C, while in the summer they reach about 21°C. The annual accumulation of GDD is
therefore uneven (Figure 39), commencing in April, grgvgaite rapidly during summer, and

stopping between the middle of September and October. After that, it is nonexistent until it

starts again in the April of the following year. The annual variation of bare soil area (Figure 40)

is dominated by wheatand @S NE F20dza SR® ¢ KS L3SdecdurEarcudd | f Y 2 :
the 138th DOY and lasts for around three weeks. That maximum peak is preceded by a lesser
one, around five times smaller, occurring around the 120th DOY and caused mostly by earlier

planting ofbarley and cotton a few days later.
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Figure37. Share of major soil groupings in the Asian region of Former republics of the Soviet Union.
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Figure38. Share of major crops e Asian regiof Former republics of the Soviet Union.
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Figure39. Average daily temperatures and resulting annual GDD accumulation calculated for four basetlieessian

region of Former republics of the Soviet Union.
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Figure40. Annual variation of bare soil areatime Asian region of Former republics of the Soviet Union.
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3.4.2. Middle East and Egypt

This agricultural region stretches from the floodplains of the Nile in the west, to the
Anatolian Peninsula in the north, all the way to eastern parts of Iran in the east and the Arabian
Peninsula in the south. The agriculture in this region has a lotayyyisn fact, the region was
among the first where agriculture began. The concentration of arable land is found along the
Nile, as well as at its delta, on the Anatolian Peninsula, in western and northern parts of Iran
and along the eastern Mediterraneamwast, including Syria, Lebanon, and Israel. Arable land

is scarce and dispersed in the Arabian Peninsula (Figure 41).
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Figure41 Distribution of arable land in the Middle East and Egypt region.

Of all the arable land in the region (Figure 42), a quarter compXsessokoil units.
Other soil units that are widespread in the region &tevisolsandLithosols each constituting
about 20% of the arable lantuvisolswith their share of around@%,exist in half of the area
where the aforementioned ones are preseiithe list is roundeaff by Cambisolshat were
found on 6%, followed by four saihits that each occupy close to 3%; those ¥mmosols,
Vertisols, Regosolnd SolonchaksAgriculture is dominated by the cultivation of cereals
(Figure 43), especially wheat, which is farmed on over 60% dattteanalyzedfollowed by
barley that was found on around three times lebfaize and cotton are otr significantcrops

Ay (0 KSs agiiBuBufie 2edic occupying around 5%aagble land. Among the remaining
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crops farmed in the region, a noticeable area of around 2% each was used for the cultivation
of sugar beetsorghum, and potatoes. The mean daily temperatures used for the catrulat

of GDD were extracted from a point situated at $72 NJi K ¢ayt,Rlose 1o ¢he border
between Turkey and Syria. The temperatures showed sedip, oscillating between 10°C

and 28°C, which caused GDD accumulation to vary in intensity througheyear (Figure

44). With such a heavy share of wheat compared to other crops, the annual variation of bare
soil (Figure 45) was dominated Iitg planting. The maximum amount of bare soil occurs
around the 90th DOY and reaches over 220J® Due to therapid accumulation of GDD

at that period and the general rapid phenology of wheat, the majority of soils just stayed bare
F2NJ I LISNA2R 2F 0Si0sSSy G662 YR UKNBS25SS{ac
occurred around the 120th DOY and was ealisy the later planting of wheat in eastern parts

of the region, as well as the planting of maize. Barley was found to be planted on similar days

as wheat and reinforced those peaks.
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Figure42. Share of major sogroupings in the Middle East and Egypt region.
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Figure43. Share of major crops thhe Middle East and Egypt region.
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3.4.3. China and Mongolia

As of the day of writing, China is still the most populous country in the world, and its
arable landis accordingly extensive. Among the regions delimited insideAsian super
region, it has by far the largest area classifiedaagble land; however, if the Indian
subcontinent was not split into three regions, it would have a larger area. Nonetheless, arable
land found in China represents around 10% of all arable land in the world. Traditionally,
Chinese agriculture was focusedthe eastern parts of the country, with efforts made to
extend it to the west and the north. Two great rivers, the Yellow and Y&igers, support
that intensive agriculture. Smaller pocketsashble land were also located in western parts
of China, andn Mongolig however, those regions are more suited for pastures and herding
OCATdzNBE ncoO® ¢KS LINI OGAOS 2vihich makes up &rouNd8ed2 NI S R

of analyzed arable land.
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Figure46. Distribution of arable lad in the China and Mongolia region.
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The soil unit that is found most commonly in arable land (Figure 47) in the region is
Lithosols occupying roughly a third of the area. A slightly smaller share of the area is taken by
Gleysolswhich have a share ofrabst 27%. The next two soil units combined occupy a similar
area; those aré\crisolsand Cambisolghat make up around 15% and 11%, respectively. The
remaining area is split betweerermosols, Vertisols, Fluvisatgl Kastanozemseach of them
occupying raghly 3%. Among analyzed crops (Figure 48), the biggest farmed areas were
occupied by wheat and maize, each of them had a share of just short of a third of arable land.
Soybeans and rapeseed were each found on around 10%. Following that, three crops were
cultivated each on about 5% of analyzed land; those crops are potatoes, groundnuts, and
cotton. The average daily temperatures were extracted from a point located at 32° north and
113° east. The obtained temperatures ranged betweZi€ in the coldest periband 27°C in
the warmest. The rate of accumulation of GDD throughout the year was increasing toward the
warmest month and decreasing toward winter (Figure 49). The annual variation of bare soil
shows the major periods during the first half of the yeag(iFé 50). The peak amount of bare
d2Aft 200dz2NBE | NPdzy R (G KS wmmH (K 25The firstimgj®® waNd | OK S 3
of planting occurs between the 72nd and the 88th DOY and the majority of bare soil in this
period is a result of sowing wheat and mpai Soils tend to stay bare until around the 158th
DOY when the majority of maize, cotton, and potatoes that were planted later start to cover

the fields.
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Figure47. Share of major soil groupings in the China and Monget&n.
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Figure48. Share of major crops the China and Mongolia region.
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Figure49. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in the China

andMongolia region.
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Figure50. Annual variation of bare soil area in the China and Mongolia region.
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3.4.4. Western India

Western India is the first of three regions that make up the Indian subcontinent; the
region constitutes wesrn parts of India, together with Pakistan and Afghanistan. As in those
other regions, there is a significant quantity of arable land. In the western parts, located in
Afghanistan, agriculture is dispersed and less intensive due to the mountainous terridue;
central parts of the region, situated in Pakistan, arable land can be found all along the Indus
River Valley; and in the remaining part of the region, which is located in western India,
agriculture is omnipresent, with the exception of the Thar &egqFigure 51). Around

M p Z n i of CAwere reported around India, and most of them were found in this western

region.
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Figure51. Distribution of arable land in the Western India region.

The share of soil units in arable lamde region (Figure 52) shows that the dominant
soil unit was found to b& ermosolswith a share of below 30%. A similar area is occupied by
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the next two soil unitsCambisolsand Xerosols each occupying between 15% and 17%.
Lithosolswere found on more than 10% of arable land, and the remaining soil units with
notable shares ar@renosol&ndFluvisolsyith 9% and 7%, respectively. Among the analyzed
major crops (Figure 53), the biggest area in the region was dedicated to wheat, wdsch
farmed on almost half of the arable land. Areas three times smaller were dedicated to millet
and cotton, each of them farmed on roughly 16%. Rapeseed was cultivated on around 8% of
the area, and another 9% was split evenly between maize and grounditutsemperatures

used for the estimation of GDD were obtained from a point located at 27° north and 74° east
(Figure 54). In this dry and warm region, the mean daily temperatures ranged between 15°C
during the coldest days and 36°C during the hottese @hnual variation of bare soil in the
region (Figure 55) shows the first and the highest peak occurring around the 138th DOY. The
peak is caused by the sowing of wheat; however, in that condition, the soil stayed bare for
only a week and a half. Anotheepod of bare soil occurs around a month later, starting
around the 168th DOY and gradually increasing until it reaches a maximum around the 186th
DOY. After that, the amount of bare soil decreases until the 217th DOY. Most of the crops
cultivated in the egion are planted during this extended period. The last notable occurrence
of bare soil is noted between the 317th and the 252nd DOY and relates to the late planting of

rapeseed.
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Figure52. Share of major soil groupings irethVestern India region.
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Figure53. Share of major crops in the Western India region.
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Figure54. Average daily temperatures and resulting annual GDD accumulation calculated for four baselines in #ra West
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Figure55. Annual variation of bare soil area in the Western India region.
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3.4.5. Eastern India

The second region distinguished on the Indian subcontinent contains land east of the
previous region; besidgsarts of India, it includes the countries of Nepal, Bhutan and northern
parts of Bangladesh. In contrast to the previous region, the climate is more humid, being
situated on the Himalayan foothills. Arable land is found around the whole region, most
notably along the Ganges and Brahmaputra Rivers and the fertile plains of Uttar Pradesh

(Figure 56).
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Figure56. Distribution of arable land in the Eastern India region.

Not surprisingly for a region that depends on major rivers foagsculture, the two
most commonly farmed soil units (Figure 57) &ambisolsand Luvisols having a share of
37% and 25%, respectively. The sharé/eftisolsand Fluvisolss roughly 10% for each of
them. The other notable soil units inclu@eysolsand Acrisolsgach of them with a share of
over 5% of arable land. Similar to the previous Indian region, the major crop that was most
commonly farmed was wheat (Figure 58), which was found on over 60% of arable land. An
area roughly four times smaller wasdicated to maize, with its share short of 15%. Almost

one-tenth of arable land was used for the cultivation of rapeseed, followed by around 7% for
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the cultivation of millet. Barley, potatoes, and sorghum were each found on a bit more than

2% of arable lagh. The central point used for obtaining annual mean daily temperatures was
f20FGSR G Hce y2NIK FYR yHc SlIHadge ¢KS 2001 A
ranging between 16°C and 36°C, resulting in similar GDD accumulation (Figure 59). One
YFEAYdzY LISI] 2F oFINB &a2Aaft Oly 0SS 204a&$MBSR | N
soil being bare, mainly after the planting of wheat (Figure 60). This area stayed bare for around

I 68SS1 FYR I KIFf¥F3X RdzS (2 ¢ KDpwaitempdratireR LIKSY
¢og2 aYrFtftSNILISI{a 6SNBE 20aAaSNIBSR LINB@BSRA y3I (K
the 135th and the 182nd DOY. Planting of wheat at an earlier date caused the first of them,
while the second one was caused primarily by trenphg of millet. One delayed period of

bare soil was also found between the 317th and the 350th DOY, this one reaching up to

H p Z n A and resvlting from the sowing of rapeseed.
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Figure57. Share of major soil groupingsthe Eastern India region.
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Figure58. Share of major crops in the Eastern India region.
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Figure60. Annual variation of bare soil area in the Eastern India region.
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3.4.6. Southern India

The third and last of the regions delimited from the Indian subcontinent, the ASsi, is
bordered in the noth by ASwi and ASei, and from other directions by the Indian Ocean. The
southern parts of Bangladesh and the island country of Sri Lanka are also included in the
region. Compared to the other two regions comprising the Indian subcontinent, ASsi
experienceshe greatest influence of monsoon seasons on its climate. The arable land is found
across the whole region, intermixed with patches of forests and shrubs. Huge agricultural
concentrations were observed in western parts of the region, in the states ohk&dia and
Maharashtra, another one along the Krishna River that flows into the ocean through the
eastern part of the region. Huge swaths of terrain are also adopted for agriculture in the
eastern parts of the region, including Bangladesh, which is a refstiie high fertility of soils
along the Brahmaputra and Ganges Rivers. The most notable inland concentration of arable
land in the region is found around the state of Chhattisgarh, located in the northern part of

the region (Figure 61).
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Figure61. Distribution of arable land in the Southern India region.
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Just four soil units constitute more than 80% of arable land in the region; those are:
Luvisolswith a share of over 40%/ertisolsthat have roughly 25%\litosolsfound on about
10%, followed byCambisol®ccupying around half of the area Nftosols(Figure 62). Among
other notable soil units arkithosolswvith a share close to 5%, aftuvisolsand Gleysolseach
having a share of roughly 4%. The composition ojfomirming crops in the region differs
from those of other Indian regions (Figure 63). The most commonly farmed crop was sorghum,
which was cultivated on almost orthird of analyzed land. The areas dedicated to millet,
groundnuts, and cotton were all sifar and each of them made up close to 15% of arable
land. The areas occupied by wheat and maize were also similar to each other, with 11% and
9% dedicated to them, respectively. The last crop with significant acreage was rapeseed,
found on almost 3% of able land. The average daily temperatures were extracted from the
LRAYG f20FGSR d myc y2NIK YR 1T1Tc SlLado ¢K?2
ones found in two other Indian regions. Having a location closer to the equator, the annual
temperatures showed a much smaller amplitude, ranging between 22°C and 32°C, resulting in
guite smooth GDD accumulation throughout the year (Figure 64). The annual variation of bare
soil in the region shows a simpler structure than other Indian regions (FigbyeThe
maximum acreage of bare soil is reached around the 182nd DOY when it reaches almost
M b n = n2nBrior o Yhat peak, the increase in bare soil starts around the 158th DOY, which
is when examples of the planting of every major crop in the regiooun After the
aforementioned peak, the amount of bare soil decreases steadily until around the 225th DOY,
when the areas of the late sowing of sorghum and millet are covered by developed vegetation.
The overall shape of bare soil variation is almost swytnical, centered on the peak on the

182nd DOY.
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Figure62. Share of major soil groupings in the Southern India region.
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Figure63. Share of major crops in the Southern India region.
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Figure65. Annual variation of bare soil area in the Southern India region
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3.4.7. Indonesiaand Malaysia

The ASim is an archipelago region, consisting of over 13 thousand islands belonging to
Indonesia and almost a thousand Malaysian ones, and the country of East Timor. The region
is circled by seas from all directiofy. the South China Sea from the north, the Pacific Ocean
from the northeast and fromthe south and west by the Indian Ocean. The region also includes
the Strait of Malacca, linking both oceans and being one of the most important shipping
channels in thevorld. Thearable landound in this region waspread between the numerous
islands, with the biggest concentration on tisdand of Java. On the island of Sumatra, the
arable land is located especially in the south and north, with the interior parts ed\usyr rain
forests. Agriculture is less developed on the island of Borneo, where arable land was found in
pockets at the southern, western and northeastern tips, with the majority of the interior
occupied by tropical rain forests. Arable land was alsodommthe southern tip of the island
of Sulawesi and on the chain of small islands located in southeastern parts of Indonesia and
in East Timor (Figure 66). However, the overall acreage of arable land is quite small compared

to mainland Asian regions.
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Figure 66. Distribution of arable land in the Indonesia and Malaysia region.

The most commonly found soil unit in agriculture (Figure 67) A@assols which is a
soil associated with humid and tropical regions. Almost 15% of arabtkwas located on

Fluvisolsfollowed by another 15% split almost evenly betwééstosolandLuvisolsThe last
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two notable soil units ar€ambisolseindFerrasolseach of them found on around 5% of arable

land. Out of the 13 analyzed major crops, asikywere reported as being planted in the region

(Figure 68). Over half of the arable land was dedicated to farming maize, followed by cassava

that was sowed on onéfth of analyzed land. Relatively similar areas were used for soybeans

and groundnuts, with had a share of 13% and 10%, respectively. The values used for the
SaldAYlL A2y 2F lyydzZadt D55 | OO0dzydz I GA2y 6SNB S
mMmamc SlIadz gKAOK Aa t20FG4SR 2y GKS AaftlyR 27
the mean daily temperatures showed very low annual variability, ranging by only 2°C, between

26°C and 28°C, resulting in a very stable accumulation of GDD (Figure 69). The resulting annual
variation of bare soil possesses three distinct peaks (Figure 78)biggest one reaches

£ Y2a(d #&andaceurs arduid the 349th DOY, and results from the planting of maize
around the 334th DOY, followed by the sowing of cassava. The second largest peak is smaller

08 I NRdzyR Hp>:X NBI OKA ¥ Andlis foankl betwéeh kB 204tHKDOY H m X )
and the 231st DOY. The surface remains uncovered dtletplanting of maize followed by
groundnuts. The last and the smallest significant peak reaches only aroundkm&0Uhat

last period occurs between the tt6and the 30th DOY as a result of the planting of soybeans.
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Figure67. Share of major soil groupings in the Indonesia and Malaysia region.
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Figure68. Share of major crops e Indonesia and Malaysia region.
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Results

Figure69. Average daily temperatures and resulting annual GDD accumulation calculated for four base¢lindadonesia

and Malaysia region.

Figure70. Annual variation of bare soil aréthe Indonesia and Malaysia region.
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